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The abi l i ty  of rapid  conduction cooling to produce new n o n - e q u i l i b r i u m  phases  is examined  
with pa r t i cu l a r  at tent ion on sol id i f ica t ion ra te .  By matching the ra t e  of sol idi f icat ion ca l -  
culated n u m e r i c a l l y  f rom the heat flow ba lance  with the c rys ta l  growth ra te  ca lcula ted  by 
a k inet ic  equation, the kinet ic  undercool ing  for a given exper imen ta l  condit ion is  es t imated .  
A l imi t ing  condit ion of cooling is  p re sen ted  in which the cooling ra te  is so l a rge  that the 
c rys t a l  growth cannot cover  the whole sample  body before  it is cooled down to a low t e m -  
p e r a t u r e  where the growth ra te  of the c rys t a l  is negl igibly smal l .  

T 
INCREASING attention has recently been paid on the 
method of splat cooling in producing new crystalline 
and non-crystalline phases which are not obtainable 
by conventional techniques. The method of splat cool- 
ing, x though there are many variations in details, is 
characterized by the rapid cooling of small amount of 
liquid material by heat extraction into a cooled sub- 
strate by conduction. 

Quantitative calculations of cooling rate in splat 
cooling were performed by Ruhl 2 who analyzed the 
effects of some ten variables on cooling rate. In order 
to properly evaluate the ability of splat cooling to pro- 
duce new structures, however, it appears necessary 
to estimate not only the average rate of cooling but 
also the rate of advancement of solid-liquid interface, 
the solidification rate. 

The purpose of this paper is to present the results 
of calculations of solidification rate based on the heat 
flow balance during splat cooling and to show how the 
calcula ted r e s u l t s  can be compared  with the r a t e  of 
c ry s t a l l i z a t i on  which may be e s t ima ted  f rom the mo-  
l ecu la r  k inet ic  cons ide ra t ions .  F r o m  such c o m p a r i -  
sons it is poss ib le  to e s t ima te  the kinet ic  undercool -  
ings in the l iquid at the so l id- l iqu id  in ter face .  A knowl-  
edge of such undercool ings  should p e r m i t  the quan t i t a -  
t ive a s s e s s m e n t s  of the ef fec t iveness  of individual  splat  
cooling exper iment .  

CALCULATION OF SOLIDIFICATION 
RATE BASED ON THE HEAT 

FLOW BALANCE 

1. Bas ic  Model and Equat ions for Calculat ion 

Fig.  I shows a schemat ic  i l l u s t r a t ion  of a model  for 
ca lcula t ion.  It is a s sumed  that the s i tuat ion may  be 
t r ea ted  as one of one d imens iona l  heat  flow p rob lems .  
Ext rac t ion  of heat  f rom a splat  into a subs t ra te  alone 
is  cons idered  and not the heat  los t  into the outer  a t -  
mosphere  f rom the top (far thest  f rom the subs t ra te )  
sur face  of the splat .  The bas ic  heat  flow equation of 
one d imens ion  to be solved is,  

~T ~2T [1] 
~- = ot Ox--- ~ 
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where 

T = t e m p e r a t u r e  
t = t ime  

x = posi t ion va r i ab le  as indicated in Fig. I 
= t he r ma l  diffusivi ty 

Ini t ia l  and boundary  condit ions are ,  

T ( x ,  O) = T b x < 0 [2] 

T(x,  0) = T O 0 _<x ~ d  [3] 

T ( e ,  t) = T m [41 

aTs 
Ks - - ~ - - / x = ~ -  KI  - ~ - / x = c  = n d---t [5] 

where 

T b = ini t ia l  subs t r a t e  t e m p e r a t u r e  
T o = in i t ia l  spla t  t e m p e r a t u r e  

T m = t e m p e r a t u r e  of sol idi f icat ion 
K = t h e r m a l  conduct ivi ty  

= position of solid-liquid interface 
L = latent heat of fusion per unit volume 
d = splat thickness 

subscripts s and l refer to solid and liquid respec- 
tively. 

Eq. [5] expresses the heat balance at the solid-liquid 
interface. 

insulated 

insulated 

I I I 
x = o  x = ~  x = d  

Fig. 1--Model of splat cooling process. 
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2. Analyt ical  Solutions 

When the t he rma l  contact  at the s p l a t - s u b s t r a t e  in -  
t e r face  is ideal ,  for a shor t  t ime  af ter  splat  cooling 
or  when d is la rge ,  i.e., when a boundary  condit ion 
T (d, t) = T O is sa t is f ied,  the posi t ion of so l id - l iqu id  
in ter face  may be expressed  by a well known s imple  
re la t ion ,  3, 4 

= ~ r  [6] 

where m is the sol id i f ica t ion constant  which may be de-  
t e r m i n e d  n u m e r i c a l l y  f rom a re l a t ion  der ivable  f rom 
Eq. [5] and the e r r o r  funct ion solut ions  of Eq. [1]. The 
ra te  of sol id i f ica t ion is  f rom Eq. [6], 

Zf/2 

v = 2~ [7] 

When the t h e r m a l  contact  at the s p l a t - s u b s t r a t e  in -  
t e r face  is poor,  the sol id i f ica t ion is l imi ted  by the heat  
t r a n s f e r  at the in te r face ,  i.e., the condit ion of Newton- 
Jan cooling is rea l i zed .  The sol idi f icat ion ra te  in this  
case  depends on the ra te  of ex t rac t ion  of la tent  heat of 
sol idi f icat ion through the s p l a t - s u b s t r a t e  in ter face ,  

h ( T -  Tb) [8] v = ~ - -  

where h = heat  t r a n s f e r  coeff icient  at s p l a t - s u b s t r a t e  
in te r face  T in Eq. [8] r e p r e s e n t s  the t e m p e r a t u r e  of a 
spla t  at s p l a t - s u b s t r a t e  in te r face .  In theory,  at the in i -  
t ia l  s tage of sol idif icat ion,  for ideal  t he rma l  contact,  
the sol id i f ica t ion ra te  expres s ib l e  by Eq. [7] gives in -  
f in i te ly  l a rge  value.  This  would not happen in actual  
expe r imen ta l  condi t ion due to the f ini te  value of h in 
rea l i ty .  The t he rma l  conduct iv i t ies  of gases  a re  typi-  
ca l ly  of the o rde r  of 10 -2 W m -1 K -z, hence the value of 
h, which may be ca lcula ted  by dividing the t h e r m a l  con-  
duct ivi ty  by the th ickness  of the l ayer  of the gas, can 
hard ly  be as la rge  as 108 W m -2 K -z when even a t r ace  
of adsorbed gas exis ts  on the subs t r a t e  sur face  p r io r  
to spla t  cooling. 

3. Numer i ca l  Solutions 

By solving Eq. [1] by a n u m e r i c a l  method it is pos-  
s ible  to e s t ima te  the sol id i f ica t ion ra te  for any given 
in i t ia l  and boundary  condi t ions.  

The s imple  explici t  f ini te  d i f ference method is e m -  
ployed in the p re sen t  work employing proper  c o n s i d e r -  
at ions for the s p l a t - s u b s t r a t e  in ter face ,  the so l id- l iqu id  
in te r face  and the top sur face  of the splat .  Time and po- 
s i t ion i n c r e m e n t s  a re  chosen with ca re  for p roper  con-  
ve rgence  and accuracy  of the ca lcula ted  r e su l t s ,  s The 
number  of pos i t ion  i n c r e m e n t s  within the splat  va r i ed  
f rom 20 for the case  of l a rge  h value (large t e m p e r a -  
tu re  gradient)  to 5 for  the case  of sma l l  h. The width 
of posi t ion i n c r e m e n t s  is divided by the t ime  dura t ion  
while a ce r t a in  posi t ion s tays  at the given sol idi f icat ion 
t e m p e r a t u r e  to give the average  sol id i f ica t ion ra te  at 
that posi t ion.  Calcula t ions  within the subs t r a t e  a re  
made unti l  the ca lcula ted  t e m p e r a t u r e  for a ce r t a in  
posi t ion is within 10-TK of the in i t ia l  subs t r a t e  t e m -  
pe ra tu re .  

RATE OF CRYSTAL GROWTH 

The ra te  with which a c r y s t a l  grows depends on the 
molecu la r  nechan i sm of incorpora t ion  of molecules  
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f rom liquid to the c r y s t a l  sur face .  The molecu la r  
me c ha n i sm  of growth v a r i e s  for  the change in dr iv ing  
force  of growth. Cahn 6 showed that for sma l l  d r iv ing  
forces  (smal l  undercool ings  f rom the equ i l ib r ium 
mel t ing  point) a c r y s t a l  would grow slowly by l a y e r -  
b y - l a y e r  accumula t ion  of new c r y s t a l  p lanes  (the " l a t -  
e r a l "  mode of growth) and that  for l a rge  dr iv ing  forces ,  
a random way of molecu la r  a t tachment  at the c rys t a l  
sur face  (the " c o n t i n u o u s "  growth mode) would p r e -  
dominate .  

Cahn 6 showed that for the "cont inuous"  m e c h a n i s m  
of c rys t a l  growth the growth veloci ty  would be exp re s -  
s ib le  as, 

v = ~- \-~-~-/ [9] 

where 

a -- i n t e r - a t o m i c  d is tance  
fl = geomet r ic  factor  
D = l iquid se l f -d i f fus ion  coefficient  
R = gas cons tant  

AT = undercool ing  f rom the equ i l ib r ium mel t ing  
point 

Eq. [9] may be i n t e rp re t ed  as the equation for the v e -  
loci ty  of an in ter face  with a mobi l i ty  (D/RT) under  the 
inf luence of a d r iv ing  force  (L LxT/T)/a. The mobi l i ty  
is express ib le  in t e r m s  of v i scos i ty  7 and Eq. [9] may 
be r ewr i t t en  as,  

2/3a (L ~ _ _ ) ( 1 )  [10] 
v =  9 

where 77 = v iscos i ty .  Calcula t ions  of c rys t a l l i za t i on  
ra te  by Eq. [9] or [10] with the data of diffusion coeff i-  
c ient  or v i s cos i t y  would give the r e su l t s  with a max i -  
mum at ce r t a in  value of undercool ing  as obtained for 
the sol id state phase t r a n s f o r m a t i o n  ra te .  8 

RESULTS OF CALCULATIONS 

All the ca lcu la t ions  were made for the case  of splat  
cooling of a luminum.  The phys ica l  p rope r t i e s  used in 
the ca lcu la t ions  a re  l i s ted  in Table I. 

Fig. 2 shows the t e m p e r a t u r e  posi t ion prof i le  ca l cu -  
lated for the cases  of d i f ferent  t he r ma l  contact  at the 
s p l a t - s u b s t r a t e  in te r face .  The va lues  of d imens ion l e s s  
quant i ty  hd/K s which d e t e r m i n e s  the mode of cooling of 
a splat  are  3.6, 0.36 and 0.036 for cu rves  1, 2 and 3 
re spec t ive ly .  The steep t e m p e r a t u r e  gradient  for curve  
1 indicates  that the cooling is l imi ted  by the heat flow 
r e s i s t a n c e  within the splat  and subs t r a t e  whereas  the 
t e m p e r a t u r e  gradient  for curve  3 is sma l l  indica t ing  
that the cooling is n e a r l y  Newtonian. 

Fig.  3 p r e s e n t s  the change of sol id i f ica t ion ra te  with-  
in spla ts .  The sol id i f ica t ion ra te  sharp ly  de c r ea se s  as 

Table I. Properties of Splat and Substrate Materials Used in Calculations 

Thermal Specific Heat of 
conductivity Density heat fusion 
(W'm "1K") (kg'm "3) (J 'kg'l"K "') (S'kg t ) 

Materials • 100 X 1000 • 1000 X 1000 

Liquid A1 0.971 2.4 1.089 
397.7 

Solid A1 2.303 2.7 0.900 
Solid Cu 3.936 8.92 0.385 - 
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sol id i f ica t ion  proceeds  toward the top sur face  for curve  
1 ( large h) as expected f rom Eq, [7] given for the case  
of ideal  t h e r m a l  contact .  The sma l l  and a lmos t  constant  
so l id i f ica t ion ra te  at al l  posi t ions  within the spla t  for 
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Fig. 2--Temperature vs position in splat when the solid-liquid 
interface reached the top surface calculated for zero under- 
cooling, 
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zero undercooling. 

E 
0 

bJ p- 

rY 

0 

r~ 
.J  
0 
tD 

IO00C 

8 0 0 0  

6 0 0 C  

400C 

2 0 0 0  

I Tm= 9 3 a  
/ 2 " - -a2a' 'K ' '  

3 " = 7 7 3  ,, 
4 " : 6 7 3  " 

\ 5 " = 5 7 3  " 
\ 6 " = 4 7 3  . 

7 " = 373  " 

_ \ d = 2 F - m  

\ To: 9 7 3 K  
_ \ T b :  1 7 3 K  

7 
0 I I ' ! �9 

0 0.4 0.8 1.2 1.6 2 .0  

POSIT ION IN SPLAT ( # m }  
Fig, 4--Rate of solidification vs position for different solidifi- 
cation temperatures. 

curve  3 ( smal l  h) may well  be unders tood by Eq. [8] 
given for Newtonian cooling case .  

The effects of undercool ing  below equ i l ib r ium m e l t -  
ing point  on the ra t e  of advancement  of sol id i f ica t ion 
f ron t  a re  p r e sen t ed  in Fig.  4. As the sol id i f ica t ion 
t e m p e r a t u r e ,  T m ,  dec rea se s ,  the amount  of heat to be 
ex t rac ted  before  sol id i f ica t ion t e m p e r a t u r e  is r eached  
becomes  la rge  and also the t e m p e r a t u r e  di f ference be -  
tween the splat  and subs t r a t e  dur ing  sol id i f ica t ion b e -  
comes  s m a l l ,  hence the ra te  of sol id i f ica t ion d e c r e a s e s .  
In Fig. 4 it is seen that for large undercoolings the 
solidification proceeds in an almost Newtonian manner 
even for a good thermal contact at the splat-substrate 
interface. 

The rate of crystallization as a function of under- 
cooling calculated from Eq. [10] using the viscosity 
data by Wilson 9 and putting fi/a = 0.3 • 10 8 cm-' is 
shown in Fig. 5 together with curves for the rate of 
solidification at the top surfaces of splats calculated 
from the heat flow balance. For a given set of initial 
and boundary conditions, the crystallization would pro- 
ceed at a temperature for which the crystallization rate 
coincides with the rate of solidification determined 
from the heat flow balance. Consequently, the actual 
crystallization temperatures may be found from the 
intersection points of the solid curves and the dashed 
curve in Fig, 5. The differences between these actual 
solidification temperatures and the equilibrium melt- 
ing point represent the kinetic undercoolings for solid- 
ification of splats. 

Fig. 6 presents the kinetic undercoolings in the liquid 
at the solid-liquid interface when the solidification front 
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r e ached  the top s u r f a c e s  of spla ts  as a function of t h e r -  
mal  contact  by plot t ing the i n t e r sec t i on  points of c u r v e s  
in Fig.  5. 

The r a t e s  of so l id i f ica t ion  ca lcu la ted  at the top s u r -  
f aces  for  va r i ous  spla t  t h i cknes se s  a r e  c o m p a r e d  with 
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the r a t e  of c r y s t a l l i z a t i o n  as a function of unde rcoo l -  
ings in Fig.  7. The i n t e r s e c t i o n  points  of c u r v e s  again 
give the t e m p e r a t u r e s  at which ac tual  so l id i f ica t ion  
would take p lace .  The i n t e r s ec t i on  points  in Fig.  7 
a re  plot ted in Fig.  8 to give the kinet ic  undercool ings  
in the l iquid at the so l id - l iqu id  in te r face  when the so l -  
idif icat ion f ront  r eached  the top su r f ace  of spla ts ,  for  
va r i ous  spla t  t h i cknesses .  

DISC USSION 

The effectiveness of splat cooling in producing new 
micro-structures may be discussed in terms of aver-  
age cooling rate of a splat as it was performed by 
Ruhl. 2 However, the estimation of solidification rates 
would give more direct informations of the abilities 
of splat cooling since one of the most important fac- 
tors  in producing new structures by splat cooling is 
the forced change in atomic arrangements from equi- 
librium ones at solid-liquid interface due to the rapid 
advancement of the interface. 

Soldif icat ion r a t e s  ca lcu la ted  f r o m  the heat  f low b a l -  
ance depend g rea t ly  on the na ture  of t h e r m a l  contact  
at the s p l a t - s u b s t r a t e  in te r face ,  as shown-in Fig.  3, 
and a lso  on the splat  th ickness  as shown in Fig. 7. 
These  r e s u l t s ,  na tura l ly ,  suppor t  the conclus ions  
given by Ruhl 2 f r o m  the cool ing r a t e  cons ide ra t ions .  

The so l id i f i ca t ion  r a t e  a l so  changes  s ign i f ican t ly  
with the change in so l id i f ica t ion  t e m p e r a t u r e .  The i m -  
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por tance  of the sol id i f ica t ion t e m p e r a t u r e  l i es  on the 
fact that the c rys t a l l i z a t i on  ra te  is a function of the 
sol id i f ica t ion t e m p e r a t u r e  also. As shown in Figs.  5 
and 7, the sol id i f ica t ion ra te  ca lcula ted  f rom the heat 
flow ba lance  d e c r e a s e s  with undercool ings  whereas  
the c rys t a l l i za t i on  ra te  f i r s t  i n c r e a s e s  sha rp ly  and 
then d e c r e a s e s  at l a r g e r  undercool ings .  At a m o d e r -  
ate ra te  of heat  ext ract ion,  there  is an undercool ing  
at which t h e r m a l  and kinet ic  condit ions a re  both s a t i s -  
fied as r e p r e s e n t e d  by the i n t e r sec t ion  points of curves  
in Figs .  5 and 7. These i n t e r sec t ion  points  show the 
actual  t e m p e r a t u r e s  at which sol id i f ica t ion would p r o -  
ceed. F igs .  6 and 8 show how the actual  sol idi f icat ion 
t e m p e r a t u r e  v a r i e s  with the changes in the t h e r m a l  
contact  at the s p l a t - s u b s t r a t e  in te r face  and in the th ick-  
ne s s  of a splat .  When the heat ex t rac t ion  ra te  exceeds 

a ce r t a in  value,  a spla t  will  be cooled so rap id ly  that 
the c r y s t a l  growth, wherever  the si te  of nucleat ion will  
be,  cannot cover  the whole splat  body before  it is cooled 
down to a low t e m p e r a t u r e  where the c r y s t a l  growth 
ra te  is negl igibly  smal l .  An example of such ease  fs 
shown in curve  1 in Fig. 7. The case for curve  1 may 
be thought as the l imi t ing  condit ion which de t e rmines  
the poss ib i l i ty  of producing an amorphous  phase. In 
the ease  of pure  a luminum,  however,  the ra te  of c r y s -  
t a l l i za t ion  is s t i l l  l a rge  at the t e m p e r a t u r e  of l iquid 
n i t rogen and it  will  be difficult  to produce amorphous 
s t r u c t u r e  by a s t andard  splat  cooling technique.  

The subs t r a t e  t e m p e r a t u r e  which is desc r ibed  as 
having no p r i m a r y  impor tance  by Ruhl z become c ruc i a l  
when the kinet ic  undercool ing  becomes  la rge  because  
the di f ference between actual  sol id i f ica t ion t e m p e r a -  
tu re  and subs t r a t e  t e m p e r a t u r e  should s tay  large  down 
to low t e m p e r a t u r e s  in o rde r  to ensu re  l a rge  so l id i f i -  
ca t ion ra te .  It is the l a rge  kinet ic  undereool ing  which 
d e t e r m i n e s  the ef fec t iveness  of splat  cooling. 

C ONC LUSIONS 

The sol id i f ica t ion ra te  in splat  cooling is influenced 
most  s t rongly  by splat  th ickness ,  s p l a t - s u b s t r a t e  i n t e r -  
facia l  t h e r m a l  contact  and the di f ference between in i -  
t ia l  and f reez ing  t e m p e r a t u r e s  of splat .  In addition to 
keeping these fac tors  favorable ,  the subs t r a t e  t e m p e r -  
a ture  mus t  be se t  low in o rde r  to c rea t e  a kinet ic  un-  
dercool ing,  at the so l id - l iqu id  in ter face ,  la rge  enough 
to suppres s  the o c c u r r e n c e  of c r y s t a l  growth. 
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