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The f o r m a t i o n  of d i f fe ren t  t y p e s  of gas  p o r e s  has  been  i n v e s t i g a t e d  by d i r e c t i o n a l  s o l i -  
d i f i ca t ion  e x p e r i m e n t s .  A m a t h e m a t i c a l  mode l  of p o r e  growth  has  been  d e r i v e d  and the 
ca l cu l a t ed  p o r e  growth  has been  c o m p a r e d  with  e x p e r i m e n t a l  da t a  and a good c o r r e l a -  
t ion was found. The  nuc lea t ion  p r o c e s s  of p o r e s  has  a l so  been  t r e a t e d .  It was  shown 
that  m i c r o p o r e s  can be homogeneous ly  nuc l ea t ed  in an i n t e r d e n d r i t i c  a r e a  a c c o r d i n g  to 
the p r e s s u r e  d rop  caused  by the so l i d i f i c a t i on  s h r i n k a g e .  

S E V E R A L  t y p e s  of p o r e s  can be  o b s e r v e d  in s o l i d i -  
f ied  m e t a l  a l l o y s .  T h e s e  p o r e s  a r e  n o r m a l l y  caused  
by gas  d i s s o l v e d  in the  m e t a l  me l t .  N o r m a l l y  the 
quant i ty  of gas  d e t e r m i n e s  the  shape  of the  p o r e s .  
The  so lub i l i t y  of gas  in m e t a l  m e l t s  n o r m a l l y  de -  
c r e a s e s  with d e c r e a s i n g  t e m p e r a t u r e ,  and if  the  gas  
content  i s  high the so lub i l i t y  l i m i t s  can  be r e a c h e d  
dur ing  cool ing  and gas  p r e c i p i t a t i o n  s t a r t s  be fo re  
the  s o l i d i f i c a t i o n  p r o c e s s .  T h e s e  gas  bubbles  f loat  
in the  m e t a l  me l t  and n o r m a l l y  r e a c h  the  s u r f a c e  of 
the  m e t a l  b e f o r e  the s t a r t  of the s o l i d i f i c a t i o n  p r o c e s s .  

The  so lub i l i t y  of gas  is  n o r m a l l y  l ower  in the so l id  
s t a t e  than in the  l iquid  and b e c a u s e  of th i s  the  s e g r e -  
gat ion of the  gas  e l e m e n t s  wi l l  give gas  p r e c i p i t a t i o n  
du r ing  the so l i d i f i c a t i on  p r o c e s s .  The  type  of p o r e s  
thus  f o r m e d  a r e  often e longa ted  as  fo r  i n s t ance  the  
p o r e s  in the  r i m  zone in an  unki l led  ingot  and in welds  
wi th  high hydrogen  content .  The  f o r m a t i o n  of t h e s e  
p o r e s  i s  s o m e t i m e s  c o m p a r e d  with a n o r m a l  eu tec t i c  
r e a c t i o n  and i s  d i s c u s s e d  e l s e w h e r e  in the  l i t e r a -  
t u r e  1-3 but  the exp lana t ion  of the  f o r m a t i o n  p r o c e s s  
s e e m s  to be i n c o r r e c t .  The  a i m  of th i s  work  was to 
s tudy the  f o r m a t i o n  p r o c e s s  of th is  type  of po re  by 
u n i d i r e c t i o n a l l y  con t ro l l ed  s o l i d i f i c a t i o n  e x p e r i m e n t s  
fo l lowed by a t h e o r e t i c a l  a n a l y s i s .  

Ano the r  type  of p o r e  which  of ten o c c u r s  in ingots  
and c a s t i n g s  at  the  end of the  s o l i d i f i c a t i o n  p r o c e s s  
is  tha t  of m i c r o p o r e s .  They  a r e  s u g g e s t e d  to be caused  
by the  so l i d i f i c a t i on  s h r i n k a g e  but  i t  i s  p o s s i b l e  tha t  
the  f o r m a t i o n  of t he se  p o r e s  i s  r e l a t e d  to the  gas  con-  
t en t  of the  l iqu id .  The  tendency  of gas  p r e c i p i t a t i o n  
wi l l  i n c r e a s e  b e c a u s e  the  s u p e r s a t u r a t i o n  i n c r e a s e s  
when the p r e s s u r e  d e c r e a s e s  in the  i n t e r d e n d r i t i c  
a r e a  at  the end of the s o l i d i f i c a t i o n  p r o c e s s .  The  f o r -  
ma t ion  of th i s  type  of po re  wi l l  a l so  be d i s c u s s e d  in 
th i s  p a p e r .  

EX PERIMENTS 

S t a i n l e s s  s t e e l  conta in ing  25 wt pc t  Ni  20 pc t  Cr  
and 3 pc t  Mo was used  in th i s  work .  DTA (d i f fe ren-  
t a l  t h e r m a l  a n a l y s i s )  e x p e r i m e n t s  showed tha t  the  
a l l oy  so l i d i f i ed  d i r e c t l y  to a u s t e n i t e .  The  l iquidus  
t e m p e r a t u r e  was  d e t e r m i n e d  to 1430~ and the a l loy  
had a f r e e z i n g  r ange  of 55~ 

H. FREDRIKSSON is Professor and I. SVENSSON is with the 
Department of Casting of Metals, The Royal Institute of Technology, 
Stockholm, Sweden. 

Manuscript submitted January 29, 1976. 

The  equ ipment  for  the  u n i d i r e c t i o n a l  s o l i d i f i c a t i o n  
e x p e r i m e n t s  i s  shown in F i g .  1. The  a l loy  was  m e l t e d  
in a c r u c i b l e  at  the  l ower  end of the  f u r n a c e .  A w a t e r -  
cooled  p r o b e  was  p l a c e d  at  the  upper  p a r t  of the 
f u r n a c e .  Be tween  the  c r u c i b l e  and the  p r o b e  a s u c e p -  
t e r  of Mo was  p l a c e d .  A s h a r p  t e m p e r a t u r e  g r a d i e n t  
e x i s t e d  be tween  the p robe  and the s u c e p t e r .  The  a l -  
loy  was sucked  up into an a l u m i n a  tube (4.10 -3 m 
e x t e r n a l  d i a m e t e r  and 3.10 -~ m i n t e r n a l  diana).  The 
p r o b e  c a u s e d  the upper  p a r t  of the  a l loy  in the  tube 
to so l id i fy .  The  p lug  thus f o r m e d  p r e v e n t e d  the me l t  
f r o m  d ropp ing  out of the tube du r ing  the e x p e r i m e n t .  
J u s t  a f t e r  the  sucking,  the  e x p e r i m e n t  was  s t a r t e d  by 
pu l l i ng  the  tube  out of the fu rna c e  th rough  the p r o b e  
at  a cons tan t  r a t e .  

The  a l loy  was  s tud ied  at  t h r e e  d i f f e r en t  s o l i d i f i c a -  
t ion  r a t e s ,  0.018, 0.009 and 0.0035 m / s ,  and with  
t h r e e  d i f f e r en t  hydrogen  con ten t s ,  14, 16 and 18 ppm.  
The  hydrogen  content  in the  s a m p l e s  was  c o n t r o l l e d  
by the fu rna c e  a t m o s p h e r e - a  m i x t u r e  of A r  and H2 
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Fig. 1--Cross section of the experimental equipment. 
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was u s e d - a n d  by changing the p a r t i a l  p r e s s u r e  of He 
d i f fe ren t  hydrogen contents  were  obta ined.  In o r d e r  
to get the c o r r e c t  hydrogen content  the al loy was 
mel ted  and held for 1800 s before  sucking the a l loy 
into the tube.  

In o r d e r  to d e t e r m i n e  the so lubi l i ty  of hydrogen in 
the alloy,  p h a s e - e q u i l i b r i u m - e x p e r i m e n t s  were  c a r -  
r i ed  out. F o u r  expe r imen t s  were  made,  two over  
and two under  the l iquidus t e m p e r a t u r e .  The tech-  
nique used for the phase e q u i l i b r i u m  expe r imen t s  
a r e  de sc r i bed  in the next pa r ag raph .  

HYDROGEN EQUILIBRIUM MEASUREMENTS 

The e q u i l i b r i u m  expe r imen t s  below the so l idus  
t e m p e r a t u r e  were  made at 1360 and 1390~ In this  
case  the al loy was mel ted,  sucked up into a th in  wal led 
A12Oa tube, and then quenched in b r i n e .  The tube was 
r emoved  and the s amples  were  placed in  a t u b e - f u r n -  
ace  at the above ment ioned t e m p e r a t u r e .  In o rd e r  to 
homogenize  the sample  it was held for  2 h at the t em-  
p e r a t u r e  and the fu rnace  a tmosphe re  was pure  hydro-  
gen. The s a m p l e s  were  then quenched in b r i ne  and 
immed ia t e ly  t r a n s f e r r e d  to a co ld -mix tu re  of sol id  
CO2 and alcohol .  

The e q u i l i b r i u m  expe r imen t s  above the l iquidus  
t e m p e r a t u r e  were  made at 1440 and 1490~ The s a m -  
p les  were  mel ted  in  an A1203 c ruc ib le  and h e a t - t r e a t e d  
for  1800 s in a g a s - a t m o s p h e r e  of 85 pct Ar  and 15 
pct H2. Th i s  lower  hydrogen p r e s s u r e  was used to 
avoid p o r e - f o r m a t i o n  dur ing  so l id i f ica t ion  when the 
sample  was quenched in b r i n e .  Af ter  quenching the 
s amp le s  were  t r a n s f e r r e d  to the c o l d - m i x t u r e .  The 
hydrogen content  was analyzed in degass ing  i n s t r u -  
ment  of type LECO RH-JE .  The s amp le s  were  heated 
to 2600~ and the emi t ted  gas was analyzed by gas-  
ch roma t rog raphy .  

The r e s u l t s  of the hydrogen content  m e a s u r e m e n t s  
a r e  shown in Tab le  I. The table a l so  shows the hydro-  
gen content  conver ted  to 1 a tm.  That  data is plot ted 
in  Fig .  2 and by the ex t rapola t ion  of the data the d i s -  
t r i bu t ion  cons tan t  b e t w e e n  7//L was ca lcula ted  to k Y/L 
= 0.47. In the d i a g r a m  (Fig. 2) the so lubi l i ty  of hydro-  
gen in  pure  i r o n  is  added. 4 It shows c l ea r ly  that  the 
so lubi l i ty  is  somewhat  higher  in the inves t iga ted  s t a in -  
l ess  s tee l  examined  both in the so l id-  and in  the l iquid 
s ta te .  

THE CONTROLLED SOLIDIFICATION 
EXPERIMENTS 

A s e r i e s  of in t roduc t ion  expe r imen t s  were  c a r r i e d  
out at d i f fe ren t  hydrogen contents  and at d i f fe rent  
speeds .  The expe r imen t  showed that  it was i m p o s s i -  
b le  to get e longated pores  of the type we wanted to 

Table I. The Solubi l i ty of  Hydrogen in the Steel 

ppm H ppm H 
Temperature PH2- 0.15 atm pH 2 = 1 atm 

1360 - 12.12 
1390 - 12.13 
1440 9.69 25.74 
1490 10.30 27.36 
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F ig .  2 - -The  s o l u b i l i t y  of h y d r o g e n  in an a u s t e n i t i c  s t a i n l e s s  
s t e e l  a t  1 a t m  and the  s o l u b i l i t y  of h y d r o g e n  in p u r e  i r o n  
a c c o r d i n g  to ttef.  4. 

study.  However,  a l a rge  n u m b e r  of m i c r o p o r e s  were 
obse rved  (Figs .  3 and 4). It was obse rved  that the 
n u m b e r s  of this  type of pore i n c r e a s e d  with i n c r e a s -  
ing hydrogen content  and with i n c r e a s i n g  sol idi f ica-  
t ion r a t e .  The conc lus ion  was that the gas content in 
the mel t  favors  the fo rma t ion  of this  type of pore.  

In o r de r  to induce nuc lea t ion  of the type of macro -  
po res  we wanted to study sma l l  amount s  of A1203 pow- 
der  which was added to the mel t  before  the s t a r t  of 
the e xpe r i me n t .  Th i s  addit ion induced the format ion  
of m a c r o p o r e s  and at the s t a r t i ng  point  of every  large 
obse rved  pore one or  more  A1203 g ra in s  could be ob- 
se rved .  It is easy  to suggest  that the pores  a re  nu- 
c leated by A12Oa inc lu s ions .  

In the e xpe r i me n t s  with 16 and 18 ppm hydrogen 
la rge  elongated po r e s  of the type shown in F igs .  5 
and 6 were  formed.  The f igures  show that the pores  
i n c r e a s e  in d i a m e t e r  f rom the s t a r t i n g  point .  A c o m -  

Fig .  3 - - M i c r o p o r e s  in  a s a m p l e  wi th  16 ppm H and so l i d i f i ed  
wi th  a r a t e  of 54 c m / m i n ,  m a g n i f i c a t i o n  70 t i m e s .  
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Fig. 4--Higher magnification of Fig. 3, magnification 350 
times. 

p a r i s o n  between F i g s .  5 and 6 shows that  the d i a m e -  
t e r  i n c r e a s e s  with a d e c r e a s i n g  so l id i f ica t ion  r a t e  
and an i n c r e a s i n g  hydrogen content .  F u r t h e r ,  i t  i s  
of i n t e r e s t  to note f rom the f igu res  that the wal ls  of 
the po res  a r e  co r ruga ted .  At the lowest  speed and 
at 18 ppm hydrogen the growth of pore  d i a m e t e r  is  
so rap id  that  the pores  block the growth of the so l id  
phase ,  F ig .  6(a). 

In the s a m p l e s  with 14 ppm hydrogen,  e longated 
m a c r o p o r e s  could not be obse rved  even with the addi -  
t ion  of A1203 powder .  However,  in the p r e s e n c e  of 
some  of the s m a l l  d i s p e r s i v e  A1203 p a r t i c l e s ,  po res  of 
the type shown in F ig .  7 were  obse rved .  With this  
hydrogen content  the pores  were  not compat ib le  with 
the growing so l id i f i ca t ion  f ront .  The pores  were  soon 
s u r r o u n d e d  and i so la ted  by the sol id  m a t e r i a l .  

Fig. 5--Unidirectionally solidified samples with elongated macropores in an alloy with 16 ppm H. Solidification direction from 
the left to the right. Solidification rate (a) 0.0035 m/s ,  (b) 0.009 m/s ,  (c) 0.018 m/s ,  magnification 6.6 times. 

Fig. 6--Unidirectionally solidified samples with elongated macropores in an alloy with 18 ppm H. Solidification direction from 
the left to the right. Solidification rate (a) 0.0035 m/s, (b) 0.009 m/s, (c) 0.018 m/s,  magnification 6.6 times. 
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Fig. 7- -Par t ly  elongated macropore  in a unidirect ionally 
solidified sample with 14 ppm H. The pore has been over -  
grown by the solidification front. Solidification direct ion 
f rom the left to the right. Solidification rate 0.0035 m / s .  

DISCUSSION 

S e g r e g a t i o n  of H y d r o g e n  

T h e  d i f f u s i o n  c o n s t a n t  of  h y d r o g e n  in  a u s t e n i t e  at  
1400~ i s  r o u g h l y  10 -s m 2 / s  and in the  m e l t  abou t  10 
t i m e s  l a r g e r .  S In  c a l c u l a t i o n s  of  s e g r e g a t i o n  in i r o n -  
b a s e - a l l o y s  i t  ha s  b e e n  shown  %7 t h a t  t he  l e v e l - r u l e  
i s  a good a p p r o x i m a t i o n  a t  d i f f u s i o n - c o n s t a n t s  l a r g e r  
t h a n  10 -1~ m 2 / s .  We can  t h e n  u s e  t h e  f o l l o w i n g  f o r m u l a  
f o r  c a l c u l a t i n g  t h e  h y d r o g e n  c o n t e n t  in  t h e  m e l t  a s  a 
f u n c t i o n  of  f r a c t i o n  s o l i d  m a t e r i a l  

C~ [1] 
C ,  ~ = [1 - y ( 1 -  k)] 

w h e r e  

C~ = the  o r i g i n a l  h y d r o g e n  con ten t ,  
f = the  f r a c t i o n  s o l i d  m a t e r i a l ,  
k = the  p a r t i t i o n  c o e f f i c i e n t  b e t w e e n  a u s t e n i t e  and 

l i qu id .  

F i g .  8 s h o w s  the  h y d r o g e n  con t en t  in  the  m e l t  a s  a 
f u n c t i o n  of f r a c t i o n  s o l i d  m a t e r i a l  f o r  14, 16 and  18 
p p m  h y d r o g e n .  In the  f i g u r e  t he  s o l u b i l i t y  l i m i t s  fo r  
h y d r o g e n  in the  l i qu id  and in t he  a u s t e n i t e  at  one  
a t m o s p h e r e  p r e s s u r e  h a v e  b e e n  added ,  a c c o r d i n g  to 
t he  m e a s u r e m e n t s  s h o w n  in a p r e v i o u s  c h a p t e r .  T h e  
f i g u r e  s h o w s  tha t  t he  s o l u b i l i t y  l i m i t s  at  the  t h r e e  hy-  
d r o g e n  l e v e l s  in the  a l l oy  a r e  e x c e e d e d  at  a f r a c t i o n  
of  s o l i d  m a t e r i a l  of 0 .85,  0.70 and 0.55 r e s p e c t i v e l y .  

It  i s  p o s s i b l e  f o r  a gas  p o r e  to be  f r o m e d  at  t h e s e  
f r a c t i o n s  of  s o l i d  m a t e r i a l .  H o w e v e r ,  the  e x p e r i m e n t s  
s h o w e d  tha t  t h e  n u c l e a t i o n  of  the  p o r e s  w a s  d i f f i c u l t .  
In  the  n e x t  c h a p t e r  the  q u e s t i o n  abou t  t he  p o s s i b i l i t y  
f o r  h o m o g e n e o u s  n u c l e a t i o n  of  a p o r e  w i l l  be  d i s -  
c u s s e d .  

T h e  N u c l e a t i o n  Process 

The theory of homogeneous nucleation has been 
penetrated by several authors in the literature.8-1~ 
All papers have treated the case of pore formation 
when pure substances reach their boiling point. In 
this case the theory leads to a very high supersatura- 
tion for homogeneous nucleation. This theory is also 
adaptable to the formation of hydrogen gaspores in 
steel. However, the calculations of the driving force 
must be modified. Hirth et alm have recently made 
a very good summary of the nucleation process for 
gas pores and we will adapt their treatings in this 

p a p e r .  T h e  a c t i v a t i o n  e n e r g y  f o r  n u c l e a t i o n  can  be  
d e s c r i b e d  by the  f o r m u l a  

167r . ~  
2 ~ *  = 

and 

A F  v = 

w h e r e  

F v = 
P~. = 
Pe = 

G= 

[2]  

R__T_T. lnP_Z [3] 
V ~  Pe 

the  H e l m h o l z  f r e e  e n e r g y ,  
the  g a s  p r e s s u r e  in t he  bubble ,  
e q u i l i b r i u m  p r e s s u r e  of  the  gas  in  t he  s t e e l -  
m e l t ,  
the  s u r f a c e  t e n s i o n  b e t w e e n  g a s / m e t a l  me l t ,  
p a r t i a l  m o l a r  v o l u m e  of h y d r o g e n  in  the  s t e e l  
melt, 

T = t e m p e r a t u r e ,  K.  

F o r  c a l c u l a t i o n  of the  d r i v i n g  f o r c e s ,  AFv,  we have  
to  app ly  the  f o r m u l a  of T u r n b u l l  et al n-12 f o r  the  
a c t i v a t i o n  e n e r g y  ~ v *  = 60 k T .  P u t t i n g  th i s  e x p r e s -  
s i o n  into  E q s .  [2] and [3] the  r a t i o  b e t w e e n  P r  and Pe 
w i l l  be  5.13.  A s s u m i n g  tha t  S i e v e r t s  l aw i s  v a l i d  f o r  
h y d r o g e n  s o l u t i o n  in t he  m e t a l  l i qu id  the  h y d r o g e n  
con t en t  f o r  h o m o g e n e o u s  n u c l e a t i o n  w i l l  be  45.13 
t i m e s  the  s o l u b i l i t y  of h y d r o g e n .  T h e  c r i t i c a l  c o m -  
p o s i t i o n  f o r  h o m o g e n e o u s  n u c l e a t i o n  at  l 0  s N / m  2 c a l -  
c u l a t e d  a c c o r d i n g  to th i s  f o r m u l a  i s  shown  in F i g .  8. 
We f ind tha t  t h i s  l i m i t  w i l l  not  be  e x c e e d e d  at  any 
h y d r o g e n  con t en t .  T h e  l i m i t  m a y  be  e x c e e d e d  by 
l o w e r i n g  the  p r e s s u r e .  T h i s  happens  d u r i n g  the  s o l i -  
d i f i c a t i o n  p r o c e s s  in an  i n t e r d e n d r i t i c  a r e a  b e c a u s e  
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F r o c t i o n  s o l i d  

Fig. 8--The segregat ion sequence of hydrogen during the 
solidification process .  Curve a 14 ppm H, b 16 ppm H, c 18 
ppm H. The solubility of hydrogen at a p r e s su re  of 10 5 N/m 2 
is also shown. The upper curve shows the concentration of 
hydrogen for nucleation of a gas pore at a p r e s s u r e  of 10 5 
~/m2. 
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of the sol id i f ica t ion shr inkage .  We wi l l  d i s cus s  this  
l a te r  on. 

Norma l  v s  Degenera ted  Eutec t ic  Reac t ion  

The expe r imen t s  show that if a gas pore is  nu-  
cleated,  growth can occur  in three  p r i nc ipa l  ways.  

I) The so l id i f ica t ion  f ront  grows f a s t e r  than the 
gas pore,  r e su l t i ng  in sma l l  pores  su r rounded  by 
sol id  meta l .  Fig.  7 gives an example of this  type of 
pore .  

II) The pore  and the so l id i f ica t ion  f ront  grow at 
the s a m e  speed.  Fig.  5(b) and (c) shows examples  of 
this  type of pore .  

III) The growth of the gas pore is so quick that it 
overgrows  the sol id i f ica t ion f ront  and blocks the so l i -  
d i f icat ion growth. Fig .  6(a) gives an example  of this  
type of pore .  

Dur ing  the n o r m a l  dendr i t i c  growth the gas com- 
ponents  segrega te  to the i n t e rdend r i t i c  a r e a s  and at 
a ce r t a in  d i s tance  behind the f ront  the so lubi l i ty  is 
exceeded.  If a gas pore  has been nuc lea ted  the hy- 
drogen  diffuses f rom these  s u p e r s a t u r a t e d  a r e a s  to 
the nuclea ted  pore .  The growth r a t e  of the gas pore  
is now d e t e r m i n e d  by the amount  of hydrogen r each -  
ing the pore  per  t ime .  At the s a m e  t ime  as the gas 
pore  grows, the so l id i f ica t ion  f ront  grows.  The r e -  
la t ion be tween the two growth r a t e s  d e t e r m i n e s  the 
d i a m e t e r  of the gas pore  and it a lso  d e t e r m i n e s  if the 
d i a m e t e r  wil l  i n c r ea se ,  dec rea se  or  r e m a i n  constant .  
The sol id i f ica t ion ra te  and the amount  of hydrogen 
governs  the pore  fo rma t ion  p r o c e s s .  

Theo re t i ca l  T r e a t m e n t  of P o r e - G r o w t h  

A n u m e r i c a l  method of ca lcu la t ing  pore  r ad ius  as 
a funct ion of the pore  length, so l id i f ica t ion  ra te  and 
hydrogen content  is desc r ibed  below. The method is 
based  on a mass  ba lance  between the amount  of hydro-  
gen which r eaches  the pore  wall  by di f fus ion and 
the amount  of hydrogen which is needed for the 
vo lume-change  at the so l id i f ica t ion  f ron t .  

F ig .  9 shows a schemat ic  d i ag ram of the s y s t e m  
and the f igure  def ines  the geome t r i ca l  r e l a t i ons  which 
a re  used in  the ca lcu la t ions .  In our  ca lcu la t ions  we 
have a s sumed  that the diffusion of hydrogen only oc- 
curs  hor izonta l ly  in each volume e lement ,  Ay. The 
mass  flow is  e s t ima ted  f rom E i n s t e i n ' s  r e l a t ion  of 
r a n d o m  walks in o n e - d i m e n s i o n .  We have a s s u m e d  
that the concen t ra t ion  d i s t r ibu t ion  in each volume 
e l emen t  is the one shown in Fig.  9(b). Dur ing  a shor t  
t ime ,  At, every  v o l u m e - e l e m e n t  gives the following 
n u m b e r  of hydrogen moles  to the pore  

- Ay(Ro  _ R I. 
V H 

m 

The total  amount  of hydrogen which dur ing  the t ime  
per iod,  At, is emi t ted  to the pore is  equal  to the sum 
of the amount  of hydrogen f rom al l  the vo lume e le-  
men t s .  

Ixh-x ) 
= 7r �9 Ay(R~  - R 2) [4] 

o V H 
m 

where :  An = the total  amount  of hydrogen moles  which 
r each  the pore  wall,  

Ro -- 2 4 ~ .  t (I) + r ( I ) ,  [5] 

Ro = 4 2 D ( t ( I ) -  &t) + r ( I ) ,  [6] 

r ( I )  is  the r ad ius  of the pore  in the obse rved  
vo lume e lement ,  

t ( I)  is the t ime  s ince  the so l id i f i ca t ion  f ront  
passed  the obse rved  volume e l emen t .  

The connect ion  v = & y / A t  where  v = so l id i f i ca t ion  
ra te ,  gives the r e l a t ion  between l eng th - s t ep  and t i m e -  
step.  In condi t ions  of cons tant  p r e s s u r e  in  the pore  
the re  is equal i ty  between the n u m b e r  of moles  An, 
which a r e  r each ing  the pore  wal l  and the n u m b e r  of 
moles  in the newly fo rmed  pore vo lume rrreAy at the 
so l id i f i ca t ion  f ront  

PH 2 . r e -T r .Ay  
&n = R .  T [7] 

where  

PH2 = the gas p r e s s u r e  in the pore 
r = the r ad ius  of the pore  at the so l id i f i ca t ion  

f ron t .  

The combina t ion  of Eqs .  [4] and [7] gives the pore  
r ad ius  at the so l id i f ica t ion  f ront  as a func t ion  of the 
d i s t ances  f r o m  the s t a r t i n g  point  

Y , x L  - 

re _ R . T  ~ '  H 7r/Xy[n~-R2]. [8] 
PH 27r&y o V H 

m 

The Resu l t  of the Ca lcu la t ion  

Eq. [8] was solved with the help of a compute r .  The 
s ame  so l id i f i ca t ion  r a t e s  and the s a m e  hydrogen  con-  
tents  used in the e x p e r i m e n t s  were  used  in  the ca l -  
cu la t ions .  In the ca lcu la t ions ,  the s i ze  of the sample  

I 

- ~ T"Y 
Growth / Gas ] / 5otid 

 a.,y \ ,/ A 
v &t --._ 

C H R~ r(I) = ~  A-A . 

R o- r(I) = V2D(t(I) -~t 1" 

c s  H , 

I I I = 

r(I)  R ~ R ~ R 

Fig. 9--Schematic representation of a macropore with the 
definition of the quantities in the mathematical rnodel. The 
lower part shows the assumed concentration profile of H 
alongA-A in the upper part of the figure. 
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was cons ide red  in the following way. R was al lowed 
to grow accord ing  to E i n s t e i n ' s  equat ion.  Unt i l  R 
r eached  the su r face  of the s p e c i m e n  and was s u b s e -  
quent ly  kept  cons tant .  The r e s u l t s  of the ca lcu la -  
t ions  a r e  given in Fig .  10(a) through (c). 

In F i g .  11 a c o m p a r i s o n  is  made be tween the growth 
r a t e  of the pore  in Fig.  6(c) and the ca lcula ted  pore  
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Growth rote 
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 !:ii 
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(c) 
Fig. 10--Calculated pore size as a function of the distance 
from the starting point for different hydrogen contents. Soli- 
dification rates (a) 0.0035 m/s ,  (b) 0.009 m/s ,  (c) 0.018 m/s .  

growth. It i s  obse rved  f rom the f igure  that  the agree -  
ment  is  ve ry  good at  the beginning  of the pore  growth. 
However,  a devia t ion  can be obse rved  with i nc r ea s ing  
po re - l eng th .  Here  the calcula ted pore  r ad ius  is  l a rge r  
than that  obtained in the exper imen t .  Th i s  is  probably 
doe to the inf luence of the s p e c i m e n - s u r f a c e  being 
g r e a t e r  than the model  could to le ra te ,  and in the case 
of l a r g e r  p o r e - r a d i i ,  some hydrogen escap ing  f rom 
the su r face .  

At slow sol id i f ica t ion  r a t e s  and high s u p e r s a t u r a t i o n  
the ca lcu la t ions  showed that the pore  r ad ius  growth 
was so rap id  that the pore  reached  the wal l  and 
blocked the growth of the sol id phase .  The same  thing 
was obse rved  e x p e r i m e n t a l l y  and was i l l u s t r a t ed  in 
Fig .  7(a). 

The F o r m a t i o n  P r o c e s s  of Mic ropo re s  

It has e a r l i e r  been  pointed out, that the p r e s s u r e  
d e c r e a s e s  dur ing  the sol id i f ica t ion p r o c e s s  in an in-  
t e r d e n d r i t i c  a r e a  as  a consequence of the sol id i f ica-  
t ion sh r inkage .  We wil l  now t ry  to inves t iga te  the 
poss ib i l i t y  of obta in ing  such a low p r e s s u r e  in an in-  
t e r d e n d r i t i c  a r e a  that  homogeneous nuc lea t ion  oc- 
c u r s .  F l e m i n g s  et  a113'~4 have made ca lcu la t ions  of 
the p r e s s u r e  drop in an i n t e rdend r i t i c  a r e a  accord-  
ing to the so l id i f ica t ion  shr inkage .  We have adopted 
the i r  methods.  However,  the equat ions have been 
modif ied so that  the p r e s s u r e  can be ca lcula ted  as a 
funct ion of the r e m a i n i n g  f rac t ion  l iquid.  (See Appen- 
dix). The r e su l t s  of the ca lcula t ions  for  the different  
speeds  a re  given in Fig .  12. 

As the p r e s s u r e  d e c r e a s e s  in an i n t e rdend r i t i c  
a r ea ,  the solubi l i ty  l imi t  of hydrogen a l so  dec r ea se s  
in this  a r e a .  The d e c r e a s e  of the so lubi l i ty  l imi t s  as 
a funct ion of f r ac t ion  sol id can be ca lcula ted  f rom 
S iever t s  law and the r e s u l t  of such a ca lcula t ion  is  
shown in Fig.  13 for the p r e s s u r e  drops  shown in Fig.  
12. In F ig .  13 a l ine  r e p r e s e n t i n g  the segrega t ion  of 
hydrogen in an a l loy with 14 ppm H is a lso  shown. 

In the same  way the solubi l i ty  l imi t  for  homogene-  
ous nuc lea t ion  is inf luenced  and this  is  a lso shown 
in Fig .  13. F r o m  the f igure  we can see  that homoge- 
neous  nuc lea t ion  of a gas pore is  poss ib le  in an in -  
t e r d e n d r i t i c  a r e a  if we take into account  the p r e s s u r e  
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~ 0.s 
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Fig .  l l - - A  c o m p a r i s o n  b e t w e e n  c a l c u l a t e d  and e x p e r i m e n t a l  
p o r e  g rowth ,  s o l i d i f i c a t i o n  r a t e  108 e r a / r a i n ,  h y d r o g e n  con ten t  
16 ppm.  
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dification rate 0.0035 m/s  and 0.009 m/s.  
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Fig. 13--The segregation sequence of hydrogen according to 
Fig. 8. The solubility of hydrogen in the liquid and the concen- 
tration of hydrogen for nucleation of a gas pore has been ad- 
justed for the pressure drop according to the solidification 
shrinkage. 

drop a c c o r d i n g  to the so l id i f i ca t ion  sh r inkage .  The  
p o s s i b i l i t i e s  i n c r e a s e  with i n c r e a s i n g  so l id i f i ca t ion  
r a t e .  It is f u r t h e r m o r e  i n t e r e s t i n g  to note that  the 
poss ib i l i t y  for  homogeneous  nuclea t ion  i n c r e a s e s  with 
i n c r e a s i n g  s o l i d i f i c a t i o n - r a n g e  (Appendix Eq.  [4]) and 
with i n c r e a s i n g  hydrogen  content .  When the pore  is 
nuc lea ted  the p r e s s u r e  in the i n t e r d e n d r i t i c  a r e a  in-  
c r e a s e s  due to the l a r g e  vo lume  of the gas phase  and 
the growth of the pore  wi l l  s low down. Th i s  p r o c e s s  
wi l l  p robab ly  lead to the f o r m a t i o n  of the type  of mi -  
c r o p o r e s  shown in F i g s .  3 and 4. 

CONCLUSION 

The formation process of different types of gas 
pores has been studied by the directional solidifica- 
tion technique. Specimens of an austenitic stainless 
steel containing different amounts of hydrogen gas 
were solidified at various rates. 

The formation sequence of elongated pores of the 
type appearing in the riming zone in unkilled ingots 
was studied as a function of gas content and solidifi- 
cation speed. 

A mathematical model for gas pore growth has been 
derived and computer calculations have been made. 
The results of the experiments have been compared 
with calculated data and good conformity has been 
obtained. The nucleation sequence for the different 
types of pores has been discussed in the paper. 

The influence of gas contents and the influence 
of the solidification rates on the formation process of 
micropores has been studied. It has been shown that, 
these pores have been formed by homogeneous nucle- 
ation of gas pores in an interdendritic ;trea. The 
possibilities for homogeneous nucleation of gas 
pores are caused by the pressure drop formed accord- 
ing to the so l id i f i ca t ion  sh r inkage .  

APPENDIX 

A c c o r d i n g  to F l e m i n g s  e t  a/13'14 the p r e s s u r e  drop 
in the i n t e r d e n d r i t i c  r eg ion  can be w r i t t en  

d P  _ 8 p . v  [A1] 
d l  r 2 

w h e r e  

r = the s i z e  of an i n t e r d e n d r i t i c  channel ,  
p = the l iquid  v i s cos i t y ,  
v = the l iquid  ve loc i t y .  

v is  r e l a t e d  to the so l id i f i ca t ion  r a t e ,  V, by the ex-  
p r e s s i o n  

v = ~ �9 V [A2] 
1 - ~  

w h e r e  

[3 = the so l id i f i ca t ion  sh r inkage .  

The  s i z e  of the i n t e r d e n d r i t i c  channel  r ,  is  r e l a t e d  
to the dendr i t e  space  and the f r ac t i on  r e m i n i n g  l iquid 
by the  e x p r e s s i o n  

L - t ~ ~A3] r = - -L- - -  ~ 

where  

;~ = the p r i m a r y  dendr i t e  space ,  
L = the length of the mushy zone,  

L - l = the d i s t ance  f r o m  the so l id i f i ca t ion  f ron t .  

Combin ing  Eqs .  [1], [2] and [3] and in t eg ra t ing  g ives  
the p r e s s u r e  drop  in the mushy zone  

/3 Y. 16- L (n - l) [A4] 
a P =  1 - / 3  x 2 l 

This  equat ion has been  so lved  with the fo l lowing 
parameters 
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~3 = 0 . 0 5 ,  

V = 0 . 0 1 8  a n d  0 . 0 0 9  m / / s ,  

= 0 . 1  �9 10  -6 m a n d  0 . 1 4  �9 1 0  -6 m a t  r e s p e c t i v e l y  

r a t e ,  
= 5 . 4  �9 1 '-3 N s / m  2, 

L = 5 �9 10  -3 m .  
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