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The c a u s e s ,  s i z e s ,  and d i s t r i b u t i o n  of p o r o s i t y  in c a s t i n g s  have been  r e v i e w e d  and quan t i t a -  
t ive ly  eva lua ted  fo r  s e v e r a l  i m p o r t a n t  m o d e s  of a l loy so l i d i f i c a t i on .  In g e n e r a l ,  gas  e x s o -  
lut ion i s  found to be the m o s t  p robab le  cause  of p o r o s i t y  in c a s t i n g s  which so l id i fy  in e i t h e r  
a c e l l u l a r  or  d e n d r i t i c  f a sh ion .  On the o the r  hand,  so l i d i f i ca t i on  a lone may  cause  p o r o s i t y  
c r e a t i o n  if the i n t e r d e n d r i t i c  l iquid m e t a l  cannot  feed  the so l i d i f i c a t i on  s h r i n k a g e .  Th i s  e f fec t  
m a y  be enhanced  by gas  exso lu t ion .  

Remova l  of p o r o s i t y  by " s i n t e r i n g "  a f t e r  s o l i d i f i c a t i o n  r e q u i r e s  that  the g ra in  s ize  be of 
the o r d e r  of, o r  s m a l l e r  than,  the pore  spac ing ,  and that  the p o r e s  be s m a l l  (~1 /z) for  r e -  
m o v a l  within r e a s o n a b l e  t i m e s  (tens of hou r s ) .  When gas  exso lu t ion  i s  the cause  of po re  
c r e a t i o n ,  the gas  m u s t  be d i f fused  out  of the s a m p l e  to p e r m i t  po re  s h r i n k a g e .  S m a l l  ingot  
s i z e s  (~10 cm) and r a p i d l y  d i f fus ib le  g a s e s  (H~) a r e  r e q u i r e d  fo r  po re  e l i m i n a t i o n  wi thin  
r e a s o n a b l e  t i m e s  (tens of hou r s ) .  

The app l ica t ion  of low p r e s s u r e  (~20 a tm)  du r ing  s i n t e r i n g  i n c r e a s e s  the r a t e ,  o r  the s ize  
(to ~10 mp)  of the p o r e s  which can be e l i m i n a t e d  wi thin  ~20 h r .  

T H E R E  is  a c o n s i d e r a b l e  body of foundry  l i t e r a t u r e  on 
pore  f o r m a t i o n  dur ing  so l i d i f i ca t i on  and on foundry  
techniques  fo r  i t s  r educ t ion  o r  e l i m i n a t i o n .  1-7 The 
p o r e s  a r e  caused  by sh r inkage  occu r ing  du r ing  s o l i d i -  
f i ca t ion ,  by exso lu t ion  of d i s s o l v e d  g a s e s ,  o r  by a c o m -  

b i n a t i o n  of both.  T h u s ,  the methods  of m i n i m i z i n g  the 
p o r o s i t y  include r educ ing  the content  of d i s s o l v e d  g a s e s ,  
a s s u r i n g  an adequate  supply of l iquid feed  m e t a l  du r ing  
so l i d i f i c a t i on ,  and making  so l id i f i ca t ion  m o r e  " d i r e c -  
t i o n a l " .  The i m p o r t a n c e  of ach iev ing  low p o r o s i t y  in 
ca s t  m e t a l s  i s  that  even in v e r y  s m a l l  amoun t s  i t  can 
m a r k e d l y  reduce  m e c h a n i c a l  p r o p e r t i e s .  In l a r g e  
amount s  p o r o s i t y  c a u s e s  p r e s s u r e  c a s t i n g s  to l eak ,  r e -  
su l t s  in a poor  su r face  f i n i sh ,  o r  c a u s e s  c r a c k i n g  d u r -  
ing use. 

In th is  p a p e r  we d e s c r i b e  c u r r e n t  work  on f o r m a t i o n  
of m i c r o p o r o s i t y  in so l i d i f i ca t i on  of a l l o y s .  We show 
that  gas  i s  l ike ly  to be a con t r ibu t ing  f a c t o r ,  if not the 
m a j o r  f a c t o r ,  l ead ing  to the m i c r o p o r o s i t y  o b s e r v e d  in 
m o s t  c a s e s  in p r a c t i c e .  We s u m m a r i z e  o u r  u n d e r s t a n d -  
ing of the morpho logy  of m i c r o p o r o s i t y  in t yp i ca l  c a s e s ,  
and of i t s  r e l a t i o n  to g ra in  s ize  and g r a i n  b o u n d a r i e s .  
F i n a l l y ,  the k ine t i c s  fo r  the r e m o v a l  of m i c r o p o r o s i t y  
by s i n t e r i n g  a r e  c o n s i d e r e d  quan t i t a t i ve ly .  

PORE FORMATION IN CASTINGS 

The o r ig in  of m i c r o p o r o s i t y  du r ing  so l i d i f i c a t i on  is 
g e n e r a l l y  a t t r i bu t ed  to gas  exso lu t ion  a n d / o r  the in-  
ab i l i t y  of l iquid to feed  through i n t e r d e n d r i t i c  s p a c e s  
to a c c o m m o d a t e  the vo lume c o n t r a c t i o n  a c c o m p a n y i n g  
the phase  change.  P iwonka and F l e m i n g s  2 and C a m p -  
be l l  s'4 have e s t i m a t e d  the p r e s s u r e s  for  d i f f e r en t  
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so l i d i f i c a t i on  cond i t ions  and the p r o b a b i l i t y  of po re  nu-  
c l ea t ion  with v a r i o u s  n e c e s s a r y  a s s u m p t i o n s .  How- 
e v e r ,  the complex i ty  of the f low f ie ld  and the n e c e s s i t y  
fo r  a s s u m p t i o n s  r e g a r d i n g  pore  nuc lea t ion  make  p r e -  
c i se  p r e d i c t i o n  d i f f icu l t .  

The i m p o r t a n t  v a r i a b l e s  which may  a f fec t  po re  c r e -  
a t ion  a r e :  ga s  content ,  s o l i d i f i c a t i o n  s h r i n k a g e ,  s u r -  
f a ce  tens ions~ d i s t r i b u t i o n  coe f f i c i en t ,  a l loy  conten t ,  
f r e e z i n g  r a t e ,  c a s t i n g  shape ,  and hea t  e x t r a c t i o n  (uni- 
d i r e c t i o n a l  o r  i s o t r o p i c ) .  To i l l u s t r a t e  the e f f ec t s  of 
t he se  v a r i a b l e s  on pore  f o r m a t i o n ,  we c o n s i d e r  the f o r -  
m a t i o n  of p o r e s  in the t h r e e  d i f f e r e n t  c a s e s  i l l u s t r a t e d  
in F i g .  1. The  f i r s t  is  for  po re  f o r m a t i o n  in s ingle  
c r y s t a l  g rowth ,  when g r o w t h  i s  c e l l u l a r ;  the second 
fo r  u n i d i r e c t i o n a l  d e n d r i t i c  so l id i f i ca t ion ;  and the th i rd  
fo r  so l i d i f i c a t i on  of a " m u s h y "  a l l oy  in a r e l a t i v e l y  in-  

(a) (b) 
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Fig. i --Three modes  of solidification: (a) cel lular  solidifica- 
tion, (b) collumnar dendritic solidification, and (c) "mushy"  
solidification in a sand cast plate. 
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su la t ing  mold m a t e r i a l  (such as  sand). It wil l  be seen,  
on the bas i s  of best  avai lable  data ,  that in the f i r s t  two 
examples ,  shr inkage alone is unl ikely  to cause the 
poros i ty  observed  in p rac t i ce .  In the las t  case ,  porosi ty  
observed  may be caused by shr inkage ,  gas,  o r  a com-  
b ina t ion  of both. All of these cases  have been t rea ted  
prev ious ly ;  2 in the la t te r  two ca se s ,  p r e s s u r e  drops  
have been reca lcu la t ed  us ing  a ref ined procedure  
desc r ibed  by Mehrab ian ,  Keane ,  and F l e m i n g s .  s 

In each case ,  fluid mus t  flow between " c e l l s "  or 
dendr i te  a r m s  to feed sol id i f ica t ion shr inkage .  The 
f r i c t i ona l  r e s i s t ance  to this flow lowers  the absolute  
p r e s s u r e ,  PLY/, at  points  within the cas t ing .  Also,  du r -  
ing sol id i f icat ion,  d issolved gases  may be re jec ted  in-  
to the liquid. A void of r ad ius ,  r ,  wil l  then form when 
the equ i l i b r ium par t i a l  p r e s s u r e  of d issolved gas,  Pg, 
is  just  equal  to the local  absolute  p r e s s u r e  PAl, plus 
the p r e s s u r e  change due to the curved pore surface  
and the inf luence of surface  t ens ion :  

Pg = P M  + - -  [1] 
r 

where y = vapor - l iqu id  sur face  ene rgy ,  and r = pore 
r ad ius .  Eq. [1] a s s u m e s  no b a r r i e r  to pore npcleat ion 
and that equ i l i b r ium is main ta ined  between the gas in 
solut ion local ly with that in the po res ,  pg i n c r e a s e s  
dur ing  sol id i f ica t ion because  the solubi l i ty  of the gas 
is  lower in the solid than in the liquid. If the equ i l ib r i a  
for  incorpora t ion  of a d ia tomic  gas in the liquid and 

1/2 solid are Ql = k lP~ and Qs = k s P ~ / 2 ,  and af ter  pa r -  
t ia l  sol idi f icat ion the volume f rac t ion  liquid is  ge,  the 
in i t i a l  quantity of gas (Qo) wil l  then be d i s t r ibu ted  in 
both phases ,  but in d i f ferent  concen t ra t ion .  Assuming  
local ly complete  diffusion of the gas within liquid and 
solid,  but that no gas e scapes  to the su r round ings  
Qo = Qs + Ql, and the gas p r e s s u r e  as  funct ion of gl i s :  

Pg = (k I _ ks ) + kS [ 2] 

Pore  nuclea t ion  dur ing  sol idi f icat ion can be p red ic -  
ted f rom Eqs.  [1] and [2] provided the local  p r e s s u r e ,  
PM at the point of i n t e r e s t  becomes  l e s s  than Pg. PM 
i s  the sum of ambien t  p r e s s u r e ,  Pa, meta l los t a t i c  
p r e s s u r e  Ph,  and of the p r e s s u r e  drop due to f r i c t iona l  
r e s i s t a n c e  to fluid flow. It is ca lcula ted below for  the 
examples  of i n t e r e s t .  

CELLULAR GROWTH 

Consider first the example in Fig. l(a). This is an 
idealized example of liquid "grooves" which may 
exist between cells in single crystal growth; the mi- 
c r o s t r u c t u r e  for  an actual  cas t ing  is shown in F ig .  2.1 
F o r  purposes  of ca lcu la t ion ,  the groove is a s sumed  to 
be cy l indr i ca l ,  of radius  r .  Then  the p r e s s u r e  drop 
along the length of groove is that for the p r e s s u r e  drop 
in l a m i n a r  flow along a pipe. The absolute  p r e s s u r e  at 
a d is tance  (L) f rom the en t r ance  i s :  

81.tL v 
PM,L  = Pa + Ph + r2 [ 3] 

where  v = meta l  flow veloci ty  (negative for  flow into 
grooves) ,  Ix = v i scos i ty  of l iquid me ta l ,  L = length of 
groove,  and r = groove r ad iu s .  Rela t ing  the fluid flow 

410-VOLUME 2, FEBRUARY 1971 

Fig. 2--Decanted solid:liquid interface of an aluminum crystal 
exhibiting cellular growth, showing pores in cell walls. After 
electroplating. Magnification 272 times. 

veloci ty  (v) to in te r face  veloci ty  V, 

V [4] v -  1-/3 

where 13 = so l id i f ica t ion  shr inkage .  Note that the i n t e r -  
face veloci ty is defined as being posi t ive for  sol id i f ica-  
t ion.  Combining  Eqs.  [3] and [4] y i e lds :  

(l~-~fl) 8pLV PM,L  = Pa + Ph - r 2 [5] 

It has  been shown, 2 upon combin ing  e xp r e s s ions  [ 1], 
[2], and [5] for  a s s e s s m e n t  of the probabi l i ty  of pore 
fo rma t ion  in cel l  boundar ies  and applying the resu l t  to 
the growth of a single c rys t a l  of a l u m i n u m ,  that the 
sol id i f ica t ion r a t e s  at which pore fo rmat ion  is observed 
a re  3 to 4 o rde r  of magni tude lower than the l imi t ing  
va lues  calculated f rom the flow mode ls .  Th i s  leads to 
the conclus ion that pore fo rmat ion  in un id i rec t iona l ly  
sol idif ied single c r y s t a l s  undergoing ce l lu l a r  growth 
is  probably  due to gas exsolut ion.  

UNIDIRECTIONAL DENDRITIC SOLIDIFICATION 

Fine  mi c r opo r os i t y  can often, if not a lways ,  be ob- 
se rved  in un id i rec t iona l ly  solidified dendr i t i c  a l loys .  
Examples  a re  shown in F igs .  3 and 4 for  c o m m e r c i a l  
s tee l  and a luminum al loys .  The poros i ty  is  genera l ly  
e x t r e m e l y  sma l l  in s ize  and is only obse rved  by me ta l -  
lography or  m i c r o r a d i og r a phy .  The cont r ibu t ion  of 
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(a) 

so l id i f ica t ion  shr inkage  to th is  po ros i t y  is  d e t e r m i n e d  
by ca lcu la t ing  the p r e s s u r e  drop due to i n t e rdendr i t i c  
f low to feed  the sh r inkage ,  as  fo r  the case  in F i g .  l(b).  
The r e s u l t  obtained by Mehrab i an ,  Keane ,  and F l e m i n g s  8 
inc ludes  the m o r e  gene ra l  vo lume  f r ac t i on  eu tec t i c  gE 
as  a v a r i a b l e ,  and the m i n i m u m  p r e s s u r e ,  located at the 
so l idus  i s o t h e r m  as :  

~VL 
PM = Pa + Ph + 1-~ ~ In [gE] [6] 

y '  is a m e a s u r e  of the r e s i s t a n c e  of the dend r i t e s  to 
f luid f low.  

The p r e s s u r e  can be r e l a t ed  to channel  r ad ius  by a s -  
suming  a l i nea r  v a r i a t i o n  of the vo lume  f r ac t ion  liquid 
(gl) in the l i qu id - so l id  zone (L) and f r o m  the g e o m e t r i c  
r e q u i r e m e n t  that  

gl = n~ r~ [7] 

where  n = number  of f low channels  pe r  unit a r e a ,  and r 
= equ iva len t  channel  r ad ius .  

F o r  ca l cu la t ions ,  we r e q u i r e  a n u m e r i c a l  va lue  fo r  
the r e s i s t a n c e  of the "bed"  to fluid f low,  ~ ' .  T h e r e  is  
one d i r e c t  m e a s u r e m e n t  of this  r e s i s t a n c e ,  2 and an in- 
d i r e c t  m e a s u r e m e n t  of Mehrab ian ,  Keane ,  and F l e m -  
ings ,  8 which indicate  that  a r e a sonab l e  value  fo r  7' is 
6 x 10 -~ sq cm for  A1-4.5 pct Cu with a so l id i f ica t ion  
v e l o c i t y  of 0.02 cm per  s ec .  F o r  th is  s y s t e m ,  gE = 0.09, 
(and o ther  p r o p e r  n u m e r i c a l  cons tan ts )  the ca lcu la ted  
p r e s s u r e  drop  due to fluid f low fo r  a mushy zone length 
of 5 cm is  approx .  0.3 • 10 -4 a rm,  which is  a negl ig ib ly  
s m a l l  p r e s s u r e  drop.  Thus ,  shr inkage  is  unl ikely to be 

(b) 
Fig. 3--Porosity formed during solidification of low alloy steel 
castings: (a) directionally solidified, (b) equiaxed. Magnifica- 
tion 14 times. 
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Fig. 4--Porosity formed in a sand casting of A1 4.5 pct Cu. 
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a s igni f icant  factor  caus ing  pore fo rma t ion  in u n i d i r e c -  
t ional ly  solidif ied a l u m i n u m  a l loys .  

To i l l u s t r a t e  the effects  of gas ,  we f i r s t  cons ider  
e q u i l i b r i u m  of gas with r e s p e c t  to the l iquid.  Suppose 
hydrogen is in i t ia l ly  p r e sen t  in the l iquid a l loy at 30 
pct of i ts  so lubi l i ty  l imi t  at 1 a tm p r e s s u r e  ( i .e . ,  Q 
= 0.21 cu cm stp per  100 g). With a dendr i te  a r m  spac-  
ing (d) of 100 p, and 1 channel  per  dendr i te  a r m :  n 
~- 1 /d  e = 104 per  sq cm.  Then solving Eqs.  [1] and [2] 
y ie lds  a pore size of ~25 p. The pores  begin to form 
when ~20 pct of the liquid r e m a i n s .  P o r e s  observed  a re  
f requent ly  in this  s ize range ,  and are genera l ly  found to 
begin  at some dis tance  f rom the chi l l  in qual i ta t ive  ac -  
cordance  with this  ca lcula t ion .  Thus ,  gas exsolut ion is 
concluded on these d i r ec t  g rounds ,  and on the ind i rec t  
ba s i s  above,  to be the dominan t  source  of pores  in uni-  
d i rec t iona l ly  solidif ied ingots .  

SAND CASTINGS 

Fig .  l (c)  shows an example of pore fo rma t ion  in a 
sand cas t ing  of a " m u s h y "  f r eez ing  al loy.  Here ,  t e m -  
pe ra tu r e  d i f fe rences  throughout  the cas t ing  a re  smal l  
compared  with the f reez ing  range  of the a l loy ,  and so 
f r ac t ion  solid is  nea r ly  un i fo rm throughout the cas t ing 
at any t ime dur ing  sol id i f ica t ion .  Sand cas t ings  of com-  
m e r c i a l  a l uminum and magnes ium a l loys  typical ly  
f reeze  in this  way and a lways exhibi t  m i c r o p o r o s i t y ,  if 
suff ic ient ly  careful ly  examined .  F ig .  4 is an example .  

The p r e s s u r e  within a long cas t ing  of un i form c ross  
sec t ion  (such as  a cyl inder  or  bar )  with a r i s e r  at one 
end has  been calculated prev ious ly  2 and recen t ly  r e c a l -  
cula tedf l  The p r e s s u r e ,  P ,  at locat ion,  Lj  f rom the 
r i s e r  is  re la ted  to f rac t ion liquid by the exp re s s i on :  

P M , L  = Pa + Ph - (I~~B) "B2L~ [8] 
47 'g i  

in which the in ter face  veloci ty  f rom Eq. [4] has  been 
re l a t ed  to the ra te  of heat t r a n s f e r :  

A 2K(TM - To) 
B = - -  

V pmHff f '~  

A = surface  a r e a  of the cas t ing ,  V = volume of the 
cas t ing ,  K = mold t h e r m a l  conduct iv i ty ,  TM = mean  
sol id i f ica t ion  t empe ra tu r e  of the a l loy,  To = mold t em-  
p e r a t u r e ,  P m =  meta l  dens i ty ,  H = heat  of fus ion ,  and 
a = mold t he rma l  diffusivi ty.  

The example  cons idered  was for  a plate 2 cm thick 
and 45 cm long, with n and ~' a s  in the prev ious  
example .  Solution of the equat ions  y ie lds  a pore size 
of approx imate ly  25 ~, or  about that which would have 
r e su l t ed  in the absence  of shr inkage  f rom a gas content  
of 0.21 cu cm stp per  100 g. Thus ,  it is c l e a r  that m i -  
c roporos i ty  can r e su l t  in sand cas t ings  f rom shr inkage 
a lone .  However,  the absolute  p r e s s u r e s  f rom the 
shr inkage effect a re  of the same o r d e r  as the par t i a l  
p r e s s u r e s  of d issolved gases  which there fore  approxi-  
ma t e s  the condit ion for  pore fo rma t ion  due to gas ex-  
solut ion.  Thus ,  e i ther  sh r inkage ,  gas exsolut ion  or 
both, are  potent ia l  causes  of the poros i ty  observed in 
such cas t ings .  

F u r t h e r  qual i ta t ive  support  of the impor tance  of flow 
r e s i s t a n c e  through a mushy zone on pore c rea t ion  may 
be taken f rom the influence of va ry ing  a l loying addi-  
t ions  on the r e s idua l  poros i ty  fo rmed  in s e v e r a l  sys -  
t ems .  ~4 The alloy content affects  the length (L) of the 
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mushy zone through i ts  control  of the sol id i f ica t ion 
range  (AT f) .  These  a re  re la ted  to the average  t e m p e r -  
a ture  gradient  (G): 

A T f  
L - [9] 

G 

In eutec t ic  s y s t e m s ,  the " e q u i l i b r i u m "  sol idi f icat ion 
range r e p r e s e n t s  the t e mpe r a t u r e  i n t e rva l  between the 
l iquidus  and so l idus  for  a composi t ion ,  it is zero  for  
pure me ta l s ,  i n c r e a s e s  a s  the a l loying addit ion in-  
c r e a s e s ,  r eaches  a m a x i m u m  value at the composi t ion 
co r r e spond ing  to the m a x i m u m  solid solubi l i ty  of the 
second component  in the p r i m a r y  phase ,  and then de-  
c r e a s e s  to zero  at the eutect ic  composi t ion .  Campbel l  4 
has  shown that the nonequ i l ib r ium sol id i f ica t ion range 
s i m i l a r l y  exhibi ts  a m a x i m u m  as a funct ion of a l loying 
addit ion.  C a m p b e l l ' s  expe r imen ta l  inves t iga t ions  of  
F e - C  and A1-Cu a l loys  showed cusped m a x i m a  in r e -  
s idual  po ros i ty  with a l loying addi t ions .  F u r t h e r  sup-  
por t  was taken f rom prev ious ly  cited l i t e r a tu r e  :~ in -  
c r e a s e s  in r e s i d u a l  porosi ty  at low alloy addit ions have 
been repor ted  for  va r ious  s y s t e m s ,  and in o thers ,  de-  
c r e a s e s  in r e s i d u a l  porosi ty were  observed  as  the 
eutec t ic  composi t ion  was approached.  

Qual i ta t ive ly ,  these v a r i a t i o n s  can be cons idered  in 
r e l a t ionsh ip  to the flow r e s i s t a n c e  (~t:" = Pa + Ph  - 
PM,L) f rom Eq. [8] by subs t i tu t ing  for  L f rom Eq. [9], 
and for  gL using Eq. [7]: 

where  n is  the channel  densi ty  and r i s  the effective 
r a d i u s .  With the dendr i te  s i d e - a r m  spacing propor t ion-  
a l  to G-1/2; we get r 4cc (G'1/2) 4, and obtain the re fo re :  

A' r: [10] 
Thi s  re la t ion  shows that the p r e s s u r e  drops  and 

hence the probabi l i ty  of pore fo rma t ion  is re la ted  to 
the sol idi f icat ion range of the al loy.  The changes in 
poros i ty  with a l loying addition cited above are  qual i -  
ta t ive ly  in a g r e e m e n t  with this  model .  Thus~ pore 
c rea t ion  in " m u s h y "  a l loys  is a t t r ibu tab le  to the diffi-  
culty of feeding liquid to accomodate the sol idi f icat ion 
sh r inkage ,  although gas exsolut ion may also be a fac tor .  

PORE STRUCTURE 

Figs .  3 and 4 show typical  examples  of m i c ropo ros i t y  
in un id i rec t iona l ly  solidified cas t ing ,  and in sand cas t -  
ings .  Pore s i zes  shown are  typical  and are  in the o rde r  
of 5 to 10 g for  the un id i rec t iona l  solidif ied cas t ings  and 
25 ~ for the sand cas t ing .  Observed  pore s i ze s  range 
f rom l a r g e r  than th is  for slowly solidif ied cas t ings  with 
high gas contents ,  to s m a l l e r  s i z e s  for  rapidly  so l id i -  
f ied,  wel l - fed cas t ings  of low gas content .  

The amount  of poros i ty  is  gene ra l ly  l e s s  than 1 pct 
for  well-fed cas t ings ,  as shown by the data of Fig .  5, 
for  two steel  cas t ings .  Po ros i t y  i n c r e a s e s  with i n c r e a s -  
ing dis tance f rom the cas t ing end, is  dec reased  by vac-  
uum mel t ing ,  and is  l e s s  for  the un id i rec t iona l ly  sol idi-  
fied cas t ing  than for  the sand cas t ing .  

In many ca s t i ngs ,  the d is tance  between pores  is much 
l e s s  than the g ra in  s ize;  in s t a in l e s s  s t ee l s  and nongrain  
ref ined light a l loys ,  the pore spacing  i s  of the o rde r  of 
the dendri te  a r m  spacing (typically ~200 to 500 ~) while 
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Fig. 5--Volume fract ion porosi ty  (V) vs dis tance f rom ingot 
base  for unidirect ional  and equiaxed ingots of low alloy steel .  

the gra in  size may be a c e n t i m e t e r  o r  more .  In other  
m a t e r i a l s ,  as in wel l  g r a i n - r e f i n e d  a luminum and m a g -  
n e s i u m  a l loys ,  the gra in  size is much s m a l l e r  and the 
o rder  of the pore spacing.  In m a t e r i a l s  such as plain 
ca rbon  and low al loy s tee l s  that undergo a solid s tate  
phase t r a n s f o r m a t i o n ,  the f inal  g ra in  size may be much 
l e s s  than pore spacing.  

Types  of poros i ty  other  than the fine mic ropo r os i t y  
d i scussed  h e r e i n  a re  amply  desc r ibed  in the l i t e r a t u r e .  
These  include cen te r l i ne  sh r inkage ,  "piping",  in " l a y e r  
p o r o s i t y " ,  and o thers .  These  types  of poros i ty  a re ,  in 
genera l ,  suff ic ient ly  coarse  so that they cannot  be r e -  
moved in any r ea sonab le  t ime by s i n t e r i ng  (without 
working) and are  therefore  not cons ide red  he re .  

and inhomogeneous ly  d i s t r i bu t ed .  The in fo rmat ion  r e -  
qui red  to apply the gene ra l  diffusion model  p resen ted  
below to a speci f ic  case  is  that  d i s c us se d  in the p r e -  
v ious  sec t ion :  amount  of poros i ty ,  pore size and d i s -  
t r ibu t ion ,  and gra in  s ize .  In mos t  c a s e s ,  a l l  of this  in-  
f o r ma t i on  is  not ava i lab le ;  when this  is  the case ,  one 
may only e s t ima te  the annea l ing  t i m e s  which wil l  be 
r equ i r ed .  When gas exsolu t ion  con t ro l s  or  con t r ibu tes  
to pore fo rma t ion  dur ing  so l id i f ica t ion ,  the gas mus t  
be removed dur ing  annea l ing  in an appropr ia te  a tmos -  
phere  if pore e l imina t ion  is  to be achieved by s in t e r i ng .  
F o r  gas r e m o v a l  by diffusion,  another  impor tan t  p a r a m -  
e t e r  is  the m i n i m u m  d i me ns i on  of the ingot.  

Annea l ing  might a lso be conducted under  an applied 
m e c h a n i c a l  p r e s s u r e ,  which p rov ides  a cont r ibu t ion  ad-  
d i t ional  to the sur face  e n e r g y  a s  the d r i v i ng  force  for  
pore e l im ina t i on .  The diffusion model  developed below 
inc ludes  both d r iv ing  f o r c e s ,  f rom which the p r e s s u r e  
which wil l  s ign i f ican t ly  d e c r e a s e  the r equ i r ed  annea l -  
ing t i me s  can be ca lcula ted  for  spec i f ic ,  obse rved ,  
pore s i ze s .  When a gas is  p r e s e n t ,  it should be noted 
than an applied mechan ica l  p r e s s u r e  may only reduce 
the e q u i l i b r i u m  pore s ize ,  without p e r m i t t i n g  complete  
e l i m i na t i on  of poros i ty ,  un l e s s  1) the gas is  pe rmi t t ed  
to diffuse out of the sample  or  2) the p r e s s u r e  is r a i sed  
to a level  a l lowing inco rpo ra t ion  of the gas into solu-  
t ion.  6 Sound cas t ings  produced in th is  m a n n e r  however ,  
may " b l i s t e r "  upon exposure  to high t e m p e r a t u r e  at  
a mb i e n t  p r e s s u r e .  

The total  quant i ty  of gas in the sample  (QT) is d i s -  
t r ibu ted  in solut ion ksPg  ~/2 and in the pores  (nPgV/RT). 
If the quant i ty  in solut ion is  in e q u i l i b r i u m  with the 
p r e s s u r e  inside the pores  the p r e s s u r e  is Pg = Pa 
+ 2T/r e and the total  quant i ty  in the sample  is  ksPg 1/~ 
+nPgV/RT, or  by expanding the p r e s s u r e  t e r m s :  

QT = fes ta  + 2Y'~U2 + n 4 rrrO (Pa + 29~) [11] 

REMOVAL OF POROSITY BY SINTERING; 
INFLUENCE OF GAS 

There  are  two obse rva t ions  on the behavior  of powder 
compacts  dur ing  s in t e r ing  which a re  pe r t inen t  for  con- 
s i de r ing  the poss ib i l i ty  of pore e l i m i n a t i o n f r o m  cas t -  
ings : 

1) If s i n t e r i ng  is  conducted in 1 a tm of ambien t  gas 
p r e s s u r e ,  the gas mus t  be e i the r  diffusible a n d / o r  
soluble in the solid to p e r m i t  the solid to be s in te red  
to theore t i ca l  dens i ty .  In mos t  c a s e s ,  s i n t e r i n g  in a 
vacuum is an acceptable  a l t e rna t ive  9 

2) The occu r rence  of d i scon t inuous  gra in  growth 
dur ing  s i n t e r i ng ,  which n o r m a l l y  enc lo se s  n u m e r o u s  
pores  within large g ra ins ,  is  gene ra l l y  r e spons ib le  for  
the cessa t ion  of shr inkage .  1~ At high t e m p e r a t u r e s ,  
where s i n t e r i ng  is  n o r m a l l y  conducted,  these r e s u l t s  
a re  in te rp re tab le  based on the a s sumpt ion  that g ra in  
boundar i e s  provide i n t e r n a l  defect  sou rce s  o r  s inks  in 
po lycrys ta l l ine  so l ids ,  which are  impor t an t  for  m a i n -  
ta in ing  n e a r - e q u i l i b r i u m  concen t r a t i ons  of defects  at 
one of the boundar ies  of the diffusion f ie ld.  F o r  rapid 
diffusive t r a n s p o r t  of a toms to f i l l  the pores ,  e i the r  for  
s i n t e r i ng  powder compacts  o r  ca s t i ngs ,  the gra in  s ize  
mus t  be of the o rde r  of, or  s m a l l e r  than,  the in t e rpore  
spacing.  Th i s  r e s t r i c t i o n  may be re laxed under  spec ia l  
c i r c u m s t a n c e s :  when the pore content  and s ize is s m a l l  

where  r e is the equ i l i b r ium pore s i ze ,  and n is  the 
n u m b e r  of pores  per  cu cm solid.  If the quant i ty  in the 
sample  is  in e qu i l i b r i um with Pa, the solut ion to Eq. 
[11] would give negat ive  va lues  for  re ,  which m e a n s  
that the gas could s imply  e n t e r  solut ion as the pores  
sh r ink  to zero  s ize .  12 A (meta) s table  e q u i l i b r i u m  pore 
content  only ex is t s  when QT > lesPa. However ,  we take 
as  a c r i t e r i o n  for  s i n t e r a b i l i t y  that QTo < ksPa in o rde r  
to fac i l i ta te  pore r e m o v a l  and to avoid pore fo rma t ion  
upon cool ing f rom the s i n t e r i ng  t e m p e r a t u r e .  

Let  us now examine  the t i m e s  which would be r e -  
qu i red  for gas e l imina t ion  f rom cas t ings  for  typical  gas 
d i f fus iv i t i es  and ingot s i ze s .  

Analyt ic  e x p r e s s i o n s  for  diffusive homogeniza t ion  for 
v a r i o u s  in i t i a l  and boundary  condi t ions  show that equi -  
l i b r i u m  i s  approached when Dt/ l  z ~- 2.0. Accept ing th is  
for gas e l i m i na t i on  to p e r m i t  pore r e m o v a l  the t ime  r e -  
qui red  is dependent  upon the gas diffusivi ty  D and the 
ha l f - t h i cknes s  (l) of the cas t ing .  E s s e n t i a l l y ,  only those 
gases  which diffuse i n t e r s t i t i a l l y  wil l  be removed  with- 
in suff ic ient ly  shor t  t i m e s  to be of i n t e r e s t  for  this  a s -  
s e s s m e n t .  Thus ,  hydrogen diffusion in i ron ,  with a 
value for D of 10 -3 sq cm pe r  sec at 1450~ is  of in-  
t e r e s t  for  c a se s  when exces s  hydrogen  is p r e s e n t  in 
s tee l  cas t ings .  ~ S i m i l a r l y ,  the diffusion of carbon  and 
oxygen would be of i n t e r e s t  for  s emik i l l ed  s t ee l s .  The 
ava i lab le  data for  carbon gives a diffusivi ty  in the range 
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Table I. Times Required for Reduction in Gas Concentration to 1 Pct of the 
Initial Value for Ingots of Selected Sizes 

Half Thickness 

1 cm 10 cm 

D H = 10  -3 c m 2 / s e c  ~30 min ~2.5 days 
D c = 10 -s cm2/sec 2.5 days 8 months 

of 10 -5 sq cm per  sec  at 1450~ ~4 Because  of the lack 
of ava i lab i l i ty  of oxygen diffusion data ,  we may a s s u m e  
that ca rbon  monoxide d e c o m p o s e s  on e n t e r i n g  solut ion 
and that  the net  t r a n s p o r t  is  governed  by the diffusivi ty  
of carbon .  It is r ecogn ized  that if the di f fus ivi ty  of 
oxygen is  lower  than carbon ,  longer  t i m e s  wil l  be r e -  
qu i red  for  homogeniza t ion .  The t ime i n t e r v a l s  r e q u i r e d  
fo r  anneal ing  ingots  of d i f fe ren t  s i z e s  a r e  shown in 
Tab le  I. It is seen that fo r  anything o v e r  m o d e s t - s i z e d  
s p e c i m e n s ,  the r e q u i r e d  anneal ing  t ime s a re  e x t e n s i v e ,  
being longer  than the t i m e s  ut i l ized fo r  solut ion annea l -  
ing. However ,  the extended annea ls  r e q u i r e d  for  hydro -  
gen e l imina t ion  to avoid the e m b r i t t l e m e n t  of la rge  
f o r g i n g s  a r e  a l ready  apprec ia t ed .  The  g e n e r a l  r e su l t  i s  
that when gases  a r e  p r e sen t  in i t i a l ly ,  the extended t i m e s  
r e q u i r e d  for  gas e l im ina t i on  to p e r m i t  pore  r e m o v a l  
would probably prec lude  anneal ing  as a m e c h a n i s m  of 
cas t ing  homogen iza t ion  for  anything o ther  than sma l l  
s ized cas t ings .  

Although the n e c e s s i t y  of gas  e n t e r i n g  solution or  be -  
ing e l imina t ed  by diffusion to the su r f ace  of the sample  
i s  a n e c e s s a r y  c r i t e r i o n  for  dens i f i ca t ion  by diffusion,  
i t  is  not a suff ic ient  one. We a l so  r e q u i r e  an a tom 
sou rce  for  diffusion to f i l l  the space occupied  ini t ia l ly  
by the pore .  Th i s  is  provided  by the g ra in  boundar ies  
where  the defec ts  may equ i l i b r a t e . l~  It should be 
noted that only  the gra in  boundar ies  a r e  e f fec t ive ;  ce l l  
wa l l s ,  the boundar ies  f o r m e d  around inc lus ions  total ly 
within c r y s t a l s ,  and the boundar ies  be tween  dendr i t e s  
belonging to a gra in  a r e  inadequate fo r  the purpose .  
Our second gene ra l  r e q u i r e m e n t  is that the gra in  s ize  
should not be l a r g e r  than the i n t e rpo re  spacing.  

THE SINTERING MODEL 

The bas ic  in fo rmat ion  needed for  f o r m u l a t i n g  a di f -  
fus ion s in te r ing  model  is the pore shape and the loca-  
t ions of gra in  boundar ies .  The concen t r a t ions  of de fec t s  
at the pore  sur face  and on the grain boundar ies  a re  then 
r e l a t ed  to the pore su r face  c u r v a t u r e  and the applied 
p r e s s u r e ,  r e s p e c t i v e l y ,  using the Gibbs -Thompson  
equat ion  (for low s t r e s s e s ) :  

c ~  [ 12] C d = Co + k T  

where  C a is  the local  concen t ra t ion  of de fec t s  in equ i -  
l i b r i u m  with the loca l  n o r m a l  s t r e s s  on the sur face  (~), 
Co is  the equ i l i b r i um concen t ra t ion  when ~ = 0, ~2 is the 
vo lume  cont r ibuted  to the c r y s t a l  l a t t i ce  pe r  defec t ,  
k is  B o l t z m a n ' s  cons tan t ,  and T is t e m p e r a t u r e .  T h i s  
e x p r e s s i o n  is val id  only at sma l l  s t r e s s e s ,  with C d 

- Co/Co << 1. F o r  the curved  (spher ica l )  pore su r face  
the n o r m a l  s t r e s s  i s :  2~,/r where  ), is  the sur face  
e n e r g y  and r i s  the r ad ius .  With these  equ i l i b r i um 
va lues  fo r  the defect  concen t ra t ions  on the r e s p e c t i v e  
s u r f a c e s ,  s t e ady - s t a t e  di f fus ive  t r a n s p o r t  will  take 

Table II. Time Intervals and Grain Sizes Required for Pore Elimination in 
Close-Packed Metals Annealed Just Before their Melting Points, as a 

.... Function of the Initial Pore Radius (r 0) 

re 1/am 10btm 100pm 
G.S. 10 gm 100 pm 1000 tim 

Time for pressure free sintering - Eq .  [16] 

A t  103 sec ~15 days ~30 years 

Pressure sintering - Eq. [19] ; time for size reduction to 1 #m with o = 300 psi 

At1 ~14 hr ~2 months 

place between them which can be evaluated  fo r  a solu-  
tion to D~72C = O, and which a lso  sa t i s f i e s  the geome t r i c  
boundary condi t ions.  It has  been shown fo r  the in te r -  
media te  s tage of s i n t e r ing  that s t e ady - s t a t e  flow equa-  
t ions for  d i f fe ren t  g e o m e t r i c  r e l a t i ons  between the 
po res  and g ra in  boundar ies  give nea r ly  ident ica l  total  
f lows of m a t e r i a l ,  n'15 F r o m  f a m i l i a r i t y  with those so-  
lut ions ,  the flow equat ion adopted he re  for  model ing  the 
typical  pore s t r u c t u r e s  in cas t ings  is that for  flow be-  
tween concen t r i c  s p h e r i c a l  she l l s ,  r ad i i ,  r l  and r2, with 
defect  concen t ra t ions  C 1 and C 2: 

d V  4 ~ D v A C r l r 2  ~2 [13] 
d--t = J ~  - r2 - r ~ 

where  J is the total  f low,  and Dv is the defec t  diffusion 
coeff ic ient .  F o r  the p r e s s u r e - f r e e  case ,  the concen t ra -  
tion d i f fe rence  a r i s e s  to ta l ly  f r o m  the pore  surface  cu r -  
va tu re ;  a s s u m i n g  s p h e r i c a l  pores  of rad ius  r l :  

con (2,) t14  A c  = - ~ -  

In this  case  the v o l u m e t r i c  flow into the pore  may be 
e x p r e s s e d  as 4 r r ~ d r ~ / d t ,  which is subst i tu ted for  
d V / d t .  With the la t t ice  diffusion coeff ic ient  (D L )  de-  
fined by: D L = D v C o ~  , we obtain,  fol lowing subst i tut ion 
into Eq. [13]: 

_ 1 ( [15]  
k T  r l  \ r 2 -  r l  / 

When the gra in  s ize is app rox im a te ly  equal  to the i n t e r -  
pore  spacing,  and the poros i ty  i s  sma l l ,  (re > r~ when 
the poros i ty  is l e s s  than 1 pct), then r2 - r ,  -~ r2 and al l  
r ' s  on the r igh t  hand side may be cance l led .  Then,  upon 
in tegra t ion  between l i m i t s  re  ~ 0 the t ime in te rva l  
needed (At) f o r  pore r e m o v a l  i s :  

At = r3~ [16] 
'6DLgf~2 

F o r  c l o s e - p a c k e d  m e t a l s  annealed just  below the i r  
me l t i ng  points :  D L -~ 10 -8 sq cm per  s e c , ~  -~ 10 -23 cu 
cm,  7 -~ 10a e r g p e r  s q c m ,  and k T  ~ 10- e r g p e r  
a tom,  Eq.  [16] y ie lds :  

At = r~ 10~(sec /cm3)  

The t ime i n t e r v a l s  r e q u i r e d  fo r  e l imina t ion  of pores  
cove r ing  the range of s i z e s  obse rved  a re  g iven in 
Tab le  II. The grain s i ze s  n e c e s s a r y  for  conformance  
to the model  a re  a lso  given.  

ANNEALING UNDER PRESSURE 

If anneal ing  is  to be conducted under an applied p r e s -  
su re  (or), the s in t e r ing  mode l  may be modif ied  by eva l -  
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ua t ing  the  d e f e c t  c o n c e n t r a t i o n  d i f f e r e n c e  b e t w e e n  the 
p o r e s  and g r a i n  b o u n d a r i e s  in r e l a t i o n s h i p  to the p o r e  
c u r v a t u r e  and app l i ed  p r e s s u r e  i n d e p e n d e n t l y ,  u s i n g  
Eq .  [12]. The  ne t  c o n c e n t r a t i o n  d i f f e r e n c e  ob ta ined  in 
th i s  c a s e  i s :  ~s 

ZXC =-~-- -  + [17] 

w h e r e  p i s  the  r e l a t i v e  d e n s i t y .  F o r  c a s t i n g s  wi th  1 pe t  
p o r o s i t y ,  the m a x i m u m  v a r i a t i o n  in p i s  0.99 ~ 1.0; 
h e n c e ,  th i s  t e r m  m a y  be n e g l e c t e d .  Subs t i t u t i on  of Eq .  
[17] into [13], and p r o c e e d i n g  a s  above  y i e l d s :  

[18] 
When the p o r e s  a r e  l a r g e ,  (r >> 2 ~ / r l ,  we o b t a i n :  

F ~ , .  ]23 ' /o  
A t ,  = - I  "~ t e l  [19] 

Selecting o = 27/(r = 1 /~m), the time interval may be 
c a l c u l a t e d  which  is  r e q u i r e d  to r e d u c e  l a r g e r  i n i t i a l  
s i z e s  to 1 p m ,  in which  r a n g e  Eq .  [18], and s u b s e q u e n t l y  
Eq .  [16], b e c o m e s  p e r t i n e n t .  F o r  the i n i t i a l  p o r e  s i z e s  
f o r  which  the t i m e  i n t e r v a l s  f o r  r e m o v a l  by s i n t e r i n g  
w e r e  e v a l u a t e d  in T a b l e  II ,  the t i m e  i n t e r v a l s  f o r  s i z e  
r e d u c t i o n  I ~zm, u n d e r  a p r e s s u r e  of 300 p s i  a r e  a l s o  
g iven .  T h e s e  i n t e r v a l s  w e r e  e v a l u a t e d  in Eq .  [16] f o r  
p r e s s u r e  f r e e  s i n t e r i n g .  T h e  r e d u c t i o n  in t i m e  with  
m o d e s t  app l i ed  p r e s s u r e  i s  s i g n i f i c a n t ;  it i s  n o t e w o r t h y  
tha t  the i n t e r v a l s  now used  f o r  " s o l u t i o n  a n n e a l i n g "  
c o p p e r  a l l o y s  a r e  in the r a n g e  of 15 h r , w h i c h  i s  tha t  
found h e r e  f o r  p r e s s u r e  s i n t e r i n g  20 ~tm (diam) p o r e s  
wi th  20 a rm app l i ed  p r e s s u r e .  T h u s  wi th  m o d e s t  p r e s -  
s u r e ,  the p o r o s i t y  p r e s e n t  in s o m e  c a s t i n g s  migh t  be 
e l i m i n a t e d  d u r i n g  a so lu t ion  a n n e a l .  

C O N C L U D I N G  R E M A R K S  

In the f i r s t  s e c t i o n  of t h i s  p a p e r ,  the c a u s e s  of  the 
p o r o s i t y  f o r m e d  in s e v e r a l  m o d e s  of s o l i d i f i c a t i o n ,  the 
s i z e s  of  p o r e s  f o r m e d ,  and the l o c a t i o n s  of p o r e s  wi th  
r e s p e c t  to g r a i n  b o u n d a r i e s ,  h a v e  b e e n  r e v i e w e d .  In the 
s econd  s e c t i o n ,  the c r i t e r i a  f o r  p o r e  e l i m i n a t i o n  f r o m  
c a s t i n g s  by a n n e a l i n g  a r e  s t a t e d  and then  d e v e l o p e d  
q u a n t i t a t i v e l y .  It h a s  been  t a c i t l y  a s s u m e d  tha t  a n n e a l -  
ing  w i l l  be conduc t ed  a t  h igh  t e m p e r a t u r e s  to h a s t e n  
p o r e  r e m o v a l .  T h e r e f o r e ,  l a t t i c e  d i f fu s ion  h a s  b e e n  
c o n s i d e r e d  a s  the m e c h a n i s m  of m a t e r i a l  t r a n s p o r t .  
A n a l o g o u s  m o d e l s  h a v e  a l r e a d y  been  d e v e l o p e d  f o r  
l o w e r  t e m p e r a t u r e  a n n e a l i n g ,  a t  which  g r a i n  bounda ry  
d i f fus ion  m a y  be p r e d o m i n a n t .  

L a r g e  p o r e s  r e q u i r e  e x t e n d e d  t i m e  i n t e r v a l s  f o r  r e -  
m o v a l ;  h e n c e ,  p i p e s ,  l a y e r  p o r o s i t y ,  and p o r e s  due to 
c e n t e r - l i n e  s h r i n k a g e ,  would  r e q u i r e  u n r e a s o n a b l y  long  
t i m e s  f o r  e l i m i n a t i o n  by s i n t e r i n g .  

P o r e s  f o r m e d  d u r i n g  c e l l u l a r  s o l i d i f i c a t i o n  and un i -  
d i r e c t i o n a l  d e n d r i t i c  g rowth  p r o b a b l y  r e s u l t  f r o m  gas  
e x s o l u t i o n  d u r i n g  s o l i d i f i c a t i o n .  F o r  t h e s e  c a s e s ,  s i n -  
t e r i n g  (for p o r o s i t y  e l i m i n a t i o n  a f t e r  s o l i d i f i c a t i o n )  r e -  
q u i r e s  gas  e l i m i n a t i o n ;  the  t i m e s  r e q u i r e d  a r e  un-  
r e a s o n a b l y  long  e x c e p t  f o r  s m a l l  c a s t i n g s  (<10 c m )  and 
r a p i d l y  d i f f u s i b l e  g a s e s  (H2). 

In the  s o l i d i f i c a t i o n  of m u s h y  a l l o y s ,  the  p o r o s i t y  m a y  
r e s u l t  f r o m  ( s o l i d i f i c a t i o n )  s h r i n k a g e  a l o n e ,  wi thou t  b e -  
ing  i n f l u e n c e d  by gas  e x s o l u t i o n .  In t hose  i n s t a n c e s ,  the 
s i n t e r i n g  t i m e s  r e q u i r e d  f o r  p o r e  e l i m i n a t i o n  d e p e n d  on 
the  so l id  d i f f u s i v i t y ,  the p o r e  s i z e ,  and p o r e  s p a c i n g  
r e l a t i v e  to the  g r a i n  s i z e  in the ingo t .  T i m e  i n t e r v a l s  of 
the o r d e r  of 10 to 20 h r  w e r e  found to be a d e q u a t e  f o r  
s o m e  s p e c i f i c ,  o b s e r v e d  s t r u c t u r e s .  

T h e  a p p l i c a t i o n  of p r e s s u r e  r e d u c e s  s i g n i f i c a n t l y  the 
r e q u i r e d  t i m e  i n t e r v a l s  f o r  p o r e  e l i m i n a t i o n  when  no 
g a s  is  t r a p p e d ,  and m a k e s  f e a s i b l e  the e l i m i n a t i o n  of 
l a r g e r  p o r e s  than  in the p r e s s u r e - f r e e  c a s e .  When  gas  
i s  p r e s e n t ,  the  a p p l i c a t i o n  of  p r e s s u r e  r e d u c e s  the 
r e s i d u a l  p o r o s i t y .  
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