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A Microscopy Study of Lead Sinter 
T. J. O'KEEFE, C. BENNETT, AND E. R. COLE 

Samples  of u p - d r a f t  s t n t e r s  p roduced  at  t h r e e  d i f fe ren t  M i s s o u r i  l ead  s m e l t e r s  were  s tud-  
ied,  to d e t e r m i n e  the c h e m i c a l  p h a s e s  p r e s e n t ,  a s  a f i r s t  s t ep  t o w a r d  a m o r e  comple t e  
under s t and ing  of the l ead  b l a s t  fu rnace  ope ra t ion .  The s i n t e r s  s e e m e d  to be b a s i c a l l y  
s i m i l a r ,  and a l l  the  r e s u l t s  r e p o r t e d  a r e  f rom s a m p l e s  f rom one s m e l t e r  (Hercu laneum 
s m e l t e r ,  St. Joe  Mine ra l s ) .  Ana ly t i ca l  too ls  used  inc luded the e l e c t r o n  m i c r o p r o b e  and 
scanning  e l e c t r o n  m i c r o s c o p e  with a n o n - d i s p e r s i v e  X - r a y  s p e c t r o m e t e r  a t t achment .  
Major  p h a s e s  that  we re  pos i t i ve ly  ident i f ied  a r e  m e t a l l i c  lead,  l ead  su l f ide  and z inc  f e r -  
r i t e .  The p r e d o m i n a n t  l e ad  phase  was t en t a t i ve ly  ident i f ied  as  a l e ad  o x i d e - s i l i c a t e  c o m -  
pound. Other  compounds  p r o b a b l y  p r e s e n t  a r e  ca lc ium,  i ron,  z i n c - s i l i c a t e s  or  some  c o m -  
b ina t ion  of ca l c ium,  i ron  o r  z inc  with s i l i c a .  C o n t r a r y  to the r e s u l t s  of o the r  i n v e s t i g a t o r s  
no l ead  oxide  o r  b a s i c  l ead  su l fa te  compounds  were  ident i f ied .  It a p p e a r s  that  the m a j o r i t y  
of the l ead  is  p r e s e n t  in the s i n t e r  a s  a l ead  o x i d e - s i l i c a t e  phase .  

T H E  i m p o r t a n t  e f fec ts  which s i n t e r  p r a c t i c e  and qua l -  
i ty have on s m e l t i n g  e f f ic iency  have long been  r e c o g -  
n ized .  But due to the p h y s i c a l  and c h e m i c a l  complex i ty  
of l ead  s i n t e r i ng  i t  has  p roven  to be a di f f icul t  t a sk  to 
e s t a b l i s h  jus t  what cons t i tu te s  a good s t n t e r .  A number  
of e x p e r i m e n t a l  s tud ies  and t h e o r e t i c a l  a n a l y s e s  have 
been  made  over  the y e a r s  on the p h y s i c a l  c h e m i s t r y  of 
the  P b - S - O  s y s t e m .  1-~ The r e s u l t s  of t he se  e x p e r i m e n -  
t a t ions  a r e  v e r y  helpful  in gaining an under s t and ing  of 
a number  of phenomena  o b s e r v e d  dur ing  the t h e r m a l  
p r o c e s s i n g  of l ead  o r e s  but t he re  a r e  c e r t a i n  r e s t r i c -  
t ions  and l im i t a t i ons  on t h e i r  use .  Since mos t  of these  
s tud ies  were  e s s e n t i a l l y  equ i l i b r i um type Inves t iga t ions  
they  would be of ques t ionab le  va lue  in p r e d i c t i n g  phase  
r e l a t i o n s h i p s  ob ta ined  dur ing  b l a s t  roas t i ng .  Also the 
c h e m i s t r y  of the  e x p e r i m e n t a l  i nves t iga t ions  was l e s s  
involved  than that  encoun te red  in ac tua l  p r a c t i c e .  Lab 
s tn t e r t ng  work  and p lan t  s c a l e  s tud ies  have a l so  been  
p e r f o r m e d  %6 using s y s t e m s  m o r e  c o m p a r a b l e  to those  
found in a c o m m e r c i a l  p r o c e s s .  However ,  p r i m a r y  
e m p h a s i s  was p l aced  on p h y s i c a l  p a r a m e t e r s  as  a 
guide to s i n t e r  qual i ty .  The bulk quant i ta t ive  c h e m i c a l  
a n a l y s i s  of the s i n t e r  has  a l so  been  wel l  def ined,  but 
s u r p r i s i n g l y  t h e r e  have been  only l i m i t e d  a t t emp t s  to 
c h a r a c t e r i z e  the cons t i tu t ion  of the s i n t e r .  Since it 
was fe l t  tha t  spec i f i c  phase  in fo rmat ion  would be nec -  
e s s a r y  b e f o r e  a m o r e  meaningfu l  under s t and ing  of the 
s i n t e r t ng  p r o c e s s  could be gained,  n u m e r o u s  s a m p l e s  
of c o m m e r c i a l  s t n t e r  were  s tud ied  in an ef for t  to 
ident i fy  the na tu re  of l ead  s i n t e r  f r o m  a c h e m i c a l  
cons t i tu t ion  v iewpoint .  

EXPERIMENTAL PROCEDURE 

All of the s i n t e r  s a m p l e s  used for  the phase  iden t i -  
f i ca t ion  po r t i on  of th is  work  we re  obta ined  f rom the 
Hercu laneum Lead  Sme l t e r  of the St. Joe Mine ra l s  
Corp .  Me ta l log raph ic  s tud ies  we re  a l so  made on s in -  
t e r  s a m p l e s  f r o m  the Buick s m e l t e r  of A m a x - H o m e -  
s take  and the Glover  s m e l t e r  of A s a r c o ,  and the s t r u c -  
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t u r e  of t h e s e  s a m p l e s  was found to be  v e r y  s i m i l a r  to 
the s t r u c t u r e  of the s a m p l e s  f rom the Hercu laneum 
s m e l t e r .  Al l  of the s i n t e r  used  in th is  inves t iga t ion  
was p roduced  on a Dwigh t -L loyd  u p - d r a f t  s i n t e r  m a -  
chine.  A de ta i l ed  d e s c r i p t i o n  of the s i n t e r l n g  p r o c e s s  
has  been given p r e v i o u s l y .  7 The s p e c i m e n s  s tud ied  
were  taken  at  r andom f r o m  the s a m p l e s  of f in ish  s i n -  
t e r  used  for  rou t ine  c h e m i c a l  a n a l y s i s  by  the  p lant .  
Since p r e l i m i n a r y  r e s u l t s  ind ica ted  a s i m i l a r i t y  in the 
m a k e - u p  of the s i n t e r ,  ex tens ive  phase  a n a l y s e s  we re  
made  on only four  d i f fe ren t  s p e c i m e n s .  These  p i e c e s  
were  s e l e c t e d  f r o m  v a r i o u s  s i z e d  chunks of o r i g i n a l  
s l n t e r  and the t ime  span over  which the d i f fe ren t  s a m -  
p le s  were  p roduced  was about 3 months .  The b r o a d  
base  used  in s e l ec t ing  s a m p l e s  was fe l t  to be n e c e s s a r y  
due to the d i f f e r e n c e s  noted in the p h y s i c a l  a p p e a r a n c e  
of s i n t e r  p roduced  at  d i f f e ren t  t i m e s .  It was found upon 
inves t iga t ion ,  however ,  that  the c h e m i c a l  p h a s e s  in the 
v a r i o u s  s i n t e r  s a m p l e s  r e m a i n e d  f a i r l y  cons tan t  even 
though t h e i r  r e l a t i v e  concen t ra t ion ,  s i ze ,  morpho logy  
and g e n e r a l  p h y s i c a l  a p p e a r a n c e  did change with v a r i -  
a t ions  in the s i n t e r  p r o c e s s .  

The s t r u c t u r e  of the s i n t e r  was d e t e r m i n e d  by m e -  
t a l l og ra ph i c  and scanning  e l e c t r o n  m i c r o s c o p y  t e c h -  
n iques .  S tandard  po l i sh ing  p r o c e d u r e s  we re  used  and 
none of the s a m p l e s  we re  e tched.  At tempts  were  a l so  
made  to ident i fy  the p h a s e s  p r e s e n t  us ing both X - r a y  
d i f f rac t ion  and D e b y e - S c h e r r e r  f i lm p a t t e r n s .  The 
bulk of the X - r a y  work  was done with Cu and Fe r a d i -  
at ion,  but  a few p a t t e r n s  were  made us ing Co r ad i a t i on .  
Quant i ta t ive  "analyses were  made on the individual  
p h a s e s  us ing an e l e c t r o n  m i c r o p r o b e  and qua l i t a t ive  
a n a l y s e s  we re  a l so  made  with a n o n - d i s p e r s i v e  X - r a y  
s p e c t r o m e t e r  in conjunct ion with the scanning  e l e c t r o n  
m i c r o s c o p e  (SEM). 

RESULTS 

Meta l l og raphy  and M i c r o s c o p y  

P r i o r  to f o r m a l l y  s tudying the s t n t e r ,  some  p r e l i m -  
i n a r y  a t t e m p t s  w e r e  made  to s e p a r a t e  the m a t e r i a l  by  
v a r i o u s  p h y s i c a l  and c h e m i c a l  t r e a t m e n t s .  It was 
found that  the s i n t e r  was s t r o n g l y  magne t i c ,  even when 
c rushed  to - 325 mesh .  However ,  the magne t i c  phase  
was so f ine ly  d i s s e m i n a t e d  throughout  the en t i r e  s i n t e r  
that  it  was v i r t u a l l y  i m p o s s i b l e  to s e p a r a t e  it .  
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Fig. 1--The two predominant phases detected in the lead sinter. 
The light gray " A "  phase is at the left and the darker " B "  
phase is at the right. Magnification 200 times. 

Fig. 3--The " B "  phase showing the light gray matrix " B - I "  
and darker,  block-like " B - 2 "  phases with smaller ,  light col- 
ored "B-3"  phase dispersed throughout. Magnification 500 
times. 

Fig. 2--The " A "  phase showing the gray matrix " A - I "  and 
light colored dendritic " A - 2 "  phases. Magnification 500 
times. 

The m i c r o s c o p y  r e s u l t s  ind ica ted  that  in sp i t e  of 
the complex i ty  of the s i n t e r ,  four  p r e d o m i n a n t  p h a s e s  
c o m p r i s e d  the m a j o r i t y  of the m a t e r i a l s .  The bulk 
phase s  were  found to v a r y  s l igh t ly  in c h e m i s t r y  or  
morphology ,  but mos t  l i ke ly  th is  was a r e s u l t  of the 
p a r t i c u l a r  p r o c e s s  condi t ions .  Thus,  it  a p p e a r e d  that  
the b a s i c  m a k e - u p  of the s i n t e r  could be c h a r a c t e r -  
ized,  and that  no e x t r e m e  v a r i a t i o n s  in p h a s e s  o c c u r e d  
f rom s a m p l e  to s a m p l e .  C l o s e r  examina t ion  r e v e a l e d  
that  a t  l e a s t  two of t he se  four  bulk p h a s e s  we re  not 
homogeneous  and ac tua l l y  were  a combina t ion  of two 

Fig. 4--Rounded "C"  phase particle surrounded by the "D" 
phase. Magnification 500 times. 

o r  m o r e  s e p a r a t e  and d i s t i ngu i shab le  c h e m i c a l  c o m -  
pounds.  The two m a j o r  p h a s e s  a r e  shown in Fig .  1 at  
a low magni f ica t ion ,  while  F igs .  2 and 3 show these  
s a m e  p h a s e s  at  a h igher  magni f i ca t ion .  The l i gh t e r  of 
the  two p h a s e s  in Fig.  1, o r  shown m o r e  c l e a r l y  in 
F ig .  2, was ca l l ed  the " A "  phase .  The d a r k e r  phase  
of F ig .  1, which is  a l so  shown at  h ighe r  magn i f i ca t ion  
in Fig .  3 was ca l l ed  the " B "  phase .  The o the r  two 
p h a s e s  de tec ted ,  which were  found r a n d o m l y  d i s t r i b -  
uted throughout  the  s i n t e r  a r e  shown in Fig .  4. The 
d a r k e r ,  round p a r t i c l e  was t e r m e d  the " C "  phase ,  
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Fig. 5--SEM micrograph of the " A "  phases. Magnification 
1000 times. 

Fig. 6--SEM micrograph of the " B "  phases. Magnification 
1000 times. 

while the  l i g h t e r  phase  s u r r o u n d i n g  i t  was ca l l ed  the 
" D "  phase .  These  des igna t ions  wi l l  be used  to iden-  
t i fy  the  p h a s e s  in the subsequen t  s ec t i ons .  As m e n -  
t ioned  p r e v i o u s l y ,  the p h y s i c a l  a p p e a r a n c e  of t he se  
p h a s e s  would v a r y .  This  can be  seen  in F igs .  2 and 5 
which show the " A "  phase  f rom two d i f fe ren t  s a m -  
p l e s .  In one ca se  t h e r e  is  a v e r y  dend r i t i c  pa t t e rn  
(Fig .  2) for  one of the p h a s e s  which is  not the ca se  
with the o the r  s a m p l e  (Fig .  5). S o m e t i m e s  the r e l a -  
t ive  s i z e s  of the d i f fe ren t  c h e m i c a l  compounds  in the 

Fig. 7--SEM micrograph revealing indications that the light 
gray " B "  phase may be of variable composition. Magnifica- 
tion 1000 times. 

" B "  phase  were  a l so  quite d i f fe ren t .  In some ,  the 
s t r u c t u r e  was m o r e  m a s s i v e  with a def in i te  d e g r e e  
of a n g u l a r i t y  in ev idence .  Even with t h e s e  v a r i a t i o n s ,  
however ,  t h e i r  r e l a t i v e  c h e m i c a l  compos i t i ons  r e -  
ma ined  cons tan t .  Fig .  6 shows " B "  phase  in g r e a t e r  
de t a i l  (1000X). The re  we re  a lways  some  t r a c e s  of 
o the r  p h a s e s  such as  ca l c ium su l fa te  o r  p o t a s s i u m -  
a l u m i n u m - s i l i c a t e s  which we re  p r e s e n t  in the v a r i -  
ous s a m p l e s  in addi t ion  to the four  b a s i c  p h a s e s .  
These  two p h a s e s  we re  never  found in any subs t an t i a l  
quant i ty  and were  m o s t  l i ke ly  a s s o c i a t e d  with c e r t a i n  
i m p u r i t i e s  in t roduced  with the s lag ,  f luxes ,  etc .  It is  
not to be  i n t ima ted  that  iden t i f ica t ion  o r  i m p o r t a n c e  of 
these  is  to be over looked ,  a s  they m a y  p lay  a m a j o r  
ro l e  in d e t e r m i n i n g  s l n t e r  qual i ty .  However ,  it  was 
fe l t  that  a m o r e  con t ro l l ed  e x p e r i m e n t  on the p r o d u c -  
tion of the s t n t e r  would be n e c e s s a r y  to make  such a 
de t a i l ed  s tudy jus t i f i ed .  

The l e ad  s i n t e r  was thus found to cons i s t  of four  
p r e d o m i n a n t  p h a s e s .  The " A "  phase  was a dark ,  s l a g -  
l ike  m a t e r i a l  a p p a r e n t l y  cons i s t i ng  of two d i f fe ren t  
c h e m i c a l  compounds .  The one compound was l i gh t e r  
in c o l o r  and a p p e a r e d  with e i t he r  a dendr i t i c  o r  a 
b l o c k - s h a p e d  s t r u c t u r e .  The d a r k e r  m a t r i x  was a s -  
sumed  to be a s ingle  compound,  but  in some  c a s e s  i t  
looked a s  though it  might  be a m ix tu r e  of two or  m o r e  
v e r y  f ine ly  d iv ided  compounds .  

The " B "  phase  was  found to conta in  at  l e a s t  t h r e e  
d i s t i ngu i shab le  compounds ,  and in s o m e  in s t ances  
p o s s i b l y  four .  The m a t r i x ,  a s  seen  f rom the m i c r o -  
g raphs ,  was composed  of two r e c t a n g u l a r l y  shaped  
phase s ,  one subs t an t i a l l y  d a r k e r  than the o the r .  A 
v e r y  s h a r p  def inable  i n t e r f ace  usua l ly  e x i s t e d  between 
the two. In some  c a s e s  it s e e m e d  that  the l i gh t e r  ap-  
p e a r i n g  compound was made  up of two m a t e r i a l s  with 
s l igh t ly  d i f f e ren t  shades  of g r a y  and was not t r u l y  a 
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F i g .  8 - - S E M  m i c r o g r a p h  o f  t h e  " D "  p h a s e  s h o w i n g  c u b i c  t y p e  
c l e a v a g e .  M a g n i f i c a t i o n  6 0 0  t i m e s .  

s ingle  phase .  This  phase  ac tua l l y  had m o r e  of a g r e e n -  
g r a y  a p p e a r a n c e  under  the l ight  m i c r o s c o p e .  This  is  
m o r e  evident  a s  seen  tn F ig .  7 which shows an SEM 
photo of the " B "  phase  at  1000X. In making  a quant i -  
t a t ive  a n a l y s i s  of th is  phase  i t  was a s s u m e d  that  th is  
l i gh t e r  por t ion  of the " B "  phase  was one homogene-  
ous m a t e r i a l .  If th is  p r o v e s  to be i n c o r r e c t  the r e -  
p o r t e d  a n a l y s e s  p robab ly  r e p r e s e n t s  an a v e r a g e  c h e m -  
ica l  compos i t ion .  A th i rd  m a t e r i a l ,  which had v e r y  
s h a r p  f e a t u r e s  and was b lock  shaped,  was found to be 
un i fo rmly  d i s t r i b u t e d  throughout  the " B "  phase .  This  
m a t e r i a l  had the s a m e  g e n e r a l  a p p e a r a n c e  as  the f ine ly  
d iv ided  compound seen  in the " A "  phase .  

The " C "  phase  had a m e t a l l i c  a p p e a r a n c e  and was 
found to ox id ize  r a t h e r  quickly  a f t e r  po l i sh ing .  This  
po r t ion  of the s i n t e r  s e e m e d  to be a s ing le  phase .  The 
" D "  phase  a l so  a p p e a r e d  to conta in  only one compound,  
and when v iewed at  h igher  magn i f i ca t ions  (600X) on the 
SEM the m a t e r i a l  s e e m e d  to be r a t h e r  b r i t t l e  and 
showed a cubic  type  c leavage  (Fig .  8). 

M i c r o p r o b e  Ana lyse s  

Once the spec i f i c  p h a s e s  p r e s e n t  in the s i n t e r  had 
been c a t e g o r i z e d ,  a t t e m p t s  we re  made  to d e t e r m i n e  
the c h e m i c a l  a n a l y s i s  of each  using an e l e c t r o n  m i -  
c r o p r o b e  and a l so  a n o n - d i s p e r s i v e  X - r a y  s p e c t r o m -  
e t e r  which was a t t ached  to the SEM. The ma in  e l e -  
men t s  found tn the p h a s e s  we re  Pb, Fe ,  Zn, St, S, and 
Ca. The re  were  a lways  some  t r a c e s  of o the r  e l e m e n t s  
such as  K, A1, Ti,  Co, Mg, Cu, and so for th ,  but these  

wi l l  not be r e p o r t e d .  The exac t  oxygen content  of each  
was a l so  not d e t e r m i n e d ,  a s  i t  was v e r y  dif f icul t  to d e -  
t ec t  oxygen in the p r e s e n c e  of such a high Pb concen -  
t r a t i on .  

The high lead  content  a l so  a p p e a r e d  to be the r e a s o n  
that  a 100 pc t  a ccoun tab i l i t y  could  not  be ob ta ined  in 
a l l  p h a s e s .  T h e r e f o r e ,  in low Pb conta in ing  p h a s e s ,  
w h e r e  only about  60 to 70 pc t  of the  phase  can  be a c -  
counted fo r ,  i t  i s  a s s u m e d  that  the Individual  e l e m e n t s  
a r e  in the p r o p e r  r a t i o s  but the  ind ica t ed  weight  p e r -  
c en t ages  a r e  l e s s  than ac tua l l y  p r e s e n t .  The m i c r o -  
p r o b e  r e s u l t s  a r e  shown for  four  d i f f e ren t  s a m p l e s .  
An a v e r a g e  f igu re  could have b e e n  d e t e r m i n e d ,  but i t  
was fe l t  that  th is  might  be m i s l e a d i n g .  It is  a l so  ap -  
p a r e n t  f rom the m e t a l l o g r a p h y  that  s o m e  v a r i a t i o n s  
in r e s u l t s  would be expec ted  b e c a u s e  the  ind iv idua l  
compounds  a r e  so f ine ly  d iv ided  in some  c a s e s .  This  
made  an exac t  p l a c e m e n t  of the e l e c t r o n  beam v e r y  
dif f icul t  and a s l igh t  o v e r l a p  onto d i f f e ren t  s u r r o u n d -  
ing m a t e r i a l s  could e a s i l y  have o c c u r e d .  

The m i c r o p r o b e  r e s u l t s  a r e  g iven in Table  I. 
A z e r o  ind ica t e s  a va lue  of l e s s  than 1 pc t  by weight .  

It can be  seen  that  the " A - I "  o r  m a t r i x  phase  is  e i t h e r  
a complex  Ca, Fe ,  Z n - s t l t c a t e  o r  p o s s i b l y  two s e p a r a t e  
compounds  such as  a C a F e -  and CaZn s i l i c a t e .  It was 
I n t e r e s t i n g  to note that  the Pb content  of the phase  was 
in a r ange  s i m i l a r  to that  encoun te r ed  in n o r m a l  b l a s t  
fu rnace  s lag .  The " A - I "  m a t e r i a l  (the dend r i t i c  phase  
o r  b lock  phase)  s e e m s  to be a high Fe  content  z i n c -  
f e r r i t e .  Some Pb was a lways  de t ec t ed  in th i s  phase ,  
but  i t  could have been  due to b e a m  o v e r l a p  as  p r e v i -  
ous ly  ment ioned .  Although it  is  not l i s t e d  in the tab le ,  
Al was  c o m m o n l y  p r e s e n t  in the " A - 2 "  compound a l so .  

The " B "  phase  i s  s een  to be  d iv ided  into " B - I , "  
" B - 2 , "  and " B - 3 "  components .  The l ight  c o l o r e d  
" B - I "  phase  was h ighes t  in Pb content ,  with def in i te  
quant i t i es  of St a l so  be ing  de tec t ed .  It was t h e r e f o r e  
a s s u m e d  that  the p r e d o m i n a t e  phase  was not a pu re  
l ead  oxide,  but r a t h e r  a low s i l i c a t e  phase  (such as  
4PbO.StO2). The " B - 2 "  phase  a lways  had a f a i r l y  high 
l ead  content ,  but  was b a s i c a l l y  a (Ca, Zn) s i l i c a t e .  The 
" B - 3 "  phase  i s  not shown in the  t a b l e s  a s  the a n a l y s e s  
we re  iden t i ca l  with the " A - 2 "  phase  and was a l so  a 
high Fe  content  Zn f e r r i t e .  This  was not s u r p r i s i n g  
s ince  t h e r e  should have been  a magne t i c  m a t e r i a l  
p r e s e n t  in a l l  of the m a j o r  components ,  a s  p e r  the 
magne t i c  t e s t s .  The " C "  phase  is  not l i s t ed ,  but it  
was found to be m e t a l l i c  l e ad  conta in ing minor  amounts  
of i m p u r i t i e s  (S, Cu, e tc . ) .  The " D "  phase  s u r r o u n d -  
ing Pb was a l m o s t  s t o l c h i o m e t r i c  PbS. The cubic  
c l eavage  exhib i ted  in the m e t a l l o g r a p h t c  s p e c i m e n  
(Fig .  8) a l so  tended to con f i rm  th i s .  

Table I. Microprobe Analyses of Phases in Lead Sinter Wt Pct 

A Phase B Phase D Phase 

A-1 A-2 B-I B-2 D-1 

//-8 H-29 //-52 H-7I H-8 H-29  //-52 H-71 //-8 H-29 //-52 //-71 H-8 H-29 H-52 //-7I H-8 H-29 H-52 //-71 

Fe 18 18 I1 22 49 41 37 45 1 4 2 2 2 1 ! 1 0 0 0 0 
Zn I1 12 II 14 14 12 18 15 1 3 5 2 9 8 7 9 0 0 1 0 
Si 7 6 9 6 0 1 0 0 4 3 4 5 9 11 9 13 0 0 0 0 
S 1 I 0 I 0 0 0 0 0 0 0 0 0 0 0 0 13 11 13 12 
Pb 4 2 7 5 I 1 l 1 64 61 64 62 8 6 6 8 75 67 77 84 
Ca 10 8 6 6 1 1 0 0 1 1 0 2 11 16 12 12 0 1 0 0 

51 47 44 54 64 56 56 61 71 72 75 73 39 42 35 43 88 79 91 96 
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Fig. 9--Elemental  analysis  of " A - I "  phase. 

Fig. 10--Elernental analysis  of " B - l , "  light phase. 
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Fig. l l - - E l e m e n t a l  analysis  of " B - 2 "  phase. 

There was no evidence of any phase which would 
correspond to a bas ic  lead sulfate.  At t imes  there 
were heavily oxidized l aye r s  on the outside port ions 
of the s lnter ,  but these were not studied. 

Selected a r e a s  from the samples  were also scanned 
using a non-dispers ive  X- ray  spec t romete r .  Since 
this analyt ical  unit was used in conjunction with the 
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Fig. 12--Elemental  analysis  of " B - l , "  dark phase. 

SEM it was possible  to focus on much finer a reas  than 
with the microprobe.  The resu l t s  a re  not as good from 
a quantitative standpoint, so only the more qualitative 
aspects  of the r e su l t s  should be used. Fig. 9 is of a r ea  
" A - I "  while Figs .  10 and 11 are  of the " B - I "  and 
" B - 2 "  regions.  At the higher magnifications it was 
poss ible  to dist inguish two separa te  ma te r i a l s  in the 
" B - I "  phase.  The analys is  of the da rker  of the two 
is shown in Fig.  12. This is  obviously higher in Si, 
Zn, etc. ,  than the l ighter  region adjacent  to it. It was 
not poss ible  to p rope r ly  analyze these two finely di-  
vided phases on the microprobe  ini t ial ly,  but at tempts 
a re  now being made to overcome the physical  difficul- 
t ies  encountered. Overall ,  the non-d ispers ive  X- ray  
resu l t s  tended to confirm the resu l t s  obtained on the 
probe.  They also pointed out, however, some of the 
problems  in accura te ly  defining the exact chemical  
composition of such complex, finely divided ma te r i a l s .  
This also probably accounts for at leas t  some of the 
var ia t ions  found for apparent ly  the same phase when 
analyzed in different  samples .  The ranges of chemical  
composit ions of the s tn ters  used in this work are  l is ted 
in Table H. 

X- ray  Diffraction 

An X- ray  diffraction pat tern,  which was r e p r e s e n t a -  
tive of the average s in ter  sample is given in Table III. 
It was possible  to account for most of the s t ronger  
l ines,  but as is often the case with complex samples ,  
there  were a number of d i sc repanc ies .  A par t  of the 
problem was probably due to the manner in which the 
phases were formed.  It is quite l ikely that there is 
no exact duplicate in the ASTM card  index to c o r r e -  
spond to some of the phases in the s inter ,  pa r t i cu l a r ly  
the s i l i ca tes .  

A posit ive identification was made for Zn-fer r i te ,  
PbS, and Pb. The identifications of the remaining 
phases are quite tentative, and are based primarily 
on the approximate compositions obtained from the 

Table II. Chemical Analyses of Sinter Samples* 

Estimated 

Total Lead Cu SiO2 FeO CaO MgO Total S Zn A1203 Metallic Pb Sulfate S 

43.4-50.8 0,5-0.9 8.1-10.9 14.3-18.0 4.7-5.7 1.9-2.6 1.0-1.6 6.5-8.2 1.5-1,7 5.3-17.7 0.6-0.8 

*All analyses performed by the St. Joseph Minerals Co., Herculaneum, Mo. 
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Table III. Lead Sinter Cu Radiation Ni Filter 

I 0 (deg) Sin 0 d A 

VW 9.107 0.1583 4.870* 
VW 10.564 O. 1833 4.206 
VW 12.188 0.2112 3.650 
VW 13.068 0.2261 3.410 
M 14.575 0.2517 3.063 
M 15.204 0.2622 2.940* 
M 15.731 0.2711 2.844 
VW 17.239 0.2964 2.601 
S 17.867 0.3069 2.512 * 
VW 20.365 0.3481 2.215 
M 21.687 0.3696 2.086* 
VW 22.366 0.3806 2.025 
VW 23.396 0.3971 1.941 
W 24.602 0.4163 1.852 
VW 25.633 0.4326 1.782 
VW 26.085 0.4398 1.753 
W 26.814 0.45 I0 1.709" 
VW 27.301 0.4586 1.681 
M 28.648 0.4795 1.608* 
VW 29.965 0.4995 1.543 
S 31.463 0.5219 1.477" 
VW 32.780 0.5414 1.424 
VW 33.483 O. 5516 1.398 
VW 35.695 0.5835 1.321" 
VW 37.202 0.6046 1.275" 
VW 39.766 0.6397 1.205" 
VW 43.686 0.6908 1.116' 
W 45.093 0.7082 1.089* 
VW 47.355 0.7356 1.048* 
VW 51.326 0.7808 0.987* 
W 52.833 0.7968 0.967* 
VW 55.497 0.8241 0.935* 
VW 61.553 0.8792 0.877* 
W 64.292 0.9010 0.856* 

*Zinc ferrite. 

microprobe  resu l t s .  There were re la t ive ly  s trong in- 
dications that a zincian mel i l i te  Ca2(Zn, Fe)Si lO 7 or 
Ca2ZnSi~07 s type phase was also present .  The same 
could be said for a phase of the type Ca3Sia07, but 
again definite identification was not poss ible .  No 
strong evidence for e i ther  a PbO or a bas ic  lead 
sulfate phase was found in the X- ray  pat terns .  Some 
of the neces sa ry  peaks were present ,  but compar isons  
between the s in ter  pat tern  and those for pure lab oxide 
phases  indicated the lab was not in the form of a pure 
oxide. Since this was also borne out by the mic ro -  
probe resu l t s ,  it appears  that the predominant  lead 
phase is  a low s i l ica te ,  poss ib ly  of the type 4PbO.SiOz. 

Four basic  phases  were found to be common to the 
lead s in te rs  from three  different  Missour i  lead smel t -  
e r s .  Two of these four phases were posi t ively identi-  
fied as metal l ic  lead and lead sulfide. Of the r emain -  
ing two bas ic  phases ,  one was a s lag like phase con- 
taining a high iron content zinc f e r r i t e  and a Ca, Fe, 
Zn-s t l ica te  compound of undetermined s toichiometry.  
The fourth phase contained the major i ty  of the lead as 
a low s i l ica te  compound of the type 4PbO.SiOa. No evi-  
dence of a pure lead oxide compound was found. The 
fourth phase also contained a high iron content zinc 
f e r r l t e  and a (Ca, Zn) s i l ica te  compound. 

CONCLUSIONS 

The resu l t s  of this study tend to confirm a number 
of things which were thought to be t rue of lead s inter ,  

but seem contradic tory  to a number of other p rev i -  
ously held bel iefs .  The main differences seem to s tem 
from conclusions about s in ter  composit ion which were 
made f rom resu l t s  of equi l ibr ium studies on sys tems  
s i m i l a r  to those encountered in lead sintering,  but of 
l e ss  chemical  complexity.  Specifically,  there  does not 
seem to be any evidence of a bas ic  lead sulfate phase 
p resen t  in any of the samples  studied. Some smal l  
amounts of a lead sulfate phase could have been over -  
looked due to the smal l  amount of total  sulfate present ,  
but there  was probably a sufficient amount of calcium 
sulfate detected to account for most  of i t .  Also, there  
does not seem to be any compound consis t ing of only 
lead and oxygen. Of course ,  some PbO was found on 
the outer sur faces  of the s in ter  which were  exposed 
d i rec t ly  to the a i r ,  but never  found in ternal ly  in the 
s i n t e r .  Cer ta inly  more work is requi red  in many of 
the a r eas  investigated,  but at leas t  the init ial  r esu l t s  
show some of the phases  to be quite different  than nor -  
mal ly  assumed.  The manner in which a substant ial  
port ion of the sulfur is combined was also unexpected. 
The presence  of PbS in conjunction with meta l l ic  lead, 
ra ther  than being more uniformly dis t r ibuted  as unre-  
acted galena, sheds a different  light on the poss ible  
means of increas ing sulfur el imination during r o a s t -  
ing. Obviously this aspect  also dese rves  addit ional 
attention. The highly magnetic nature of the s in ter  
and the distr ibution of the zinc f e r r i t e  throughout could 
also be of importance,  pa r t i cu l a r ly  from the standpoint 
of s in ter  s trength.  Examination of the micrographs  in- 
d ica tes  that the fine f e r r i t e  pa r t i c l e s  a re  acting in a 
manner s imi l a r  to an oxide d i spe r sed  mate r i a l .  The 
fact that the highest lead phase was a low s i l ica te  is 
probably not too su rpr i s ing  consider ing the finely di-  
vided nature of the or iginal  charge and the proximi ty  
of such quantities of high s i l i ca  containing ma te r i a l s .  

Overal l  it appears  that a knowledge of the phase 
morphology and dis tr ibut ion could be most  helpful in 
at tempting to control the subsequent reduction step.  
It is however, s t i l l  a r e l a t ive ly  complex operat ion and 
more  fundamental studies will be requ i red  before it 
can become a rea l i ty .  
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