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S U M M A R Y

T he  s e que nce  o f  e a r ly  r e ac t ions  be twe e n k a o lin it e  a nd  hydr a te d  

lim e  in  a n  a que ous  s us pe ns ion was  s tud ie d  by  e le c tr on m ic r o ­

s copy  a nd  e le c tr on d iffr a c t ion . Cha ng e s  in  pa r t ic le  m o r p ho lo gy  

a nd  the  firs t a ppe a r a nc e  o f  ne w phas e s  we re  obs e rve d by  e le c tr on 

mic r o s c o py  o f  r e plica s  o f  va c uum- dr ie d  s pe c ime ns . Cha nge s  in 

pa r t ic le  c r y s ta llinity  a nd  ide nt ific a t ion o f  ne w  phas e s  we re  de te r ­

m in e d  by  s e le cte d a r e a  e le c tr on d iffr ac t ion  o f in d iv id u a l pa r t ic le s  

in  ps e udo- re plicas . T e c hnique s  fo r  s im ulta ne o u s  p r e pa r a t ion  o f  

s pe c ime ns  we re  de ve lope d. Re a c t ions  d u r in g  the  firs t four te e n 

days  we re  fo u n d  to be : (1 )  d is s o lut io n  o f k a o lin it e  a r o und  

pa r t ic le  edges , (2 )  fo r m a t io n  a nd  g r ow th  o f  a c a lc ium  a lu m in u m  

s ilica te  hyd r a te  r e a c t ion p r oduc t , (3 )  p r o d u c t ion  o f  s ome  n o n ­

c r y s ta lline  “s ilica te  r e lic s ,” a nd  (4 )  g r ow th  a nd  s ubs e que nt  d is ­

a ppe a r a nc e  o f  au th ig e n ic  ka o lin ite .

L IM E  S T A B IL IZ A T IO N  O F  H IG H W A Y  S U B G RA D E  S O IL S  h a s  b e e n

in  us e  in  t h e  U n it e d  S t a t e s  fo r  a b o u t  t w e n t y  y e a r s , h a v in g  

b e e n  in it ia t e d  o n  a n  e x p e r im e n t a l b a s is  b y  t h e  T e x a s  S ta t e  

H ig h w a y  D e p a r t m e n t  in  1 9 4 5 . D u r in g  t h e  p a s t  t e n  y e a r s  the  

us e  o f  lim e ,  p a r t ic u la r ly  h y d r a t e d  lim e , t o  r e d u c e  p la s t ic it y  

a n d  inc r e a s e  t h e  s t r e n g t h  o f  c la y  s o ils  h a s  g r o w n  t r e m e n ­

d o u s ly . S in c e  a b o u t  1 9 5 8  c o n s id e r a b le  r e s e a r c h  h a s  b e e n  

c o n d u c t e d  t o  d e t e r m in e  t h e  m e c h a n is m s  u n d e r ly in g  th is  

im p r o v e m e n t  in  c la y  s o il p r o p e r t ie s  t h r o u g h  s tu d ie s  o f  the  

r e a c t io n s  b e t w e e n  lim e  a n d  c la y  m in e r a ls . O n e  s u c h  s t u d y , 

b y  E a d e s  a n d  G r im  ( 1 9 6 0 ) ,  w a s  c o n d u c t e d  p r in c ip a lly  b y  

m e a n s  o f  X- r a y  d if fr a c t io n  a n d  d if fe r e n t ia l t h e r m a l a n a ly s is  

a n d  fo u n d  t h a t  t h e  p r in c ip a l r e a c t io n s  w e r e :  c a t io n  e x c h a n g e , 

fo r m a t io n  o f  c e m e n t it io u s  p o zzo la n s , a n d  c a r b o n a t io n  o f  t h e  

h y d r a t e d  lim e .  T h e  p o z zo la n s  w e r e  id e n t ifie d  b y  X- r a y  d if ­

fr a c t io n  as  p r e d o m in a n t ly  c a lc iu m  s ilic a te  h y d r a t e s  w it h  

s o m e  c a lc iu m  s ilic a  a lu m in a t e s  a ls o  b e in g  fo r m e d .  T h is  s t ud y  

w a s  c o n c e r n e d  m o s t ly  w it h  t h e  lo ng - te r m  r e a c t io n s  o c c u r ­

r in g  in  t h e  s y s te m .

X- r a y  d iffr a c t io n  a n d  d if fe r e n t ia l t h e r m a l a na ly s is  h a v e  

lim it a t io n s  o n  t h e  s e n s it iv it y  o f  d e t e c t io n  o f  n e w  pha s e s , 

b o t h  r e q u ir in g  s u ffic ie n t  n e w  p r o d u c t  t o  be  fo r m e d  to  r e g is te r  

a b o v e  t h e  b a c k g r o u n d . In  a n y  ca s e , t h e  p o in t  o f  in it ia t io n  o f  

a  r e a c t io n  c a n n o t  b e  d e t e r m in e d  b y  the s e  m e t h o d s . C h a n g e s  

in  c la y  m o r p h o lo g y  as  a  r e s u lt  o f  c h e m ic a l t r e a t m e n t  a r e  

d iffic u lt  t o  a s c e r t a in  b y  X- r a y  d iffr a c t io n  a n d  im p o s s ib le  b y  

d if fe r e n t ia l t h e r m a l a n a ly s is . F r o m  t h e  de c r e a s e  in  in t e n s it y  

a n d  b r o a d e n in g  o f  ( O k O )  p e a k s  o n  a d iffr a c t io n  t r a c e , as  a n  

e x a m p le , it  m a y  be  in fe r r e d  t h a t  c la y  p a r t ic le s  a r e  b e in g  

a t t a c k e d  a lo n g  p a r t ic le  e dge s . H o w e v e r ,  s u c h  a t t a c k  m u s t  be  

e x te n s ive  a n d  w e ll- de ve lo p e d  fo r  t h e  e ffe c ts  o n  ( O k O )  pe a k s  

t o  be  a p p a r e n t . B e c a u s e  X- r a y  d iffr a c t io n  r e qu ir e s  r e in fo r c e ­

m e n t  o f  r e fle c t io ns  f r o m  m a n y  p a r t ic le s  fo r  p e a k s  t o  b e c o m e  

v is ib le  a b o v e  t h e  b a c k g r o u n d  o n  a  d iffr a c t o m e t e r  t r a c e , 

c h a ng e s  in  in d iv id u a l p a r t ic le s  c a n n o t  be  d is c r im in a t e d .

S O M M A IR E

La  s uite  des  pr e miè r e s  r é a c t ions  e ntre  k a o lin  e t  c ha ux  é te inte  

da ns  u ne  s us pe ns ion aque us e  a  é té é tud iée  p a r  m ic r os c opie  e t 

d iffr a c t io n  é le c t r on ique . Le s  c ha nge me nts  da ns  la  m o r p ho lo g ie  

des  pa r t ic ule s  e t  le  d é b u t  des  phas e s  nouve lle s  o n t  é té obs e rvés  

p a r  mic r os c opie  é le c t r on ique  da ns  les  r é plique s  des  s péc ime ns  

séchés  dans  le  v ide . Le s  c ha nge me nts  da ns  la  c r is ta llinité  des  

pa r t ic ule s  e t l ’ide nt ific a t ion des  phas e s  nouve lle s  o n t  é té  dé te r ­

m iné s  pa r  m ic r od iffr a c t ion  é le c t r on ique  des  pa r t ic ule s  isolée s  

da ns  le s  ps e udo- réplique s . De s  te c hnique s  o n t  é té  dé ve loppée s  

p o u r  la  p r é pa r a t io n s im ulta né e  des  s péc ime ns . Le s  r éac t ions  

pe nd a n t  les  pr e mie r s  qua to r ze  jour s  é ta ie n t  le s  s uivante s : (1 )  d is ­

s o lu t io n  d u  k a o lin  a u t o u r  des  bor ds  des  pa r t ic ule s , (2 )  fo r m a t io n  

e t c rois s ance  d ’u n  s ilica te  hy d r a té  de  c a lc ium  e t a lu m in iu m  

c o m m e  p r o d u it  de  r éa c t ion , (3 )  p r o du c t ion  de  que lque s  “r e lique s  

s ilic a te s ” non- cr is ta lline s , e t (4 )  c rois s ance  e t d is p a r it io n  s ubs é ­

que nte  de  k a o lin  a u th igé n ique .

Diffe r e n t ia l t h e r m a l a n a ly s is  is  s im ila r ly  u n a b le  t o  d is c r im i ­

n a t e  a t  t h e  in d iv id u a l c lay - s ize  p a r t ic le  le ve l.

T h e  a b o ve - no te d  lim it a t io n s  o n  t h e  s e n s it iv it y  a n d  d is ­

c r im in a t io n  o f  X- r a y  d iffr a c t io n  a n d  d iffe r e n t ia l t h e r m a l 

a n a ly s is  m a k e  t h e m  r a t h e r  p o o r  to o ls  t o  us e  in  a n s w e r in g  

s u c h  q u e s t io n s  a s :  w h e n  r e a c t io n s  b e g in , w h e r e  n u c le a t io n  

o c c u r s , w h a t  c h a n g e s  in  p a r t ic le  m o r p h o lo g y  o c c u r , a n d  

w h e t h e r  o r  n o t  d is a p p e a r in g  p ha s e s  a r e  p r e s e n t  in  t h e  s y s te m . 

E le c t r o n  m ic r o s c o p y  a n d  s e le c te d  a r e a  e le c t r o n  d iffr a c t io n , 

us e d  in  c o n ju n c t io n  w it h  o n e  a n o t h e r , h a v e  t h e  p o t e n t ia l 

c a p a b ili t y  o f  a n s w e r in g  the s e  q u e s t io n s . B y  m e a n s  o f  e le c t r o n  

m ic r o s c o p y  o f  s u r fa c e  r e p lic a s , d e t a il o f  t h e  o r d e r  o f  2 5  to  

4 0  A  c a n  b e  d is c r im in a t e d , h e n c e  c h a n g e s  in  p a r t ic le  

m o r p h o lo g y  a n d  the  a p p e a r a n c e  o f  n e w  p ha s e s  c a n  b e  e a s ily  

d e t e c t e d  v e r y  e a r ly  in  t h e  r e a c t io n  pr o c e s s . Se le c t e d  a r e a  

e le c t r o n  d iffr a c t io n  c a n  be  p e r fo r m e d  r e a d ily  o n  in d iv id u a l 

p a r t ic le s  t o  d e t e r m in e  c h a n g e s  in  c r y s t a llin it y  a n d  t o  fu r n is h  

d a t a  fo r  id e n t ific a t io n  o f  n e w  pha s e s .

T o  d e t e r m in e  t h e  e ffe c t ive ne s s  o f  e le c t r o n  m ic r o s c o p y  

a n d  d iffr a c t io n  as  a m e a n s  o f  c lo s e ly  fo llo w in g  t h e  c o ur s e  o f  

r e a c t io n s , t h e  a u t h o r  u n d e r t o o k  t o  s t u d y  t h e  r e a c t io n s  o f  

h y d r a t e d  lim e  a n d  a  p u r e  k a o lin it e  d u r in g  t h e  e a r ly  s ta ge s  o f  

r e a c t io n . T h is  p a p e r  r e p o r t s  t h e  r e s u lt s  o f  t h e  in v e s t ig a t io n .

IN V E S T IG A T IO N

A n  u lt r a - fin e - g r a in e d  G e o r g ia  k a o lin it e ,  p r o c e s s e d  a n d  

d is t r ib u t e d  b y  t h e  G e o r g ia  K a o lin  C o .  u n d e r  t h e  t r a d e  n a m e  

H y d r it e  U F ,  w a s  s e le c te d  fo r  th is  s t u d y  b e c a u s e  o f  its  h ig h  

p u r it y , w e ll- de fine d  c r y s t a llin it y , a n d  fine  p a r t ic le  s ize  (u n d e r  

t w o  m ic r o n s ) .  T h e  h y d r a t e d  lim e  us e d  in  t h e  s t u d y  w a s  a n  

A m e r ic a n  C h e m ic a l S o c ie ty  s t a n d a r d ,  c h e m ic a lly - p u r e  g r a d e . 

A ll  r e a c t io n s  w e r e  c a r r ie d  o u t  in  a q u e o u s  s u s p e n s io n  u s in g  

d o u b le - d is t ille d  w a te r . O t h e r  c h e m ic a ls  u s e d  in  e le c t r o n  

m ic r o s c o p e  s p e c im e n  p r e p a r a t io n  w e r e  A m e r ic a n  C h e m ic a l 

S o c ie t y  r e a g e n t  g r a d e .
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T o  in s u r e  u n ifo r m  c o n d it io n s  t h r o u g h o u t  t h e  s tu d y  t h e  

t e m p e r a t u r e  w a s  c o n t r o lle d  in  a  c o n s t a n t - t e m p e r a t u r e  c a b i ­

n e t  a t  2 5  C  ±  1 C .  T o  in s u r e  t h a t  a n y  s o lu t io n  o f  s ilic a  

w o u ld  c o m e  o n ly  f r o m  t h e  k a o lin it e  la t t ic e , r e a c t io n s  w e r e  

c a r r ie d  o u t  in  p o ly e t h y le n e  b o t t le s . P r e v e n t io n  o f  c a r b o n a ­

t io n  o f  t h e  d is s o lve d  h y d r a t e d  lim e  w a s  a c c o m p lis h e d  b y  

k e e p in g  t h e  p o ly e t h y le n e  b o t t le s  t ig h t ly  c a p p e d  a n d  c o m ­

p le t e ly  f u ll  o f  s u s p e n s io n  a t  a ll t im e s . A ll  u t e n s ils  us e d  in  

s p e c im e n  p r e p a r a t io n  w e r e  c le a n e d  u lt r a s o n ic a lly  in  d o u b le ­

d is t ille d  w a te r  im m e d ia t e ly  p r io r  to  us e  t o  p r e v e n t  c o n ­

t a m in a t io n  o f  s p e c im e ns .

S t o c k  s us p e n s io n s , f r o m  w h ic h  a liq u o t  p o r t io n s  w e r e  w it h ­

d r a w n  a t  t h e  d e s ir e d  t im e s  a ft e r  m ix in g , w e r e  p r e p a r e d  in  

d u p lic a t e  u s in g  a  c o n c e n t r a t io n  o f  5 g r a m s  o f  a ir - d r ie d  

k a o lin it e  t o  6 5  m l o f  s a t u r a t e d  C a ( O H ) 2 s o lu t io n  ( a p p r o x .

0 . 1 N ) .  S u s p e n s io n s  w e r e  t h o r o u g h ly  d is p e r s e d  u lt r a s o n ic a lly  

in  t h e  p o ly e t h y le n e  bo t t le s  u n t il t h e  t e m p e r a t u r e  h a d  r is e n  

t o  2 5  C  (a p p r o x . five  m in u t e s ) ,  a ft e r  w h ic h  th e y  w e r e  p la c e d  

in  t h e  c o n s t a n t  t e m p e r a t u r e  c a b in e t . T h e r e a f t e r  t h e  s u s p e n ­

s io n s  w e r e  d is p e r s e d  u lt r a s o n ic a lly  fo r  t w o  m in u t e s  (a f t e r  

s h a k in g  fo r  o n e  m in u t e )  p r io r  t o  w it h d r a w a l o f  e a c h  a liq u o t . 

A  s im ila r  s u s p e n s io n  o f  five  g r a m s  o f  a ir - d r ie d  k a o lin it e  t o  

6 5  m l o f  d o u b le - d is t ille d  w a t e r  w a s  p r e p a r e d  fo r  us e  in  

e le c t r o n  m ic r o s c o p y  a n d  d iffr a c t io n  s p e c im e n  p r e p a r a t io n  o f  

t h e  u n t r e a t e d  k a o lin it e .

E le c t r o n  m ic r o s c o p y  a n d  d iffr a c t io n  s p e c im e n s  w e r e  p r e ­

p a r e d  in  d u p lic a t e  f r o m  t h e  s t o c k  s u s p e ns io ns  b y  w it h d r a w ­

in g  s m a ll a liq u o t s  a n d  d ilu t in g  t h e m  t o  a  c o n c e n t r a t io n  o f  

4 0 0  m g  p e r  lit e r . T w o  d r o p s  o f  e a c h  d ilu t e d  a liq u o t  w e r e  

p la c e d  o n  fr e s h ly  c le a v e d  m u s c o v it e  m ic a  s u bs tr a te s  a n d  

d r ie d  r a p id ly  in  a  v a c u u m  d e s ic c a t o r . V a c u u m - d r ie d  s p e c i­

m e n s  w e r e  s h a d o w e d  lig h t ly  w it h  p la t in u m  in  a  h igh-  

v a c u u m , t h in - film  e v a p o r a t o r  b y  t h e  W illia m s  a n d  W y c k o ff  

( 1 9 4 6 )  m e t h o d  o r  b y  t h e  p la t in u m - c a r b o n  p e lle t  t e c h n iq u e  

r e p o r t e d  b y  B r a d le y  ( 1 9 5 8 ) .  A f t e r  s h a d o w in g , a h e a v y  

r e p lic a t in g  la y e r  o f  c a r b o n  w a s  e v a p o r a t e d  o n t o  t h e  s p e c i­

m e n s  n o r m a l t o  t h e ir  s u r fa c e  b y  t h e  m e t h o d  o f  B r a d le y  

( 1 9 5 4 ) .

Re p lic a t e d  s p e c im e n s  w e r e  s t r ip p e d  fr o m  t h e  m ic a  s u b ­

s t r a te s  o n t o  t h e  s u r fa c e  o f  dus t - fr e e , d o u b le - d is t ille d  w a te r . 

Re p lic a s  fo r  e le c t r o n  m ic r o s c o p y  w e r e  c le a n e d  o f  a t t a c h e d  

p a r t ic le s  b y  flo a t in g  t h e m  o n  4 8  p e r  c e n t  h y d r o flu o r ic  a c id , 

t h e n  w a s h e d  o n  t h e  s u r fa c e  o f  d o u b le - d is t ille d  w a t e r , a n d  

f in a lly  p ic k e d  u p  o n  s t a n d a r d  2 0 0 - m e s h  c o p p e r  s p e c im e n  

s c r e e ns . P s e u do - r e p lic a s  fo r  s e le c te d  a r e a  e le c t r o n  d iffr a c t io n  

w e r e  p ic k e d  u p  o n  s p e c im e n  s c r e e ns  im m e d ia t e ly  a fte r  

s t r ip p in g  a n d  w e r e  n o t  o t h e r w is e  t r e a t e d . P a r a lle l m ic r o ­

s c o p y  a n d  d iffr a c t io n  s p e c im e ns  w e r e  m a d e  a t  2 4 - ho ur  

in t e r v a ls  t h r o u g h  s e ve n d a y s  o f  a g e  a n d  a g a in  a t  14  d a y s  

o f  age .

T h e  p r e lim in a r y  in v e s t ig a t io n , c o m p le t e d  a t  t h e  U n iv e r s it y  

o f  C a lifo r n ia ,  m a d e  us e  o f  a n  H it a c h i HS - 6  e le c t r o n  m ic r o ­

s c o pe  o f  5 0  k v  a c c e le r a t in g  p o t e n t ia l. T h e  f in a l in v e s t ig a t io n ,  

c o m p le t e d  a t  t h e  U n iv e r s it y  o f  A r iz o n a ,  w a s  d o n e  w it h  a  

P h ilip s  E M - 1 0 0 B  e le c t r o n  m ic r o s c o p e  h a v in g  a n  e le c t r o n  

a c c e le r a t in g  p o t e n t ia l r a n g in g  fr o m  4 0  k v  t o  10 0  k v  in  2 0  k v  

s te ps .

A t  e a c h  a ge  a ft e r  m ix in g , t h e  p la t in u m - c a r b o n  r e p lic a s  

w e r e  s c a n n e d  a t  5 ,8 0 0  d ia m e t e r s  m a g n ific a t io n  a n d  e ith e r

5 0  k v  o r  6 0  k v  a c c e le r a t in g  v o lt a g e  t o  p r o v id e  g o o d  im a g e  

c o n t r a s t . M ic r o g r a p h s  o f  t y p ic a l a r e a s  w e r e  m a d e  o n  gla s s  

p la t e s . P a r a lle l p s e u do - r e p lic a s  w e r e  s c a n n e d  a t  5 ,8 0 0  d ia ­

m e t e r s  m a g n ific a t io n  a n d  in d iv id u a l p a r t ic le s  w e r e  s u b je c te d  

to  s e le c te d  a r e a  d iffr a c t io n  a t  s u ffic ie n t ly  h ig h  a c c e le r a t in g  

p o t e n t ia l t o  p r o d u c e  g o o d  e le c t r o n  t r a n s m is s io n . B o t h  t y p ic a l 

a n d  a t y p ic a l k a o lin it e  p a r t ic le s , s e le c te d  a t  r a n d o m  o n  e a c h

p s e ud o - r e p lic a , w e r e  a ls o  r o u t in e ly  s ub je c t e d  to  s e le c te d  a r e a  

d if fr a c t io n  to  d e t e r m in e  c h a n g e s  in  p a r t ic le  c r y s t a llin it y . 

E le c t r o n  d iffr a c t io n  p a t t e r n s  w e r e  r e c o r d e d  o n  p h o t o g r a p h ic  

g la s s  p la te s .

E le c t r o n  m ic r o g r a p h s  w e r e  e n la r g e d  p h o t o g r a p h ic a lly  to

1 5 ,0 0 0  d ia m e t e r s  m a g n ific a t io n  a n d  s c r u t in iz e d  c a r e fu lly  fo r  

c h a n g e s  in  p a r t ic le  m o r p h o lo g y  a n d  fo r  the  a p p e a r a n c e  o f  

n e w  pha s e s . S ing le - c r y s ta l a n d  p o ly c r y s t a l e le c t r o n  d iffr a c t io n  

p a t te r n s  w e r e  m e a s u r e d  d ir e c t ly  o n  t h e  p h o t o g r a p h ic  p la t e  

by  m e a n s  o f  a n  8 - po w e r  m e a s u r in g  m ic r o s c o p e . M e a s u r e ­

m e n t s  w e r e  us e d  t o  c o m p u t e  c r y s ta l in t e r p la n a r  d - s pa c ing s  

fo r  e a c h  d iffr a c t io n  s p o t  b y  t h e  r e la t io n :  d  =  \ L/r, w h e r e  

d  =  in t e r p la n a r  s p a c in g  in  A ,  X =  e le c t r o n  b e a m  w a v e ­

le n g t h  in  A ,  L  =  e le c t r o n  c a m e r a  le n g t h  in  c e n t im e t e r s , a n d  

r  =  r a d ia l d is t a n c e  in  c e n t im e t e r s  o f  t h e  d if fr a c t io n  s po t  

f r o m  t h e  d ir e c t  b e a m  s p o t . T h e  q u a n t it y  ( X L ) ,  in  t h e  a b o v e  

e q u a t io n , is  c a lle d  t h e  e le c t r o n  c a m e r a  c o n s t a n t  (T h o m a s , 

1 9 6 2 ) a n d  fo r  th is  in v e s t ig a t io n  w a s  d e t e r m in e d  fr o m  

m e a s u r e m e n t  o f  t h e  ( 2 2 0 )  r in g  fo r  t h e  s h a d o w in g  p la t in u m  

u s e d  in  the  s p e c im e n  p r e p a r a t io n  a n d  t h e  k n o w n  (2 2 0 )  

d - s pa c ing  fo r  t h e  m e t a l. T h is  r in g  is  p a r t ic u la r ly  e v id e n t  in  

F ig .  le .  T h e  p la t in u m  ( 2 2 0 )  r in g  a p p e a r e d  o n  a ll e le c t r o n  

d iffr a c t io n  p a t t e r n s . In t e r p la n a r  d - s pa c ing s  w e r e  c o m p u t e d  

b y  d iv id in g  t h e  c a m e r a  c o n s t a n t  b y  t h e  m e a s u r e d  r a d ia l s po t  

d is t a n c e s . T h e  p la t in u m  u s e d  in  s p e c im e n  s h a d o w in g  w a s  a n  

in t e r n a l s t a n d a r d  t o  fix  t h e  e le c t r o n  c a m e r a  c o n s t a n t  a n d  t h u s  

p e r m it  a c c u r a t e  c a lc u la t io n  o f  d - s pa c ing s  fo r  t h e  d iffr a c t io n  

p a t t e r n s . U s e  o f  a n  in t e r n a l s t a n d a r d  fo r  t h is  p u r p o s e  ha s  

b e e n  r e p o r t e d  b y  B r in d le y  a n d  D e K im p e  ( 1 9 6 1 )  a n d  by  

O b e r lin  a n d  M e r in g  ( 1 9 6 2 ) .

It  s h o u ld  be  n o t e d  t h a t  the  e le c t r o n  d iffr a c t io n  p a t t e r n s  

o b t a in e d  w e r e  g e n e r a lly  s ing le - c r y s ta l p a t t e r n s  a n d  t h e r e fo r e  

w e r e  fo r  o n ly  o n e  o r ie n t a t io n  o f  t h e  d if fr a c t in g  c r y s t a l;  h e n c e  

m a n y  d if fr a c t io n  s po ts  fo r  p la n e s  n o t  in  t h e  d if fr a c t in g  p o s i­

t io n  w e r e  m is s in g  f r o m  e a c h  p a t t e r n . Be c a u s e  o f  t h is  it  w a s  

ne c e s s a r y  t o  t ilt  t h e  in d iv id u a l m ic r o c r y s t a l in t o  o th e r  

o r ie n t a t io n s  b y  m e a n s  o f  a  b ia x ia l t ilt in g  s p e c im e n  s ta ge  in  

o r d e r  t o  p ic k  u p  e n o u g h  d iffr a c t io n  s po ts  o n  w h ic h  t o  bas e  

c r y s ta l id e n t ific a t io n . In  s o m e  cas e s  it  w a s  ne c e s s a r y  to  

s e a r c h  t h e  p s e ud o- r e p lic a s  fo r  c r y s ta ls  in  d iffe r e n t  o r ie n t a ­

t io n s  t o  s e c ur e  a d e q u a t e  d a t a  b e c a u s e  o f  t h e  lim it a t io n  o n  the  

t ilt in g  c a p a b ili t y  o f  t h e  s p e c im e n  s ta ge .

T h e  ¿/ - s pac ings , o b t a in e d  b y  t h e  fo r e g o in g  p r o c e d u r e  fo r  

e a c h  c r y s t a l, w e r e  u s e d  w it h  the  A S T M  X- ray  Card  File  and  

In de x  ( 1 9 6 2 )  t o  a r r iv e  a t  id e n t if ic a t io n .  In  o n e  o r  t w o  cas e s  

in s u ffic ie n t  ¿/ - s pac ings  w e r e  s e c ur e d , b e c a u s e  o f  o r ie n t a t io n  

c a p a b ili t y  lim it a t io n s , t o  a r r iv e  a t  a  c o m p le t e ly  p o s it ive  

id e n t ific a t io n .  N o n - c r y s t a llin e  p a r t ic le s  w e r e  id e n t ifie d  as  

n o n - c r y s t a lline  b y  t h e  fa c t  t h a t  n o  d iffr a c t io n  p a t t e r n s  w e r e  

o b t a in e d  f r o m  t h e m  b y  s e le c te d  a r e a  d iffr a c t io n .

D u r in g  t h e  fo u r t e e n - d a y  p e r io d  c o v e r e d  by  t h is  s t u d y , the  

p H  o f  t h e  s to c k  k a o lin it e - h y d r a t e d  lim e  s u s p e n s io n  w a s  

c h e c k e d  d a ily  b y  m e a n s  o f  a  B e c k m a n  p H  m e t e r . T h e  p H  

v a r ie d  f r o m  a  m a x im u m  o f  1 2 .7  im m e d ia t e ly  a f t e r  m ix in g  

to  a  m in im u m  o f  1 2 .2  a ft e r  14 d a y s  in d ic a t in g  t h a t  s o m e  

r e a c t io n  w a s  t a k in g  p la c e .

R E S U L T S

F ig . l ( a - d )  s h o w s  t h e  m o r p h o lo g ic a l c h a n g e s  w h ic h  

o c c u r r e d  in  the  k a o lin it e  d u r in g  t h e  fir s t  fo u r t e e n  d a y s  o f  

h y d r a t e d  lim e  t r e a t m e n t . F ig  l a  is  a  m ic r o g r a p h  o f  the  

u n t r e a t e d  k a o lin it e  in  w h ic h  t h e  m a jo r it y  o f  t h e  k a o lin it e  

fla ke s  s h o w  s h a r p  e dge s  a n d  c o r n e r s . A  fe w  p a r t ic le s  s h o w  

s o m e  r o u n d in g  a n d  b e v e llin g  w h ic h  is  b e lie v e d  t o  b e  the  

r e s u lt  o f  t h e  m e c h a n ic a l b r e a k d o w n  o f  t h e  b u lk  m in e r a l to  

the  fin a l le s s  t h a n  t w o  m ic r o n  p a r t ic le  s ize . P s e u do - r e p lic a s

1 2 2



f ig .  1. a, Platinum-shadowed carbon replica o f untreated kaolinite; b. platinum-shadowed carbon replica of kaolinite treated 1 day 

with C a(O H );, showing edge dissolution o f particles at A; c, platinum-shadowed carbon replica of kaolinite treated 2 days with 
C a(O H )2 showing first appearance of reaction product and clustering along particle edges at A; d, platinum-shadowed carbon 
replica of kaolinite treated 14 days with Ca(OH)._, showing extensive edge dissolution o f kaolinite particles at A and cluster of 
segregated reaction product crystals a t B; e, single-crystal electron diffraction pattern of kaolinite in (001) orientation; f, single­

crystal electron diffraction pattern o f reaction product in (9.27.4) (? )  orientation: g, transmission micrograph o f authigenic kaolinite 
a t A and area selected for diffraction at B (pseudo-replica); h, single-crystal electron diffraction pattern o f area shown in Fig. lg; 

i, transmission micrograph o f kaolinite particle altered to “silicate relic” and area selected for diffraction at A (pseudo-replica). All

micrographs are at a magnification of 15,000 X-

o f the  un trea ted  kaolin ite  w ere scanned and  alm ost every  a t A. D issolution o f  the  kaolin ite  has been the  resu lt o f  the

partic le  subjected to  elec tron  d iffrac tion  w ithout finding a  h igh  pH  o f the  suspension at w hich both th e  la ttice silica

single im purity  o r  non-crystalline partic le . and  alum ina a re  relatively soluble. N o  trace  o f  a  new  phase

F ig . lb  show s th e  trea ted  kaolin ite  a fte r  one  day  o f can  be seen, 

tre a tm en t w ith  h yd ra ted  lim e. P ronounced  e tch ing  and  Fig. lc  show s the trea ted  kaolin ite  tw o days a fte r  trea t-

bevelling o f  m any  partic les is ev ident a long partic le  edges as m ent began. In  this m icrograph m yriads o f  tiny new
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p a r t ic le s  c a n  be  s e e n, m a n y  c lu s t e r e d  a r o u n d  t h e  e dge s  o f  

k a o lin it e  fla k e s , as  a t  A .  A t  t h is  s ta ge  o f  d e v e lo p m e n t  t h e  ne w  

p a r t ic le s  r a n g e  in  s ize  f r o m  2 0 0  t o  4 0 0  A .  A p p e a r a n c e  o f  

the s e  n e w  p a r t ic le s  in  t h e  tw o - da y  t r e a t e d  m a t e r ia l a n d  n o t  

in  the  o ne - da y  t r e a t e d  k a o lin it e  in d ic a t e s  t h a t  n u c le a t io n  

m u s t  h a v e  o c c u r r e d  d u r in g  t h e  s e c o n d  d a y . C lu s t e r in g  o f  the  

p a r t ic le s  a r o u n d  k a o lin it e  fla k e  e dge s  s ugge s ts  t h a t  n u c le a ­

t io n  t o o k  p la c e  th e r e  b e c a u s e  o f  the  fa v o u r a b le  e n e r g y  le ve l 

r e s u lt in g  f r o m  t h e  b r o k e n  b o n d s  in  t h e  k a o lin it e  la t t ic e .

T h e  n e w  p ha s e  c o n t in u e d  t o  g r o w  in  s ize  a n d ,  a ft e r  a b o u t  

five  d a y s  o f  t r e a t m e n t , b e c a m e  d e t a c h e d  fr o m  t h e  n u c le a t io n  

s ite s  a n d  a g g r e g a te d  in  c lus t e r s  in  t h e  s us p e n s io n . P a r t ic le s  

in  the s e  c lus t e r s  c o n t in u e d  t o  g r o w  u n t il,  a ft e r  fo u r t e e n  da y s , 

m o s t  w e r e  e q u a l in  s ize  t o  o r  la r g e r  t h a n  t h e  k a o lin it e  fla ke s . 

T h is  c a n  be  s e e n in  F ig . Id  w h ic h  is  a  c o m p o s it e  m ic r o g r a p h  

o f  t w o  c lo s e ly  a d ja c e n t  a r e a s  o n  t h e  s a m e  r e p lic a . K a o lin it e  

p a r t ic le s  a t  A  s h o w  a m o r e  s e ve r e  d is s o lu t io n  a r o u n d  t h e  

e dge s  a n d  th e r e  is  a  s u g g e s t io n  t h a t  d is s o lu t io n  o f  s om e  

fla k e s  m a y  h a v e  fo llo w e d  d e fin it e  c r y s t a llo g r a p h ic  p la ne s . 

T h e  c lu s t e r  o f  ne w - pha s e  p a r t ic le s  a t  B s ho w s  t h e  t y p ic a l 

fo lia t e  a r r a n g e m e n t  a n d  t h e  c r u d e  p s e u d o - h e x a g o n a lit y  o f  

the  in d iv id u a l p a r t ic le s . T h e  s h a p e  o f  t h e  ne w - pha s e  p a r t ic le s  

s ugge s ts  t h a t  g r o w t h  m a y  h a v e  o c c u r r e d  o n  t h e  b a s a l (0 0 1 )  

p la n e s  o f  t h e  k a o lin it e  fla ke s , im m e d ia t e ly  a d ja c e n t  to  

p a r t ic le  e dge s , e p it a x ia lly  w it h  t h e  p s e ud o - h e x a g o n a l p a c k in g  

o f  io n s  in  the  k a o lin it e  b a s a l p la ne s .

F ig . le  is  a  s ing le - c r y s ta l e le c t r o n  d iffr a c t io n  p a t t e r n  o f  

u n t r e a t e d  k a o lin it e  in  (0 0 1 )  o r ie n t a t io n . T h is  is  t h e  o r ie n t a ­

t io n  o f  a lm o s t  a ll o f  t h e  fla ke s  in  t h e  m ic r o g r a p h s . F ig . I f  is 

a  s ing le - c r y s ta l e le c t r o n  d iffr a c t io n  p a t t e r n  o f  a  r a t h e r  la r g e  

ne w - pha s e  p a r t ic le  ly in g  in  the  p s e ud o - r e p lic a  in  a p p a r e n t ly  

the  s a m e  o r ie n t a t io n  as  t h e  k a o lin it e  fla ke s . H o w e v e r , in d e x ­

in g  o f  t h e  s po ts  a ft e r  id e n t ific a t io n  a n d  a p p lic a t io n  o f  the  

zo n e  la w  in d ic a t e  t h a t  t h e  p a r t ic le  is  a c t u a lly  in  a  h ig h  o r d e r  

( h k l)  o r ie n t a t io n .  T h is  w o u ld  s e e m  t o  r e in fo r c e  t h e  h y p o ­

the s is  t h a t  g r o w t h  h a s  b e e n  e p it a x ia l w it h  t h e  b a s a l s t r u c t u r e  

o f  t h e  k a o lin it e  b e c a u s e  the  n e w  p ha s e  is  o f  a  d iffe r e n t  

c r y s t a l c la s s  (o r t h o r h o m b ic )  f r o m  t h e  k a o lin it e  ( t r ic lin ic ) .  

E le c t r o n  d if fr a c t io n  p a t t e r n s  o f  t h e  n e w  p h a s e  in  o t h e r  

o r ie n t a t io n s  w e r e  o b t a in e d  t o  g ive  a  t o t a l o f  n in e  d - s pa c ing s  

f r o m  w h ic h  a n  id e n t ific a t io n  c o u ld  b e  m a d e  u s in g  the  

A S T M  X- ray  Card  File  and  Inde x  ( 1 9 6 2 ) .  A  c lo s e  m a t c h  

w it h  t h e  d- s pa c ing s  fo r  a  c a lc iu m  a lu m in u m  s ilic a t e  h y d r a t e  

w a s  fo u n d  as  s h o w n  in  T a b le  I. E a d e s  a n d  G r im  ( 1 9 6 0 )  d o

T A H L K  I.  ID E N T IF IC A T IO N O F  N K W - P H A S F  R E A C T IO N P R O D U C T

M e a s u r e d  d - s p a c ing A S T M  C a r d  7- 333 In d ic e s

in  A ¿- s p a c in g  in  A (h k l)

ô .2 ( j 5 .2 8 O i l

4 .1 5 4 .1 5 0 13

3 .5 2 3 .5 3 110

3 .4 6 3 .4 8 111

2 .  GO 2 .6 3 3 10 ,0 2 2

1 .7 7  + 1 .7 7 111)

1 .6 8 1 .6 9 130

1 .6 3 1 .6 4 133

1 .4 3 5 1 .4 1 2 2 8

n o t  r e p o r t  the  fo r m a t io n  o f  s u c h  a  p h a s e  w h ic h  s ugge s ts  t h e  

p o s s ib ilit y  t h a t  t h is  p h a s e  is  e it h e r  e p h e m e r a l (d is a p p e a r in g ) 

b e y o n d  t h e  fo u r t e e n - d a y  le v e l o f  t r e a t m e n t  o r  t h a t  g r o w t h  

d o e s  n o t  p r o g r e s s  t o  t h e  p o in t  w h e r e  e n o u g h  is  fo r m e d  t o  be  

d is c e r n e d  b y  X- r a y  d iffr a c t io n .

F ig .  l g  is  a  t r a n s m is s io n  m ic r o g r a p h  o f  a  p o r t io n  o f  a 

p s e ud o - r e p lic a  a ft e r  fo u r  d a y s ’ t r e a t m e n t . L a r g e  f ilm y  p a r ­

t ic le s , s u c h  as  t h e  o n e  a t  A ,  b e g a n  t o  a p p e a r  in  t h e  s p e c i­

m e n s  a t  t h is  t im e  a n d  pe r s is t e d  t h r o u g h  t h e  s e v e n t h  d a y  o f  

t r e a t m e n t . N o  t r a c e  o f  the s e  p a r t ic le s  c o u ld  be  fo u n d  in  the  

fo u r t e e n  d a y  s p e c im e ns . Da r k - fie ld  im a g in g  o f  the s e  p a r t ic le s  

s h o w e d  a  r e ve r s a l o f  c o n t r a s t  in  t h e  c o n t o u r lik e  m a r k in g s  

in d ic a t in g  t h a t  the s e  p a r t ic le s  w e r e  c r y s t a llin e  a n d  t h a t  the  

m a r k in g s  w e r e  a  d if fr a c t io n  p h e n o m e n o n  (b e n d  e x t in c t io n  

c o n t o u r s ) . Se le c t e d  a r e a  d if fr a c t io n  o f  t h e  a r e a  e n c lo s e d  b y  

t h e  t r ia n g le  a t  B g a ve  t h e  d if fr a c t io n  p a t t e r n  o f  F ig . lh  

w h ic h  is  c lo s e ly  s im ila r  t o  t h a t  o f  k a o lin it e  in  ( 0 0 1 )  o r ie n t a ­

t io n . T h e  inc r e a s e  in  s p o t  s ize  a n d  in t e n s it y  a n d  s o m e  d is ­

c e r n ib le  s t r e a k in g  o f  t h e  s po ts  a r e  s im ila r  t o  lin e - b r o a d e n in g  

in  X- r a y  d if fr a c t io n  a n d  in d ic a t e  t h a t  t h e  p a r t ic le  is  v e r y  t h in , 

p o s s ib ly  o n ly  a  fe w  u n it  la y e r s  t h ic k , in  t h e  c- ax is  d ir e c t io n .  

W h ile  d if fr a c t io n  p a t t e r n s  fo r  o t h e r  o r ie n t a t io n s  c o u ld  n o t  be  

s e c ur e d , it  a p p e a r s  p o s s ib le  t h a t  t h is  p h a s e  m a y  b e  a u t h ig e n ic  

k a o lin it e  r e c o n s t it u t e d  f r o m  t h e  d is s o lu t io n  p r o d u c t s .

W it h in  a  fe w  d a y s  a ft e r  t r e a t m e n t  b e g a n , n o n - d iffr a c t in g  

p a r t ic le s  s u c h  as  the  o n e  a t  A  in  F ig . l i  a p p e a r e d . E le c t r o n  

d iffr a c t io n  o f  the s e  p a r t ic le s  w a s  a t t e m p t e d  w it h o u t  p r o d u c in g  

d iffr a c t io n  e ffe c ts  o f  a n y  k in d . T h e  c o n c lu s io n  is  e v id e n t  t h a t  

the s e  p a r t ic le s  a r e  n o n - c r y s t a llin e  a lt h o u g h  r e t a in in g  t h e  

c h a r a c t e r is t ic  m o r p h o lo g y  o f  k a o lin it e . In a s m u c h  as  n o  s u c h  

p a r t ic le s  w e r e  fo u n d  in  t h e  u n t r e a t e d  k a o lin it e  it  m u s t  be  

c o n c lu d e d  t h a t  th e y  r e s u lt e d  f r o m  t h e  h y d r a t e d  lim e  t r e a t ­

m e n t .  L a n g s t o n  a n d  Je n n e  ( 1 9 6 0 )  r e p o r t e d  a  s im ila r  p r o ­

d u c t io n  o f  “ a m o r p h o u s ” m a t e r ia l in  t h e ir  s t u d y  o f  k a o lin s  

s u b je c t e d  t o  s o d iu m  h y d r o x id e  t r e a t m e n t . Ro s s  a n d  K e r r  

( 1 9 3 4 )  r e fe r  t o  s u c h  p a r t ic le s  as  “ s ilic a te  r e lic s ” . A f t e r  

fo u r t e e n  d a y s  o f  h y d r a t e d  lim e  t r e a t m e n t  b e t w e e n  5 p e r  c e n t  

a n d  10 p e r  c e n t  o f  a ll p a r t ic le s  w e r e  fo u n d  t o  b e  “ s ilic a te  

r e lic s ” .

A C K N O W L E D G M E N T S

T h e  a u t h o r  w is h e s  t o  a c k n o w le d g e  t h e  s u p p o r t  o f  the  

b e g in n in g  p h a s e  o f  t h is  s t u d y  b y  t h e  N a t io n a l S c ie nc e  

F o u n d a t io n  t h r o u g h  a S c ie n c e  F a c u lt y  F e llo w s h ip  a t  t h e  

U n iv e r s it y  o f  C a lifo r n ia ,  B e r ke le y . T h e  a u t h o r  w is h e s  to  

fu r t h e r  a c k n o w le d g e  t h e  e n c o u r a g e m e n t  o f  D r .  Ja m e s  K .  

M it c h e ll,  D e p a r t m e n t  o f  C iv il E n g in e e r in g , U n iv e r s it y  o f  

C a lifo r n ia ,  d u r in g  t h e  in it ia l p ha s e s  o f  t h is  r e s e a r c h ; the  

c o n s id e r a t io n  a n d  h e lp  o f  D r .  G a r e t h  T h o m a s , D e p a r t m e n t  

o f  M in e r a l T e c h n o lo g y , U n iv e r s it y  o f  C a lifo r n ia ,  in  m a k in g  

a v a ila b le  t h e  fa c ilit ie s  o f  t h e  E le c t r o n  M ic r o s c o p e  L a b o r a ­

t o r y ;  a n d  fin a lly , t h e  c o - o p e r a t io n  o f  D r .  W a y n e  R .  F e r r is , 

D e p a r t m e n t  o f  Zo o lo g y , U n iv e r s it y  o f  A r iz o n a ,  in  m a k in g  

a v a ila b le  the  e le c t r o n  m ic r o s c o p e  fa c ilit ie s  o f  h is  d e p a r t m e n t .
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