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A bstract

In te rp e n e tr a t in g  p h a s e  A I2 O 3 /A I  c o m p o s ite s  can  fo rm  b y  re a c tin g  

m o lte n  a lu m in u m  w ith  m u llite  b y  th e  fo llo w in g  reac tio n :

3 A lgSi2 0 i 3 + [ 8  + x] A1 — > 13 AI2 O 3  + [x] A1 + (6 -y) Si + (y) Si 

To c h a r a c te r iz e  th is  r e a c t io n ,  w e t t in g  a n d  p e n e t r a t io n  s tu d ie s  w e re  

c o n d u c te d  a t 1100-1500°C in  f lo w in g  d e o x id iz e d  A r. T he  c o n ta c t a n g le  of 

a n  A1 s e s s i le  d r o p  o n  d e n s e  a n d  p o ro u s  m u l l i te  w a s  m e a s u r e d  as  a 

fu n c tio n  o f tim e  a t  te m p e ra tu re .  F o r th e  c o n ta c t a n g le s  o f  A1 o n  d e n se  

m u llite  a t  1 1 0 0  a n d  1 2 0 0 °C , th e  ca lc u la te d  liq u id -so lid  su rfa c e  te n s io n  (Y sl) 

c o m p a re  fa v o ra b ly  w ith  th e  re p o r te d  Y s l of A1 o n  A I2 O 3 s u b s tra te s .

T h e  lev e l o f A1 p e n e tra t io n  a n d  c o m p o s ite  fo rm a tio n  w a s  m e a su re d  

o n  s a m p le s  s e c tio n e d  p e rp e n d ic u la r  to  th e  re a c tio n  in te rface  a f te r  coo lin g . 

C o m p o s ite  m ic ro s tru c tu re s  w e re  c h a ra c te r iz e d  b y  u s in g  o p tic a l m ic ro sc o p y  

a n d  a n  e le c tro n  m ic ro p ro b e . A lu m in u m  w a s  fo u n d  to  w e t d e n s e  m u llite  

b e tw e e n  te m p e ra tu re s  o f 1100 to  1500°C. P o ro u s  m u llite ,  h o w e v e r ,  w as 

o n ly  w e tte d  b y  A1 a t te m p e ra tu re s  a b o v e  1350°C. T he p e n e tra t io n  ra te  for 

A1 in to  d e n s e  m u lli te  p re fo rm s  w a s  3 m m / h r  w ith  th e  p e n e t r a t io n  in to  

p o ro u s  m u lli te  p re fo rm s  b e in g  s lig h tly  h ig h e r  a t a p p ro x im a te ly  4 m m /h r .

T h e  e ffe c t o f a l lo y in g  A1 w ith  M g w a s  e v a lu a te d  b y  c o n d u c t in g  

c o m p a ra b le  e x p e r im e n ts  w ith  A l-M g a llo y s  6061 a n d  5052 o n  b o th  d e n se  

a n d  p o ro u s  m u llite . I t w a s  fo u n d  th a t th e  A l-M g  a llo y s  s lo w e d  d o w n  the  

c h a n g e  in  c o n ta c t a n g le s  fo r b o th  d e n se  a n d  p o ro u s  m u llite . T h e  A l-M g 

a llo y s  s h o w e d  a d e c re a se  in  p e n e tra t io n  in to  th e  m u llite , b o th  d e n s e  a n d  

p o ro u s , w ith  in c re a s in g  M g  c o n te n t in  th e  a llo y s . A n  a d d i t io n a l  p h a s e , a

i v
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V

M gA l s p in e l (M g A ^ C ^ ), w a s  id e n tif ie d  b y  x -ray  d iffra c tio n  in  co m p o site s  

fo rm ed  fro m  th e  A1 5052 a llo y  c o n ta in in g  2.5 w t%  M g.

T he a m o u n ts  o f c e ra m ic  a n d  m e ta l p h a s e  in  th e  c o m p o s ite s  can  be 

c o n tro lle d  b y  p ro c e s s in g  te m p e ra tu re  a n d  p re fo rm  p o ro s ity . T he  g ra in  size  

o f th e  c o m p o s ite  p h a s e s  in c re a se s  w ith  in c re a s in g  p ro c e s s in g  te m p e ra tu re . 

L o w er p re fo rm  d e n s itie s  p ro d u c e  m o re  m e ta l p h a s e  in  th e  co m p o site .
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C hapter 1 

In trod u ction

C o m p o s ite s  a re  m a te r ia ls  m a d e  u p  o f tw o  o r  m o re  p h a s e s  w h ic h  

to g e th e r  im p ro v e  th e  c o m b in a tio n  o f p h y s ic a l p ro p e r t ie s  o f  th e  o r ig in a l 

p a r e n t  m a te r ia ls . [1-2] T h e  re in fo rc e m e n t p h a s e  c o n s is tin g  o f p a r tic le s , 

fibers  o r  d if fe re n t p h a s e s  is  s tro n g e r  o r  to u g h e r  th a n  th e  m a tr ix  m a te r ia l 

w h ic h  y ie ld s  to  th e  im p ro v e d  p ro p e r tie s . S tre n g th , f ra c tu re  to u g h n e s s  a n d  

d e n s ity  a re  ju s t  so m e  o f th e  im p ro v e d  p ro p e r t ie s  th a t  m a k e  c o m p o s ite s  

a ttra c tiv e  in  m a n y  a p p lic a t io n s . C o m p o s ite  m a te r ia ls  h a v e  b e e n  g ro u p e d  

in to  ca te g o rie s  b a se d  o n  th e ir  m a tr ix  m a te r ia l  c o n s is tin g  o f  p o ly m e r  m a tr ix  

c o m p o s ite s  (PM C ), m e ta l m a tr ix  c o m p o s ite s  (M M C ) a n d  c e ra m ic  m a tr ix  

c o m p o s ite s  (C M C ), w h ic h  h a v e  e x is te d  fo r so m e  tim e , b u t  ju s t  re c e n tly  

h a v e  co m e in to  th e  s p o t  lig h t. F o r e x am p le , in  M M C 's, c e ra m ic  fib ers  a re  

a d d e d  to  th e  m e ta l m a tr ix  to  s tre n g th e n  a n d  in c re a se  to u g h n e ss . S im ila rly  

w ith  c e ra m ic s , d e p e n d in g  o n  th e  d e s ire d  p ro p e r t ie s ,  c e ra m ic  fib e rs  a re  

a d d e d  to  a ce ram ic  m a tr ix  to  in c rease  s tre n g th , o r a m e ta l p h a se  is a d d e d  to 

the  c e ra m ic  m a tr ix  to  im p ro v e  th e  d u c tili ty  a n d  f ra c tu re  to u g h n e s s  o f th e  

ceram ic . T h e  d e fic ie n c ie s  o f c o m p o s ite s  a re  in  th e ir  fa b r ic a tio n . M an y  

c o m p o site s  a re  e x p e n s iv e  a n d  d iff icu lt to  p ro d u c t.  B ut w ith  th e  in c re a sed  

u se  o f th e se  c o m p o s ite s  in  th e  a irc ra ft, a u to m o b ile , a n d  le isu re  in d u s tr ie s , 

ju s t to  n a m e  a few , th e  f ie ld  o f c o m p o s ite  fa b r ic a tio n  h a s  g ro w n  to  h e lp  

so lv e  th e  d e fic ien c ies  o f c o m p o s ite  p ro cess in g .

T h is  th e s is  in v e s t ig a te s  th e  p ro c e s s  fo r f a b r ic a tin g  o n e  o f  th e se  

c e ra m ic  m a tr ix  c o m p o s i te s  — a l u m in a / a lu m in u m  c o m p o s i te s .  T h e

1
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o b jec tiv e  o f  th is  r e s e a rc h  w a s  to  d e te rm in e  th e  c o n tro llin g  fa c to rs  in  th e  

f o rm a t io n  o f  a l u m i n a / a l u m i n u m  c o m p o s i te s  b y  th e  r e a c t iv e  m e ta l 

p e n e t r a t io n  (R M P ) m e th o d .  In  re a c tiv e  m e ta l p e n e t r a t io n ,  a c e ra m ic  

p re fo rm  (i.e. m u lli te )  re a c ts  w ith  l iq u id  m e ta l (i.e. a lu m in u m ) to  fo rm  a 

ce ram ic  m a tr ix  c o m p o s ite . B ecause  l iq u id  m e ta l m u s t  p e n e tra te  a lo n g  th e  

p o re s  a n d / o r  g r a in  b o u n d a r ie s  a s  w e ll  a s  th e  c e ra m ic  g r a in s ,  th e  

in v e s t ig a tio n  d e v e lo p e d  in to  s tu d y in g  th e  co n ta c t an g le , re a c tio n  fro n t a n d  

m ic ro s tru c tu re .  T h e  c o n ta c t  a n g le  b e tw e e n  th e  c e ra m ic  a n d  th e  liq u id  

m e ta l  d e p e n d s  o n  th e  s u r f a c e  te n s io n . H o w e v e r ,  th e  c o n ta c t  a n g le  

m e a s u r e m e n ts  a re  c o m p lic a te d  b e c a u s e  in te r fa c ia l  r e a c tio n s  a re  a lso  

in v o lv e d  b e tw e e n  th e  m u llite  a n d  liq u id  m e ta l. T he  re a c tio n  f ro n t o r  th e  

p e n e tra t io n  o f th e  l iq u id  in to  th e  m u lli te  d e p e n d s  o n  th e  re a c tiv ity  o f th e  

m u l l i t e  w i th  th e  l i q u id  a lu m in u m .  T h e  m ic r o s t r u c tu r e  o f  th e  

a l u m in a / a lu m in u m  p r o v id e s  a c lu e  fo r  e v a lu a t in g  th e  e x te n t  o f  th e  

re a c tio n s . T h e  d if fu s io n  o f  th e  r e a c tin g  sp e c ie s  is c o m p lic a te d  b y  th e  

in te rfaces  a n d  p o re s  th ro u g h  w h ic h  Si a n d  O  m u s t tran sfe r . In  th e  p re s e n t 

s tu d y , m a ss  tr a n s fe r  w a s  c o n s id e re d  s e c o n d a ry  c o m p a re d  to  th e  effects of 

th e  s u r f a c e  te n s io n  a n d  r e a c t iv i ty  a lo n g  th e  m e ta l /m u l l i t e  in te rfa c e . 

H en ce , th e  fo cu s  o f th e  re s e a rc h  in  th is  th e s is  is th e  su rfa c e  re a c tiv ity  an d  

th e  m ic ro s tru c tu r a l  f e a tu re s  o f th e  l iq u id  m e ta l p e n e tr a t in g  th e  c e ra m ic  

p re fo rm .
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C hapter 2 

L iterature R ev iew

2.1) B ackground  ab ou t C M C  (ceram ic m atrix co m p osites)

L o e h m a n  e t al. [3] r e p o r te d  o n  re a c tiv e  m e ta l p e n e tra t io n  (RM P) fo r 

p ro c e s s in g  c e ra m ic -m e ta l  c o m p o s i te s  w h ic h  a re  n e a r  n e t - s h a p e .  T he  

p ro cess  c o n s is ts  o f a  l iq u id  m e ta l (e.g , a lu m in u m ) re a c tin g  w ith  a ce ra m ic  

(e.g, a lu m in o s ilic a te )  to  fo rm  a n  a lu m in a /a lu m in u m  c o m p o s ite  a c c o rd in g  

to R eac tio n  2.1.

3 A l6 Si2 O i 3 + [8  + x] A l ->  13 A12 0 3 + [x] A l + 6  Si (2 .1 )

T h ey  in v e s t ig a te d  th e  p ro c e s s in g  o f  c o m p o s i te s  fo rm e d  fro m  w e tt in g  

s tu d ie s ,  s im ila r  to  th o s e  w h ic h  w ill b e  d is c u s s e d  in  th is  th e s is ,  a n d  by  

im m e rs in g  a c e ra m ic  p re fo rm  in to  m o lte n  a lu m in u m . C o m p o s ite s  w e re  

a lso  fo rm e d  b y  h o t  p r e s s in g  m u ll i te  a n d  a lu m in u m  p o w d e rs .  D e n se  

m u llite  p re fo rm s  w e re  f irs t u se d  to  fo rm  th e  c o m p o s ite s  [3-5] a n d  th e n  

la te r p o ro u s  p re fo rm s  w e re  a lso  u se d  in  fo rm in g  th e  A 12 C>3 / A 1 c o m p o s ite s  

[6 ]. T h e  c o m p o s i te s  th a t  w e re  fo rm e d  f ro m  e i th e r  p r e fo rm  d e n s i ty  

p ro d u c e d  d e n s e  c o m p o s ite s  o f a 3-D  n e tw o rk  of in te rc o n n e c te d  c e ra m ic  

a n d  m e ta l  p h a s e s .  T h e  d e n s e  m u l l i te  r e a c te d  w i th  A l d e v e lo p e d  

a p p ro x im a te ly  15% m e ta l p h a s e  a n d  85% ce ra m ic  p h a s e  in  th e  c o m p o s ite s  

u p o n  c o m p le tio n  o f th e  reac tio n . [3-5] S im ila rly  a f te r  th e  re a c tio n  w ith  th e  

p o ro u s  m u l l i te ,  th e  c o m p o s i te s  s h o w e d  49 to  50%  m e ta l p h a s e  in  th e  

c o m p o s ite s . [6 ] T h e  b e n d  s tr e n g th  o f th e  c o m p o s ite s  w a s  a p p ro x im a te ly

3
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250 M P a. T h e  a d d i t io n s  o f th e  m e ta l p h a s e  to  th e  c e ra m ic  im p ro v e  th e  

f ra c tu re  to u g h n e s s  to  > 6  M Pa-V m  c o m p a re d  to  2  M Pa-V m  fo r d e n s e  

m u llite  w i th o u t  a d e c re a se  in  s tre n g th .

C e ra m ic -m e ta l c o m p o s ite s  can  a lso  be  m a d e  b y  p re s s u re  in f iltra tio n  

in  w h ic h  l iq u id  m e ta l is p r e s s u r iz e d  in to  th e  c e ra m ic  p re fo rm . [7] T he  

ce ram ic  re in fo rc e m e n t is th e  m o s t d iff ic u lt p a r t  o f th e  p ro c e ss  b e c a u se  th e  

sp aces  b e tw e e n  th e  re in fo rc e m e n t (e.g , f ib ers  a n d  p a rtic le s )  a n d  th e  m e ta l 

c h a n g e  w i th  a p p l ic a t io n  o f th e  in f i l t r a t io n  p re s s u re .  In  a d d i t io n ,  th e  

re in fo rc e m e n t p re fo rm s  m u s t  b e  e v a c u a te d  b e fo re  th e  m e ta l c a n  b e  p u s h e d  

in to  th e  p r e fo rm  so  g a s  p o c k e ts  d o  n o t  fo rm  in  th e  c o m p o s ite , w h ic h  

w o u ld  affec t th e  p ro p e rtie s .

L a n x id e  h a s  p a te n te d  a l iq u id -g a s  re a c tio n  p ro c e s s  to  p ro d u c e  

c e ra m ic -m e ta l c o m p o s ite s  c a lle d  th e  D IM O X ™  o r d ire c t m e ta l o x id a tio n  

p ro c e s s . [8 ] In  th is  p ro c e s s ,  m o l te n  m e ta l is o x id iz e d  to  fo rm  th e  

co m p o site . A  p re fo rm  is p la c e d  o n  to p  o f a m e ta l p o o l, a n d  m e ta l is d ra w n  

u p  in to  th e  p re fo rm  w h e re  it o x id iz e s  as it g ro w s  th ro u g h  th e  p re fo rm . 

L a n x id e  h a s  u s e d  th e  p ro c e s s  to  fo rm  a lu m in a /a lu m in u m  c o m p o s ite s  

fro m  a lu m in u m  a n d  A l a llo y s  as w e ll as o th e r  c e ra m ic -m e ta l c o m p o s ite s  

su ch  as Z r  re a c tin g  w ith  b o ro n  ca rb id e  (BC) to fo rm  Z rB 2  & Z rC . [9-11]

M a ts u o  a n d  In a b a  [12] a n d  B reslin , e t al. [13-14] h a v e  p ro d u c e d  

c o m p o s ite s  b y  re a c tin g  a m o rp h o u s  s ilica  a n d  m o lte n  a lu m in u m . M a tsu o  

a n d  In a b a  [12] c o m p o s i te s  a re  m a d e  o f  a m u tu a l ly  in te r p e n e t r a t in g  

s t r u c tu r e  o f  a b o u t  70 w t%  a lu m in a  a n d  a b o u t  30 w t%  m e ta l  p h a s e  

c o n s is tin g  o f  A l a n d  Si. T h e ir  A l2 C>3 / A l / S i  c o m p o s ite s  w e re  fo rm e d  a t 

te m p e ra tu re s  b e tw e e n  900 a n d  1000°C. B reslin  e t al. [13-14] a lso  reac ted  Al
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w ith  a m o rp h o u s  s ilica  to  fo rm  A l2 0 3 /A l-S i  c o m p o s ite s . B o th  re s e a rc h  

g ro u p s  r e p o r te d  im p r o v e m e n ts  in  b e n d  s t r e n g th  a n d  o th e r  p h y s ic a l  

p ro p e r tie s  fo r th e  A l2 0 3 / A l / S i  co m p o site s .

2.2) W ettin g  & Surface E nergy

To fo rm  c e ra m ic -m e ta l  c o m p o s i te s ,  w e tt in g  o f th e  m e ta l  o n  th e  

ce ram ic  p re fo rm s  is  d e s ire d . A  m e th o d  to  s tu d y  w e tt in g  in v o lv e s  a liq u id  

b e a d  o n  th e  so lid  s u b s tra te  to  fo rm  a sessile  d ro p  w h o se  e q u il ib r iu m  sh a p e  

is d e te rm in e d  b y  a b a la n c e  o f su rfa c e  en e rg ie s . T he  c o n ta c t a n g le  (0) is th e  

a n g le  fo rm e d  b e tw e e n  th e  s o l id / l iq u id  in te r fa c e  a n d  th e  ta n g e n t  o f th e  

l i q u id /v a p o r  in te r fa c e  th a t  e m a n a te s  f ro m  th e  tr ip le  p o in t ,  a s  s h o w n  in 

F ig u re  2.1. F o r w e tt in g , th e  e n e rg ie s  m u s t  fa v o r  re p la c in g  l i q u id /v a p o r  

in te r fa c ia l a re a  w ith  lo w e r  s o l id / l iq u id  in te r fa c ia l a re a s . If th e  c o n ta c t 

an g le  is less  th a n  90°, th e  l iq u id  is in  a s ta te  o f p a r tia l  w e tt in g  o r  th e  o n se t 

o f w e tt in g  th e  su rfa c e . C o m p le te  w e tt in g  is w h e n  th e  c o n ta c t a n g le  is o r 

a p p ro a c h e s  z e ro  (0°). A t th is  p o in t  th e  liq u id  sp re a d s  ac ro ss  th e  su rfa c e  of 

th e  s o l id  b y  s p r e a d i n g  a c ro s s  th e  s u b s t r a t e .  S im i la r ly  if  th e  

th e rm o d y n a m ic s  o f th e  s y s te m  fa v o r  c re a tin g  s o l id /v a p o r  in te rfa c ia l a rea  

a t th e  e x p e n se  o f th e  s o l id / l iq u id  in te rfa c ia l a re a  th e  l iq u id  is n o n -w e ttin g  

(F ig u re  2.2). In  th e  n o n -w e tt in g  case , th e  c o n ta c t an g le  is g re a te r  th a n  90° 

a n d  th e  l iq u id  m o v e s  to w a rd s  th e  e q u ilib r iu m  sh a p e  of a s p h e re . P a sk  a n d  

T om isa  [15] d e sc r ib e  w e tt in g  as w h e n  th e  so lid  in te rfac ia l e n e rg y  is lo w e re d  

w h e n  in  c o n ta c t w ith  a l iq u id  a n d  th e  su rfa c e  w ill te n d  to  b e  c o v e re d  by  

th e  liq u id . If th e  o p p o s ite  case  h a p p e n s , w h e n  th e  so lid  in te rfa c ia l en e rg y  

is in c re a s e d  w h e n  in  c o n ta c t  w ith  th e  l iq u id ,  th e  s o l id / l i q u i d  a re a  is
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m in im iz e d  a n d  th e  so lid  is n o t  w e tte d . W h en  th e  liq u id  a n d  so lid  a re  in  

e q u ilib r iu m  o r  a s te a d y -s ta te  c o n d itio n , Y o u n g 's  e q u a t io n  (E q u a tio n  2.2) 

can  b e  u s e d  to  ex p re ss  th e  effec t o f th e  in te rfa c ia l e n e rg ie s  o n  th e  co n ta c t 

ang le .

Xsv ~ 7 sl ~  7 l v cos ^  (2-2)

T he l iq u id  s u r fa c e  te n s io n  (Y lv )  is c o n tro l le d  b y  th e  d r iv in g  fo rce  fo r 

w e tt in g  (Y sv - Y sl)- To lo w e r  th e  c o n tac t an g le  (0) th e  in te rfa c ia l en e rg ie s  

in  Y o u n g 's  e q u a t io n  can  b e  m a n ip u la te d . T he  lo w e r in g  o f Y lv  c a u se s  

(Y sv  - Y s l ) / Y l v  to  in c re a se , a n d  th u s  a lo w e r  c o n ta c t a n g le  (0). F o r th e  

c o n d itio n  o f 0 < 90°, o r  w e tt in g , th e n  Y sv  is  g re a te r  th a n  Y s l-  In  a n o n ­

w e tt in g  c o n d itio n  fo r 0 > 90°, Y sv  is less th a n  Y sl- T h e re fo re  to  lo w e r the  

c o n tac t a n g le  (0 ) a h ig h  Y sv  a n d  a low  Y lv  a re  d e s ire d .

In  th e  p re se n c e  o f  a re a c tio n  b e tw e e n  th e  liq u id  d ro p  a n d  s u b s tra te , 

Y o u n g 's  e q u a t io n  is m o d if ie d  to  in c lu d e  th e  c o n t r ib u t io n  o f  th e  free  

en e rg y  of reac tio n , w h ic h  c o n tr ib u te s  to the  d r iv in g  fo rce fo r w e ttin g ;

AGn x ^
7 sv  ( 7 s l  +  - 7 7 s -) S  r LVCOS e (2.3)

d A S

w h e re  A s is th e  su rface  a re a  of th e  d ro p  a n d  AGr  re p re s e n ts  th e  G ib b s  free 

e n e rg y  o f th e  re a c tio n  [15]. In  th e  p re se n c e  o f a re a c tio n  th e  e x p a n s io n  of 

th e  liq u id  d ro p  o n  th e  so lid  is d e f in e d  as  s p re a d in g . T h is  s p r e a d in g  is 

re la te d  to  th e  d y n a m ic  d e c re a se  in  th e  c o n ta c t an g le . A  re a c tio n  b e tw e e n  

th e  liq u id  a n d  th e  so lid  can  b e  en h a n c e d  b y  a n  in c re a se  in  te m p e ra tu re .
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Ylv
Liquid

s v

Solid

Y sv >  Ysl +  Ylv

F igure  2.1 W e ttin g  o f a so lid  b y  a liq u id . [15]

Ylv Liquid

Y sv ► Y sl-

Solid

Ysv <  Ysl +  Ylv

F ig u re  2.2 N o n -w e ttin g  o f a so lid  b y  a liq u id . [15]
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