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The feas ib i l i ty  of f abr ica t ing  f i b e r - r e i n f o r c e d  a luminum al loys by addit ion of d iscon-  
t inuous f ibe rs  to v igorous ly  agitated,  pa r t i a l l y  solid meta l  s l u r r i e s  was inves t igated .  In 
the f i r s t  phase of the p rog ram,  repor ted  here in ,  emphas i s  was placed on the study of 
in te r face  in t e rac t ions  between po lyc rys ta l l ine  A1203 f ibers  and A1-2 to 8 pct Mg, A1-4.5 
pct Cu and A1-4.5 pct Cu-1 to 2 pct Mg a l loys .  In genera l ,  it was observed  that the in-  
corpora t ion  of f ibe rs  could be read i ly  achieved by this technique,  and that f ibers  ap- 
pea red  wetted af ter  a few minutes  of contact  with the mel t .  The composi tes  produced 
exhibi ted an in t imate ,  void f ree  bond between the cons t i tuen ts .  In addition, a region  of 
s igni f icant ly  a l t e red  m i c r o s t r u c t u r e  r e su l t ed  f rom accumula t ion  of oxide a n d / o r  a lumi -  
nate pa r t i c l e s  which e i ther  fo rmed  within the melt  and were at tached to the moving fi-  
b e r s ,  or used the f iber  sur face  as a subs t r a t e  to grow on, Microscopic  examina t ion  of 
this in t e rac t ion  zone and the rmodynamic  cons ide ra t ions  indicate  that it cons is t s  of fine 
a-A12Os, a lumina tes ,  oxides of the al loying e lements ,  and probably  some in t e rme ta l l i c  
compounds.  Fo r  example,  it is shown that a s table  MgA1204 spine l  fo rms  at the in te r face  
of A1203 f ibe rs  and A1-Mg a l loys .  Examina t ion  of composi te  spec imens  f r ac tu red  under  
tens ion  indicated that the in t e r f aces  produced were s t rong  enough to p e r m i t  the t r a n s f e r  
of loads at s t reng ths  in the o rder  of 250 to 350 MPa.  

I. INTRODUCTION 

T H R O U G H O U T  the i r  h is tory ,  compos i tes  have 
evolved under  the idea that a unique, t a i lo red  set  of 
p rope r t i e s  in a m a t e r i a l  can be obtained f rom a com-  
b ina t ion  of const i tuents  with ( somet imes  very)  d i s s i m i -  
l a r  c h a r a c t e r i s t i c s .  One of the ma in  a reas  of i n t e r e s t  
has been the development  of f i b e r - r e i n f o r c e d  s t ruc -  
t u r a l  meta l s  (e.g. A1, Ni, Ti),  in which high s t reng th  
f ibe rs  (e.g. A1203, graphi te ,  SiC) or whiskers  a re  
coupled with a duct i le  ma t r ix  to produce a m a t e r i a l  
that exhibi ts  both p rope r t i e s .  In these composi tes  the 
p r i m e  function of the f ibe r s  is that of support ing most  
of the applied load, while the ro le  of the m a t r i x  is to 
bind the f ibe rs  together  and to t r a n s m i t  and d i s t r ibu te  
the ex te rna l  loads to the individual  f i l amen t s .  How- 
ever ,  s ince the t r a n s f e r  of loads r e q u i r e s  the ex is t -  
ence of a bond and hence a c e r t a i n  degree  of i n t e r a c -  
t ion between the const i tuents ,  the in te r face  becomes  a 
reg ion  whose na tu re  and p rope r t i e s  a r e  c r i t i c a l  to the 
p e r f o r m a n c e  of the composi te  s t r u c t u r e .  

Normal ly ,  i t  is  de s i r ab l e  to have a s t rong  enough 
in te r face  which would p e r m i t  t r a n s f e r  and d i s t r ibu t ion  
of load f rom the ma t r ix  to the f i l amen t s .  St rong i n t e r -  
faces a re  typical  of sy s t ems  that a re  fully compat ible ,  
that is ,  the ma t r ix  and r e in fo r cemen t  form bonds but 
a re  mutual ly  unreac t ive  and insoluble .  In the ideal  
case the per fec t  in te r face  should be a mechanics  
cont inuum, involving coherency  of the bond on the 
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atomic level,  and a chemica l  d iscont inuum,  r equ i r i ng  
the absence  of any in terd i f fus ion  between the const i tu-  
ents.~ 

In te rac t ion  of the pa ren t  phases  may be undes i r ab le  
if it leads to the fo rmat ion  of weak in te r faces ,  s ince 
p r e m a t u r e  fa i lu re  at the m a t r i x - f i b e r  in te r face  wil l  
l imi t  the load ca r ry ing  abi l i ty  of the composi te .  F u r -  
t he rmore ,  when a f ini te  i n t e rac t ion  zone is produced,  
the p rope r t i e s  of the m a t e r i a l  will  decay af ter  the 
r eac t ion  exceeds a c r i t i c a l  level ,  and the i r  f inal  value 
will  depend so le ly  on the c h a r a c t e r i s t i c s  of the com- 
pound p r e s e n t  at the f iber  boundary .  2 Moreover ,  if the 
in t e rac t ion  produces  an uneven or rough sur face  on 
the r e in fo rcemen t ,  it  may have a ca tas t rophic  effect 
on the f iber  s t reng th  and therefore  the composi te  
p rope r t i e s  .~ 

It is  commonly  agreed  that a lumina  is an ideal  r e -  
in forc ing  m a t e r i a l  for a luminum since the two are  
phys ica l ly  and chemica l ly  compatible  at the pro jec ted  
se rv i ce  t e m p e r a t u r e  of the r e su l t an t  compos i tes .  4 How- 
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eve r ,  the combina t ion  of t h e s e  two cons t i tuen t s  is  c o m -  
p l i c a t e d  by the nonwett ing c h a r a c t e r i s t i c s  of the s y s -  
t em,  and e i t h e r  coa t ings  o r  a l loy ing  add i t ions  have 
to be used to p r o m o t e  i n t e r a c t i o n s  be tween the m a t r i x  
and the f i l a m e n t s .  

I n t e r f ace  i n t e r a c t i o n s  a r e  then impor t an t  not only in 
the p e r f o r m a n c e  of the compos i t e  but a l so  in the de -  
s ign  of a p p r o p r i a t e  f ab r i ca t i on  techniques  to p roduce  
the d e s i r e d  bond. Th i s ,  in turn ,  involves  the s tudy of 
s u r f a c e  phenomena  l ike wet t ing and c h e m i c a l  r e a c -  
t ions ,  and t h e i r  effect  on i n t e r f a c i a l  bond s t r eng th .  

Up to now, among the v a r i o u s  p r o c e s s e s  a t t emp ted  
for  the p roduc t ion  of A1203-fiber r e i n f o r c e d  a luminum,  
l iquid in f i l t r a t i on  has  been  the mos t  s u c c e s s f u l .  5-~ An 
i m p o r t a n t  l im i t a t i on  of th is  technique is  the n e c e s s i t y  
for  the l iquid a l loy  to wet the f i b e r s  s ince  for  contact  
ang les  0 > 90 deg  the c a p i l l a r i t y  e f fec t s  r e q u i r e  the 
app l i ca t ion  of an e x t e r n a l  p r e s s u r e  to i n f i l t r a t e  the 
f ibe r  bundles.3 Unfor tunate ly ,  the app l i ca t ion  of p r e s -  
s u r e  alone does  not so lve  the p r o b l e m ,  s ince  s h r i n k -  
age o c c u r r i n g  dur ing  so l id i f i ca t ion  may  be enough to 
cause  debonding o r  void  f o r m a t i o n  in the s m a l l  chan-  
ne l s  be tween  the f i b e r s .  Wet t ing  i s  then d e s i r e d  f rom 
a f a b r i c a t i o n  v iewpoint  s ince  it p r o m o t e s  m a x i m u m  
contact  under  e q u i l i b r i u m  condi t ions .  

A number  of s tud ies  on the wet t ing b e h a v i o r  of the 
A1/A1203 s y s t e m  have been  r e p o r t e d .  1~ Resu l t s  of 
t h e s e  inves t iga t ions  for  contac t  angle  as  a function of 
t e m p e r a t u r e  a r e  s u m m a r i z e d  in F ig .  1. These  data ,  
de sp i t e  some  i n c o n s i s t e n c i e s ,  ind ica te  that  t e m p e r a -  
t u r e s  wel l  above the me l t i ng  point  of a luminum would 
be n e c e s s a r y  to induce a wet t ing condi t ion (0 < 90 deg).  
On the o the r  hand, roughening  and d i s so lu t ion  of A1203 
s u b s t r a t e s  in contac t  with a luminum d r o p s  have been  
r e p o r t e d  fo r  contac t  ang les  l a r g e r  than 90 deg#  4 

Other  s tud ies  ~,~4"~6 have shown that  contac t  angle  
i n s t a b i l i t i e s  at  t e m p e r a t u r e s  above 1400 K mani fes t  
t h e m s e l v e s  in s p r e a d i n g  and con t rac t ion  of a luminum 
s e s s i l e  d r o p s .  P r e f e r e n t i a l  a t t a ck  of the A1203 sub-  
s t r a f e  o c c u r s  at the l i q u i d - s o l i d - v a p o r  i n t e r f ace  lead-  

Fig. 2--SEM view of as-received AI203 FP fiber. 

Fig. 3--Schematic of the apparatus for fabrication of alumi- 
num matrix composites in the liquid-solid range. 

ing to the f o r m a t i o n  of s o - c a l l e d  " d i s s o l u t i o n  r i n g s . "  
Brennan  and P a s k  ~6 have exp la ined  th is  phenomena  
b a s e d  on the f o r m a t i o n  of a A10 �9 Ale03 s p i n e l - l i k e  
s t r u c t u r e  on the a �9 A1203 su r f ace ,  and i t s  fu r the r  r e -  
ac t ion  with a luminum to fo rm the vo la t i l e  s p e c i e s  
Al20. 

Fabrication of AI~AI203 composites is then limited 
by the nonwetting characteristics of this system, and 
two different approaches to this problem have been in- 
vestigated. The first one involves the use of sputtered 
coatings like Ni(Ti), Ni(Cr), and 1020 carbon steel s,v 
which physically attach to the fiber surface and are 
wetted by the liquid metal. However, most coatings 
readily dissolve in molten aluminum and may cause 
debonding unless the fabrication time is short, on the 
order of a few minutes. The second approach to en- 
hance wetting calls for the use of alloying additions 
that can interact chemically with the ceramic material 
creating a desired new phase at the solid-liquid 
boundary, s Several authors have proposed that ele- 
ments with greater affinity for oxygen (as measured 
by the free energy of oxide formation) than the solvent 
will preferentially concentrate at the interface, 17 re- 
ducing the surface energy (TSL) as described by the 
Gibbs adsorption equation. However, in the case of 
Al~Al203 all the alloying additions that have higher 
affinity for oxygen than the aluminum also tend to re- 
duce A1203 and l.-qodify the chemical nature of its sur- 
face. 

It i s  known that  A1203 r e a d i l y  r e a c t s  with many d i -  
va len t  t r a n s i t i o n  m e t a l  ox ides  to fo rm a lumina t e s  
which a r e  i s o s t r u c t u r a l  with the m i n e r a l  sp ine l  of 
compos i t i on  MgA1204. S e v e r a l  i n v e s t i g a t o r s  4'18'z~ 
have ind ica ted  that  sp ine l s  o r  s i m i l a r  ox ides  may  be 
used  to p r o m o t e  i n t e r f a c i a l  bonding s ince  they have 
the po ten t i a l  to f o r m  s t r o n g  bonds  with both me ta l s  
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and c e r a m i c s .  If one a c c e p t s  th is  point  of view, then 
a luminum a l loys  conta in ing Mg, Cu, Zn, o r  F e  b e c o m e  
p a r t i c u l a r l y  i n t e r e s t i n g  s ince  they could fo rm a l u m i -  
na te  compounds  under  the a p p r o p r i a t e  condi t ions .  A l -  
though some  of t he se  r e a c t i o n s  have been  o b s e r v e d  
with A1203 r e f r a c t o r y  b r i c k s  2~ only a few addi t ions  
have been  r e p o r t e d  to p r o m o t e  suf f ic ient  wet t ing of un- 
coa ted  A12Os f i b e r s  for  s u c c e s s f u l  l iquid in f i l t r a t ion .  8,9 
T h e s e  add i t ions  n o r m a l l y  involve the use  of L i  (which 
f o r m s  Li20 �9 5A12Os at  the i n t e r f ace )  with the conse -  
quent p r o b l e m s  of p r e p a r a t i o n  and handl ing of the a l -  
loy, and the con t ro l  of the c h e m i c a l  i n t e r a c t i o n  d u r -  
ing the f a b r i c a t i o n  p r o c e s s  to avoid  f i be r  deg rada t ion .  

The work  d e s c r i b e d  he re in  is  the f i r s t  p a r t  of a 
m u l t i - p h a s e  p r o g r a m ,  the o v e r a l l  a im  of which is  to 
s tudy the f e a s i b i l i t y  of f a b r i c a t i n g  A12Oa f ibe r  r e i n -  
f o r c e d  a luminum a l loy  c o m p o s i t e s  by i n c o r p o r a t i o n  of 
d i scon t inuous  f i l amen t s  into a p a r t i a l l y  so l id i f ied ,  
v igo rous ly  ag i t a t ed  m e t a l  s l u r r y .  The  f i r s t  phase  of 
th is  p r o g r a m  was main ly  conce rned  with the s tudy of 
the fo rma t ion  of bonds  and r e l a t e d  i n t e r f a c i a l  phe-  
nomena  dur ing  the f a b r i c a t i o n  p r o c e s s .  Two s e r i e s  
of e x p e r i m e n t s  we re  conducted for  th is  p u r p o s e .  In 
one s e r i e s  cont inuous f i b e r s  were  i m m e r s e d  into 
s t a t i c  pools  of ful ly  l iquid a l l oys ,  while in the o the r  
d i scon t inuous  f i b e r s  were  i n c o r p o r a t e d  into ag i t a t ed  
ba ths  of p a r t i a l l y  so l id  m e t a l  s l u r r i e s .  The l a t t e r  
a p p r o a c h  was used  to p r e p a r e  c o m p o s i t e s  conta in ing  
f r o m  1 to a p p r o x i m a t e l y  15 vol  pc t  of f i b e r s  with a 
v a r i e t y  of a l loys  as  m a t r i c e s .  The s t r u c t u r e  of the 
c o m p o s i t e s ,  and e s p e c i a l l y  the i n t e r a c t i o n  zone,  we re  
ana lyzed  us ing  d i f f e ren t  m i c r o s c o p y  techn iques .  Some 
c o m p o s i t e s  with m o r e  than 10 vol  pct  f ibe r  we re  ex-  
t r uded  and f r a c t u r e d  under  tens ion  to examine  the b e -  
hav ior  of the  m a t r i x - r e i n f o r c e m e n t  bond.  Coppe r  
and m a g n e s i u m  were  s e l e c t e d  as  a l loy  add i t ions  be -  
cause  beth  have been  r e p o r t e d  to r e d u c e  the contac t  
angle  be tween  a luminum and A12Os. 14 

The  i n c o r p o r a t e d  m a t e r i a l  was Dupont ' s  Type  I 
A1203 F P  f ibe r  in the fo rm of 3 and 6 m m  long chopped 
f i l a m e n t s .  Th i s  f i b e r  is  a continuous,  mu l t i f i l amen t  
y a r n  c ons i s t i ng  of e s s e n t i a l l y  pure ,  p o l y c r y s t a l l i n e  
~-A12Oa. I t s  r e p o r t e d  t e n s i l e  s t r e n g t h  and e l a s t i c  
modulus  a r e  1.4 to 2.0 GPa  and ~380 GPa ,  r e s p e c -  
t ive ly ,  and i t s  dens i ty  and me l t i ng  t e m p e r a t u r e  a r e  
3.95 • 103 K g / m  3 and 2318 K, r e s p e c t i v e l y .  8'9 The 
f i l a m e n t s  have a un i fo rm c r o s s  s ec t ion  a long the i r  
lengths ,  a l though v a r i a t i o n s  in d i a m  (15 to 25 ~m) a r e  
o b s e r v e d  f rom f ibe r  to f i b e r .  SEM examina t ion  of the 
f i b e r s  showed a m i c r o s c o p i c a l l y  rough s u r f a c e ,  F ig .  
2, which was not a l t e r e d  by hea t ing  at  high t e m p e r a -  
tu re  (15 min at  1270 K). TEM a n a l y s i s  i nd i ca t ed  that  
the f i b e r s  have a v e r y  fine g r a ine d  s t r u c t u r e  (~0.5 
~zm a v e r a g e  g r a i n  s ize)  and a l m o s t  no i n t e r n a l  p o r e s .  

2. E x p e r i m e n t s  With Sta t ic  Liquid  A l loys  

The  a p p a r a t u s  used  to s tudy the i n t e r a c t i o n  be tween  
continuous f i b e r s  and s t a t i c  l iquid a l l oys  c o n s i s t e d  of 
two s m a l l  r e s i s t a n c e  hea ted  fu rnaces  l oca t ed  in a 
c lo sed  c h a m b e r .  The  lower  fu rnace  was used  to hold 
the mol ten  m e t a l  (~100 cm a) in an a l u m i n a  c r u c i b l e .  
The  upper  fu rnace  was used  to p r e h e a t  the f i b e r s  (as 
ind iv idua l  f i l amen t s  or  bundles) ,  which we re  s t r e t c h e d  
on a C - s h a p e d  a lumina  tube and f i r m l y  he ld  in p l a c e  
with a c e r a m i c  a i r  se t t ing  cemen t .  Th i s  a s s e m b l y  was 
man ipu la t ed  f rom outs ide  the c h a m b e r  in a manne r  that  
that  p e r m i t t e d  con t ro l l ed  i m m e r s i o n  of the f i b e r s  into 
the cons tan t  t e m p e r a t u r e  m e l t s .  P r i o r  to each  ex-  
p e r i m e n t  the s y s t e m  was f lushed  with a rgon  gas .  The 
a l loy  was then me l t ed  and the f i b e r s ,  p r e v i o u s l y  p r e -  
hea ted  to ~1270 K, were  i m m e r s e d  in the m e t a l  ba th  
at  p r e d e t e r m i n e d  r a t e s .  When the ope ra t i on  was com-  
p le ted ,  the m e t a l  was r a p i d l y  so l id i f ied ;  the r e s u l t -  
ing ingot  was then taken out, s ec t ioned  a c c o r d i n g  to 
the i m m e r s i o n  sequence ,  and po l i shed  for  m i c r o  ex-  
amina t ion .  

II .  APPARATUS AND 
EXPERIMENTAL PROCEDURE 

1. M a t e r i a l s  

The  a l l oys  u t i l i zed  in these  e x p e r i m e n t s  we re  p r e -  
p a r e d  in s i tu  f r o m  c o m m e r c i a l l y  pu re  a luminum 
(99.7 pct) ,  m a g n e s i u m  (99.8 pet) and copper  (99.95 
pct) .  

Table I. Summary of Composites Fabricated in the Liquid-Solid Range 

Fibed" Addition Total 
Content Temp. Time Residence 

Run Matrix Alloy* (Vol. pct) (K) (min) Time :~ (min) 

1 A1-4.5 pct Ca 1 910 2 50 
2 A14.5 pct Cu-0.8 pct Mg 2 900 60 75-135 
3 AI-8 pct Mg 1 873 5 60 
4 AI-4 pct Mg 1 903 5 90 
5 A1-2 pct Mg 1 913 5 145 
6 A1-4.5 pct Cu-2 pct Mg 1 890 3 90 
7 AI-2 pct Mg 12 910 35 12-40 
8 AI-4.5 pct Cu-2 pct Mg 14 900 28 20-55 
9 AI-4.5 pct Cu-2 pet Mg 14 900 20 10-30 

*Degassed with N 2 except in run 1-3. Compositions given in wt pct. 
J'Initial fiber length was 3 mm except for run 8 where 6 mm fibers were used. 
STotal time includes the remelting which took 15 to 20 min on the average. 
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3. E x p e r i m e n t s  With S e m i s o l i d  A l l o y s  

The e x p e r i m e n t s  for  f a b r i c a t i o n  of compos i t e  m a t e -  
r i a l s  were  conducted us ing  a l l oys  in the s e m i s o l i d  
s t a t e .  The p r o c e s s  has been  p r e v i o u s l y  d e s c r i b e d  23 
and is  b a s e d  on the u t i l i za t ion  of a v i s c ous  m e t a l  
s l u r r y  p r e p a r e d  by p a r t i a l  so l i d i f i c a t i on  c o n c u r r e n t  
with v igo rous  s t i r r i n g .  

A s c h e m a t i c  i l l u s t r a t i o n  of the a p p a r a t u s  used  i s  
shown in F ig .  3. I t  cons i s t ed  of a m u l l i t e - g r a p h i t e  
c r u c i b l e  ins ide  a r e s i s t a n c e  hea ted  fu rnace  with 
m a x i m u m  o p e r a t i n g  t e m p e r a t u r e  of ~1270 K, and a 
ca rbon  doub l e -b l a de  s t i r r e r  d r i v e n  by a v a r i a b l e  
speed  DC moto r .  The whole a s s e m b l y  was bui l t  on a 
f r a m e ,  which p e r m i t t e d  the s t i r r e r  to be moved v e r t i -  
ca l ly  and be pos i t ioned  p r o p e r l y  ins ide  the c r u c i b l e .  
The c r u c i b l e  had an opening at  the bo t tom which was 
used  to pour  out the m a t e r i a l  a f t e r  p r o c e s s i n g .  

The  a s - r e c e i v e d  A120~ cons i s t ed  of l a rge  lumps  of 
t ang led  f i b e r s ,  and could not be c h a r g e d  as  such into 
the me l t .  The  p r o b l e m  was so lved  by us ing  a v i b r a t i n g  
hopper  with i n t e r n a l  s c r e e n s ,  which was s i t ua t ed  above 
the c r u c i b l e  and d i s c h a r g e d  the s e p a r a t e d  f i b e r s  d i -  
r e c t l y  on top of the me l t .  

The  e x p e r i m e n t s  c a r r i e d  out in th is  p a r t  of the p r o -  
g r a m  a r e  l i s t e d  in Tab le  I .  F o r  each  one the charge  
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a l loy  of the d e s i r e d  compos i t i on  was me l t ed  in an in-  
duct ion o r  r e s i s t a n c e  fu rnace  under  p r o t e c t i v e  a t -  
m o s p h e r e .  A f t e r  deguss ing ,  the m e t a l  was poured  into 
the c o m p o s i t i n g  a p p a r a t u s  where  i t  was  s t i r r e d  and 
s lowly  cooled under  cont inuous flow of a rgon  until  i t s  
t e m p e r a t u r e  r e a c h e d  the d e s i r e d  value  in the l iquid-  
so l id  r ange .  When a s l u r r y  of a p p r o x i m a t e l y  0.5 vol -  
ume f r ac t ion  so l id  was obtained,  the a rgon  flow was 
s topped and the f i b e r s  were  fed as  r a p i d l y  as  p o s s i -  
ble; addi t ion  t i m e s  for  each  e x p e r i m e n t  a r e  l i s t ed  in 
Tab le  I. Subsequent ly ,  the a rgon  flow was r e s u m e d  
while the m e t a l  was r e h e a t e d  to above i t s  l iquidus 
t e m p e r a t u r e  and cas t  th rough  the bo t tom hole in p r e -  
hea ted  g raph i t e  molds .  

Some of the r e s u l t i n g  ingots  conta in ing r a n d o m l y  
o r i en t ed  f i b e r s  were  hot ex t ruded  in o r d e r  to a l ign 
the f i l a m e n t s  in a p a r t i c u l a r  d i r e c t i o n .  

4. M i c r o s t r u c t u r a l  Examina t ion  

The  g e n e r a l  f e a t u r e s  of the m i c r o s t r u c t u r e ,  e .g .  
f ibe r  d i s t r i bu t ion ,  vo lume f r ac t ion  and o r i en ta t ion ,  
m a t r i x  g ra in  s t r u c t u r e ,  second  phase  d i s t r i b u t i o n  and 
f r a c t u r e  s u r f a c e s  we re  s tud ied  us ing  a m e t a l l o g r a p h  
and a Scanning E l e c t r o n  M i c r o s c o p e .  In mos t  c a s e s  
the s a m p l e s  we re  po l i shed  with d iamond compound on 
n a p l e s s  p a p e r  a f t e r  g r ind ing  with 600 g r i t  SiC p a p e r  in 
the n o r m a l  fashion .  

Samp le s  at s e v e r a l  s t a g e s  in the p r o c e s s  were  qua l i -  
t a t i ve ly  and s e m i q u a n t i t a t i v e l y  ana lyzed  us ing  m i c r o -  
p robe  X - r a y  methods .  E l emen t  d i s t r i bu t i on  maps ,  
s t ep  and continuous scanning  p a t t e r n s  through the 
f i b e r s  and t h e i r  s u r r o u n d i n g s  were  obta ined  f rom this  
a p p a r a t u s .  E n e r g y  D i s p e r s i o n  S p e c t r o s c o p y  (EDS) and 
Back  S c a t t e r e d  E l e c t r o n  I m a g e s  (BSEI) were  a l so  used 
with some  s u c c e s s  to examine  the s t r u c t u r e  of the in-  
t e r a c t i o n  zone .  

M i c r o c h e m i s t r y  and E l e c t r o n  Di f f r ac t ion  A n a l y s i s  
were  a t t e m p t e d  on thin f i l m s  of the c o m p o s i t e s ,  us ing  
a JSEM-200  m i c r o s c o p e  equipped for  t r a n s m i s s i o n  
and s c a n n i n g - t r a n s m i s s i o n  work .  P h a s e  iden t i f i ca t ion  
was complemen t ed  with X - r a y  d i f f r a c t o m e t r y  of pow- 
d e r s  obta ined  by c h e m i c a l  d i s so lu t ion  of the m a t r i x  
and gr ind ing  of the r e s i d u a l  f ibe r  m a t e r i a l .  

(u) 

(b) 

III. RESULTS AND DISCUSSION 

A. Processing 

Attempts to incorporate the fibers into static liquid 
alloys (A1-4 pct Mg and 8 pct Mg) were unsuccessful. 
As shown in Fig. 4(a) the originally spaced fibers 
were pushed together into a bundle. In addition to this, 
the melt surface formed a nonwetting meniscus around 
the fibers. Furthermore, the multifilament yarn was 
not infiltrated by the alloys and only the fibers at its 
periphery came into partial contact with the liquid 
melt. These observations are consistent with the non- 
wetting conditions reported for several aluminum al- 
loys near their liquidus temperatures (<980 K). 14 This 
phenomenon has been attributed to the presence of 
oxide films on the melt surface or adsorbed contami- 
nants on the ceramic substrate. Nevertheless, it 
should be mentioned that the fibers located at the 
periphery of a bundle, which were forced to have at 
least partial contact with the melt, eventually de- 

(c) 
Fig. 4--(a) SEM view of A120 a fibers inserted into a com- 
pletely liquid bath of A1-8 pet Mg alloy; the fibers originally 
spaced were pushed together without appreciable infiltration, 
(b) optical photomicrograph showing discontinuous fibers in- 
corporated and dispersed in the originally liquid portion of 
the alloy s lurry,  (c) appearance of the cast composite subse- 
quent to reheating above the liquidus temperature.  
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veloped some  s o r t  of i n t e r a c t i o n  and a p p e a r e d  to be 
jo ined  to the m e t a l .  

Addi t ion  of d i scon t inuous  f i b e r s  to an ag i t a t ed  bath  
of p a r t i a l l y  so l id  a l loy  p roved  to be much m o r e  ef-  
f ec t ive  in p roduc ing  f a i r l y  homogeneous  d i s p e r s i o n s  
of A1203 f i b e r s  bonded to the m a t r i x .  To expla in  th is  
r e s u l t  i t  i s  pos tu l a t ed  that  the f i b e r s  a r e  kept  sub-  
m e r g e d  and d i s p e r s e d  by the ag i ta t ion  and the moving 
p r i m a r y  so l id  p a r t i c l e s  of the s l u r r y ,  F ig .  4(b), unt i l  
they develop  an i n t e r a c t i o n  and bond with the m a t r i x .  
Rubbing f r o m  the m e t a l  p a r t i c l e s  should a id  in d i s -  
rup t ion  of con taminant  f i l m s  that  h inder  in t e rac t ion ,  
and expose  " f r e s h "  A1203 su r f ace  to the l iquid.  F u r -  
t h e r m o r e ,  the f i b e r s  a r e  expec ted  to be brought  into 
c lose  contac t  with the me l t  due to the s t rong  convec-  
t ion induced by the s t i r r i n g .  Suct ion s a m p l e s  taken  
f rom the ba th  ind ica te  that  a f t e r  a r e l a t i v e l y  s h o r t  
t ime  (<10 min) mos t  of the f i b e r s  had i n t e r a c t e d  with 
the me ta l .  

Me ta l l og raph i c  examina t ion  of the a s - c a s t  ingots  
showed a f a i r l y  un i form d i s t r i b u t i o n  of r a n d o m l y  o r i -  
ented f i b e r s  in the f ina l  compos i t e ,  F ig .  4(c), l ead ing  
to the conc lus ion  that  the i n t e r a c t i o n  was enough to 
keep  the f i b e r s  d i s p e r s e d  and wet ted  even a f t e r  r e -  
me l t i ng  of the so l id  p a r t i c l e s  in the s l u r r y .  Only s l ight  
ag i ta t ion  of the comple t e ly  l iquid me l t  was n e c e s s a r y  
to p r even t  s e t t l i ng  of the i n c o r p o r a t e d  m a t e r i a l - d u e  to 
d i f f e r e n c e s  in d e n s i t y - b e f o r e  the c a s t i n g  ope ra t ion .  

Among the p r e s e n t  s h o r t c o m i n g s  of the p r o c e s s  i s  
the b r e a k a g e  of f i b e r s  into s m a l l  s e g m e n t s  (lid < 15) 
that  o c c u r s  du r ing  the i n c o r p o r a t i o n  as  wel l  a s  the ex-  
t r u s i o n  s t ep .  F u r t h e r m o r e ,  i t  was o b s e r v e d  that  l a r g e  
r educ t ions  in a r e a  (>30 : 1) would be n e c e s s a r y  to ob-  
t a in  an a c c e p t a b l e  a l ignmen t  v ia  hot ex t ru s ion .  A 

~bJ I~ 
I I 

(c) 

t~J S ,  

Fig. 5--Typical appearance of interaction zones. (a) SEM 
view of a fiber and its surroundings in an A1-4.5 pet Cu a l -  
loy, (b) 8EM view of the fiber boundary in an A1-4.5 pet Cu 
alloy, (c) "apparent  interaction zones" after long times in 
contact with an A1-4 pet Mg alloy s lurry.  

t h i rd  p r o b l e m  a s s o c i a t e d  with the a p p a r a t u s  i s  the 
e n t r a p m e n t  of gas  through the v o r t e x  f o r m e d  by s t i r -  
r ing ,  which c a u s e s  oxida t ion  and some  p o r o s i t y  in the 
m a t e r i a l  p r o d u c e d .  However ,  i t  i s  be l i eved  that  the 
p r o b l e m s  d e s c r i b e d  above can be o v e r c o m e  by a p p r o -  
p r i a t e  modi f i ca t ions  of the s y s t e m ,  such as  changes  in 
the g e o m e t r y  of the mix ing  c h a m b e r ,  u t i l i za t ion  of 
longer  f i b e r s ,  work ing  under  vacuum and e x t r u s i o n  in 
the p a r t i a l l y  so l id  s t a t e .  Th is  phase  of the i nves t i ga -  
t ion is  p r e s e n t l y  underway and wil l  be r e p o r t e d  in a 
l a t e r  p a p e r .  
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B. In te r face  In te rac t ions  

The ma jo r  cont r ibut ion  of this work has been to show 
that A1203 f ibe r s  can be incorpora ted  in a luminum al -  
loy m a t r i c e s  that were  p rev ious ly  thought to be in-  
appropr ia te  for composi te  f abr ica t ion .  The nonwett ing 
condit ions that no rma l ly  l imi t  the appl icat ion of l iquid 
in f i l t r a t ion  techniques  were not a p rob lem for f ab r i ca -  
t ion in the l iqu id-so l id  range .  Moreover ,  some degree  
of in t e rac t ion  between the f ibe rs  and the m a t r i c e s  oc- 
cu r r ed  in a l l  the al loys inves t iga ted .  If i n t e rac t ions  
a r e  t he rmodynamica l ly  poss ib le ,  even at t e m p e r a t u r e s  
below the l iquidus,  then the diff icul t ies  for i nco rpo ra -  
t ion in the liquid s tate  may be due to slow kine t ics  or 
phys ica l  b a r r i e r s  that p reven t  d i rec t  contact  between 
the cons t i tuen ts .  These  b a r r i e r s  were somehow e l i m i -  
nated dur ing  fabr ica t ion  by the p r e sen t  method and the 
k ine t ics  was ac t iva ted .  

1. Appearance  of the In te rac t ion  Zone.  A common 
fea ture  observed  in a l l  the composi tes  fabr ica ted  is 
the ex is tence  of an in t imate  contact  between the f ibe rs  
and the i r  su r round ings ,  Fig .  5(a) and (b). Another  
c h a r a c t e r i s t i c  usua l ly  found is  the p r e sence  of a 
s igni f icant ly  a l t e red  m i c r o s t r u c t u r e  around the f ibe r s ,  
which he re in  wil l  be r e f e r r e d  to as the " a p p a r e n t  in-  
t e r ac t i on  z o n e . "  This  zone is r ead i ly  identif ied by 
optical  examina t ion .  It no rma l ly  looks i r r e g u l a r  in 
c ros s  sec t ion  and large  va r ia t ions  in its th ickness  a re  
common along the length of a given f iber  as i l l u s t r a t ed  
in  Fig .  5(c).* A sa t i s f ac to ry  explanat ion for this  

*The thick interaction zones shown in this and other micrographs were inten- 
tionally produced by holding the composites in the liquid-solid range for long 
times. Much smaller zones (~1 pm) were obtained with reduced agitation and 
shorter residence time during preparation of high fiber-volume-fraction compo- 
sites. 

phenomenon is  not yet  avai lable ,  but it could be a t t r i -  
buted to s e v e r a l  fac tors :  

a) the in t e rac t ion  may s t a r t  in local ized a r ea s  and 
then spread  l a t e ra l ly  with s imul taneous  r ad ia l  growth, 
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Fig. 6--Average maximum thickness of the "apparen t  inter-  
action zone" as a function of residence time. 

b) the k ine t ics  of the r eac t ions  may be aniso t ropic ,  
and 

c) the gr inding effect of the moving p r i m a r y  solid 
pa r t i c l e s  could induce severe  local ized e ros ion .  

Whatever  the cause ,  the fact is  that f ibe rs  that were 
exposed to the same  condit ions show ve ry  la rge  dif- 
f e r ences  in th ickness  of the " a p p a r e n t  in t e rac t ion  
zone . "  Never the less ,  the average  ma x i mum th ickness  
in a spec imen  was found to depend on r e s i de nce  t ime 
and alloy composi t ion  as shown in Fig.  6. It should be 
noted that some f ibers  which did not show an appre -  
c iable  i n t e rac t ion  Zone (at ~1000 t imes)  were s t i l l  
bonded to the mat r ix ,  indica t ing  that the sur face  r eac -  
t ions r e spons ib le  for wetting a re  not n e c e s s a r i l y  those 
assoc ia ted  with the fo rmat ion  of the " a p p a r e n t  i n t e r -  
act ion zone . "  

2. In t e rac t ions  Between A1203 F i b e r s  and A1-Mg 
Alloys .  Matr ix  al loys of 2, 4 and 8 pct magnes ium 
were used to study the effect of this e l emen t  on the 
in te r face  in t e rac t ions  between a luminum and A1203. 
Since the expe r imen t s  were done with al loys in the 
pa r t i ca l ly  solid s ta te ,  the liquid in which the f ibe rs  
were  incorpora ted  and held was enr iched  in the a l -  
loying e lement .  Liquid composi t ions  of 4.3, 6.4, and 
12.7 pct Mg cor respond ing  to the nomina l  a l loys 2, 4 
and 8 pct Mg, respec t ive ly ,  were calcula ted f rom the 
equ i l i b r ium phase d i ag ram and the p roces s  t e m p e r a -  
t u re s  l i s ted in Table  I. 

Typ ica l  " a p p a r e n t  i n t e rac t ion  z o n e s , "  for A1-Mg/ 
AleO3 composi tes  cons is t  of a mix ture  of d i sc re t e  
dark  pa r t i c l e s  embedded in a l ighter  mat r ix ,  as shown 
in Fig .  5(c). F u r t h e r  examina t ion  of these zones indi -  
cated that: 

a) the da rke r  pa r t i c l e s  dec rea se  in s ize  and become 
fewer as the magnes ium content in the alloy i n c r e a s e s ,  
and 

b) the ma t r ix  in the in t e rac t ion  zone appears  gray ish  
in color in the lower magnes ium content  a l loys and 
yel lowish in the 8 pct Mg alloy.  

Data for the average  max imum th ickness  of the ap- 
pa ren t  in t e rac t ion  zone (x), F ig .  6, seem to fit a r e -  
la t ionship of the type: 

x = a t  n 

where t is the r e s idence  t ime  and a and n a re  posi t ive 
cons tan ts .  Ca lcu la ted  values  of n for the 2, 4 and 8 pct 
Mg were 0.57, 0.59 and 0.38, r e spec t ive ly .  Since the 
i r r e g u l a r  shape of the in t e rac t ion  zones makes  it dif-  
f icult  to a s s ign  a unique value for the th ickness  in a 
p a r t i c u l a r  sample ,  the data in  Fig .  6 r e p r e s e n t  only 
genera l  t r e nds .  Never the le s s ,  the r e l a t ive  pos i t ions  
and s lopes of the l ines  in this  f igure,  and the optical  
obse rva t ions  r epor t ed  above, indicate  the poss ib i l i ty  
of d i f fe rences  in the in t e rac t ion  mechan i sm and p ro -  
ducts between the lower magnes ium content  a l loys and 
the 8 pct Mg alloy.  

A common fea ture  revea led  by mic rop robe  X - r a y  
ana lys i s  was the ex is tence  of a Mg-enr i ched  reg ion  
a round the f ibe r s  as i l l u s t r a t ed  in Fig.  7. Step scan-  
ning ana lys i s  a c r o s s  the f ibe r s  and the i r  su r round ings  
showed a d is t inc t ive  magnes ium peak at the f iber  
boundary .  While s igni f icant  va r i a t i ons  of the re la t ive  
in tens i ty  I / I o  ( i . e . ,  n o r m a l i z e d  f rgc t ion  of counts off 
s tandard)  were  noted around a given f iber ,  as well  as 
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Fig. 7--Elemental  Mg X-ray  map and corresponding line 
scanning pattern for a f iber in an A1-3.8 pct Mg alloy. Note 
the A1 depletion corresponding to the highest Mg peaks. The 
line on the map denotes the approximate scanning path. 

f r o m  f i b e r  to f i b e r ,  m a x i m u m  I / I o  v a l u e s  fo r  a l l  the  
a l l oy  c o m p o s i t i o n s  w e r e  c o n s i s t e n t l y  no ted  at  the  f i b e r  
b o u n d a r y .  In s o m e  c a s e s  t h e s e  m a x i m a  w e r e  a s s o c i -  
a t ed  wi th  a d e p l e t i o n  of a l u m i n u m  be low tha t  of the  
A1203 c o m p o s i t i o n ,  F i g .  7. F u r t h e r m o r e ,  i t  was  found 
tha t  the  M g - r i c h  zone  a r o u n d  the  f i b e r s  p e r s i s t e d  
a f t e r  hea t  t r e a t m e n t  (24 h at 685 K) in the  a l u m i n u m  
s o l i d  so lu t i on  r e g i o n  of the  A1-Mg p h a s e  d i a g r a m ,  
F i g .  8. T h i s  l ed  to the c o n c l u s i o n  tha t  a s t a b l e  r e a c -  
t ion  p r o d u c t  was  r e s p o n s i b l e  fo r  at  l e a s t  p a r t  of the  
m a g n e s i u m  a c c u m u l a t i o n  a t  the  f i b e r - m a t r i x  i n t e r f a c e .  

T h e  " a p p a r e n t  i n t e r a c t i o n  z o n e s "  w e r e  e x a m i n e d  at 
p r o g r e s s i v e l y  h i g h e r  m a g n i f i c a t i o n  v i a  SEM and T E M .  
G e n e r a l  o b s e r v a t i o n s  f r o m  th i s  w o r k  r e v e a l e d  tha t :  

a) t h e r e  i s  i n t i m a t e  con t ac t  b e t w e e n  the  f i b e r s  and 
the  i n t e r a c t i o n  zone ,  

b) the  i n t e r a c t i o n  zone  i s  c o m p o s e d  of m a t e r i a l  
m u c h  f i n e r  in g r a i n  s i z e  than  the  n e i g h b o r i n g  f i b e r  
and m a t r i x ,  and 

c) l a r g e  d i f f e r e n c e s  in m a g n e s i u m  c o m p o s i t i o n  e x i s t  
b e t w e e n  the p a r e n t  p h a s e s  and the  i n t e r a c t i o n  zone ,  
a s  w e l l  a s  wi th in  the  zone  i t s e l f .  

E n e r g y  D i s p e r s i o n  S p e c t r o s c o p y  (EDS) p e r f o r m e d  
on s e v e r a l  l o c a t i o n s  r i g h t  next  to the  AleOs f i b e r  s u r -  
f a c e  g a v e  an A 1 / M g  count  r a t i o  of a p p r o x i m a t e l y  2 : 1. 
T h i s  p h e n o m e n o n  was  v e r y  l o c a l i z e d  a t  the f i b e r  edge ,  
and a l though  m a g n e s i u m  was  d e t e c t e d  t h roughou t  the 
i n t e r a c t i o n  zone ,  o t h e r  l o c a t i o n s  in i t  p r o d u c e d  
s m a l l e r  p e a k s .  

E l e c t r o n  d i f f r a c t i o n  f r o m  a r e a s  in the v i c i n i t y  of the  
f i b e r  showed  the  p r e s e n c e  of f ine  p o l y c r y s t a l l i n e  ~ -  
A1203 in the  i n t e r a c t i o n  zone ,  and i n d i c a t e d  tha t  the  
m a t e r i a l  at  the  f i b e r  edge  ( r i c h e s t  in m a g n e s i u m )  is  
p r o b a b l y  MgA1204 s p i n e l .  T h i s  was  f u r t h e r  s u p p o r t e d  
by X - r a y  d i f f r a c t o m e t r y  of f i b e r s  e x t r a c t e d  f r o m  the  
c o m p o s i t e  a f t e r  r e a c t i o n .  

T h e r m o d y n a m i c  c a l c u l a t i o n s ,  p r e s e n t e d  in T a b l e  II,  
show that  the  f o r m a t i o n  of MgA1204 a t  the  p r o c e s s i n g  

Table II. Free Energy Changes for the Reactions of Interest* 

Nominal Alloy Composition 

Reaction 2 pct Mg 4 pct Mg 
4.5 pct Cu 4.5 pct Cu 

8 pct Mg 4,5 pct Cu 0.8 pct Mg 2 pct Mg 

2[A1] + 3(02) = <A1203> 

[Mg] + 1(O2) = <2VlgO> 

[Cu] + �89 = <CuO> 

2[Cu] + �89 = <Cu20> 

<MgO> + <A12 03> = <MgA12 04> 

[Mg] + 4<.A12 O3> = <SVIgA12 O,> + ~ [A1] 

[Mg] + 2[A1] + 2(02) =<MgA1204> 

3[Mg] + <.A12 Oa> = 3<]VlgO> + 2[AI] 

[Cu] + �89 + <A12 Oa> = <CuA12 O4> 

[Cu] + 2 [ALl] + 2(O~)= <CuAI: 04> 

[Cu] + [A1] + (05)= <CuA102> 

<CuAlO~> + �89 0~> + 1(0~) = <CuA|~ 0 , >  

-1388 -1391 

--508 -509 

-1401 -1388 -1391 -1394 

-512 -467 -478 

-29 -32 -33 

-13 

-28 -28 -28 -28 -28 

-39 -43 -52 -31 -41 

-1888 -1915 -1962 -1886 -1900 

-33 -46 -73 

-30 -32 -33 

-1467 -1423 -1427 

-756 

-16 

*AG T in KJ/mole, calculated from data in Refs. 24-26. 
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Fig. 8--Elemental Mg X-ray map and corresponding line 
scanning pattern for a fiber in an A1-2 pct Mg alloy after heat 
treatment (24 h at 685 K). The line on the map denotes the 
approximate scanning path. 

t e m p e r a t u r e s  is poss ib le  f rom any of the following 
r eac t ions  :* 

*Symbols: <solid>, (gas), [in solution]. 

<MgO) + <AI2Os> = <MgAI204) [I] 

[Mg] + 4/3 <A1203> = <MgA1204> + 2/3 [At] [2] 

[Mg] + 2[A1] + 2(02) = <MgA1204). [3] 

Although sp ine l  can form by r eac t ion  of A1203 and 
M g O - p r o d u c e d  f rom d i rec t  oxidation of magnes ium in 
the m e l t - t h i s  p roces s  is thought to be k ine t ica l ly  
slow because  it involves  a solid s tate  reac t ion .  On the 
other hand, MgA1204 could form at the expense of 
A12Os in the f iber ,  following React ion [2]. In this case 
the r eac t ion  product  is expected to fo rm a continuous 
layer  on the f iber  su r face  and grow by a diffusion 
m e c h a n i s m .  This  would change the na ture  of the s u r -  
face and may well  be the phenomenon r e spons ib l e  for 
the in i t i a l  wett ing of the f ibe r s .  However,  it is  be-  
l ieved that the product ion  of sp ine l  f rom this source  
is somewhat  l imited,  s ince  the sur face  of the f ibe rs  
did not appear  heavily reac ted  or degradated,  even 
a f te r  long r e s idence  t imes  (~2 h). On the other  hand, 
Reac t ion  [2] could p r e f e r e n t i a l l y  take place with the 
f iner  A1203 r e su l t i ng  f rom oxidation of the mel t .  This  
p roces s  r e q u i r e s  the p r e sence  of oxygen and is equi-  
valent  to Reac t ion  [3], which may occur  within the 

melt ,  where  the f ibe rs  could provide a sui table  sub-  
s t ra te  for the growth of the a lumina te .  Avai lab i l i ty  of 
oxygen is not cons idered  a l imi ta t ion  s ince the equi- 
l i b r i um pa r t i a l  p r e s s u r e  of oxygen (p O~ for React ion 
[3] is of the o rde r  of 10 "~~ The vigorous agi tat ion in-  
t roduces  enough gas bubbles  to keep the pO2 ins ide  the 
melt  above this  level .  Whatever  the mechan i sm,  val -  
ues of the s t andard  free e n e r g i e s  and ac t iv i t i es  at 
equ i l i b r ium indicate  the ex is tence  of a la rge  dr iv ing  
force  for sp ine l  formation,  which i n c r e a s e s  with in-  
c r e a s i n g  magnes ium content.  

It should be ment ioned that the o c c u r r e n c e  of 
MgAlzO4 (17 pct Mg) is not suff icient  to explain some 
of the m e a s u r e d  high I/Io values  like that shown in 
Fig.  7. The re fo re ,  it  can be a s sume d  that a s ignif icant  
amount  of some compound r i c h e r  in Mg, such as  MgO 
(~61 pct Mg) or poss ib ly  nonequ i l ib r ium ~-Al~Mg5 (36 
pct Mg) is a lso p re sen t  in the in t e rac t ion  zone.  

The fine po lycrys ta l l ine  A1203 noted nea r  the f iber  
boundary  could have fo rmed  by d i rec t  oxidation of the 
melt ,  and c lus te red  around the f ibers  in o rder  to r e -  
duce the sur face  energy  of the d i spe r s ion .  This  i n t e r -  
act ion s e e ms  ve ry  l ikely cons ide r ing  the high proba-  
b i l i ty  of col l i s ion between the di f ferent  pa r t i c l e s  su s -  
pended in  the s t i r r e d  mel t .  

T h e r m o d y n a m i c  ca lcula t ions  indicate  that the for-  
mat ion of A120~, MgO and MgA1204 are  l ikely to be 
competi t ive p r o c e s s e s .  However,  in the low mag- 
nes ium alloys,  fo rmat ion  of MgA1204 is ene rge t i ca l ly  
more  favorable .  On the other hand, at some mag- 
n e s i u m  concen t ra t ion  between 4 and 8 pet (in the bulk 
alloy) the MgO becomes  more  s table  than the A1203 as 
indicated by the equ i l i b r ium act ivi ty  of magnes ium* 

*Values of equilibrium a M g  a r e  0.135 and 0.040 for nominal alloy compositions 
of 4 and 8 pct respectively. The calculated activities of magnesium in the enriched 
liquid were 0.018 and 0.050 respectively. 

for the r eac t ion  

3[Mg] + <A1203) = 3<MgO> + 2JAil. [4] 

These calculations could explain the changes in ap- 
pearance of the interaction zone with alloy composition 
reported earlier in this section. The absence of the 
dark AleO3 particles and the much favored formation 
of MgAl204 and MgO in the 8 pct Mg alloy would ac- 
count for the observed difference in the appearance 
and thickness of the interaction zone, 

3. Interactions Between A1203 Fibers and AI-Cu 
Alloys .  An alloy containing 4.5 pct Cu was used to in-  
ves t igate  in t e rac t ions  between A120~ f ibe rs  and the 
A1-Cu b ina ry  sys t em.  The calcula ted composi t ion of 
the enr iched  liquid (for Expe r imen t  1, Table  I) cor-  
r e spond ing  to the p roces s  t e m p e r a t u r e  of ~910 K was 
approximate ly  8 pct Cu. 

As in the case of the A1-Mg al loys the " a p p a r e n t  
in te rac t ion  z one "  is composed of a fine mul t iphase  
ma te r i a l ,  Fig.  9(a), and v a r i e s  in c ros s  sec t ion  along 
the length of each f iber .  However,  the m e a s u r e d  thick- 
ness  of the zone was l a rge r  than that of the A1-Mg al -  
loys at equivalent  t imes ,  see Fig.  6, and a wider  d i s -  
t r ibu t ion  in the data was noted. 

A Back Scat te red  E lec t ron  Image of the f iber  in Fig .  
9(a) is shown in Fig.  9(b), where  it  is  evident that the 
in t e rac t ion  zone conta ins  a d i s c r e t e  C u - r i c h  "whi te  
p h a s e "  embedded in a cont inuous Cu-deple ted  gray 
phase.  In addition, a large number  of black pa r t i c l e s ,  
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p r e s u m a b l y  A1203, a r e  a l s o  n o t e d  a r o u n d  t he  f i b e r s  of 
F ig .  9(a) .  

D i f f e r e n t i a l  e t c h i n g  t e c h n i q u e s  w e r e  u s e d  to d e t e r -  
m i n e  t h e  p o s s i b i l i t y  of  m e t a l l i c  p h a s e s  o c c u r r i n g  in  
t he  i n t e r a c t i o n  zone .  W h i l e  the  e x i s t e n c e  of CuA12 an d  
s m a l l  a m o u n t s  of a n  i r o n  r i c h  p h a s e ,  p r o b a b l y  Cu2FeA17, 
w a s  e s t a b l i s h e d  in  t h e  m a t r i x  of the  c o m p o s i t e ,  on ly  
m i n o r  a m o u n t s  of b o t h  p h a s e s  w e r e  n o t e d  in  t h e  i n t e r -  
a c t i o n  z o n e ,  b u t  t h e i r  s i z e  and  s h a p e  w e r e  v e r y  d i f f e r -  
en t  f r o m  the  m o r p h o l o g y  of t h e  " w h i t e  p h a s e "  s h o w n  
in F i g .  9(b).  F u r t h e r m o r e ,  t he  b u l k  of t h e  i n t e r a c t i o n  

(c) 

(a) 

(b) 

Fig. 9--Typical  " a p p a r e n t  in te rac t ion  zones"  of A1203 f ibe rs  
in an A1-4.5 pct  Cu mat r ix .  (a) Optical pho tomic rograph  
showing the p r e s e n c e  of a mul t iphase  ma te r i a l  around the 
f ibe r ,  (b) back s ca t t e r ed  e lec t ron  image of the f iber  in (a) .  
The white a r e a s  indicate  c o p p e r - r i c h  phases ;  note the d i f fe r -  
ence in morphology between the white pa r t i c l e s  in the i n t e r -  
act ion zone and those in the mat r ix ,  (c) in te rac t ion  zone af te r  
heat  t r ea tmen t .  
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Fig. 10- -Elementa l  Cu X - r a y  map and cor respond ing  l ine-  
scanning pa t t e rn  for  a f iber  in an A1-4.5 pct  Cu ma t r ix  com-  
pos i te  (as cast) .  The line on the map denotes the approximate  
scanning path. 
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zone e i ther  did not respond  to the etchants  used or 
showed a di f ferent  colora t ion  than the second phases  
in the m a t r i x  of the composi te .  There fore ,  it was con-  
cluded that the C u - r i c h  "whi te  phase"  was di f ferent  
f rom the i n t e r m e t a l l i c  compounds noted above. 

Microprobe  X - r a y  ana lys i s  was pe r fo rmed  on s a m -  
ples  of this composi te  in the a s - c a s t  and heat t rea ted 
(24 h at 800 K) condit ions.  In the case  of the fo r me r ,  
the e lementa l  copper map shows a d i s t inc t  a cc umul a -  
tion of this a l loying e lement  around the f iber ,  Fig. 10. 
Unlike the case  of the A1-Mg al loys,  the d i s t r ibu t ion  
is i r r e g u l a r  due to the p r e sence  of fa i r ly  large Cu-  
r i ch  c lu s t e r s  in the in t e rac t ion  zone.  Severa l  copper 
peaks r ang ing  in I/Io values  f rom 0.10 to 0.20 were 
detected a c r o s s  the in t e rac t ion  zone of the a s - c a s t  
ma te r i a l ;  however,  in con t ras t  to the A1-Mg al loys 
the l a rges t  peak does not n e c e s s a r i l y  occur  at the 
f iber  boundary .  Examina t ion  of the sample  af ter  heat 
t r e a t m e n t  r evea led  that the copper en r i chmen t  had 
d i sappeared  and only r e s i d u a l  copper peaks (I/Io f rom 
0.03 to 0.08) were obtained, Fig,  11. It was also noted 
that although the copper content  in the in t e rac t ion  zone 
dec reased  to a lmos t  the ma t r ix  level,  the a luminum 
content i n c r e a s e d  only to an in t e rmed ia t e  value.  Since 

no ma jo r  impur i ty  in the meta l  could account  for this  
phenomenon,  the d i sc repancy  was a sc r ibed  to the 
p r e s e n c e  of a large amount  of oxygen in this  region .  

BSE Images  taken f rom the samples  before  and 
af ter  heat t r ea tmen t ,  F ig .  9(b) and (c), show the d i s -  
appearance  of most  of the f iner  "whi te  p h a s e "  f rom 
the in t e rac t ion  zone.  However,  some second phase 
pa r t i c l e s  a re  s t i l l  obse rved  within this reg ion  and the 
ma t r ix .  This  r e m a i n i n g  second phase is probably  com- 
posed of undissolved CuA12 and s table  i r o n - r i c h  com- 
pounds.  In spite of the change in chemica l  compos i -  
t ions of the in t e rac t ion  zone, i ts  opt ical  appearance  
and s ize was not a l t e red  by the heat t r ea tmen t ,  Fig.  
12(a) and (b). The obse rva t ions  d i scussed  above indi-  
cate that compounds of the oxide type ins tead  of i n t e r -  
me ta l l i c s  a re  most  l ikely r e spons ib le  for the ap- 
pea rance  of the in t e rac t ion  zone.  

Examina t ion  of thinned spec imens  in t r a n s m i s s i o n  
e l ec t ron  mode again showed the ex is tence  of an in-  
t imate  bond between the f ibe r s  and the su r r ound ing  
ma t e r i a l .  EDS spot ana lys i s  revea led  that at leas t  
two d is t inc t  phases  were  p r e se n t  at the f iber  boundary .  
F i r s t ,  a s igni f icant  por t ion  of each f iber  sur face  was 
in contact with a C u - r i c h  phase which was also ob- 
s e rved  throughout the in t e rac t ion  zone.  The second 
phase,  detected in l imi ted  amounts  r ight  next to some 
of the f iber  g ra ins  and ex tens ive ly  throughout the in-  
t e rac t ion  zone, was identif ied as very  fine a-A1203 
f rom an e l ec t ron  di f f ract ion r i n g - p a t t e r n .  

The main  hypothesis  examined to explain the p r e s -  
ence of the C u - r i c h  "white  p h a s e "  in the in t e rac t ion  
zone was the poss ib le  format ion  of a copper a lumina te  
f rom any of the following r eac t ions :  

[Cu] + 1/2 (OJ + <A1203> = < C u A I 2 0 4 >  [5] 

[Cu] + 2 [A1] + 2 ( O J  = (CuA1204) [6] 

[ C u ]  + tAIl + ( 0 2 )  = <C~I02) [7] 
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Fig. l l - -Elemental  Cu X-ray map and corresponding ine- 
scanning pattern for a fiber in an A1-4.5 pct Cu matrix com- 
posite after heat treatment (24 h at 800 K). The line on the 
map denotes the approximate scanning path. 

which have negat ive free ene rg ie s  at the p r o c e s s i n g  
t e m p e r a t u r e  of ~910 K, see Table  II. 

As in the case of the magnes ium spinel ,  some 
cupr ic  a lumina te  could form at the expense of the 
A1203 in the f iber  accord ing  to React ion [5], or form 
d i r ec t ly  in the mel t  and grow on the f iber  sur face  ac-  
cording to React ion [6]. In e i ther  case,  this  would ac-  
count for the different  morphology of the f iner  Cu- 
r i ch  phase in the in te rac t ion  zone and the p r e sence  of 
a luminum in this phase detected by EDS. F u r t h e r m o r e ,  
it was calculated that CuA1204 is  uns table  at the heat 
t r ea t ing  t e m p e r a t u r e  (AGs00 K > 0) and should decom-  
pose into A1203 and CuO. The CuO in t u rn  may be r e -  
duced by the a luminum to meta l l i c  copper which would 
then diffuse into the matr ix ,  leaving more  A12Oa be-  
hind. This  is cons is ten t  with the observed  migra t ion  
of copper away f rom the f iber  dur ing  the heat t r ea t -  
ment ,  and the lack of change in the optical  appear -  
ance of the in t e rac t ion  zone. F o r m a t i o n  of the cuprous 
a lumina te  CuA102, accord ing  to React ion I7] is a lso 
t he rmodynamica l ly  poss ib le ,  but this product  is  less  
s table  than the C uA1204.24 

The dif ferent  hypotheses out l ined above a re  not 
mutual ly  exclus ive ,  and it is poss ib le  that both oxides 
and meta l l i c  phases  a re  p r e se n t  in  the in t e rac t ion  
zone.  Since the fo rmat ion  of copper a lumina te  at the 
expense of A1203 in  the f iber  is  feas ib le  in the oxygen- 

706-VOLUME 9A, MAY 1978 METALLURGICAL TRANSACTIONSA 



(a) 
r 

(b) 
Fig. 12--Optical photomicrographs of "apparent interaction 
zones" in (a) A1-4.5 pet Cu alloy as cast, (b) same after 24 
h at 800 K, (c) A1-4.5 pet Cu-0.8 pet Mg as cast. 

s a t u r a t e d  mel t ,  th is  may  account  for  the su r f ace  
changes  that  induced wet t ing.  However ,  no c o m p r e -  
hens ive  explana t ion  r e g a r d i n g  the na tu re  and k ine t i c s  
of th is  m e c h a n i s m  is  ava i l ab l e  at  th is  t i m e .  

4. I n t e r a c t i o n s  in the A1-Cu-Mg/A1203 Sys t em.  
Addi t ions  of 0.8 and 2 pet  Mg to an A1-4.5 pc t  Cu a l loy  
we re  used  to s tudy the combined  effect  of t he se  two 
e l e m e n t s  on the i n t e r f a c e  i n t e r ac t i ons  between A1203 
f i b e r s  and a luminum m e l t s .  

The main  ef fect  of the m a g n e s i u m  was to s ign i f i -  
cant ly  r educe  the extent  of i n t e r a c t i o n  o b s e r v e d  in 
the  A1-Cu s p e c i m e n s .  Th i s  i s  ev ident  f rom the photo-  
m i c r o g r a p h s  of F ig .  12(a) and (c), where  the addi t ion 
of 0.8 pc t  Mg has  s u p p r e s s e d  mos t  of the th ick  "ap- 

p a r e n t  i n t e r a c t i o n  z o n e "  which was c h a r a c t e r i s t i c  of 
the A1-4.5 pc t  Cu m a t r i x  compos i t e .  I t  should be men-  
t ioned that  the r e s i d e n c e  t ime  of the f i b e r s  in the 
A1-Cu-Mg mel t  was much longer  than that  in the b i -  
n a r y  a l loy (Runs No. 1 and No. 2 in Tab le  I). F u r t h e r -  
m o r e ,  the g e n e r a l  t r e n d  for  the deve lopmen t  of the in-  
t e r a c t i o n  zone as  a function of t ime  in the A1-4.5 pct  
Cu-2  pc t  Mg a l loy  was d i f fe ren t  f rom the equiva lent  
b i n a r y  A1-4.5 pc t  Cu and A1-2 pct  Mg m a t r i c e s  a s  i l -  
l u s t r a t e d  in F ig .  6. 

E l e m e n t a l  X - r a y  maps  for  Mg and Cu again  showed 
p r e f e r e n t i a l  accumula t ion  of these  e l e m e n t s  at  the 
f i be r  boundary ,  F ig .  13. Even  though the s p e c i m e n  in 
th is  f igure  contained 0.8 pc t  Mg, peaks  with I/Io va lues  
above 0.10 were  de t ec t ed  in the i m m e d i a t e  v ic in i ty  of 
the f i b e r .  As  in the case  of the ind iv idua l  addi t ions ,  
the M g - r i c h  zone de t ec t ed  by X - r a y  a p p e a r e d  cont inu-  
ous while the copper  map  r e v e a l e d  a m o r e  l oca l i z ed  
concen t ra t ion  of th is  e l e m e n t .  E x a m i n a t i o n  of heat  
t r e a t e d  (24 h at  800 K) s p e c i m e n s  of the t e r n a r y  a l -  
loy compos i t e  by m i c r o p r o b e  X - r a y  a n a l y s i s  and 
BSEI, F i g s .  13 and 14, showed an i m p o r t a n t  d i f f e r -  
ence be tween this  a l loy  and the b i n a r y  A1-4.5 pc t  Cu 
a l loy .  Whi le  mos t  of the nonequ i l ib r ium second  p h a s e s  
(i.e., CuA12 and CuMgA12) .of the m a t r i x  d i s s o l v e d  d u r -  
ing the hea t  t r e a t m e n t ,  a thin C u - r i c h  r i n g  was lef t  
a round  the f i b e r .  Th is  o b s e r v a t i o n  was fu r the r  v e r i -  
f ied  by m i c r o p r o b e  scan  of th is  r eg ion .  The r e m a i n -  
ing second  p h a s e s  in the m a t r i x  of F ig .  14 a r e  p r o b a -  
b ly  i r on  r i c h  compounds  or  und i s so lved  nonequ i l i b r ium 
second  p h a s e s .  

T h e r m o d y n a m i c  a n a l y s i s  of the p o s s i b l e  i n t e r a c t i o n s  
in the t e r n a r y  a l loys  was a t t emp ted  by a s s u m i n g  that  
the a c t i v i t i e s  of copper  and m a g n e s i u m  in a luminum 
a r e  not a f fec ted  by the p r e s e n c e  of each  o the r .  The  
r e s u l t s  ind ica te  that  the f o r m a t i o n  of CuA1204 a n d / o r  
CuO wi l l  be h inde red  by the addi t ion  of Mg which 
would p r e f e r e n t i a l l y  r e a c t  with Oz to fo rm MgA1204 
a n d / o r  MgO. F u r t h e r m o r e ,  the lower  p r o c e s s i n g  
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(a) (b; 

(c~ (d) 
Fig. 13--Elemental Cu and Mg X-ray maps showing the effect of heat treatment on the relative distribution of alloying elements 
around fibers in an A1-4.5 pct Ca-0.8 pct Mg matrix composite; (a) and (c) Cu and Mg respectively, before heat treatment, (b) 
and (d) Cu and Mg respectively, after heat treatment. 

t e m p e r a t u r e  used in the case of the t e r n a r y  a l loys  is  
expected to have a pronounced effect on the d r iv ing  
force for the fo rmat ion  of copper a lumina te ,  which be-  
comes  ni l  at ~885 K, see Table  II. The s m a l l e r  
amount  of copper r i ch  phase observed  around the fi-  
b e r s  in the A1-Cu-Mg al loys could thus be explained.  

On the other  hand, CuA1204 is expected to become 
unstable  at the heat t r ea t ing  t e m p e r a t u r e  and should 
decompose into A12Oa and CuO. However,  when mag-  
n e s i u m  is  p r e sen t  the more  stable MgA120~ product  
could form around the ex is t ing  CuA1204 pa r t i c l e s ,  
thereby  c rea t ing  a b a r r i e r  for the outward diffusion 
of copper.  Th i s  hypothesis  and the poss ib le  effect of 
magnes ium on the diffusion coefficient  of copper,  e s -  
pec ia l ly  in the m a g n e s i u m - e n r i c h e d  zone around the 
f ibe rs ,  could account  for the s lower  homogeniza t ion  
k ine t ics  of copper obse rved  in the t e r n a r y  sys t em.  

5. Mechanica l  Behavior  of the In t e r f aces .  The de-  
s i r ab i l i t y  of an oxide or sp ine l  bond in A12Oa-metal 
m a t r i x  composi tes  has been pointed out by s e v e r a l  ino 
ves t iga to r s ,  as d i scussed  e a r l i e r .  Mic roexamina t ion  

of the in t e rac t ion  zones in a luminum alloy-A1203 
f iber  composi tes  produced in the p a r t i a l l y - s o l i d  s tate  
indica ted  that  compounds of the oxide type were  p r e s -  
ent at the f iber  boundary.  Examples  of the f r ac tu re  
su r faces  of t ens i l e  spec imens  of an A1-2 pct Mg/12 
vol  pct  f iber  and an A1-4.5 pct Cu-2  pct Mg/14 vol pct  
f iber  composi te  a re  shown in  Fig.  15. The gene ra l  
f indings f rom examina t ion  of the f r ac tu red  sur faces  
a re  s u m m a r i z e d  below: 

a) no major  d i f ferences  were observed  between the 
heat t rea ted  and a s - ex t ruded  spec imens  of the same 
composite;  

b) some  f iber  " p u l l - o u t "  occu r r ed  in al l  the s a m -  
ples ,  but the fa i lu re  appeared  to be through the meta l  
and not the in ter face ,  as indicated by the conical  
cav i t ies  with the r ippled su r faces  in  F i g s .  15(a) and 
(b); 

c) apparent ly  more  " p u l l - o u t "  occu r red  in the A1- 
2.pct Mg m a t r i x  composi te ,  as  expected f rom the 
lower s t reng th  of the matr ix ;  

d) in some places ,  where the f iber  ends were ex- 
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(a) (b) 
Fig. 14--B.S.E. images of fibers and their surroundings in an A1-4.5 pet Cu-0.8 pct Mg; (a) before heat treatment, (b) after 
24 h at 800 K. Note the disappearance of the matrix second phase but the retention of a finer Cu rich phase around the 
fibers after treatment. 

posed  at the su r face ,  i t  appears  that the m a t r i x  
s h e a r e d  away f r o m  the f ibe r  ends, l eav ing  me ta l  ad- 
he rences ;  an example  of this  is shown in Fig .  15(d). 

These  compos i t e s  had in t e rac t ion  zones  in the range  
of 1 g m  or  l e s s  and not the thick l a y e r s  d i s c u s s e d  in 
the p rev ious  sec t ions .  Since in mos t  c a se s  the f a i lu re  
s e e m s  to occur  t h r o u g h - t h e - m a t r i x ,  i t  is  concluded 
that under the p r e s e n t  conditions ( tensi le  s t r eng ths  of 
200 to 380 MPa) the i n t e r f ace s  were  s t rong  enough to 
p e r m i t  the t r a n s f e r  of loads.  However ,  the effect  of 
the shor t  length ( l / d ~  15) and misa l ignmen t  of the 
f i b e r s  did not p e r m i t  a t rue  e s t ima t ion  of the bond 
s t rength .  

IV. CONCLUSIONS 

I) Homogeneous dispersions of A1203 fibers were 
obtained by adding them to agitated, partially-solid 
slurries of AI-Mg, A1-Cu and AI-Cu-Mg alloys. The 
fibers appeared wetted and bonded to the matrix in the 
final composite product. It is postulated that the 
fibers added to the metal slurries were kept dis- 
persed by the agitation and the moving primary solid 
particles until they developed some sort of interac- 
tion with the matrix. Incorporation and wetting were 
thus readily achieved even in alloy systems that nor- 
mally exhibit a nonwetting behavior. 

2) Attempts to incorporate the fibers into static 

(a) (b) 
Fig. 15--SEM views of fracture surfaces in Al-matrix composites. (a) A1-4.5 pct Cu-2 pct Mg/14 vol pct fiber, (b), (c), and 
(d) A1-2 pct Mg/12 vol pct fiber. 
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(c) 

Fig. 15-Continued. 
(d] 

baths of the a l loys  above the i r  l iquidus t e m p e r a t u r e s  
were  unsuccess fu l .  

3) M i c r o s c o p i c  examina t ion  of the compos i t e s  p r e -  
pa r ed  r e v e a l e d  the ex i s t ence  of a s igni f icant ly  a l t e r e d  
m i c r o s t r u c t u r e  around the A1203 f i be r s  which cons i s t s  
of a fine mul t iphase  m a t e r i a l .  F e a t u r e s  common to al l  
the s t r u c t u r e s  were  the ex i s t ence  of an in t imate  bond, 
the absence  of voids at the f ibe r  boundary and the 
p r e s e n c e  of fine po lyc rys t a l l i ne  ~-A1203 in the i n t e r -  
act ion zone.  The ave rage  max imum th ickness  of this 
" a p p a r e n t  i n t e r ac t i on  z o n e "  depends on r e s i d e n c e  

t ime  and al loy composi t ion .  No changes in the d imen-  
s ions  and opt ica l  appearance  of the in t e rac t ion  zone 
were  obse rved  a f te r  heat  t r e a t m e n t  of the c o m p o s i t e s .  

4) In t e rac t ions  between A1203 f ibe r s  and A1-Mg a l -  
loys r e s u l t e d  in the fo rma t ion  of a M g - r i c h  reg ion  
around the f i be r s  which was r e t a ined  dur ing heat  
t r e a t m e n t .  Th is  is a t t r ibu ted  to the p r e s e n c e  of 
MgA1204 and MgO at the f ibe r  boundary in addit ion to 
ot-A1203. Changes  in appearance  of the i n t e r ac t ion  
zone were  o b s e r v e d  for  d i f fe ren t  magnes ium contents  
in the al loy.  

5) In t e rac t ions  in the A1-Cu s y s t e m  produced a d i s -  
t inc t ive  accumula t ion  of copper  around the f i b e r s .  The  
copper  occu r s  in the fo rm of d i s c r e t e  p a r t i c l e s  of a 
C u - r i c h  phase which d i s appea r s  with heat  t r e a t m e n t .  
It is sugges ted  that CUA1204 may be p r e s e n t  along with 
a-A12Oa and poss ib ly  CuAI2 in the in t e rac t ion  zone.  

6) Addit ion of sma l l  amounts  of magnes ium to the 
A1-Cu al loy s igni f icant ly  r educed  the extent  of i n t e r -  
ac t ion  obse rved .  Both magnes ium and copper  en r i ch -  
ments  around the f iber  were  de tec ted  in this  case ,  but 
as opposed to the A1-Cu mat r ix ,  the C u - r i c h  phase  
was s t i l l  p r e sen t  at the f ibe r  boundary a f te r  heat  t r e a t -  
ment .  E x p e r i m e n t a l  obse rva t ions  indicate  that 
MgA1204, ~-AlzO3 and poss ib ly  CuA1204 coex is t  in the 
in t e rac t ion  zone.  

7) The r e s u l t s  of this study sugges t  that a compound 
of the a lumina te  type may f o r m  on the f iber  su r face  
and provide  the r e q u i r e d  bond with the su r round ings .  
This  r eac t i on  will  be enhanced in the p r e s e n c e  of 
oxygen which is  in t roduced  by the v igorous  agi ta t ion 
dur ing  the fabr i ca t ion  step.  

8) Examina t ion  of f r a c t u r e  s u r f a c e s  of the c o m -  
pos i t e s  r e v e a l e d  that in gene ra l  the f a i lu re  was not at 
the in t e r f ace  but r a t h e r  by p las t ic  flow of the m a t r i x  
around the f i be r s .  
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