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I. ALLOY STRENGTHENING BY FINE OXIDE PARTICLE DISPERSIONS 

A .  - Oxide Dispers ion  I ron  - Be0 Allovs 

The complete processing and ex t rus ion  of t h e  f i v e  i r o n  - bery l l ium a l l o y  powders 

has  been completed. 

l i q u i d  m e l t s ,  i n  an  i n e r t  gas  atmosphere, us ing  vacuum melted materials. The f i v e  

a l l o y s  are l i s t e d  i n  Table I, i n  weight percent  bery l l ium,  atom percent  bery l l ium,  and 

( a n t i c i p a t e d )  volume percent  B e O ,  assuming complete conversion of t h e  bery l l ium t o  BeO. 

The s t a r t i n g  powders were produced by a tomiza t ion  of t h e  appropr i a t e  

TABLE I 

Composition of Fe-Be Alloys 

Alloy No. B e ,  w t .  % Be, a t .  % B e O ,  v o l .  % 

1 0.11 0.68 0.8 

2 0.43 2.6 3.0 

3 0.45 2.7 3 .2  ( con ta ins  4.65% N i )  

4 0.70 4 .2  4.9 

5 0.96 5.7 6.7 

Two methods of i n t e r n a l  ox ida t ion  were t r i e d  on t h e s e  f i v e  a l l o y s .  The r e s u l t s  

are summarized i n  Table 11. A l l  o r  p a r t  of a l l o y s  1 t o  4 were t r e a t e d  as -44 micron 

powders, and i n t e r n a l l y  oxidized i n  t h a t  condi t ion .  A s  r epor t ed  i n  ear l ier  progress  

r e p o r t s ,  t h e  -44 micron powders could be i n t e r n a l l y  oxid ized  i n  a s a t i s f a c t o r y  manner. 

TABLE I1 

Processing of Fe-Be Alloy Powders 

Al loy  No. -44 micron powder -1 micron, a t t r i t e d  
- 1 X 

2 X x, f l a k e  

3 X 

4 X x ,  f l a k e  

5 - x, granu la r  

- 

Half of a l l o y s  2 and 4 were comminuted t o  sub-micron f l a k e s  by an a t t r i t e r  technique. 

The a l l o y s  worked down t o  t h i s  f i n e  f l a k e  s i z e  wi thout  undue d i f f i c u l t y .  They were sub- 

sequent ly  checked by e l e c t r o n  t ransmiss ion  techniques  and found t o  be about 0.2 micron 

th i ck .  A l l  of a l l o y  5 ,  t h e  h ighes t  beryl l ium content  a l l o y ,  w a s  converted by a t t r i t e r  

techniques  i n t o  submicron powder. 

t o  be more g r a n u l a r ,  presumably because of t h e  b r i t t l e n e s s  a s soc ia t ed  wi th  t h e  h igh  

bery l l ium content .  Thermodynamic c a l c u l a t i o n s  ind ica t ed  t h a t  t h e r e  w a s  l i t t l e  chance 

of being a b l e  t o  conver t  t h e  bery l l ium t o  bery l l ium oxide  by i n t e r n a l  ox ida t ion  through- 

I n  t h i s  case, t h e  material  d i d  no t  f l a k e ,  bu t  tended 
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o u t  t h e  th i ckness  of a 44 micron powder when t h e  bery l l ium composition was near  1 weight 

pe rcen t .  

I n t e r n a l  ox ida t ion  of t h e  -44 micron a l l o y s ,  as w e l l  a s  of t h e  f l a k e  m a t e r i a l s ,  w a s  

c a r r i e d  ou t  by exposure t o  a hydrogen - water vapor atmosphere s e l e c t e d  t o  o x i d i z e  

be ry l l i um b u t  no t  i r o n .  

c a r e f u l l y  spaced, v e r t i c a l l y  s tacked ,  layers of powder about 1/4-inch th i ck .  

took  p l a c e  a t  82OOC f o r  42 hours  a t  an H20/H 

t h e  H 0 / X 2  r a t i o  t o  form FeO is  about 0.5 

The coa r se r  powders were exposed t o  t h e  H O/H atmosphere i n  2 2  
Oxidat ion 

r a t i o  of 0.3 t o  0.4. A t  t h i s  temperature ,  2 

2 
The sub-micron, a t t r i t e d  powders were arranged i n  a muff le  furnace  s o  t h a t  t h e  gas  

f low had t o  pas s  through t h e  powder mass. 

aluminum oxide  d i s c s ,  wi th  pores  of about 5 micron diameter .  By c a r e f u l  arrangement 

The loose  powders were supported on porous 

of t h e  powders, channeling of t h e  gas  stream w a s  avoided. Uniform exposure of t h e  f i n e  

powders t o  t h e  t o t a l  g a s  flow w a s  achieved wi th  p re s su re  drops of 3 mm of mercury. 

One p o r t i o n  of t h e  sub-micron s i zed  number 5 a l l o y  ( . 9 6 %  B e ) ,  w a s  t r e a t e d  i n  a 

d i f f e r e n t  way, namely, by means of a modified SAP technique.  The n a t u r a l  i r o n  oxide  

which had formed on t h e  f i n e  powder during a t t r i t i o n  w a s  permit ted t o  d i s s o l v e  i n t o  t h e  

powder by holding i t  a t  820°C i n  argon fo r  about 18 hours.  

Semi-quant i ta t ive  a n a l y s i s  of t h e  powders by s o l u t i o n  and e x t r a c t i o n  techniques  

i n d i c a t e d  f u l l  i n t e r n a l  ox ida t ion  of t h e  bery l l ium,  except  i n  t h e  case of t h e  number 5 

a l l o y  t r e a t e d  v i a  t h e  SAP technique.  

w a s  ox id ized  t o  BeO. 

I n  t h e  l a t t e r  case, about  1 / 2  of t h e  bery l l ium 

Because t h e r e  i s  f a i r l y  abundant evidence t h a t  r e s i d u a l  base  metal ox ides  i n  

d i spe r s io r !  s t recgthened  a l loys  adverse ly  a f f e c t  t h e  h igh  temperature  s t a b i l i t y  of t h e  

a l l o y s ,  every  p recau t ion  w a s  taken t o  reduce t h e  presence of i r o n  oxide.  Even t h e  

t h i n n e s t  i r o n  oxide  f i l m s  on t h e  sub-micron f l a k e  powders are  expected t o  c o n t r i b u t e  

up t o  2 weight percent  of i r o n  oxide t o  t h e  a l l o y .  

Accordingly,  t h e  p repa ra t ion  procedures which were e s t a b l i s h e d  considered every 

p o s s i b l e  p recau t ion  t o  prevent  exposure o r  re-exposure of t h e  t r e a t e d  powders t o  an 

ox id iz ing  atmosphere. 

hydrogen a t  about 500°C f o r  pe r iods  up t o  48 hours  t o  reduce i r o n  oxide.  

t h e  pyrex tube  assembly w a s  s ea l ed  o f f  i n  such a way t h a t  r e s i d u a l  hydrogen was r e t a ined .  

The assembly w a s  t r a n s f e r r e d  t o  a s topper-sealed s teel  tube  con ta ine r  arrangement,  which 

had p rev ious ly  been eva lua ted  and purged wi th  hydrogen. 

by pouring through a completely c losed  system, a f t e r  which t h e  assembly w a s  t i g h t l y  

s e a l e d  t o  provide f i n a l  p ro t ec t ion .  

F i r s t  t h e  powders (-44 micron o r  -1 micron) were t r e a t e d  i n  d r y  

Af t e r  r educ t ion ,  

Powder t r a n s f e r  w a s  accomplished 

The powders were mechanical ly  compacted i n  t h e s e  cans  a t  a p r e s s u r e  of about 

P r i o r  t o  t h e  compaction s t ep ,  t h e  cans were evacuated by i n s e r t i n g  a 50,000 p s i .  

hypodermic needle  through t h e  rubber stoppered ends. 

serve as seals dur ing  t h e  compaction and af te rwards .  The d e n s i t i e s  of t h e  compacts 

These same rubber  s toppe r s  a l s o  



- 3 -  

v a r i e d  from about 70 t o  75 percent  of t h e o r e t i c a l .  

The canned compacts were next  i n se r t ed  i n t o  l a r g e r  s teel  con ta ine r s ,  which were 

then  end-welded. 

e x t r u s i o n  p r e s s ,  

d i c a t e s  t h a t  t h e  ex t rus ions  were a l l  successfu l .  

This  w a s  t h e  f i n a l  assembly b u i l t  up t o  f i t  t h e  c a v i t y  of t h e  

The a l l o y s  have a l l  been ho t  extruded.  Pre l iminary  examination in-  

Over t h e  next  several months, t h e  extruded Fe - Be0 a l l o y s  w i l l  be  examined f o r  

s i z e  and d i s t r i b u t i o n  of Be0 p a r t i c l e s ,  i n t e r p a r t i c l e  spacing,  and s t a b i l i t y  wi th  

r e s p e c t  t o  temperature  f o r  one hour holding t i m e s ,  up t o  about 900OC. 

i n a r y  tests are necessary  t o  q u a l i f y  t h e  material f o r  mechanical tests. 

These prel im- 

B. Oxide Dispers ion  Strengthened Copper-A1 0 by t h e  SAP Technique 2 3  

A series of fou r  a l l o y s  were prepared by l i q u i d  a tomiza t ion  t o  produce powders of 

approximately -44 microns diameter.  The compositions are as fol lows:  

1. 99 copper - 1 aluminum 

2. 97 copper - 3 aluminum 

3.  92.5 copper - 7.5 aluminum 

4 .  
A l l  of t h e  materials have now been a t t r i t e d  t o  a very  f i n e  f l a k e  powder, t h e  

79 copper - 20 n i c k e l  - 1 aluminum 

th i ckness  of which i s  ind ica t ed  t o  be  about 0.2 micron. Laboriously,  t e n  pounds of 

powder have been produced f o r  each of  t hese  compositions.  

As i n d i c a t e d  i n  p r i o r  r e p o r t s ,  t h e  a i m  of t h e  program i s  t o  produce i n t e r n a l l y  

oxid ized  material by two d i f f e r e n t  techniques.  E i t h e r  of t h e s e  techniques  i s  f a r  

more s imple  than  i n t e r n a l  ox ida t ion  along convent iona l  r o u t e s ,  which r e q u i r e  a low 

p res su re  oxygm source  gene ra l ly  suppl ied by t h e  decomposition of copper oxide  a t  t h e  

i n t e r n a l  ox ida t ion  temperature.  I f  coarse  powders, t h i n  s t r i p ,  o r  w i r e  is t o  be in-  

t e r n a l l y  oxid ized ,  t h e r e  is  always t h e  problem of  supplying j u s t  enough oxygen t o  

p e n e t r a t e  h a l f  t h e  c r o s s  s e c t i o n  t o  oxid ize  a l l  of t h e  aluminum t o  almiinum oxide,  

wi thout  l eav ing  e i t h e r  r e s i d u a l  oxygen i n  t h e  copper,  o r  excess  aluminum i n  t h e  copper. 

Because copper i s  r e a d i l y  i n t e r n a l l y  oxidized,  t h e  process  can be s i m p l i f i e d  very  much 

by working wi th  exceedingly t h i n  f l a k e s ,  which would n e c e s s i t a t e  ve ry  s h o r t  ho ld ing  

t i m e s  a t  r e l a t i v e l y  low temperatures  t o  accomplish i n t e r n a l  ox ida t ion .  

One h a l f  of each a l l o y  powder is  undergoing hydrogen r educ t ion  as t h e  only  treat- 

ment. 

however, some small amount of oxygen w i l l  accomplish sha l low i n t e r n a l  ox ida t ion .  

s u r f a c e  aluminum oxide w i l l  be  t h e  prime source  of t h e  d i spe r so id .  

Any copper oxide  on t h e  s u r f a c e  of t h e  f i n e  f l a k e s  w i l l  be  reduced back t o  copper;  

The 

The r e s u l t a n t  a l l o y  

w i l l  be  a copper s b l u t i o n  conta in ing  a small amount of aluminum, wi th  an aluminum ox ide  
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‘d ispers ion .  

The second ha l f  of t h e  powdered a l l o y s  i s  undergoing t rea tment  a t  about 65OOC i n  

an argon atmosphere. 

o x i d a t i o n  by conversion of aluminum t o  aluminum oxide.  

p r a c t i c a l l y  a l l  of t h e  aluminum w i l l  b e  converted t o  aluminum oxide;  however, i n  t h e  

h igh  aluminum oxide a l l o y s  t h e r e  w i l l  be  some aluminum remaining i n  so lu t ion .  

The s u r f a c e  copper oxide w i l l  be  consumed t o  provide i n t e r n a l  

I n  t h e  more d i l u t e  a l l o y s ,  

The two sets of a l l o y s  w i l l  d i f f e r  s i g n i f i c a n t l y ,  both i n  t h e  amount of aluminum 

oxide  and i n  t h e  amount of aluminum remaining i n  s o l i d  s o l u t i o n .  

t h e r e  be  an  excess  of oxygen o r  copper oxide.  

In  n e i t h e r  case w i l l  

Depending on t h e  success  of t h e  oxida t ion  t r ea tmen t s ,  a t  some l a t e r  d a t e  i t  may 

be  d e s i r a b l e  t o  supply a d d i t i o n a l  oxygen, from whatever source  one choses ,  t o  completely 

conver t  aluminum t o  aluminum oxide.  

The major source  of d i f f i c u l t y  i n  the  p repa ra t ion  of t h e s e  a l l o y s  i s  t h e  tendency 

f o r  t h e s e  h i g h l y  r e a c t i v e  sub-micron powders t o  be contaminated by oxygen from t h e  

atmosphere, and thcreby t o  in t roduce  s i g n i f i c a n t  amounts of copper oxide  i n t o  t h e  a l l o y .  

Even small  amounts of copper oxide are expected t o  be de t r imen ta l  t o  t h e  p r o p e r t i e s  

of t h e  a l l o y s .  

and f a c i l i t i e s  f o r  t h e  handl ing of t h e s e  ve ry  f i n e  powders t o  avoid r eox ida t ion  a f t e r  

t h e  i n t e r n a l  ox ida t inn  t rea tments .  Progress  has  been slow and pa ins tak ing ,  b u t  i t  

appears  t h a t  success  i s  being achieved i n  t h e  p r o t e c t i o n  of t h e s e  powders from t h e  

atmosphere. It i s  a n t i c i p a t e d  t h a t  ex t rus ion  of t h e  powders w i l l  t ake  p l a c e  i n  t h e  next  

fou r  t o  e i g h t  weeks. 

Accordingly,  extreme precaut ions  have been taken t o  dev i se  equipment 

C .  Chromium Oxide Control  i n  Oxidation Res i s t an t  - Oxide Dispers ion  Strenpthened Al loys  

It i s  t h e  i n t e n t  of t h i s  phase of our program t o  determine t h e  r o l e  played by 

r e s i d u a l  chromium oxide i n  ox ida t ion  r e s i s t a n t  a l l o y s  of t h e  s t a i n l e s s  v a r i e t y .  

specula ted  t h a t  t h e  presence of t h e  non-refractory,  r e a d i l y  decomposable chromium oxide  

l e a d s  t o  a n  u n s t a b i l i z a t i o n  of t h e  otherwise s t a b l e  thorium oxide  d i spe r so id .  

n a t i v e l y ,  i t  h a s  been proposed t h a t  chronium i t s e l f  may be  a b l e  t o  i n t e r a c t  wi th  thorium 

oxide ,  l ead ing  t o  p a r t i a l  r educ t ion  of thorium oxide.  Both hypotheses  w i l l  be checked. 

It is 

A l t e r -  

A f t e r  l a c k  of success  wi th  d i f f u s i o n  couples  involv ing  s t a i n l e s s  materials con- 

t a i n i n g  reactive elements i n  con tac t  w i t h  thor ia -d ispers ion-s t rengthened  s t a i n l e s s  steels, 

i t  w a s  decided t h a t  more in t ima te  mixtures  of  chromium oxide  and t h o r i a  i n  s t a i n l e s s  

s tee l  would have t o  be produced. 

Avai lab le  t o  t h e  program were a number of s t a i n l e s s  a l l o y s  i n  powder form, of a n  

average  powder s i z e  of 10 microns. 

g e n e r a l l y  showed about 5 weight percent  chromium oxide ,  due e n t i r e l y  t o  t h e  l a r g e  s u r f a c e  

These s t a i n l e s s  mater ia ls  had been analyzed and 
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. To s tudy  t h e  e f f e c t  of chromium oxide c o n t e n t ,  t h e s e  s t a i n l e s s  s t e e l  powders w i l l  

be  sub jec t ed  t o  hydrogen reduct ion  a i m e d  a t  l eav ing  a s e r i e s  of smaller r e s i d u a l  chromium 

oxide  con ten t s  i n  t h e  matr ix .  

t hen  b e  canned and extruded t o  provide the f i n a l  samples  f o r  eva lua t ion  of a l l o y  

s t a b i l i t y  . 

These s t a i n l e s s  steels, conta in ing  about 5% t h o r i a ,  w i l l  

D i f f i c u l t i e s  have been encountered i n  ba lanc ing  t h e  r educ t ion  c y c l e  a g a i n s t  

s i n t e r i n g  e f f e c t s ,  

r educ t ion ,  excess ive  s i n t e r i n g  t akes  p lace ,  l ead ing  t o  entrapped pores  and entrapped 

chromium oxide  p a r t i c l e s  which can no longer  be  contac ted  by t h e  hydrogen. 

h igh  tempera ture  reduct ion  w i l l  be  attempted. 

I f  lower temperatures and longer  t i m e s  are u t i l i z e d  f o r  t h e  

Short-t ime, 

Fu r the r ,  as i n  t h e  case wi th  t h e  copper a l l o y s ,  t h e  reduced material must no t  be 

re-exposed t o  t h e  atmosphere, because t h i s  w i l l  l e a d  t o  r eox ida t ion  of t h e  material. 

A new furnace  and reduct ion  system has been b u i l t  which w i l l  permit  t rea tment  of 

Heating t o  t h e  powders and subsequent canning without re-exposure t o  t h e  atmosphere. 

temperature ,  probably 12OO0C, w i l l  be done a t  h igh  rates,  so t h a t  s h o r t  r educ t ion  

t i m e s  can be  u t i l i z e d .  

product ion  of compacts f r e e  of chromium oxide.  

This  w i l l  minimize t h e  amount of s i n t e r i n g ,  and may permit  

The e n t i r e  furnace  and reduct ion  sys t em are undergoing t r i a l  wi th  convent iona l ,  

coa r se  s t a i n l e s s  steels, t o  e s t a b l i s h  the e f f i c i e n c y  of  t h e  system. 

D. I n t e r n a l  Oxidation of Thin Nickel-Aluminum F o i l s  

I n  t h e  p a s t ,  i t  has  been extremely d i f f i c u l t  t o  produce s u i t a b l e  oxide d i s p e r s i o n s  

by i n t e r n a l  ox ida t ion  of d i l u t e  n i c k e l  a l loys .  

r e l a t i v e l y  coa r se  (500 - 1000 A vs. about 100 A i n  copper-base a l l o y s ) ,  and r e s u l t a n t  

p r o p e r t i e s  are r e l a t i v e l y  poor. 

I n e v i t a b l y ,  the oxide  d i s p e r s i o n  is  
0 0 

Based on r e c e n t  i n t e r n a l  ox ida t ion  s t u d i e s  of l a r g e r  c r o s s  s e c t i o n s  (1/2 mm o r  

t h i c k e r ) ,  i t  w a s  observed t h a t  a much f i n e r  ox ide  d i s p e r s i o n  e x i s t s  i n  a t h i n  o u t e r  

l a y e r  of t h e  specimen. 

i n  n i c k e l ,  through i n t e r n a l  ox ida t ion ,  which may b e  as f i n e  as 50 - 100 A. I f  t h i s  

could be done, d i spe r s ion  s t rengthened n i c k e l  base  a l l o y s  would be expected t o  show 

v a s t l y  h ighe r  h igh  temperature s t r e n g t h  va lues  than  those  achieved c u r r e n t l y  by TD 

n i c k e l ,  o r  similar a l l o y s .  

s tud ied  t o  e s t a b l i s h  t h e  minimum oxide par t ic le  s i z e  which can be produced. 

On t h i s  b a s i s ,  it may be  p o s s i b l e  t o  produce oxide  p a r t i c l e s  
0 

For t h i s  reason,  t h i n  n i c k e l  - aluminum f o i l s  are being 

Evidence a l s o  e x i s t s  t h a t  t h e r e  a r e  s m a l l  bu t  important  e l a s t i c  s t r a i n  f i e l d s  

around t h e  oxide  p a r t i c l e s ,  even though coherency may not  e x i s t .  These s t r a i n  f i e l d s  

should be a s i g n i f i c a n t  f a c t o r  i n  t h e  u l t ima te  s t r e n g t h  of t h e  a l l o y  i t s e l f .  
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The n i c k e l  - aluminum f o i l s  have been reduced t o  1 5  - 20 microns th ickness ;  t h e s e  

f o i l s  w i l l  be  i n t e r n a l l y  oxidized a t  550, 600, 650, and 700OC. These temperatures  are 

cons ide rab ly  lower than  those which have been used i n  t h e  p a s t  t o  i n t e r n a l l y  o x i d i z e  

n i c k e l  - aluminum powders, which were gene ra l ly  -44 microns i n  s i z e .  

E lec t ron  t ransmiss ion  microscopy w i l l  be  t h e  prime method of s tudying t h e  s i z e  and 

d i s t r i b u t i o n  of t h e  oxides  :n t h e  f o i l .  

f o i l s  i s  n o t  planned; p lans  f o r  mechanical t e s t i n g  are defer red  u n t i l  such t ime as  t h e  

d e s i r e d  s t r u c t u r e s  can be produced. 

For  t h e  moment, mechanical t e s t i n g  of t h e s e  

The work on nickel-aluminum and nickel-beryl l ium a l l o y s  has  been completed, and 

This work w a s  concerned wi th  r e l a t i v e l y  t h i c k  a t e c h n i c a l  r e p o r t  i s  being prepared.  

s e c t i o n s ,  i n  which one of t h e  items o f  i n t e r e s t  was t h e  change i n  s i z e  and d i s t r i b u t i o n  

of t h e  oxide  wi th  depth of pene t r a t ion .  A much wider temperature  range w a s  u t i l i z e d  i n  

t h i s  program than  those  l i s t e d  above, p r imar i ly  i n  o rde r  t o  decrease  t h e  i n t e r n a l  oxi-  

d a t i o n  t i m e s  necessary  t o  achieve t h e  r a t h e r  l a r g e  depths  which w e r e  sought.  

E. Modes of Deformation and F rac tu re  i n  Oxide Dispersed Metal Systems 

Af te r  cons iderable  prel iminary experimentat ion,  a n  ox ida t ion  t rea tment  w a s  s e l e c t e d  

f o r  t h e  i n t e r n a l  ox ida t ion  of t h e  1 /8  inch t h i c k  cold r o l l e d ,  d i l u t e  copper - aluminum 

a l l o y s .  

composing a t  t h e  same temperature;  t h e  t i m e  a t  temperature  w a s  about 400 hours .  Metal- 

log raph ic  s t u d i e s  ind ica t ed  t h a t  a r e l a t i v e l y  f i n e  d i spe r so id  w a s  p re sen t ,  however, t h e  

shape of t h e  p a r t i c l e s  tended t o  be s p h e r i c a l  r a t h e r  than  geometr ica l ,  r a i s i n g  susp ic ions  

as t o  t h e  adequacy of the i n t e r n a l  ox ida t ion  t reatment .  

A temperature  of 65OOC w a s  s e l ec t ed ;  t h e  oxygen source w a s  copper oxide  de- 

Af t e r  f a i r l y  ex tens ive  stress rup tu re  t e s t i n g  a t  650°C, i t  w a s  observed t h a t  t h e  

s t r e n g t h  va lues  of t h e  a s - i n t e r n a l l y  oxidized material  were r e l a t i v e l y  poor. 

working of t h e  1/8 inch  t h i c k  s t r i p s  a t  room temperature ,  a f t e r  i n t e r n a l  ox ida t ion ,  

d id  n o t ,  un fo r tuna te ly ,  i nc rease  t h e  s t r e n g t h  va lues  s i g n i f i c a n t l y .  

Cold 

Subsequently,  test specimens of a 50% co ld  worked s t r u c t u r e  w e r e  exposed for 

per iods  of one hour a t  increas ing  temperatures ,  us ing  a 50% cold worked pure  copper 

sample as a r e fe rence ;  both materials r e c r y s t a l l i z e d  a t  about 300OC. 

from t h e s e  r e s u l t s  t h a t  something had gone wrong i n  t h e  processing and ox ida t ion  of 

t h e  Cu-A1 s h e e t  materials. Af te r  cons iderable  double-checking, i t  now appears  t h a t  

t h e  a l l o y s  were over-oxidized. 

c e n t e r  of t h e s e  r e l a t i v e l y  t h i c k  s e c t i o n s  t o  accomplish t o t a l  i n t e r n a l  ox ida t ion  of t h e  

aluminum, i t  appears  t h a t  a r e s i d u a l  of oxygen w a s  l e f t  i n  t h e  a l l o y  a t  65OoC, l ead ing  

t o  p r e c i p i t a t i o n  of copper oxide on cooling t o  room temperature.  The presence  of t h i s  

s i g n i f i c a n t  amount of copper oxide has  l ed  t o  an  u n s t a b i l i z a t i o n  of t h e  aluminum 

oxide  d i s p e r s i o n ,  l ead ing  t o  poor mechanical p r o p e r t i e s  a t  650OC. 

It w a s  ev ident  

By wai t ing  t o o  long f o r  oxygen t o  p e n e t r a t e  t o  t h e  
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New Lots  of material are being processed t o  avoid t h e  over-oxidat ion of t h e  body 

so  t h a t  copper oxide  w i l l  be  avoided. 

t h e  r e s u l t s  look s a t i s f a c t o r y .  

t h e s e  materials t o  p rogres s ive ly  h igher  temperatures  are c u r r e n t l y  under way t o  

e s t a b l i s h  t h e  s t a b i l i t y  of t h e  a l l o y  and i t s  r e s i s t a n c e  t o  r e c r y s t a l l i z a t i o n ,  

The f i r s t  samples have now been completed, and 

Hardness tests a t  room temperature  a f t e r  exposure of 

F igure  1 shows t h e  stress r u p t u r e  t e s t  a t  650°C f o r  t h e  earlier copper - aluminum 

a l l o y s ,  both i n  t h e  a s - i n t e r n a l l y  oxidized cond i t ion  and a f t e r  va r ious  amounts of co ld  

work. It is  evident  t h a t  t h e  s t r e n g t h  va lues  i n  t h e  i n t e r n a l l y  oxid ized  cond i t ion  are 

only  f a i r ;  co ld  working has  improved them a l i t t l e .  

Current  and Future  A c t i v i t i e s  

During t h e  y e a r  1967, ex tens ive  mechanical t e s t i n g  and eva lua t ion  w i l l  be  tak ing  

p l a c e  i n  t h r e e  of t h e  programs. 

materials f o r  t h e  test .  Precaut ions  were taken ,  probably beyond normal, t o  avoid 

recontaminat ion of t h e  va r ious  a l l o y  systems a f t e r  reducing t h e  matrix m e t a l  ox ides ,  

which are always non-refractory.  It is  c l e a r  t h a t  t h e s e  p recau t ions  are necessary  i f  

one i s  t o  avoid extraneous e f f e c t s  on mechanical behavior ,  a l l o y  s t a b i l i t y ,  etc. 

Progress  w i l l  remain s l o w  on t h e  program t o  c o n t r o l  chromium oxide  i n  t h e  oxide d i s p e r s i o n  

s t rengthened  s t a i n l e s s  steels. 

proper  ba lance  between our  a b i l i t y  t o  reduce t h e  chromium oxide ,  and y e t  avoid s i n t e r i n g  

so  t h a t  r educ t ion  can be q u i t e  complete. 

Considerable t i m e  has  been spent  i n  prepar ing  t h e  

Many pre l iminary  tests would be  r equ i r ed  t o  s t r i k e  t h e  

11. THE SPLAT COOLING PROCESS FOR ALLOY DEVELOPMENT 

A. Development of Continuously Operating Atomization Uni t s  f o r  Larger  Sca le  Powder 
Product ion 

The cont inuous shock wave gene ra to r  descr ibed  i n  t h e  prev ious  r e p o r t  has  been under- 

going f u r t h e r  t e s t i n g ;  a series of low melt ing a l l o y s  has  been atomized and t h e  powder 

cha rac t e r i zed .  

a f t e r  s o l i d i f i c a t i o n  on a r a p i d l y  r o t a t i n g  quench p l a t e .  

and t h e  p a r t i c l e  s i z e  va lues  c l e a r l y  i n d i c a t e  t h e  p o t e n t i a l  f o r  pound-lot production. 

The p a r t i c l e s  were co l l ec t ed  e i t h e r  a f t e r  s o l i d i f i c a t i o n  i n  f l i g h t  o r  

Both t h e  q u a n t i t i e s  atomized 

I n  a d d i t i o n  t o  t h i s  u n i t ,  two new approaches are under i n v e s t i g a t i o n .  One method 

p u l v e r i z e s  molten metal i n  a resonance chamber. 

creates a l o c a l  p r e s s u r e  drop i n  f r o n t  of a nozz le  and cont inuous ly  a s p i r a t e s  molten 

metal f o r  a tomiza t ion .  

frequency gas  pu l ses  i n  t h e  resonance chamber; dur ing  t h i s  process ,  t h e  p a r t i c l e s  

remain l i q u i d ,  as i s  des i red .  The resonance frequency i s  c o n t r o l l a b l e  and de f ines  t h e  

s i z e  of t h e  molten metal p a r t i c l e s  which a r e  generated.  F a s t  quenching and c o l l e c t i o n  

A high  speed gas  stream i n  t h e  chamber 

The l i q u i d  metal is broken up i n t o  f i n e  p a r t i c l e s  by t h e  h igh  
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of t h e  p a r t i c l e s  are similar t o  t h e  arrangements used wi th  t h e  continuous shock wave 

g e n e r a t o r ,  i . e . ,  t h e  molten d r o p l e t s  are de l ive red  e i t h e r  t o  t h e  quench p l a t e  f o r  r a p i d  

l i q u i d  quenching ( s p l a t  cool ing)  o r  a f t e r  s o l i d i f i c a t i o n  i n  f l i g h t .  A pro to type  model 

of t h e  u n i t  has  been b u i l t  and i s  being operated exper imenta l ly  t o  e s t a b l i s h  ope ra t ing  

cond i t ions  and c o n t r o l s .  

h igh  p r e s s u r e  (5-10,000 p s i )  through a small diameter  o r i f i c e .  The o r i f i c e  is  v i b r a t e d  

mechanical ly  i n  a l a t e ra l  d i r e c t i o n  a t  high f requencies .  

h igh  v e l o c i t y  metal stream i n t o  s m a l l  p a r t i c l e s  which are c o l l e c t e d  as descr ibed  f o r  

t h e  case of t h e  o t h e r  two processes.  A u n i t  of t h i s  type  i s  p r e s e n t l y  under design.  

It is  hoped t o  produce powders i n  t h e  next month o r  two. 

I n  t h e  second appara tus ,  molten m e t a l  i s  forced  ou t  under 

This  v i b r a t i o n  breaks up t h e  

B. Alloy S tud ie s  

1. Decomposition of Supersaturated A1-Si Alloys 

The e l e c t r o n  microscopic s tudy of the  p r e c i p i t a t i o n  of S i  from supe r sa tu ra t ed  

aluminum a l l o y s  (up t o  11 atomic percent  S i )  r epor t ed  p rev ious ly  has  been concluded, 

An independent check of t h e  p r e c i p i t a t i o n  k i n e t i c s  i n  bulk  specimens by X-ray d i f -  

f r a c t i o n  i s  p r e s e n t l y  being conducted. The la t ter  i s  regarded as of s p e c i a l  i n t e r e s t  

because a n  ear l ie r  s tudy  of t h e  p r e c i p i t a t i o n  of S i  from A1-Si a l l o y s  showed an  in-  

crease of t h e  l a t t i ce  parameter of aluminum over  t h a t  of t h e  equi l ibr ium va lue  a t  a 

c e r t a i n  e a r l y  s t a g e  of p r e c i p i t a t i o n ,  i n d i c a t i n g  t h a t  r e s i d u a l ,  unrecovered l a t t i c e  

s t r a i n s  were p resen t .  By obta in ing  precise k i n e t i c  d a t a  i n  t h e  p re sen t  s tudy ,  i t  w i l l  

be  p o s s i b l e  t o  s e p a r a t e  t h e  s t r a i n  con t r ibu t ion  t o  t h e  prev ious  l a t t i c e  parameter 

measurements and t o  eva lua te  t h e  r e s i d u a l  s t r a i n s  q u a n t i t a t i v e l y .  

2. D e n d r i t i c  Spacing i n  S p l a t  Cooled Aluminum Alloys 

I n  s t u d i e s  of s p l a t  cooled A1-Si a l l o y s ,  t h e  e x i s t e n c e  of a d e n d r i t i c  s t r u c t u r e  

w a s  observed i n  t h e  t h i c k e r  s e c t i o n s  of  t he  f o i l s .  This  s t r u c t u r e  appears  i n  t h e  

form of d e n d r i t i c  rods ,  o r  p l a t e s  w i th  a th i ckness  of 1000-1500 A, o r  as s m a l l  cells  

of t h e  same diameter .  

p r e c i p i t a t e d  s i l i c o n  p a r t i c l e s  due t o  the  slower cool ing  a t  such po in t s .  

X-ray measurements i n d i c a t e  t h a t  on average no more than  1 - 2 atomic pe rcen t  Si 
(out  of 11 percen t  i n  t h e  melt)  p r e c i p i t a t e d  due t o  t h e  s l i g h t l y  slower quench. 

Experiments made wi th  o t h e r  aluminum a l l o y s  (Al-Fe, A1-Cu, A1-Pd) show t h e  same rod 

and c e l l  d e n d r i t i c  s t r u c t u r e s .  

a l l o y s  are w i t h i n  t h e  Same order  of magnitude. 

could n o t  be  determined, bu t  t h e  l i t e r a t u r e  i n d i c a t e s  t h a t  t h e  e f f e c t  should b e  q u i t e  

small. 

0 

The walls of t h e  p la tes  and ce l l s  are de l inea ted  by many s m a l l  

P a r a l l e l  

The dendr i t e  spac ings  f o r  a l l  t h e s e  s p l a t  cooled 

The e f f e c t  of s o l u t e  concen t r a t ion  
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It i s  known t h a t  t h e  spacing of dendr i t e s  i s  some func t ion  of t h e  degree of super- 

# cool ing;  s i n c e  t h e  e x t e n t  of supercooling depends on t h e  ra te  of cool ing ,  one can 

expect  a r e l a t i o n s h i p  between d e n d r i t i c  spacing and cool ing  rates.  

i s  a s t r a i g h t  l i n e  when p lo t t ed  on log-log coord ina te s ,  and has  been r epor t ed  i n  

t h e  l i t e r a t u r e  f o r  cool ing  rates up t o  about lo3 o r  l o 4  'C/sec. 

of lo7 - lo8 'C/sec, based on d i r e c t  measurements and c a l c u l a t i o n s ,  w e  f i n d  t h a t  our  

v a l u e s  f a l l  on t h e  ex t r apo la t ed  curve based on t h e  lower cool ing  rates. 

s m a l l  scatter of t h e  d e n d r i t e  spacing va lues ,  corresponding t o  small v a r i a t i o n s  i n  

coo l ing  rates i n  d i f f e r e n t  specimens and wi th in  t h e  same s p l a t  owing t h e  d i f f e r e n c e s  

i n  th i ckness  and t h e  q u a l i t y  of thermal con tac t  between s p l a t  and s u b s t r a t e .  

on t h e s e  d a t a ,  d e n d r i t e  spacing can be used t o  measure cool ing  ra tes ,  which would be 

a very  d e s i r a b l e  r e s u l t ;  complicated phys ica l  measurements can then  be  circumvented. 

The r e l a t i o n s h i p  

Assuming cool ing  ra tes  

There i s  a 

Based 

3 .  A1-Cu, A 1 - N i ,  and Other Binary Systems 

The X-ray de termina t ion  of t h e  metas tab le  s o l u b i l i t y  limits of Cu, N i ,  Mn, Fe, 

Co, Pd, and Ag i n  aluminum has  been continued. Both l a t t i c e  parameters  s h i f t s  and t h e  

appearance of a n  X-ray p a t t e r n  of t h e  second phase are being used t o  determine t h e  

s o l u b i l i t y  l i m i t .  

I n  t h e  aluminum - n i c k e l  system a m a x i m u m  s o l u b i l i t y  of 5 atomic percent  N i  ha s  

been observed, b u t  i s  n o t  c o n s i s t e n t l y  reproducib le .  The cause of t h i s  i ncons i s t ency  

has  no t  been determined; i t  could be due t o  inhomogeneity of t h e  a l l o y s  used i n  making 

t h e  s p l a t s ,  d i f f e r e n t  cool ing  rates i n  d i f f e r e n t  s p l a t  f o i l s ,  o r  t o  some contaminat ion 

of t h e  specimens. Five percent  s o l u b i l i t y  r e p r e s e n t s  an i n c r e a s e  over  t h e  maximum 

equ i l ib r ium s o l u b i l i t y  by a f a c t o r  of 150. 

S imi l a r  problems a l s o  appear i n  the  aluminum - i r o n  system. The b e s t  s o l u b i l i t y  

recorded so  f a r  i s  3 atomic percent  i r o n  i n  aluminum. The p rev ious ly  r epor t ed  m a x i m u m  

s o l u b i l i t y ,  w i th  extremely h igh  cool ing rates, w a s  approximately 0.4 atomic pe rcen t  i ron .  

The maximum equ i l ib r ium s o l u b i l i t y  repor ted  was approximately 0,l atomic percent  i r o n  

a t  655OC. 

m a x i m u m  s o l u b i l i t y  by a f a c t o r  of 7.5 and an  i n c r e a s e  over t h e  equi l ibr ium s o l u b i l i t y  

by a f a c t o r  of 30. 

Hence, t h e  s p l a t  technique has r e s u l t e d  i n  an  i n c r e a s e  over  t h e  prev ious  

I n  the aluminum - magnesium system, t h e  X-ray p a t t e r n s  i n d i c a t e  t h a t  t h e  maximum 

metas t ab le  s o l u b i l i t y  l i e s  between 6 and 8 atomic pe rcen t  Mn. 

r epor t ed  a maximum s o l u b i l i t y  of 4.7 atomic percent  o r  6 .7 ' t imes  t h e  m a x i m u m  equ i l ib r ium 

s o l u b i l i t y  of 0.7 atomic percent  Mn. 

Other i n v e s t i g a t o r s  have 

The maximum s o l u b i l i t y  of Pd i n  aluminum appears  t o  l i e  between 7 and 10 atomic 

percent  Pd. 

aluminum w a s  t o o  s m a l l  t o  be measured by t h e  r e l a t i v e l y  i n s e n s i t i v e  techniques  of  X-ray 

a n a l y s i s .  I n v e s t i g a t i o n  of t h i s  system is  hampered by t h e  r a p i d  ox ida t ion  of t h e  a l l o y  

Previous i n v e s t i g a t o r s  repor ted  t h a t  t h e  equ i l ib r ium s o l u b i l i t y  of Pd i n  
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G h i l e  molten i n  t h e  s p l a t  machine furnace  due t o  t h e  hjrgh mel t ing  temperatures.  

The s o l u b i l i t y  of Co achieved i n  aluminum i s  a t ,  or above, 3 a t o n i c  percent  Co. 

The equ i l ib r ium s o l u b i l i t y  repor ted  f o r  Co i n  aluminum i s  approximately 0.04 atomic 

pe rcen t  a t  657OC, y i e l d i n g  a s o l u b i l i t y  inc rease  by a f a c t o r  of  75. 

p o i n t s  of A1-Co a l l o y s  i n  t h e  reg ion  of i n t e r e s t  i n c r e a s e  s t e e p l y  wi th  inc reas ing  Co 

concen t r a t ion .  

h ighe r  temperature  c a p a c i t y  than  is  c u r r e n t l y  a v a i l a b l e .  

The mel t ing  

Alloys wi th  s t i l l  h ighe r  percentages of Co r e q u i r e  a furnace  wi th  a 

I n  t h e  A1-Ag system, i t  has  no t  y e t  been p o s s i b l e  t o  produce a s i n g l e  phase s p l a t  

w i th  more than  23.8 atomic percent  Ag (which i s  t h e  r epor t ed  maximal s o l u b i l i t y  of Ag 

i n  A 1  a t  566°C). 

f a i l u r e  t o  observe any i n c r e a s e  i n  t h e  s o l u b i l i t y  i n  t h i s  system, 

Most a l l o y s  appear inhomogeneous. This  poss ib ly  may account f o r  t h e  

Together w i th  t h e  work on t h e  me tas t ab le  s o l u b i l i t i e s  i n  t h e  A1-Cu system descr ibed  

i n  t h e  prev ious  r e p o r t ,  t h i s  work shows s o l u b i l i t y  i n c r e a s e s  by f a c t o r s  of 4 t o  150, 

and makes f u r t h e r  work on the p r e c i p i t a t i o n  processes  i n  some of t h e s e  systems extremely 

i n t e r e s t i n g .  I n  p a r t i c u l a r ,  i n  t h e  A1-Ni system, t h e  p o s s i b i l i t y  e x i s t s  of developing 

age-hardening, analogous t o  t h a t  i n  Al-Cu system; t e r n a r y  Al-Cu-Ni a l l o y s  w i l l  a l s o  

b e  considered.  

4 .  Copper-base Alloy Systems 

The r epor t ed  i n v e s t i g a t i o n  of t h e  copper-rich r eg ions  of t h e  Cu-Si and Cu-Be 

systems by sp la t -cool ing  has  been concluded. 

mediate  phase B (Cu-Be) can be  extended n e t a s t a b l y  t o  much h igher  copper concent ra t ions ,  

and nay show i n t e r e s t i n g  s t r e n g t h  p r o p e r t i e s  a f t e r  s u i t a b l e  hea t  t rea tments ;  i t  is  

planned t o  produce l a r g e r  q u a n t i t i e s  of a l l o y  f o r  such tests. 

of more t h e o r e t i c a l  s t a t u r e ,  is  t o  determine t h e  degree  of o rde r ing  which occurs  i n  

t h e  lower beryll ium-copper a l loys .  

Future  Work 

One main conclusion is  t h a t  t h e  i n t e r -  

Another i t e m  of i n t e r e s t ,  

A t  least  two of t h e  a tomiza t ion  methods appear t o  work adequate ly  w e l l  t o  permi t  

product ion  of powdered materials. 

d e s i r e d  quench rates t o  c o n t r o l  s t r u c t u r e ,  s o l u b i l i t y ,  d i spe r s ion ,  etc.; h e a t  t r ea tmen t s  

Cooling methods w i l l  now be  developed t o  achieve  t h e  1, 

t o  modify t h e  quenched s t r u c t u r e s ;  and conso l ida t ion  techniques t o  produce b a r  and s h e e t  

o r  s t r i p  test specimens. 

hardening o r  age-hardening, and w i l l  b e  examined in  d e t a i l .  

A number of t h e  a l l o y s  show unusual p o t e n t i a l  f o r  d i s p e r s i o n  
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