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SECRET

ABSTRACT

Aluminum-lithium a llo y s  a re  s u b je c t  to  p r e c ip i t a t io n  
fron  s o l id  s o lu tio n , and sa y  be age hardened by the  
same tech n iq u es  uaed fo r  Etore common aluminum a l lo y s .  
S p h e rica l p a r t i c l e s  o f p r e c ip i t a t e  were observed 
w ith th e  e le c tro n  m icroscope In  1.50 and 2 .60 A l-L i 
a llo y s  a f t e r  aging fo r  tim es comparable to  those 
re q u ire d  to  produce maximum h a rd n ess . Rod-shaped 
p a r t i c l e s  th a t  were o r ie n te d  p a r a l l e l  to e i th e r  th e  
(110) o r  th e  (111) p lin e s  o f  the  aluminum m atrix  
were observed  in  overaged specim ens.
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SCOUT

AGING OF AWJ ALLOYS PART I 

INTRODUCTION

P re c ip i ta t io n  from a su p e rsa tu ra ted  s o l id  so lu tio n  I s  one of the 
lsiportant r e a c t io n s  In the so lid  s t a t e  of m eta ls , and has been widely 
ex p lo ited  in  commercial aluminum-base a llo y s . P r e c ip i ta t io n  rea c tio n s  
are  re sp o n s ib le  fo r  age-hardening e f f e c t s ,  which have been stud ied  
ex h au stiv e ly  In  the  fa b r ic a tio n  and a p p lic a tio n  o f h igh  s tre n g th  
aluminum a l lo y s .  S im ila r p r e c ip i t a t io n  reac tio n s  a ls o  occu r In the 
alum inum -lithium  a llo y s  th a t a re  used  as co n tro l rods In  nu c lear 
re a c to rs .

Inform ation on the  ebanges In  th e  m icro s tru c tu re  o f A l-L l a llo y s  
during age harden ing  I s  o f I n t e r e s t  in  the f a b r ic a t io n  o f  con tro l rods 
and In the s tu d y  o f  I r r a d ia t io n  damage to  these  rods.

This re p o rt d e sc r ib e s  the ex asd n a tlo n  w ith both the o p t ic a l  and 
e le c tro n  m icroscopes o f both A l-1 .5 0  LI and A l-2.00 Li a l lo y s .  The 
use o f the e le c t r o n  microscope In  such a study i s  n e ce ssa ry  to  reso lve 
the very sm all p a r t i c l e s  formed In  the  e a r ly  s tag es o f  p r e c ip i ta t io n .

SUMMARY

In both the A l-1 .5 0  LI and the A l-2 .0 0  LI a l lo y s , p a r t i c l e s  of the 
p r e c ip i ta t in g  ln te rm e ta l l lc  compound, L1A1, were observed  w ith the 
e le c tro n  m icroscope a f t e r  aging f o r  p e rio d s approx im ate ly  the same as 
requ ired  to  produce maximum h a rd n e ss . In aging trea tsM n ts  a t  275°C, 
the p r e c ip i t a te  was v is ib le  a f t e r  16 hours In the 1.5Jf a l lo y  and a f t e r  
15 m inutes In  the  2.00 a llo y . The p a r t i c l e s  were f i r s t  observed a t  
the g ra in  b o u n d a rie s , and became v i s ib le  w ith in  the g ra in s  as aging 
p rog ressed . W ithin  the g ra in s  th e  p r e c ip i ta te  was found to occur as 
rods o r ie n te d  p a r a l l e l  co e i th e r  th e  (110) o r the (111) p lanes of the 
aluminum m a tr ix .

In a d d itio n  to  the  m etallograph lc  exam inations, h a rdness measurements 
were made as a  function  of aging tim e . The maximum hardness was 
found to  be 12 Rockwell "E" fo r  th e  1.50 a llo y  and 98 Rockwell "E" 
fo r  the 2 .80  a l lo y .

DISCUSSION /

BACKGROUND

The phenomenon o f  age hardening o ccu rs  In an a llo y  system  I f  the 
fo llow ing two requirem ents a re  s a t i s f i e d ;  (a) the s o l u b i l i t y  o f one 
m etal In  the  o tn e r  must Increase  w ith  Increasing  tem p era tu re , and (b) 
the p r e c ip i t a te  must have a c ry s ta l lo g ra p h ic  r e la t io n s h ip  to  the 
m atrix , e . g . ,  In  the p resen t c a s e , the p re c ip i ta te  forms as rods where 
axes a re  p a r a l l e l  to the (110) o r  the  (111) p lanes o f  th e  A1 m atrix . 
When ar. a l lo y  w ith in  the s o lu b i l i t y  range i s  heated  to . a tem perature
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a t  which so lu tio n  occurs and la  than rap id ly  quenched, the second 
pnase l a  re ta in e d  in  s o l id  s o lu t io n . Upon subsequen t heating  to  some 
In te rm e d ia te  tem pera tu re , p r e c ip i t a t io n  o f the  second phase o ccu rs . 
This p r e c ip i t a t io n  i s  c h a ra c te r iz e d  by a rap id  In c re a se  in  hardness 
o f the a l lo y ,  follow ed by a  decrease  in  hardness as the heating  a t  
the in te rm e d ia te  tem p era tu re , o r "aging” , c o n tin u e s . An a llo y  aged 
p a s t th e  p o in t o f maximum hardness i s  termed "overaged". An a llo y  
th a t  does no t s a t i s f y  c o n d itio n  (b) would e x h ib i t  only a continuous 
in c re a s e  in  hardness w ith  p r e c ip i ta t io n ;  the  maximum would not be 
p re s e n t .  A comprehensive review  o f the theory  o f  p r e c ip i ta t io n  from 
s o l id  s o lu t io n s  o f m etals may be found in  R eference 1.

The alum inum -rich p o rtio n  o f  the  phas,* diagram f o r  the Al-Ll a llo y  
(F ig u re  1) shows th a t  A l-Ll a l lo y  meets the s o l u b i l i t y  requirem ent f o r  
an age-harden ing  a llo y . The s o lu b i l i ty  l im its  o f  lith iu m  in  aluminum
are  tak en  from the measurements of Nowak ( » >

•  ♦ 0

Weight Per Cent Lithium

FIGURE 1 • ALUMINUM-RICH PORTION OF THE AJ-Ll PHASE DIAGRAM

MATERIALS

The specim ens used in  t h i s  study  were cu t from as-ex tru d ed  rod ,
0 .8  in c h  in  d iam eter. The e x tru s io n  b i l l e t s  were 8 Inches in  d ia m e te r , 
and were made from 99 . 95% aluminum and 99-980 l i th iu m . The nominal 
l i th iu m  co n ten ts  were 1 .5  and 2 .80 by w eight.
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EXPERIMENTAL TECHNIQUES

HEAT TREATMENT

The te m p e r a tu r e s  o f  th e  h e a t  t r e a tm e n ts  w ere t h e  same f o r  b o th  th e  
A1-1.5JS LI and th e  A l-2 .8 £  LI a l l o y s .  S o lu t io n  t r e a tm e n t  was 
a c c o m p lish e d  by h e a t in g  a t  525°C f o r  two h o u rs  an d  r a p id ly  q u e n ch in g  
In  w a te r  a t  room te m p e ra tu re .  The specim ens w e re  aged a t  275°C In  
a i r  I n  a  r e s i s t a n c e - h e a t e d  m u ff le  fu r n a c e ,  and  w ere  quenched In  w a te r  
a f t e r  th e  d e s i r e d  tim e a t  t h i s  te m p e ra tu re . The sp ec im en s, 3 /8 - in c h  
w a f e r s ,  w ere c u t  In  h a l f  l o n g i t u d i n a l l y  a f t e r  h e a t  t r e a tm e n t ,  and o n ly  
th e  c e n t r a l  p o r t io n  o f  th e  p ie c e  was exam ined . T h is  p re c a u t io n  was 
n e c e s s a r y ,  s in c e  l l tn lu m  d i f f u s e d  o u t o f  th e  sp ec im en  form ing  a 
d e p le t e d  zone 0 .0 5 0  In ch  w ide  around th e  p e r ip h e r y  o f  th e  sp ec im en .

METALLOQPAPHIC PREPARATION

A ll sp ec im en s  were rough  g ro u n d  th ro u g h  600 g r i t  and p o l is h e d  th ro u g h  
1 -m lc ro n  diamond a b r a s iv e .  V a rio u s  e tc h a n ts  w e re  u sed  to  e n su re  t h a t  
s p u r io u s  e f f e c t s  were n o t  In tro d u c e d  by any one  e tc h a n t  and to  d e v e lo p  
te c h n iq u e s  t h a t  m igh t be a p p l i c a b le  to  I r r a d i a t e d  sp ec im en s. The 
e tc h i n g  p ro c e d u re s  a r e  g iv e n  In  th e  fo l lo w in g  t a b l e :

E tc h in g  P ro ce d u re s

________ C h e m ic a l P o l i s h * 6 *________

C o m p o sitio n : HsPO« 70 ml
H*S04 25 ml
HNOs 5 ml

T e m p e ra tu re : 85 to  100°C

Tim e: Im m ersion, 15 t o  50 sec

________ E l e c t r o l y t i c  P o l i s h * 6 *

C o m p o sitio n : M ethyl A lc o h o l
HNOs 
HC1

C u r r e n t  D e n s ity : 4 am p/cm 8

T e m p e ra tu re : Ambient

T im e: 15 to  >0 sec

REPLICAS FOR ELECTRON MICROSCOPY

________________ HP E tch _______________

C o m p o sitio n : HP 1 ml
H»0 99 ml

T e m p e ra tu re : Ambient

Time: Im m ersio n , 10 sec

_______ P i t t i n g  E tc h (T>

C o m p o sitio n : HNOs 50 ml
HC1 48 ml
HP 2 ml

T e m p e ra tu re : 10°C

T im e: Swab, 5 sec

100 ml 
100 ml 

4 ml

Two d i f f e r e n t  r e p l i c a t i o n  te c h n iq u e s  w ere em ployed . The f i r s t  was 
th e  o x id e  f i lm  te c h n iq u e ,  w hich  I s  w id e ly  u s e d  f o r  aluminum and I t s  
a l l o y s .  3 * The specim en w as an o d ized  In  a s o l u t i o n  o f  d lsod lum



p h o s p h a te  and s u l p h u r i c  a c id  a t  40 v o l t s .  The ox ld?  f i lm  d e v e lo p e d  by 
t h e  a n o d iz a t io n  was s t r i p p e d  by Im m ersion , f i r s t  In  a s a t u r a t e d  
s o l u t i o n  o f  m e rc u r ic  c h l o r i d e ,  and th en  I n  w a te r .  The f i lm  was 
r e l e a s e d  from th e  s u r f a c e  by am algam ation  o f  the  u n d e r ly in g  alum inum . 
A f t e r  s t r i p p i n g ,  th e  r e p l i c a s  were washed I n  a  10 volume p e r  c e n t  
s o l u t i o n  o f  HC1. Shadowing o f  th e  r e p l i c a s  was n o t  n e c e s s a r y .

I n  th e  second t e c h n i q u e ,  th e  r e p l i c a  was form ed by e v a p o r a t i n g  carbon  
d i r e c t l y  on to  th e  s u r f a c e .  No p a r t i n g  l a y e r  was u sed . The r e p l i c a  
was s t r i p p e d  by Im m ers io n , f i r s t  In  a 1  volume p e r  c e n t  s o l u t i o n  o f  
HF, and then  In  w a t e r .

MICROSTRUCTURAL CHANGES DURING AGING

As a g in g  p r o g r e s s e d ,  t h e  same g e n e r a l  c h a n g e s  In  m i c r o s t r u c t u r e  were 
o b s e rv e d  In  b o th  t h e  1.5 and 2 .8 5 6  l i t h i u m  a l l o y s .  The p a r t i c l e s  o f  
t h e  p r e c i p i t a t e  w ere  f i r s t  o b se rv ed  a t  t h e  g r a in  b o u n d a r ie s  and  became 
v i s i b l e  w i th in  th e  g r a i n s  a s  ag in g  p r o g r e s s e d .  T h is  seq u en ce  I s  shown 
I n  F ig u re  2 f o r  sp ec im e n s  o f  the  2 .856 a l l o y  t h a t  were c h e m i c a l ly  
p o l i s h e d  and r e p l i c a t e d  by th e  ox ide  f i l m  te c h n iq u e .

The "mounds" shown In  F ig u r e s  2b and 2d a r e  b e l i e v e d  to  be p i t s  caused  
b y  th e  a t t a c k  on th e  p a r t i c l e s  o f  th e  p r e c i p i t a t e  by th e  c h e m ic a l  
p o l i s h  and th e  a n o d i z a t i o n .  Th is  a t t a c k  on second phase  p a r t i c l e s  has 
b e e n  observed  by o t h e r  I n v e s t i g a t o r s . * 3 * As shown in  th e  p h o t o 
m ic ro g ra p h s ,  the  c o n c e n t r a t i o n  o f  sm a l l  "mounds" I n c r e a s e s  w i t h  ag in g  
t im e ,  and t h e n - d e c r e a s e s . S im u l ta n e o u s ly ,  I s o l a t e d  r o d - s h a p e d  
p a r t i c l e s  grew. T h i s  sequence o f  e v e n t s  c o r re sp o n d s  to  th e  c l a s s i c a l  
p i c t u r e  o f  a g in g ,  i n  w hich  the  p r e c i p i t a t e  f i r s t  o c c u rs  a s  s m a l l  
p a r t i c l e s  which i n c r e a s e  i n  number to  a  maximum and th en  d e c r e a s e .

Idle "mounds" v i s i b l e  a t  th e  e a r l y  s t a g e s  o f  ag in g  may p o s s i b l y  be 
a t t r i b u t e d  to  a t r a n s i t i o n a l  p r e c i p i t a t e  s i m i l a r  to  t h a t  w h ich  o c c u rs  
i n  Al-Cu a l l e y s .  I n  Al-Cu a l l o y s ,  t h e  f i r s t  p r e c i p i t a t e  t o  form  i s  
t h e  m e ta s ta b le ,  t r a n s i t i o n a l  p h a se ,  0 1, w h ic h ,  upon f u r t h e r  a g i n g ,  
t r a n s f o r m s  to  th e  CuAla p h a s e .* 1 * The 8 ' p a r t i c l e s  a r e  b a r e l y  
r e s o l v a b l e  even w i th  t h e  e l e c t r o n  m ic ro s c o p e  and a re  u s u a l l y  d e t e c t e d  
by  X -ray  d i f f r a c t i o n  te c h n iq u e s .  I f  su c h  a t r a n s i t i o n a l  p h a s e  e x i s t s  
i n  th e  A l-L l a l l o y s ,  i t  may be more r e a d i l y  o b s e rv a b le  b e c a u s e  the  
l i t h i u m  r e a c t s  more r e a d i l y  w ith  th e  c h e m ic a l  e t c h a n t s .  The ro d s  
o b se rv ed  in  th e  l a t e r  s t a g e s  o f  a g in g  w ould  th en  be th e  f i n a l  form o f  
th e  p r e c i p i t a t e ,  L1A1.

The netw ork  o f  s u b g r a i n  b o u n d a r ie s  t h a t  was o b se rv ed  In  a l l  spec im ens 
was a l s o  o b se rv ed  by  H unter and R ob inson*4 *, who used  th e  A lco a  R-5 
" B r ig h t  Dip" as  a c h e m ic a l  p o l i s h  d u r i n g  m e ta l lo g r a p h lc  p e p a r a t i o n .  
The term "ch em ica l  p o l i s h "  r e f e r s  to  a s o l u t i o n  which pc x i s h e s  r a t h e r  
th a n  e t c h e s  th e  sam p le  and does n o t  em ploy  an e x t e r n a l  p o t e n t i a l ,  a s  
In  e l e c t r o l y t i c  p o l i s h i n g .  The c h em ica l  p o l i s h  used  in  t h i s  s tu d y  was 
s i m i l a r  to  t h a t  u s e d  by Nowak*2 * in  h i s  s tu d y  o f  th e  s o l u b i l i t y  o f  
l i t h i u m  in  aluminum.
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2c S500X 2b 5S00X
S olution tre a te d  A fo d  IS m inutes

Samples wore s o lu t io n  treated for 2 hoots a t 525*C , quenched is  w atsr, and aged o t 27 5°C .

3c 5500X
Agod 45 o iin u to t

2d
Agod 1 hour

5500X

2s 5500X
Agod 2  hours

2< 5S00X
Agsd 4.5 hours

P re c ip ita tion  w as ( I r s t  obsorvod ss ths form ation o f "m o u n d s '*  a t gro in boundorios (F iguros 2b and 2c). As 
aging progressed tho se  mounds end rods appoorod w ith in  the  g ro ins  (F igurss  2d through 21). T h e  w h iio  dots 
In F igure 2o o r*  o r t l fa c ts  in  the  rep lies .

FIGURE 2 -  MICROSTRUCTURAL CHANGES DURING AGING OF 2 J X  LI ALLOY
(Specimens chemically polished. Oxide film replicas.)
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0

Samples war* u k iN a i traatad far 2 hours a t  525*C, gusnched In water and ogod a t  275®C

t

Sc
Aged 26 hr

5500* 3d
Ag*d 44 hr

3S00X

Tha canaantratian  of th* praclpltata (round partial**) fallowed th* Santa variation with aging tint* os it did 
in th* 2 1 5  a lla y . Rad-shapad particles war* n*r ahaarvad . Partic les agglataoratad (Figure 3d) during 
averaging. Th* round dots In Figure 3a a re  a rtifac ts .

FIGURE 3 • MICROSTRUCTURAL CHANGES DURING AGING OF 15% Li ALLOY 
(Specimen* etched in H F. Oxide film replicas)

o
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Spec im ens  o f  1 .5# i l t h i u m  a l l o y s  were aged and  examined a f t e r  e t c h i n g  
in  a  K  HF s o l u t i o n .  Examples  o f  th e se  m ic ro  s t r u c t u r e s  a r e  shown I n  
F i g u r e  The m i c r o s t r u c t u r e s  fo l low the  same p a t t e r n  of deve lo p m en t  
as  t h o s e  o f  the  2 .8 #  a l l o y .  As ove rag in g  o c c u r s ,  the  p r e c i p i t a t e  
a g g l o m e r a t e s  i n to  l a r g e  c l u s t e r s ,  as  shown J n  .F igure  }d.  A l though t h e  
v a r i a t i o n  in  the p r e c i p i t a t e  c o n c e n t r a t i o n  w i t h  ag in g  t ime was s i m i l a r  
to  t h a t  o f  the 2 .8#  l i t h i u m  a l l o y ,  more p a r t i c l e s  were observed  i n  t h e  
l . 1#  l i t h i u m  specimens e t c h e d  w i th  HF. I t  i s  b e l i e v e d  t h a t  t h i s  
o b s e r v a t i o n  r e s u l t e d  from a combina t ion  o f  d i f f e r e n c e s  In the  t y p e  o f  
a t t a c k  between the  c h e m ic a l  p o l i s h  and th e  e t c h  and the  dep th  o f  f o c u s  
o f  t h e  e l e c t r o n  m i c r o s c o p e .  The chemical p o l i s h  d i s s o l v e s  th e  L iAl  
p a r t i c l e ,  l e a v i n g  a s h a l l o w  p i t  which,  i n  some c a s e s ,  cannot  be 3een  
b e c a u s e  no sharp  edges e x i 3 t  in  the  r e p l i c a .  The HF e t c h  a t t a c k s  t h e  
I n t e r f a c e  between the  L iA l  p a r t i c l e  and th e  m a t r i x ,  p roduc ing  a s h a r p  
r i n g  d e p r e s s i o n  which i s  e a s i l y  seen in  the  m ic ro s c o p e .  Comparison 
o f  F i g u r e s  2 and i l l u s t r a t e s  t h i s  d i f f e r e n c e  i n  type  o f  a t t a c k .
No e x p l a n a t i o n  can be g i v e n  a t  t h in  time f o r  t h e  l a c k  of  r o d - s h a p e d  
p a r t i c l e s  in  specimens e t c h e d  w i th  HF.

In  o v e r a g e d  specim ens,  ro d - s h a p e d  p a r t i c l e s  were  observed  in  e l e c t r o -  
p o l i s h e d  specimens,  a s  shown in  F igure  4 on page  1J.  The p a r t i c l e s  
were  known to  be rods* r a t h e r  than p l a t e s ,  s i n c e  on ly  rods  and s m a l l  
d o t s ,  which were the  e n d s  o f  r o d s ,  were s e e n ,  a s  shown in  F ig u r e  4 a .
No l a r g e  round p a r t i c l e s  c o r r e sp o n d in g  to  t h e  s u r f a c e  o f  a p l a t e  
p a r t i c l e  were o b s e r v e d .  T h i s  s t r u c t u r e  was o b s e r v e d  in  bo th  l o n g i 
t u d i n a l  and t r a n s v e r s e  s e c t i o n s .

ORIENTATION OF THE PR ECIP ITA TE

In  a l l  a g e - h a rd e n in g  s y s t e m s ,  a c r y s t a l l o g r a p h i c  r e l a t i o n s h i p  e x i s t s  
b e tw ee n  the p r e c i p i t a t i n g  phase  and the  m a t r i x .  Such a r e l a t i o n s h i p  
was found in  the  A l-L l  s y s te m .  Specimens o f  t h e  2 .8#  a l l o y  were aged  
f o r  f o u r  hours  to  d e v e lo p  th e  rod-shaped  p a r t i c l e s ,  and then  were  
e t c h e d  in  aqua r e g i a  c o n t a i n i n g  HF. This  r e a g e n t  i s  known to  p r o d u c e  
e t c h  p i t s  in  which t h e  s i d e s  a r e  p a r a l l e l  t o  t h e  (100) p l a n e s  o f  t h e  
a luminum. As car. be s e e n  from F igure  5 on p a g e  i 4 ,  the  rods  o f  t h e  
p r e c i p i t a t e  were a p p r o x i m a t e l y  p a r a l l e l  t c  t h e  d i a g o n a l s  of  t h e  
s q u a r e  e t c h  p i t s ,  t h u s  making an ang le  o f  45°  w i th  the  (100) p l a n e s .  
T h e re  a r e  two p l a n e s  i n  aluminum t h a t  I n t e r s e c t  the  (100) p l a n e s  a t  
a n g l e s  c l o s e  to  45°; t h e s e  a r e  the  (110) and (111)  planes . .  T h i s  
r e l a t i o n s h i p  between t h e  p r e c i p i t a t e  and e i t h e r  the  (110) o r  t h e  (111) 
p l a n e s  o f  the  m a t r ix  h a s  been observed  i n  t h e  Al-Ag, Al-Zn, and Cu-Sn 
s y s t e m s  *9 *.

HARDNESS MEASUREMENTS

The h a r d n e s s  o f  bo th  t h e  1 .5  and 2 .8#  a l l o y s  was measured a s  a  f u n c t i o n  
o f  t h e  ag ing  t ime on t h o s e  specimens t h a t  were  used f o r  m e t a l l o g r a p h i c  
e x a m i n a t i o n .  The c u r v e s ,  shown in  F ig u r e  6 on page 14, summarize the  
r e s u l t s  o f  th e se  m easu rem en ts .  For> the  1 . 5 #  a l l o y  the maximum h a r d n e s s
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4o Mag* 250X
Optical photomicrograph

4k Mag. 5S00X
Electron photom icrograph (carbon rep lica ). Rod- 
n a p a d  p o rtic lo t w ith in  the grnina.

4c Mag. SSOOX
Electron photomicrograph (carbon roplica). Pre
cipitation at a grain boundary.

S pecim en  of 2.8% alloy  area *olut>en tre a te d  and  aged  for 12 hour* a t 275°C.

FIGURE 4 - ROD-SHAPED PARTICLES IN OVERAGED SPECIMENS
(S p e c im e n s • l a c t r o l y t i c a l l y  p o lish e d )



M a* 3200*
The precipitate fr.intd on plan** parallel to the diagonals of the etch 
pits, whose si Jo- mo tho (100) pianos of the aluminum metrls.

FIGURE 5 • ORIENTATION OF PRECIPITATED PARTICLES 
(Specimen chemically polished and etched in pitting etch. Oxide film replica.)

I ------ ■»

Aging Time at 275°C, hours

FIGURE 6 • AGING CURVES FOR Al-Li ALLOYS 
(1.5% and 2.8% Li)

I



was 12 R ockw ell " E " , and o c cu rred  a f t e r  a g in g  f o r  28 h o u r s .  F o r th e  
2 .8 *  a l l o y ,  th e  maximum h a rd n ess  was 98 R ockw ell "E ", and o c c u r re d  
a f t e r  ag in g  f o r  25 m in u te s . These h a r d n e s s e s  ap p ly  o n ly  f o r  th e  
a g in g  te m p e ra tu re  o f  275°C. The t im e s  r e q u ir e d  to  a c h ie v e  maximum 
h a rd n e ss  ag reed  c l o s e l y  w ith  th e  t im e s  r e q u ir e d  to  p ro d u ce  th e  f i r s t  
v i s i b l e  p a r t i c l e s  o f  p r e c i p i t a t e ,  a s  s e e n  by th e  e l e c t r o n  m isc ro sc o p e . 
The o c cu rren c e  o f  th e  maximum in  th e  c u rv e s  shown in  F ig u r e  6 in d ic a te s  
t h a t  th e  A l-L i a l l o y  i s  a t r u e  a g e - h a rd e n in g  a l lo y .

Q.L 4 * y A * * + * '
C. L. Angerman
P i l e  M a te r i a l s  D iv is io n
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