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it c a s t  , f i n  r gc ’d , e i t t  ruc led  or m a c h  [ne d from wrocight plate! Sh e e t  . Each  ‘f

t h e s e  n u t  trial pr ocesses produce different grain t e stnu r c- s and p r e c i p itate

di  ng ’ ~~ ’ rs i o n s  w i t h i n  t h e  ma ins. N o rk has been in p r u ug r c ’ss at the Air F o r ,  e

M i t e r  inils Lahor,-n t u ’rv to svstematicu illv study the relationship between tine’

req uired pr ’pt ’r t ies and tine ’ pr ecipita tes c o m m o n ly  found in wrought alumin um

(1 ,2 ,3)
P 1. u t e.

t o O t ’  rally, the precipita tc’s ti re cla ssified jot,’ three types: cc ’flstjt lient

‘ir t l i lt’s , d i  spc ’rsoid particles , and hardening par t holes. They art’ classified

-n in this manner , as they appear in this order during t lut’ processing sequence.

ih ~ coin-nt ituent part ic los p r e c  ip i  t a t e -  f r o m  so l id  s u l l u t  ion d u r i n g  t h e  co o l i n g

the ’ I I n g o t  . Thus , t l i t - v  a r e  t hermodynamica l l v  the most stable. Fn - u ’ n n n  t h e

pr .i ct ic - i l point of  v i e w  subsequent p r oce s s  i ng will have I itt it ’ t I  I’c ’c t on

c h a n g i n g  t h e  s ftc’ o f  t ln e s e  par t  l o b e s , t h o u g h  t ’x t e n s i v c ’  m e c han  i ca l  w o r k i n g  can

c h i n - p, t h e i r  d l s t r i h ut  ion s , n m m ’ w l i : u I  . These p a r t  i d es ti re i r o n  and s i l i c o n  r i c h ,

h a v i n g  i n i ’ohe ’rc ’nt  i n tc ’ r f u i c t ’ w i t h  t h e  m a t r i x , a nd r a n g i n g  i n  s i l l ’ I r o n: - . 5 t i n

10 t m .  ‘l’he d i sp e r s o i d  p a r t l c l t ’s p r e c i p i t a t e  f r o m  s o l i d  s o l u t i o n  d t i r i m n t :  t h e

‘T~T~lt ~~~~~~~~~~~~~~~~~~~~~~~ 
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hi I im p s I mit Nun t ri - i t t n t - u i  t m l  t h u m  i I l g o t  . I u i  s t u ’lmu pera t t i n ’ ’ r . u n i ’ , - , - s i ro m

1 , 1 ’ F ( - N” i ii) or ‘ O N  i, SRI ) ’ ( .N 7 1 ”C b  f o r  7075 .  I h u e s ~ par t I d es . u m a

,‘ I i m . ’ : : u h unm .111th a i r m ’ m l l n i u u u n n  r i c h  ranging i i i  s I z e  I ro im i 0 . 5  tin t m  10 r n .  I h i ~

ha m l ,  - i n  I ui ~’, par t  ic I c’s a me the m ’ n::  mm l v i iumn:u  I’ a 1 1 v t h e  N c’uis t s t a b  I c- ia rt I e l

I u t v e, i n p r u - c  i l~ 
it  n i t  c’ I ru n:: t hit sob I ul s o b  n i t  i ‘ ‘in n i t  r u u o m  t c ’tu p c ’ m a t  ii r - - I he- v

r. in ~~ t ’ in  s i z e  I i n n ’ :  50 ‘N (5 on) t o 5001)  ~\ ( 0 .  5 , i i i )  , ha v log c ’h t l i t ’  r i h u t  n n i t

, ,r i n c u t h i e ’ r c n t  i m m t c r f : i c c ’ u n . These  p a r t  h o l e s  i r e  p r i m a r i l y  r m - s l ’ u u i n s i  h I t ’  f , u r

l i e  hi g h st rt ’ u nntt hs exhi b ited hv t h e  2000 and 7000 s e r i e s  a l l o y s  s ’ h u i , ’h a r t ’

‘ u - - ed i n  . i o r u s i n a c c ’  n i l  l , u v s .  i i i t  copper  rich pr c’d  i p i t a t c ’ s  a r t ’ f o u n d  in t h e

‘1) 0))  sc ’ r l c - s n i l  l ov s  tt’h i l t ’  t h e  z i n c  r i c h  n u r e c i p i t u l t c ’s a r t -  f o u n d  i n  t i n e  7000

s e m i ’ s  a l  b u u y s .

l i l t ’ m e c h a n i s m  o f  d u c t  i le  I r n i u ’ t u i r e  h i s  ‘ o t i S  e nv c s i o n e d  as a tv’ step

p r c  - - , ‘~~s . The f i r s t  s tep  i n v m n l v e s  t h e  n u c l e a t  ion  of v o i d s  n i t  t h e  : n n n i c r o —

i n c I n m - - i  ‘ as , i . e . ,  i n c l u s i u n n i s  ~ l -ni d i , u n : . o t t ’r .  The s ec o n d  s t e p  is t h e

coo l c ’s , ’ , ’n ’ ’e o f  t h e  n u i m .’ r oc r ,-icks  ht’ t h e  f , n r u n , u t i o n  o f  shea r h a n d s  h c t w ’ t ’ en

l i i ’ ’  m a c r u  i n c l u s i o n s . P r e v i o u s  wo rk~~~~ s p o n s o r e d  by t h e  A i r  F n r c t ’ M a t e r i a l s

l . d ’ ’r , ’ i t  ‘ r ’ . ’ has d e m o n s t r a t e d  t h a t  a h i g h p u r i ty  in 2000 or 7000 s e r i e s

a l u m i n u n n  nil  l o v s  d r a m a t  i c a l  ly i m p r o v e s  t h e  s t r e n g t h  vs t i n n i g h i n t ’ss t r e n d

l i n e s  01c r t h o s e  of c o m m e r c i a l ly  p c ir e  2000 or 7000 s e ri e s  a l u m i n u m  a l l o w s .

‘Fin e quest i ‘n o wh [cli was no t  , i n i s w c ’  red w a s :  a t  wha t l e v e l  u’ f p u r l  t r  does t i l t ’

s eco nd  s t e p  in  t h e  d u c t  I l e  fr a c  tu r c ’  p roce s s  h c ’corn ’  - tie,’ m u l t i ’ c’ont  ro 11 ing

p rocess ’? I t  is t h e  p u r p o s e  of  t h i s  r e p o r t  t o  c ’ x n i n n n  ne t h i s  q u u c ’s t ion  w bn i  c- h i

h a s  i m p o r t a n t  c ’c’onomi c c o n s e q u e n c e s .  By spec  i Iv i n g  l i i  ghe ’ r p u r i t y  n i l  1 , u v s

s t i c -bi I t s  7/ i 7 5  a n d  7 1 7 5 , co s t  p e n a l  t h i ’ s  t i r e  i n c u r r e d .  ‘line ’ l e v e l  o f  p u r i t y

in , ’  I ,s’~’ w h i c h  f r a c t u r e  t ii u g l iness  c a n n o t  be I imp roved  h v t l i  I s t echn  ir a  I a p p r m ’ n  c’h

flu t i s t  h u e  ‘ I t ’ t e r m i n e d .
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In  ord e r t o  s y s t t - m a t i u ’ ,- u b b y  s t u d y  t h e ’  c l  l i - i t s  o l  c ’ o i n S t l t l i i - l l t  , d i s i ie r s u id ,

- ‘ and bn ard eni ing p a r t  i d l e s  u n  s ’ ro t i gh i t  , u i u n n I u u , . u n : u  p l a t e , n u s - r N - s  o t  a l l o w s  was

u h n t , i j n ed hosed  u nn  t h c ’ u ’ m u n n u l l u l s i t  l o l l  o l  7 0 7 5 .  ‘ho s t u dy  t h i t  , ‘ l I , - i ’ t s  u n i  i ’ u , n n —

st ituent, particle’ s, fiv i - d i  f f t ’r t ’nt  , ‘ornb i n e ’ cI p u n t v l t - v e h s  , ‘f  I ron m m i i

si l ico in sc- re used r ni mn g h n g  ‘ rom 0 . 0 3  w/ i ’  t o  0 .3  ‘ i / u n  w I t h  t i n t ’ r a t i o  of  i r ’ ’ n l  t o

silicon h c ’j i n g  h e l d  c o n s t a n t  n u t t w i n . F,nr idoi nt Ii  t i - n i t  j ,~~n p u r l u u ’ s e ’s , t h ey  , i r t

l abeled ‘‘A ’ th rinugh ‘‘E ’’ w i t h  t he  h o st pure call i’d ‘‘ \ ‘‘

‘l’o assess the rolc’ 01 dispersoid part i d e’-’ , and tin-’ir intera m inn w i t h

the i ron and si I ic,un , bo th chr uumium and zi u coniunn are sebiaratt ’lv added t u u

each of tine five purity level ni l l u u v s  for ,u t u ’ta l t u f  ten differ e nt aIlu’ v s .

For iden tifi cation purpcuses . a sc’cu ’mn d di g it is added. ‘‘ /,er ’” (or  no

expli cit identifier) represc-n t,s t hi’ I’ m i m i u r n — b e r i n g  nil lows while “one ”

represen ts the zircon i uumi—ht’ar ing .  a l  l oy s . ‘the u ’ u u m o o s  i tions ts f  Nhese ten

alloys are given in Table’ 1 .

Two diff erent Iuc .’:ut t re ’atrmnents (f(s’Ni  an d  I M P )  a r c -  u s e d  on :iI I t i n  a l l o w s

to stud y tine’ r u n l e of hardenin p a r t ’ Ic -s. The’ ‘I’ (s5 1 b lr o c e ’s s  i n n v ’ l v c - s a 1 . ’n

St r e t c h  p r i o r  to  a 24 hour age nit 250
01,~ ( 1 2 1 °C) fol loved by a i r con , ’ I i n p .

The l ’Nl’  p r u n c c ’ss used is act ual iv a m I N I ’  n i t ’ c m n r d i n g  t ,‘ t i w  n om m n c ’ u m c l a t u u ’ t-

do-ve l~ u p i ’ u l  by Ca I dm a n , et  . n i l .  is i t  o d c : ur s  a f t e ’r t h e  f 1 na 1 sol m i t  ion

t reatm ent. E n m u r  hour s aging a t  2 51 ) ” i - ’ ( 1 2 1 °C) and 20 m i n t i t i ’  a gt ’ n i t  32 5 ’ F

( 163°C) p r - c e d e  a 25~ r e u l u u u  ti ’ ’mn by wa rm rol l imsg t o  ) ) . h .’S i n .  ( 1 . 5 9  u ’ni )
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ann u l i i. n~’ s t  i’ - t t ’ h i .  F i n n n i b  aging I i i ’  i i , ’ h o u r s  u t  ~ ‘ I ( J ’ ’ t’ (I!, I L  I was  i , n b  v

u u s , ’ ui I u n F  t w o  n i  I l i t  hO n ib I m ’ v s  (11 1 and C l )  i n  , ‘ r i h , - m  t o  I nm m ’ , ’ n u - n u ’  t I n e  i r m l ’ - I d

St m e n :  at Ii I roan t on i’: cc 
~‘ 

t -W I y l o w  C i i  t i c ’S

\ u ’ n c h i e d  t e n s i le ’ s ln t ’c’im en s  wi re  pr o ’pi r od wit h t i u c ’  t e u n s i b i -  n u : ’ : l s  i n  Ini nt h i

tin e b m nn pit u ch in ni b ninch t i n e  lon :, ’, — t rniuns vc’rse di rc’ , ’t i o n m’i as p r e v i o u s  n :: , - n  - ‘  I b m ’ n ’ r , u : ’ h i  I , -

s’usr k~
7
~ verif ic ’d that grain str - - t u r n - ’ is nunisotr op ic w in ic h i is c , ’ m ’ u m m ’ i u h ’. ‘ n i i i , ul

in s’r,’un.n!lt pr um duc ts

1. ~‘IiIl ) 1 F l E D  NO ’I ’ C I l E D  TENSJ LFI ‘lEST

F~’ 1 I os I ng t h u e  p r o p o s e d  AS’l’S t e s t  m u u n - ’ t i n o d  f u n  r nu.m tched t eals l i t ’ test s,

1 . 3 in. (I .27 cnn ) d i  - u n - u n - t o’ r spec I nnu , ’n s  were  r n a c h i i m n c ’ d  t o  t h u c ’  p r e s c r i  Is , -J :,.a’ u :n e  t ry

A 50 K T P  i’ni l u ; u c i t v  I n s t ron  t e n s i l e  t e s t  m a c h i n e  was  used w i t h  mine u n i v e r s a l

1 m m  ,h i r , - c t  I v  t h r e a d e d  i n t o  c-sach end of the specinnen. With tinis confi gurn —

i on  tht ’ cue , u s u n r c ’ d p er c e n t  bend ing stress for a 0.5 i n .  ( 1 . 2 7  cm) diameter

si i - e l  specimen was consistently below 10% at 30 KSI (207 MI’ni) Stress ] , ‘v e l

In addition to measuring the load at failure , the specimen elongation w,u s

monitor :d by means of a ½ in. (1.27 cm) clip—on extensonnetc’r. Since the’

notch cross section area -is half that for overall specimen , with a of 11 ,

the measured deformation is approximately tha t experienced he the mat e r i u l  in

the notch.~~
9
~ The load vs displacement output is recorded on an X —Y p l u u t t e r .

A schematic drawing of a typ ical test record is given in Fi g. 1. Th e sh ad ed

;ur, ’ ,n under the load vs disp lacement curve is used tt calculate t b-i c “p lastic

ene rgy  per un it area ” . This approac:h assumes that the’ maximun n sustain ed load

hy n~i nc,-i ti’rl uil prior to failure is in itself insuff im’ic ’nt t o  char ac tm ’n ize tho

fracture tmnughness of a mat erial wh ichn ‘ails by a ts’n ’ — s t n n g c ’  p~~’’~~ ’~~~ . I f

dum ’t ile frnuctur c- in its most g t - l n i ’ r n n  I f o r m  is a two step process , t h e  sp e c i n :u o n

t i  u u m n g a t  i o n  i s  an importu nnt measure’ of  f r a c t u u r u ’  t o u g h n e s s .  B o t h  t h e  our  leat ion

5
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o l n i i c r u , e r , i c k s  n i u i h  I I u o i r  i ’ m n , u i n ’ s u t ’fl c i ’  uv  , u  s h u , ’ , i n  - . iitI 1 - m : , i t  l i i i  i in c’m u b v c’s Lnc ) I’ ’-

~L’l u - m a - u t  i u m u i  t h i . i n i  , i  u n n z i t i ’r i a l  ns ’ h i i e i i  fails c h i c ,  I i  n nb , ’, 1rii u:’ , ‘r ’’ ct’ss n o n  ‘ n m : n o s

ful l v u i n - ’ y m ’ b i ’p e ’ i h
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R l : s I l l ,  I - S

I . N ’ O f C I I E I )  i ’PNS I CE ICS ’l ’S

‘l ine p l a s t i c  c’I n e r g v  ab s o rb t -e I  p e r  u n i t  n u n s  u , k//A , is p l o t t e d  as nu f u n i ’t I n s

u n  f t he conn b in e ’d  i n u n  and s ii icc nmn c’ontt ’ u u t i n  F i g .  2 ni n sib F l - , ’ . 1 f ’ r  t I n n - -  l u n g  i —

t n i u l  i i un i I and long—t m ni nn svc ’ rse’ spt’c in :nt-ns , ri- spe c: t ly e  1 v . i - l nu c  I i  d a t  a pc-i lin t i s t h-

, u y o  u ’age  of three’ tes s t re-sul t s . I lie’ squarc ’s n i  re for t h e  spec’ l inens inc - ut r e n t  t e a

t ’ ’ t h i n -’ l—h51 c’ondit ion whni ie the trian glm:s a r t ’  used fcr spe eir ,ne nns w i t h  t h u n -  M l ’

h e , it  t rt’,itmc ’u it . O p e n  s v m s n h n n l s  cm n i n nn e u ’te ’d by d i shed I i n n --s n i ro useu t ltn r ti l e ’

c’hr” cu i unn—h u- n ir ing allow s while c’ l n sn-’d svn nhm n l s , I i e ’ us,’,l fm n r tI m e zi rconium — beari nn g

nil ld ’vs  w h i c h  a r e  u ’ o n u n u ’c t Cdi hm’ sol Id I I tin --s. A l  u - u g h  t Iue l o n g  i t u i d  I na  I d a t  - ‘

in Fi g .  2 is plotted on a l , u r c u - r  s c u m — ’  t h a n  t h e  l u ’ I n g — t r n u n s c ’ t ’r s t ’  d a t ,  i n  F I e ~.

3 , a l l  four u ’m jrvt ’s s h i n u ~’ t h e ,‘u n um u e  t r o n u d ’ -  . T h i s  i s  i n t e r p r e t  m i 1  t ’ ’ :~e : i n n  t : , n t

t h e  denm in ,- int micr ’u i-,ue’cln n inism ‘f frn n ctn jro is t h e ’  s ,u : : u c ’ I m s r  ‘ ‘ t h  t h c ’  l u n n a i t e n d i n u l

and t i n e ’  l n m n - , :— t runsvers n - ’ d i  r m ’ , ’t  i o n s . ‘l ’h i s  i n t e ’r p r e ’t a t  ion se e m -us  s n i p p n n r t m ’d I sv

t h e previous s t u n s ’  bend results on p r n -~ m u  ked C l i a r p v  sp e c  i m e n s .  F i g u r ’

is ,i p l int m l  t Ine t o t a l  c’ nm ’ r g v  , - i l s s , ’ r l s n- ’ , I Per unit i r m a  f r  t h e  p r o c r n c k  d

C h a r p y  s p e c i m e n s  w i t h  t I n t  c’r a, ’k pI’ l n p , i n u t  I n g  i n  the’  ‘1— I , d i n ’  m ’ t i , ’ u s  misinc I n ,

s , l n u c ’ c u ’n v o n t  i o n s  as F i g s . 2 ,‘on d 3. O m n u ’ c’ n -iga in , t in e s e  f o u r  c m u r v m - s  s inu ’s’ t h e

s n i n n e  t rends as in ti l t ’ n u n t m ’heei t e ’ u n s i l ’ ’  test.

The t r e ’ m n u h s  w h i c h  s h m n u l d  be ’ n u n t t ’ uI a r e  til e f u ’ l  l u ’ n - : i n g .  C i t h  i m l m ’ r t ’ u i s i n g

pur i t y , the c’li rom imim —h c ’ .uri n g nil b u s e s  ( u I , u s b n e ’ m i  l i n e s )  j n c r~ sc’ t )u t -i r

e’nm’rg~’ . ‘b ’his is n s u n t ’  t h i ’  m ’ a s m ’  b r  t h e  z i  I’ i ’ u n n n i t l m — ) u m ’ , i I ’i n g , i b h u n v ~ ~s n ]  id h i nt s)

llev o n u i  a ce r I u m  purity be’ v~- b , in e ’ l- , ’ , i s i m n , ’ p u r i 1 v ~~ 1 u ’ i S i ’ m  m e n - u s , ’ b u t  , i , - t u i a l l v

u t i ’ c r m ’ , i s n - ’ s  t h e  I r a e t n i r e  t m u i u g i n u u i ’ ’ -us . l I t , ’ ‘ n i  I ~ l i - v t ’ 1  l y e  w h i c h  t h~ ’ r n i e t  nr c
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tou ghuui ’ss ,b m nes ne t i’ m n f l t I I n u c  t i n  i i nc  r u - u - n e ’  i 5 , i  I c h I c  t j u n 1 1  o h  t hi’ b e n t  t t r n - s i t  l o i n

f u n t ’ t h e  in I r m ’oni  o m u — l u m - - u r i  r ig , i l  b oy s .  I n  a - l l u S t  i’ m n n d  I t  i on  ni u - n n m s : i n i u e ’ d  i c- - s i

an d  n-m i I i c m n un t’m n m nt cn t u ’ I  less th,on 0.12 s/ mm uIn ’es u n - ’ t  i n ’ u~u n ye I b m  I r ’ u c t u u m e  I ’ ’ u i ~’ i u —

ness; whi i n - ’ in  t h e  I M i ’  eun u ch it ion , t h i s  va l ue i s  e’eit in ma! f (0.’, WIt ,  ,

A h m n v e  t h i n - ’  e ’ r i t  i t -ni l iro n and s i b  i c ’ u n n  p u r i t y  l e v e l s , t i l e  z i r - , ’ s u i u i n i  a l l m n v s

have a 1,1 m gI’ r I r a u ’ t t i r e  t o u g b i i n m ’ s s  t h a n  t h e ’  u ’ i u  r ’ n m - n i  min I nil 1 ‘vs oh t u i’ saIsli - u u u

t n o .  i t n-
_ el e’ond it ion, lie’ I ins’ the’ cr i t  i m a  i i ri-in nt~ci s i l l  con pur it v l u - v u ’  1 s , t i n t ’

r i o t  u n -  t o u g h n m ’s s  a c b v : i n t n i g m ’  f o n n n m h  in thi’ z i re ’otn i um n i l  lo v s  i s  l o s t .  F i n a l  l v ,

t h e ’ ‘ I M P  n i l  I Cy s’  u t n i V  e’ t h m ’ l i i  g h m ’ s t  observ ed !  v alue ’ s of a b s o r b e d  t ’n e r g \ ’  . On l v

the’ h i g i u ~’st  p u r i t y  c h r o m i u m — h e a r i n g  n i l  b y  ( 0 . 03 w / n s  F, ’+ Si )  in t i me 1,31 gav e ’

, u I ’ s m n  r I u t -d c- i - in -’ r g v  v ;nl ues app  r u u n m , ’ h i n g  t h a t  f o u n d  in  t h e  less ; u n i r ~ - TMP c l ln n ’ : ’ s ,  i n c ’ s

and  z i r c o n  i tim n i l  I u n c ’ s  (0. 12 w’/o i’~’+ S I

2 .  - ‘ k , ’iC I n

S i n c c ’ ,i 11 f u n u r  cu rves in F i g s . 2 , 3 and  ~m u i  I s pl av e ’ ul the ’ s - ic -ut’ t r m - n u I s

t i l t ’ n . i e : t ’ n c r a p h i e ’ s t n i u l  i t ’s  ne t - re ’  l i m : n i t e d  t u n  t h e  n o t m ’i n e d  r o u n d  tran svt’rsn-’ s i- it c I —

n u n - m i s  h a s e u l  n o  the , - , n m - u ’,~o,s i t I u sm of  7075 ( F i g  . 3) . ‘l it is subpm ’pul at ion w a s

n - — e u ’  i s  t l i t ’St ’ S , u m ’ u i c - I o n s  f n d l m-eI  in a s I::gle ’ moult’ on u d i ,  ‘k en penimn e ’ ) 1 i 0 - I t ’ I )

r - i t I u t - r  t h u , u m i  , i  , I u u , i l  m i n n i e ’  f on in i l  in t u r n-’’, - p o i n t  b i n d i n g .  I n  a d d i t i o n , t u ,e I I ’i t  n- ’ —

i t  i n n  is~’ t e n  ‘ i - i l  he c o nst  i t ni t -mn t P a r t  ic ’ 1 c’s ( t n - ’ , S i )  and t lie ’ ml i sp t ’r  —c m d dna rt Ic ’ I m s

1 r , r) ‘ - u i l o l i b e h  he’ r s u m ’ r -  u n h v i o u i s  i n  I r n u c t l i r c ’ s w h e r t ’ t i n t ’  u ’ m n n s t i t u e ’ n t  p u r t i c - l m - s

‘,s’ i ’u l d  n e n ’ ’ ’ u , i i  l v  i h o m i n , n t c ’ t h e  m i u ’ r u n m t ’ u ’h , i n i s m  o f  f n u i l n l r t ’ .

S sIn e s ’ s the t v p i m ’ n i l  f r a c t u i n o  s u r f n n c e s  l m n r  t h e  c h u r , ’ m - n i m i m — b t ’ , n n ’  i n g

- i i  b u y s  i n n  ~~i i e  1, 51  u - , n m i d i t  i o n .  ‘I ’lIc a b s o r be d  m ’ m n m ’ r g v  o f  t i n t  se - u ) s e c I n u t ’nS is

re ’j ’ r~ - - n m i t m ’ , i  !n \ ’  i ’pe ’ In  s q u i r t ’ s  in F i g s .  2 , ‘3 and  ~m .  I t i s  m ’ l - , n r  t l n , l t  a l u n g e

‘n n i c - u b u e  r o I 1— ‘
~ ru S i  Ze ’ s , ’ u ’ u u n u I  p ln a s i ’  p a r t  I c  l i ’S i s  s e , i r  I v h m n n n o g e n n - u ’ n u s  l v  d i  st r I —

h u l i t e t i  t l i r n ’ u i c i u , ’ u u t  t i n e ’  I r u m - t u n n e ’  - e n u n f , - i c e ’  of  t i n e  l e a s t  p u r t ’  n i l l u n v s  ( F i g .  S d

‘S
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Ii ow -,- v u ’ , I l i e  no , u iS, - il l S m ’ n c  t t  ‘ - i t  c i t  — ‘ o f  I in c I n u t ’ t n n  i ’ m ’ sit r I  u n  ~0 w i  I - - in , i  rn c’ it I n n  -

,n r  hi , i v t - , u d u ’ , i n ’ s t ’ t c ’ x t n u r  - h h e  i u t t ’ i I n n t ’e l i , u I e  p m i r i t - :  a l l o y  ( F i g .  Sb )

hi nt s , i  snnn i I It ,’n , u nc - ni i rn ic t i o n  m l  r n - n , i , n m m s  c e n t  n i h  n i m n n ’  time 2— 4 ,.m s t i n t ’  p a r t  i d l e S

l i i i  ~e t’ c’ g i t ’ u l s , n n t ’ n t ’ l n i , i m ’ i - ,I ‘~~ c i I h e n  t i n e  s n : n u ’ ’ t h  or  d m n - i r s t ’ t e - y , t u i ned , l F e , i c - ,  n~ ’ n i’d

i n  t i n e  1 ’ , i s t n u m n e  n i l  l m ,y .  l i n t  m : n , u s t  ~~~~~ . t l  i m n ’,’ ( I ’  1g.  5a)  h a s  n u n  i n i h n , u : n u ’ , ’ , ’ m u e , ’ i ~,

u i i s t  n i h m n t  i o u  m l  I ’ e g i u m u i s  c m ) f l t , i  i n n i n g  t i l e  2 — - ’~ - inn s i z e  p n u r t i c l m ’s . ‘l ’heso reg i o n s

, l t ’n ’  s c l ’ m i ’ , u t e l  !~v i nc as i ’ m  t h e  u ’ m - i n i r s u  t o . - t m i n t ’ w i t h  no s m n u u ’ u ’ t h  m l  e n i s  i s  eu n d  i n

t hin -’ u ’t h e i  t We) n i l I c m v ~~. I n  a l l  t h r e e ’  , i i l m n vs , tine ’  c ’ , u d s t -  t e x t u l t ’ u I  a r e a s  s e p a m n i t —

inn g ti ne ’ nt -c icnn s cointni inilng the 2—1 ,nm size part I u ’ l t S  a r m ’ e l o r u g n i t e d  p m r i l  ic ’1

t o  t lOa plate su r l ,it ’c’ . In n u dc hi ti o n , I000 X m n u u t g u n i f i t ’ i t i o n  1 n ’nuu -tc’gr:~ n ius , n f  t i e -

c, ’, ir s e  t t ’ s t m i r e d  , i n e ’ , i s  s iim ss ’  n l p p n o x i n ’ n , u t c ’ l v  1 . 0  am s iz e d  d u c t i l t  d i m p l e s  n m t

uh ist I n a n  i s l i d, I t ’ i i i  Fi g .  5 .

Fi cni r c’ o s I n ~ ’s’s t u n e  t y p i c a l  f r i  t e n r n - ’ s u u r f n i c e ’ s  f i r  t i n t ’ z i n c u n n i u u r : — l u t - , u n i n o

i l  l , n v s  in  t in e ‘I’651 cond i t ion. ‘hu e absorhn -~t ~- u n t ’r g v  o f  t i n t — sc- sp e c n c n c ’ n ’ s s i s

n c ’ i u r t ’ s c ’n t c ’ ul by close~l s q u a r e s  in  F i gs .  2 . 3 and I. Like the c’hronmiu ’s .— i’ o n r i n g

nibl isv s in Fig. 5 , the areni fraction u nf nn-- :~:i enns cu ’m s t nu ininn o tb: 2— -~ rn sized

par t i d e ’s in c r o nuat ’s with in m’rc- n u sin g i r~’n and s i l i c on  c m n o t e n t  . F tn t ’se’ r e g i o n s

ir e  a I so  e bu ’n-cm t i’ e h p a r a l  L i  t ’ u  t h e  p l a t e ’  sn , i n h ’n i i ’ t ’ . t’ n l  i k e  t h e  c h r u ’m i u m — I s e ’ a r i n g

nil In nvs in Fig . 5 , ti nt ’ne ar c - no c o a r s e - t e x t u r e d  nur u ’nm s ,‘ms ntain in s  I Ic , fine r

I .m sizc ’d ,I uu e t l i e  dimples i t  i O l b l X  s un ia nu il jcn ut jon .

i - i c n i n m ’ 7 shows t i l t ’  t ”plu - n ul fr ,iu - tni rc - surf:u,- m’ s for t i n , ’ chnu ’m n ium— l ’ t - n in i u n g

n ib t c n vs ’m in t i~ n Ml’ cm n n d i t ion . Tin t ’ a i ’sm ’rh e d  e- m i t ’ rg v 01 t ine ’ si’ spec  i m t ’ns is

rt’pb ’ es~- n n Ii’ d isv u npc ’ n trin i n gle s i t i  l-’igs . __‘ , 3 and 4. Ap p r o x i m a t ’ - I v  tw- ,n — t l n i r ds

u n t  he  0 . 1 2  s / u ’  F -l i-l i a llm ’u~’ ’ i’u fr ,uc tu nt- surface ’ (Fig . 7 b 1  is comc jn u ’st ’ ui o f

t ’ l u u n ,,~; i t u ’ uI m . n c r m w h i nnp l c ’ s  ( 20 n m  x “ 0  ml ‘- ‘i nic h , ir n ’ , ‘lu ’ m n g , i t c ’eI parallel t u ’ t I n t

p l a t e ’  s i i n l a m ’e’ . ‘l ’hm ’se are n r c - s d t r u s s  1 n t t m l s n ’r of 2— ’. . - m S iZ t ’ui p a r t i e - l i ’s act 1 m g

~I~ i 
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i l l  I , n i l u l m ’ i I u .  FC , n m n i ’ I u h r  t u e  r emul  i n i n g  t hu rub u n f  t i m , -  fi’ , uu - t i ir i- s ui r t ,i , - m ’ e’ ’ unt , i j nms t h i n -’

ptee’ um ’usi5 - n ’uc mit ioni’n-h e’mn n i r sm ’ t t ’x ttu rt ’m l a reas . ftc b I n - i n c p u n d i t ’ ,’ i l  I ’ , ’,’ ( I- I , ’ , i s)

gm ’n ~’ r n i l l v  u l t u c ’s not s i m u ’ s -  t i n e  u in acu ’ u n d i m p b t ’ —n . I t s  s u r f n i u ’e ’ m ’ u n n t n i  i n n s  n e - a r b v  n - ’ q i in i  1

u ’i d i m p l e s  m i t  i n i t e d  ‘v t i n e  2 — 4  ni s i z m ’ d  p a r t  I c h t ’ s  and t h e  c u n n u r s i ’

t u - w t u i n ’ t ’d n i m’ m ’ , i s  w h i c h  1000X n n i a g u n i t  u n i t  ion f r a c t u n g r n l p hs s l u i ce t o  hi ’ n i p p r o x i t n i n i t  ‘:1 ’,’

1. 1) ni d i n i u n n e t e r  d u c i  i le  d i m p l e s .

F i g u r e  8 n d i m n w s  t h e  t vp I c , u l  f r n i c t n i  r e sur t ac t ’s f o r  t h e  z i r c o n  i u m — h n - - n u r  i ng

I l ay s  in t Ine l ’Ml’ con ch i t  ion . The’ ab s o r b e d  c - m n , ’ m , ’, \ of  t i n t - s n ’  s p m ’c  I m ’snm ’nS is re in : —

s- ’s’te d by d osed triangles in F i g s . 2 , 3 and 4 .  b . i k c ’ t ine ’  low er p u n t ”  - II r u ” ci u u:’:

- i c i n g  ailoys , e lun ng ,itn - ’mI macr ud i i : u i u hn -’s (~~2I) nn x -- 40 rn) m i t  m i t t ’ ,1 by st ’vm ’rnil

c-n uli ,imet i’r particles ,u ct jug in tandem are ’ p r t ’ s e m l t .  ll ~ ‘s eer , unlike

i i i -  - ‘h n’ ’’ nu i um—he mn r i n m ne, a i I m ’ ’ ’ ,; , the’ u ’ o n i rse textured n i renus arc’ n o t  irt ’sc’nt in

n - - n’ ’ h e r  t I n t ’ l owe r or  h i g h e r  p u r i t y  u n l l t n v s  ( ( 1 . 0 6  w/ o  F~’+S I and 0.16 w/o l,- + Si

rt ’,u ’ -c 1 en : 1 c - ) . ‘I’ht ’se’ a m e n u s  n u n ’ r n -- I - i l n n c m ’ d  bc smooth - i  t c - St  u r ed  a rn - is p r ey  iu s u s  i v

L’r t I ’  z i r c u n n i u m — b e n i r  log a ll o ’,’s g iven  the ‘1 1,51 h e nmt t r c u t  m t - n t  in  F i g .

i-i . In  a d u l t  ion , tint’ elu unu gnitm ’d macrmn dimp lt -s ex i s t  in  t h e  h i g h e r  p u r i t \  z i r c u ’ I ’ s i n m m s —

sea rin g a 11 m svs win lie tine c hrm -imi um—hea ring n i l loys diii not show this I ‘~u I urn - ’.

3 .  - ‘u~~ ‘, l  Y S I S  OF \‘ ,- \ R l A NCl- ~

rn  u n d e r  t u ’  s ’s ’s t  c s i n t  ica lly rank t h e  r e l a t i v e  i m p o r t a n c e  of the fir -n t ‘ru ler ,

s~-c nd nnr ’ I cn and th In -h o r d n - ’r in t e r a c t  ions , an a n a l y s i s  of v a r i a n ce  w a s  p e r f o r m e d .

‘0’, ’ i n , I ’ r t i n n ’  rn ’ n n s , n m n s o i i t l  m e d  in p a r a g r a p h I I I .  2, tIne transverse W /A values

v e nt ’ u sed in t h i s  a n a ly s i s .  T a b I n - ’  2 s u mm a r i z e s  t i’~e r e s u l t s  fdl r this tvpt ’ of

- u ru. - i l y s i s .  h -  first cmn lumn lists t i n e  c o m b i n a t i o n s  b y w h i c h  t h e  t l u r e e  v a r i a b l e s

u n m l  l u  i n  ‘ s n  t ’ t h u  e nn csasm ine ch W/A . The’ nm’ : - : t f i v e  co I ~tmn s lis ts the u lc ’g r u t ’s o f

f r - - h u m  ( n - i f )  , t he sums of the squta mc’s (SS) , the mea n sq ua re  (M S)  , the  m i t  i t ’  n - s f

I i i - ,- son ” ’ n u - ’ n n i i s i n at  io n s  c ’ n i c i n  w ith h u m ’  e r r o r  mean square ’  ( F ) ,  and f i n a l  l v  t h e

n ’ r i t i e , i I  v n l i l i c ’  (C\’). l ’ i ie  c r i t i m - n i l v a l u i c  was chosen to hi’ at t i l e ’ ‘
~~
‘
~~

‘ c o n f i d e n t
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L-\hlb ,i- : 2

ANu Fc ’ ,\ ‘l ’\h3 l~E FOR ‘b ’ R , \ M S V i - R S I - I W / A

SOI RCE OF V A R I , \ l ’ l O N  elf SS ~IS F

T (heat t r e a t n n en t )  1 289 , 537 28~ , 537 55 .38 -~ . Os

D~~( d i s p e n s u u i n l ) 1 14 , 853 14 , 853 5 .06  1 .08

T~ D 1 20 , 093 20 , 093 6 . ,sl 1.08

P (p u n it v  level) 1 541 ,975 135 , 4~~,I m 4 6 . 1 3  2 . E, l

T ’ P  4 19~u , 502 49 , 126 l b . 7 3  2 . 1 , 1

D .P  4 9(s , 237 2 1, 059 8 .19  2 .~~ i

P’D”l 4 11),963 2 , 741  0 . 9 3  2 . - i

40 117 ,487 2 ,~~37 1 -

e (t ,d ,p)

*F 5
(l , 4 0)  or F 95 (4 ,40) i.e. 1.08 ‘n - 2.51

‘l’he Ya tes M et  h e’d of ana l c-si s tis c ’ml tm -i oh t;u i i i  t lie ’ AM ’ L-’, tahl c is d is cuussn’ n I
by Ch a r l e s  R .  I-licks in  ‘ ‘Fun d , ’ m n ni u ’ m n t n u l  C o n c e p t s  i n  t i i m -  l u- sign of  Ex p emi m- ss t s ’’

(Ch icago ; Holt , Rin ehart , and Win stu n ’ n , l O l s S ) .

l b
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”
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It ’v~’I. I t is ~‘ b n - ’, ut’ th n , it t h i n re’ is ni I a n g c - \‘, i r i n u t i ’ ’ u u  in t i m , - i- r atios . l ’ iu i s

uuI n-’, um i s , i n  I c o u i ’ So , t h i t  I he v a r  ions comb m i t  I c~ i s oh l it n t  t d o  i t  c l i i  ( I I , c i i  s p t ’ r —

Su n i u i  t v 1 n ,’ ( I I )  , mm mcl p u r l  t c- Ic y , I (I’ ) a rc- n o t  n i l  I o u ) u i , n  l i v  s~ i ’ m - i  in i u p unr t c,nn m ’e

1 m m -  s n ;  t -  , 5 un ‘-, n i  i t  l u n t i  ,i r m ’  I l i n t  ‘ u i  on tile’ I- ax is in F i g . ‘ i t ~ I I  l u s t  r a t e  t l i t ’

rn- I - m l  I ye I nn llu n rt numn c n- m I t  i He t c’s I i’m1 V i n  I n i b )  n - s

ln ti ’u ’n-n-u t iuigl v , th u l I m it tnc ’ni tr’u n ’mit (1’), w h i c h  i - m nnt n m sl s t i um’ I v J u m -  m o m l

d i s t  n i h u t  ion  o h  t h e  sm; -n l  1 h n n r d e u n i n g  p n u r t i c  l , ’s (5—SOO nn i ) i s ; s , - r  , i m p o r t a n t  t hn u n

t i n e  nii n n msmiul t of cm nils t ituen t p art id es (w/un l ’,’±Si) present (i’ d .  ‘I’he in te -rnn m t i n n

l ’ t - t n e e m ’ u n  t h u - sn - ’ t c ~’ , ’ variable’s is the ’ third most important variable c o n t  r I  1 i n g

t h e ’  f r a c t u r e’  t u ’ u i ,g l u m n e ’ ss . In  un nm i e’ r t , u un d erstnnnml these results , t h u o  m e s i n i n n s n -’

surface for tl- i ’ in te rn n i’ t ion bets’t’e ’un he-nit trcatnsuent and p urity level is give n

in Fi g. 10 which is F i g .  3 ru- p I n t  ti’d by esonnhi n ing thu u ’ p t ’ s s  and c b o s n - ’ d  s v n s u l s o l s

f o r  both heat t r e ’ n l I  m e n t s .  l i ne  12- 11’ h e a t  t n m ’ n n t s ’ s u - n t g i v e ’s  t hi ’ ln in ei n e s t values for

W / ~\ once’ t i n e  p u r i t y  e x c e e d s  t lie ’ 0. 2 W/ o  i’ c ’ 55 i p u n  t ~ I dy e  I
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51-1( 1 h I M  I V

I I I  ‘- b l I SS I 5-1

1 .  ( ‘ u u M S l I I I ’ l , N l  i ’Ah i ’ b ’ b ( ’ I , l , S

l iii ’ I e v m ’ l  m n t  i n u i n i t y  d i v ,  w h n i c h  s i g n i i ’ i - u s u t  i m u u ’ r e , u s o c  in r , i - ’ tm i re ’

tm n ughn t ’ss c-an  ‘~ ‘ n i t ’ h n i c - v t -d is  s l i m m i n g ] v di ’ p e m n u h e u t t  upon  t h i e  d i s l n n - - r s u i d  an d

h n i rm hn -’n itng par t I u ’li ’s w inich u ’m untr cn l tIlt ’ l s mun , ’ e’sS of shear hanui lnurnna t h u n

h e ’t s t ’en t h e ’ v u n i u b s  s’huhe -h i n i t i a l l v  fcu r mmn . ‘l ’hni s t a c t is dn , u n :n , nt i nt l l’ ~’ i ll u s—

t rat ~‘ ui i n  I~ 1g .  10 wh id h i n- ’ ompn i  mn- -s t I n e  ‘ 1 M b ’  p rocesse- d n i l  I u u ’ ,’s t o  t b i osn - ’ h e - u t

t r e a te d  t un the 11, 51 t e m p e r .  In ho tin instanci’s , t i m — -  I u s e s  t I ’ r , m ~ t n u d e

t o u g h n e s s  was I u n r  t i m e ’  I e a s t  p u r n - ’  a l l  t u v s  ( 0.  30 w / o  l:n-,+ S I )  , ‘I ’ un d cn uis In - -

t h i n -’ toughne’ss  l n om t h i s  low v a l u e , t i n e  p u r i t y  had t n  ise’ i n c m m ’ , u s t ’ u l  l u ’ , ni f a c t - n

of t w m n  I o r  t h e  fNI ’  p r o c c ’ssed n n l l m n v s  (0 .  18 w I n F0+5 i )  win i lo  a i n n — h  o l d

p u r i t y  inm sne ,is n -- ( 0 . 0 7  W / n n  F e + S i l  was r e q u i r e - u I  f o r  t h e  a l lo c ’ s  g i c o n  t h ~

1651 heat  t m c ’nntme’nt.

T i n t -  i m p o r t a n c e ’  mu f h n - , n t t r e - a t  c-m c i-i t on f m u d  turn -’ t onughn ess w a s  a l s ,

el e-nunn stm a tt ’ ul he t u e  mi-suits unf ili Ru ss un , c l  . al . 
(10)  

Thee t , ’s t e ’ d tS’u ’

l a h o r n n t ’m ’ .’ p r u c h u c ’ e h  7075  t I m es: a c’onlm esmn ’ i nu l p u r i ty  a l  l m n c - ’  (0 .  3 3 c e o  F~ - n - S i )

and a h i  gin purit y il l  nn v (0. ( 11 11,1 , w/ o  Fn-’+S I ) . b a c h  al  I n c -  was g ive n - i  t v ’  d i  I —

f e  rn --n t  hea t t r e - i t  m n -- n t  s . ‘l ’he ’v n ame- ui ones he ’nn t t r e n n t m e n t  T— A s i n  i c - l i  I n v o l  en ’s

n i  s i mp l e  w a r m  n i g i m n p  a t  120
0 1 ; f u n n  24 h o u r s  ( i  . t ’ . 16).  The second ut - m t  t m ~ i t —

‘s - n u t  i n v o l v i n n ’  t i u t ’ m r u n , ’ m m -c l i an  i c , u l  p r o c c - s s i l n u w a s  m ’ a l  l ed — -SPA.  i t  cons sts ,‘t ’

; i g i n g  n i t  105°C f m r  6 h ou r s , a 21) 1” rn -- d i n t i n n  isv w a r m  r u - i l l  h n g  a t  17 5 °C , nunci  a

f o a l , u g i n g  it 1 2 11m n 1, f o r  6 h o u r s .  I i n c ’ i r  f r , i c t  n rc  t , n n i c i u n m 5 5  I S , ’ s n i l t s  1 m m ’

s umu n na r I ‘it ’d  i i i  ‘r n n h i e  3 .  1 d m - n I  is most in t e n t - s t  log is th ;it t li , ‘r— AHA l l e , l t

t r e n i t i ’ d  h i g h p u r i t y  n i l  l m n ’ , ’  h~~s n l l - i p n i n x i ’ u u . u l e l v  t i n , - 5 , 15550  f r i  t u n e  t n n u i g  n o - -is  n i s

13
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I ’Ahl l , E  3

l , c u N G —  I H , \ M S V 1 ’ I R _ S E  F b -tAC ’I ’t ’Ri-; ’I’ t ) U ChlNh’2 ’1 S PROI’ ER ’h  l i-I S

O h - I , Al~( u RA ’l ’ u ) R Y  P R O I ) I CED 7 0 7 5  ALL ( ~~ 
( I )

m t  n r c  h ’ -.s un g hu ~ n ‘Ss

I n d e x , K u , ( K S  I i n )

7075 A l , I ,nv Wi th ‘ f— A ‘l’ — ,\b lA

0 . 3 3  w/ o  Fe— +S i  -30 . 5  2 7 . 0

0.0bh (u w/u n Fe’+Si 57.0 37.5

( 1) D i R n u s s o , E .  , (1 i n n n s e ’ r ’ ,’n u , M .  , ~ n n t t  a , I- . , n m n u l  M , — n r k m i s , ‘~~~., ;l , - t  . 1 m a n s . ,  -

h 1 ’ ~ 7 3 ) ,  1133-I 1 + - S .
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thni ’ m- oinnnn e’rcia b p u r i t y  i l I c - ’  hm n i ving I hi ’ ‘ I —A u n i t  t d n ’ , u i i : u ’ O t  . 1 l i e  ab,sence-

m u f  c-o n st  i t u c u n t  p ar t  id - s  i n n  i t - n t - I f  d u n e ’ S n o t  ( ‘ u , i i ’ , u u m t  em’ t h e  o p t  i l n n u m u : n  f n , ,i c t u m r e

t m mng h n n e s s  i s  r n - ’ n i c l n e’d f m n r  ,i ( ‘, l v e un n i l  i m i c - ’ . I I n n , ’ s econd stage u u f  s l un - -n ur lsn -ind

t o r s s u n n t  lo in  i s  t ine ’ r , u t c ’  c u n i n t n u i i l  i n g  i r i u o m ’ s s  w h i c h  u l c - t t - r r n j n c ’s t h e  a)  l , ’ ’,’ ’ s

f r ,i c t u n e -  i oug hune ’ ss

‘fh is cone ’ I mis lu ll seeinn s t n  bun -’ s u p p o r t  i’d b y t ilt’ r e su l  t s nih - i t a i n n ’d h e

[h ahn n it - i d R i n s n - ’ i i  1 10 lu l  . 
( I I  . 1 2 )  

i- ’ r m u m u u  cont  i n u u m  ci as t  i c — p  l i s t  Ic  n u n - i~u i  vs  i s , 
( 1 3 )

I H n - ’ l o b  l o w i n g  f a i l u r e ’  c r i t e ’ n i c n n  w n u s  p r t spo sed  f r o m  t h e  i u u i ’ t a l l u r n , ’ i - - , u l  p i n t

of v i e w :

K 1c = ,~~(~~) 1I 3  
~~ E • D  f c,

l / h i  
( 1 )

w i n t - u r t ’  f is the  vol ume f r a c t  ion of c r n u c k c ’ u I  p a r t  i t ’ les wh i I n - -  h i ’ !  r d i a ” n o  I - n

i s  0. As p o i n t e d  out  b y Hahn at-id R o s e n f i e l d , w h i l e  e q u a t io n  ( I )  pr n ,b i c t s

t h e  r i g int  o r d e r  of ’ m a g n i t u d e f o r  K
ic 

w i t h  e x p e n i l s s o : n u . u l  m b s e ~~’, ’ u l  i ” m s , a

f u n d a m e n t a l  c u u n t ’ r a d i c t i o n  ex i s t s  be tween - i  t ime model and t h e  n ’x p m - n i r ’ u e m t n n l

r e s u l t s .  The model  p r e d i c t s  f o n  a c o n s t a n t  m o d u l u s  and vu ’ I l i m e  Irnict ion 01

c m n m c k e d  p a r t i c l e s, t h e  t o u g h n e s s  w i l l  i n c r e a s e  - n-’ i t h i n c r n -’l s i n g  c - i c - I d  st  n n g t h

( i . e .  K
IC 

0 ~~~n ) .  The e x p e r i m n e - n t a l  r e s u l t s  g iven in Fl g. 1 1 sinew’ that as tIne

y i e l d  s t r e n g t h  i nc reases  f r o m  (0 .0057)  F to (0 .0085)  ‘1 , t I l t ’ f r - i ,  t n u r O  t o i n ~~iu n e s s

decreases  - m t  a c o n s t a n t v o l u n i n m i ’  I n n u c t i o n  of c r a c k e d  p , m n !  1 - I  c S .  l l n ~’v a l t  r u - s i t e

t h u u ’ loss of tuni g hness  to  p l as tic instabil ities associated with narrow’ hands

of inhoumnogeneous  s l i p 1 i n k i n g  the  n n n a c n u ’ v u ’ i d s .  This  sin c ’ar b u , m n u l  m’ri ,~ t i ons  is

c o n t r o l l e d  by t h e  p a r t  i c l n , ’ - n  w h i c h  wi ’  have  c a l l e d  h a r d e n i n~ and  d i s p e r s u ’ i d

p a r t  ii’ L’s.

2 .  D I S P E R S O  I I )  ,- \N h )  H A R I ) i - I N I  MS PAR1 ’I ( ’I ,ES

T i n t ’  h c - ’ p i u t h n e s i  s t h a t  t h u  d i ; n h ’ c -r s o i d  mom ) h a r c l t ’ni mn g part l u  les in  un l u imi o m it ”

ab lunv nu pla y an equall y i u ’ u l u ’ u ’ I , n m n t  r o l e  f u n d  d t ’ t e r m i n i u n g  a m a t e r i a l ’ s S m u ,  i l i re ’
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t~ n u g l n n n m ’ss is  not i t ’S’ , ‘-1 - n  i i m i e n t n m l  n-’ v l u l n - ’n n e e  5 , -I ‘ e’~~e n i t i ’d  l v  Sn - n - k .  
( I ~~ )

h is hmlc’as nin e m ’m ’l n S l s i c ’ i t s i t u  t ine- tS’un s t n ’l ) 
~ 

u - u - u ’ ,ns ms ut ’ i - l u n i i u i s n u  t ’ , n r d u n ,  t i l e ’

u i i  i n u r e  p r e s c ’ i ’ t c m l  l ,v b ’ in o m psot n  a n n m i  g’n ’ i  u i , n u u ’h
1 ‘~~ m i n d  t h i n— I ‘nc- n ine ’  m i s t - t u b  tin

eX~n l - i i n 1  t h u  n- - x p n - ’ r i m e n t a l  r , ’ s m m h  i s .  i n  K r u n ~’iu ‘ s s t u d y  u n f  t h i  r I m ’ ’ ’ ; ;  - , ‘ n n s ’ n , - r i ’ i  ~l

, l l u L S S n l t i minSn , i  I I , nc - - s , 1 s t  h s i u n n i l  I d i n s u i n l e’s as wc - I  I u—n I n i r g e  y u ’ i d s  w e n t - ‘b ‘ n , -i ’ \‘u ’ u I  on

t h e  r i  t u r n -’ sm n r m , i e -es . ‘I d le  I mnie ’ tog nn ip hic n nun n nl ‘,‘s is given in Sc-ct ion I l l.

m ist s t he s i m m ’  o b s c - r v , u t  i - n i  - Thus t i n e ’  rn - - u i  u i  r t ’ , I p mn - -Sm - I - i c c ’ 01 a b i m o d a l  d i s  t r  i —

h lit i ~‘n of  d i  s up  i n -- Si zc’ on nu u ’ r u -  t u r i -  s u m  r f i , e 1 s f cii I i  I I c d

Br tni ’k’ s S t u i m l y  of  d i m l s l e ’ p n u n l i  l o s  I u ’ u u n u l  that t ime d i mp les r a n g i n g  in s i z e

i ron 0 . 2  tmn 2 . 0  rn vt- re r e l , i u  iv e i c-’ s h a l l o w  hen l n - ’s . Thus , i f  shear  banmi  f i n n n n i —

t i o n  w o u l d  be the  su -cond s t ep  fn n r  e b u c t i l e  i n n i c t u r e  ‘ n e c h a n i  Sn , s h a l l o w  d i r i p le

p m n ’ f i i c - s  a re  e x p e ’c t e u l . W h i l e  no d i r t - c t  me~~s nu r e m e n t S  of d imple  p n o f i l e s  were

made in thi s nnr ~’sent study, indirect evidence- suggests tinat shear band forma-

t ion o c c u r r e d .

In the  c l i r o m i u m — I s e an i n g  a l l o y s , t h e  f r a c t o g r a p h s  c l e a r) ’,’ showe d d i m p l e s

w i t h  t i n e n - n e a reas  d e s c r i b e d  as “be ing  coarse  t c - :’t u r e d ’ in Fi gs.  6 and 3.

Thest - sa n e  co , i n so  textunt -d meg -i ons were  a b s e n t  in the  z i r c o n i u m — h e a r i n g

‘ 
a l l m n v s  i n  I l l s .  5 and 7 . This  doe s no t  mean t h a t  a much f i n e r  s i zed  d u c t i l e

d imp it’ d n , ~~s not  e x i s t .  F r a c t o g r ip l n i c  e v i d e n c e  p u b l i s h e d  by S a n t n e r  and F in e ~~~
5
~

r e - e n u t  ly d e m o n s t r a t e d  t h a t  a f e a t u r e l e s s  n n r ock candy ” a p p e a r i n g  g r a i n - i  b o u n d a ry

t ’ n , u ,  t u r n - ’  cnnn n  indeed be a d n u c t i l e  d i m p l e  f a i i u n m - at  s u f l i c i e n t l c - ’  hi g ln m a g n i f i —

i - n i t i o n . T b n e i r  w- ,u r k  on a h i gh p u r i t y  hiinarv Al—3.6 w/o Cu alliw identified a

0 . 2  on spher e—I ike preci p itate in t I n t -  g r a i n  b o u n d a ry  r e s p o n s i b l e  f o r  t h i s

f a i l u r e  mode .

Profile sho t s tnt t Ine hi gh purity (0.02 w/e Fe’+Si) and lu ’s ’ p u r i t y  ( 0 . 3 1

w/ n  Fe+Si)  s p e c i m e n , shown in Fig. 12 • ‘ i i  so s u p p o r t s  t I n e  i u v p i ’ t  hes i s  t i n , i t  t i n e ’

‘ i i r c o n i n i m — h c ’ a n i r n n~ n n l l u y s  f a i l e d  by s h e a r  h a n u l  n c - u t  ion . I t  i s  i n t n -’n t - ’n t in g

‘i 16
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I a n o t  e 1 1, i I I un I i -, ‘ . I ,‘ , m  , , u  ; ‘~ - I - n c - n I ‘ u ,  i t e I ‘; I nm 1 ‘ I I i , - 1 I ’ - - - S I n  - i o n , ’ ii - - .

nn m 0 h i l \ ’ n ’ I i  lm ’ e h I —~h u ’ c ’ n- ’ l m n b n e u l  ‘i I g — : - ~; ig  p r - i  u i ,  is  tm sn  i i  ‘ - t i  - v  Sn - , ,  - c - , i n n m l  “ ‘u S

l i e  iv et u n ’ , ’ i u c t u u n i - u m m u ’rg,c’ , 1~/ ,-’m , u i  l m ; s  - : -  i i n ” n n ,  i -  l i i i  i , , - , - i i i ’

In ‘ n n ’ , i u r u ’ u t ‘i ’ t l i e  m i  c - m e n  p m i r  i t  c- n i l  I n c -  i d  m m ,  ci ill I i - . 1 - n- i b m  n c’0

* 

- m  I~~, u i .  l i i  i _ - n  s u n ,u tg ’ s t _ s t h n n t  t h i n ’ sc ’ u ’ u n u d u—i ’ - - u ,  0 - - ‘ n  1 , - n I 1 w i t h  S i  I s

; u m e , r ~ l v  n -
~ - s i ’ u n n u s n b l m ’ f , n r  t i n t ’  i n n c r t ’ , u s e ’  i n n  I m e  nil I - u ’,’ ’ s r u t  - m ,  t ’ - u i c h i n n , -s s

i S  d m l n u m i l s l l n l m  t i n  t h n ,  n o n i i m m - u n  p o r t  h u n  , ‘ t i n e  l , , i d — - l e i  Ic, n - n f l  in ’: ,

S c j u n ’ n n , i t  i c - n i l ’ - ’ , I r n i s i n  i i i  “ h g .  I .

l b  i s  v p m s t i u m - s i s  w a s  f o m t l n u - r  t e - s t m - d  t sv I n c - r I m m i n g  h i  c i i  r ’n , i . ’ n m j  i ,  I 1 ’ ; ;  - 1 ’

I I h c , i  f r i c t u ’ , ’, m : i p h n y  ~‘un t ine  z i r d t n n i u t n i — h e ’ n l r i n n l !  , i l l ’ ’-’ s,  l i i i ’ ‘a su l ~~s t n t  t h i s

w o r k  is - n n i ;u n , i n i z e ’ m I m l  F i g .  I I .  l i n e  t ’ ~ ’ n , ’,, i s I ’ r ’ a t n - n i , m l  d I ’ ’ i ’ I n  f m u r  i m n S i

h u c ’ n n  t t n -  i n c-n v I m  i I m ’ t h n -  M l ’  p n u u , - , ’ ” - c - n e m l m i n i  i t ’ i j  ,i I 1 5 inn  b u t  t n t  i t  - ‘ru n r ,  s.  f l u e

I n st  Cu) I n in n nn s i n u n ~ ’s t i n — ’ Ii 1 gb p u n  t ’~ n u n u t e r i  m l  (A  I = — . I _ I c e / - u  Fe- -~~ i ) s- h i 1, ’ - t i t ’

l e - i s t  p n t r e  m n n t e n i n u i ( E l  - 0 .2  w / m n  1 ± _ S i )  i s  i n  t i n , ’ l i ” i  , ‘ m n l n u m : . I n  a l l

f , ’ u u n  c, i , -s d u c t i l e  uh i n n n~s l e s  w u ’ n n - - un l u s e - r v e u l . b u n  ~ bi c ’ MI’  m a t ,  m i n I t i e  I - s r

u m n a g n i f l u  , u t i m n  i u t ’ m m u i t  t e d  u u b s n -’ r c - ’ i n g ,  a h i n n o d , m l e l i s t n i b i m t i ~ ’n ’u i n s  u l i n u t Uo ml i n p l e

s i n - i c’ . [t l p a r t  i c u i n m r  t i n e  Al  —l i - l i ’  t’m ; u u ’ t c u g m n n p h  sines ’ s 0 . 2 ’S  - run d i n n r n e t t ’ n  u l m i c t  I I

d i m p l e s . The d im p l i’s f o r  t in t - E l — T NP I r a u - t u u n_’ n — n u l ’ h u  w e r e ’  , i ; u n’~ n~~x i i u r , i t u  l v  t i n e - sn ’c” t

S i ze , o n ly  s l n n n w ’ i n g  more  s l i t - n u n  I ’ m  t h i s  p a m t i u ’ n n l , m r  n i n i - , u .  ~l l u t  I r n u m ’ r n s g n , n p h s

f u n  r t i - i c ’  r ’;a t c r  ia 1 w i t h  ‘165 1 t m ’r ,u t ’e r sc ’ me ’ t a k t - ; s  n u t  a h i  gine ’ r mac n i  ~ l i c n i t  I n u n

B o t h  h a v e ’  u h c u c t i i e ’ u l i m p l i ’ s t h a t  v t - n m ’  : m p p n ’ c - n  i c - c - n t  c l v  0 . 5 0  , m , n u h u ’ u i t  t w i c e  as

l a r g e -  as I b u , u t  I ’u ’t i n d  f u n m  t i n e ’  m ’u s r r e ’ sp on d i n ,g ni b l i n e s  p r u ’ c u - s s c - m l  i S V  ‘1M b ’ . T h i s

a p p e a r s  t i - i  have ’ p r o d u c n - d  a 1 n l r t ’ e - n n u m b e r  us f t h e  s n u n n  I I sn -’cond p ina se p a r t  I c  I

s i t e ’s  t h an  I I n n ’ T 6 ’S l  p m ’ ’ -  n ’ s c - - u , ’ , I  m a t  u n  i,i i

l i i i ’  c’ s - S l u m ’ m i men t , i I ‘ v i i i  ‘ ‘ i n c  c’ S n g g c ’  s I S  I I ; , ; I  m I c’ n ay ’ h u b  0 - ;  I n - - s c  m i i i ’ u ’  \~‘ n n 5

, n ’ - i u h u ’ v e ’ m l  I ’u n r  i s m u t h  n ‘ c ( ‘ h m o m i u u i ” — i u m - i r i n g  and  z i m u ’ i ’ n i u m — I s c n n n h u n g  nn l u r ; i m n u n s ’ s , u l  I i ’v
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~‘ h t I n  , i  t~ ’ t , , l  m m  , u m n u l  -~ j l i m ’ u ’ n u  ~- - ‘ m n n  u - n u t  n n i  , ‘s~n t l u , u ; u  ( ( . 2  u s / u ’ . I n n -  c i n n u n ’ u i ; i ’ —

n u ’ , m n ’ i n n u r  n u l l m n v s  h , , I c b c , ; n l v  v i s i l n i c ’  n ‘ i u ’ u n s  i n n  t h i -  s l u ’ n n r  I , , u n n , i , - - : , u i - m h n C

c- , i l n l n d u n c - : j n l n n u t e l v  i , - ‘~ i b I , u ’ u ’ ’ t c d  u l i ; n l n b e s , m i n i  I c  t h i s  s i n- n  m i n t  t i m e  c i S c  I n  l I n e

, ‘ n u i u m m n — i ’ , - , u n i n n n - ’, i l  l u n c ’s .  H u t - n i v , u l i , u i u l c ’ t ’ v i u l t ’ u n m ’ n-’ ( I - l u ’ s .  12 ; u ; n , I  I i )  su g g e S tS

- t i m - u t  . u  sr i  I I u n s i s m ’ c i  l u _ - i I ’m I c  I e is  r u - n - ; p u in s  i i )  I e I u n  r t l i e  s l u t ’ , i r — i n n u t n d  I i n n ; ’ , , ,  t 1 m m

- I n n  t l i e  in I r c m u n n  i u m n u — h n - ’ , 1 r I i n s  nu I I m ’V5 . M u u  n c -  ‘V u’ n , t i i — ’ ( a d  i i t  I I i ,  - 1 , i  1 1 m m

-
‘ , , u n t — l n e ’r f u n r n ’ n c ’ m h t h u m  s , n m n u e  n n l l u n c - s ~~i v u ’ n u  t l u e  ‘ 1 , 5 1  I n n - - n i t  t r e , u t u : n n - ’n i  (~~~~, ‘ , ‘ Scm L i e u

I I 1 . 3 )  m n n - - g , u t  u -S t u e  i u c - ’ I n o t  Iii ’s is t l i n m  t t h n -’ I t - i c ’ b ins I u n n n s  , u  l i n n e  l , ’t e ’r c -  I n c  n u n  i i  :- t i c - ’ ’ s

I r u c t  n i n e  t u , n ; ’ ln ; l e s e  - As € ‘ x p l - u i u i n - ’ mi l i - i  t l n u ’ Ha  r , - , l n i c t  i n n , t ime  I’ll’  ‘ n - ’ - eSs e , o n n i n t

s m u b s t a n t i n u l  I v  n i f f o c t  t i n t - s h i n e  a n n u l  s~u - u c i n g  ‘f  t h i n - - b n n n ’ ’ t , ‘ , ‘ n n s t  i t m n e ’ n t  ; n n r t i u ’ le s .
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Sil l - l o l l  V

Sl ’ M M , \ i - IY , \ M h u  ( ‘ u r l ( ’ b , l ’ S  I ( n ~~S

,\ i m n u n c i t f i i ’ ml n o t c h n - ’ u I  r c u w n m j  t t - u u n -~ i Ic t t ’st w h i c h  i’ m, u s u u n , - , l  t h e  p 1 st l m ’ e m ,  m u ’’ .’

pn -’ r tin i t  nu r n - -n i  , W / A , is n n s eel tm )  I mn e-a s mu n e  I lie ne I a t  I ye I m u ’  t d i r e  t m u m  m i m e ss o n

t n - i ’m c l i  t I c - r u n t  nn l m t m i n u m  n n l l u u v s  hn ise ’u l  on tine ’  7 ( i 7 5  i ’ m n n s n p m u s  i t  i m n n .  ‘ t i n t ’  I n’ n (’ t u u n ,-

tu u nm ,’I nnmm e’ sS r a n k i n g  f o r  t ’ h n t ’sc ’ n i l  I o v s  I - I  t h e  c - u n u n m n i ’  i n  t h n -’ l o n s ’_ u i t u u u i i n , u l  a n d  ] u ’ n e

r , u i n S v i ’  rst ’ cli  mm - c t  lc ’fls a n d  ;ngnen-’s vi tin t i n c  rank hog found i n  p r - n - m u c k u ’ ’f Chnu  r i sc - ’

( 3 )  -t n - s t  s . I u n - s e  rn - - su i t s  slg gn -’ st S hun t t h e ’  ‘ , i m n t ’ m i c ru nm u u t ” hanisnum s a r e  r - s p on S  1 b le

( , n n  de ’ t u ’ m n n i n i n g  tine’ fm n n c t t i n c’ toughness u u l  a l l  t - , ’ n u  , n l u n n i n t t m  n i l  l m ~~ s - — r e d

ha v i n g  tine’ cm n nn n n osi tiu n n i f  7 0 7 5 .

F r , u c t o p r u b u l u i e - a n a ly s i s  H o u r l y  i i m m n i u ’ a t e n l  nn d i s t i n c t  d i f f e r e n c e ’  in - i  t I l e

, m n n m i u u m m s t  t n t  i n u r g e  v o i d s  p r i - s e ’n t  w i t h  d i l f e n m ’nt  we i g h t  o- n c e n t s  ol  i n - n p l u s

s u l  icon . In add i t  i o n , tb - i c ’  sma l I c r  d i m p l e ’ s f u n i n d  bets ’t c’n t i - i n -’ m m c c -  \‘u ’ h i s

ms’ c ’m t ’ d i i  I c - n e -n - i t ( o r  t i n e ’ c i u n u ’ n n i u n n — b e a n i n g  and z i ’u ’ o n i u m — h i ’n n r i n g  a l l i u ’,’s.

ls’ b u i l c ’  t I n e ’ c i u m n ’ u n n i u m — b e a n i n m s, n i l  l u ’v s  h n u d  d i m p i c ’s on t h e  m n r d n - ’ r  of  1 . 0  - mm ,

s i m i  l a m  d i n n p l e s  we ’re  t n o t  v i s i h l c -  i n  t h e  SOOX {r a c t c g m a p h s  of  t h u e  z i n c c s n i nj m

h e a r i n g  a l l oy s .  Howeve r , r e p l i c a  TEM l n n c t u m p i ’ :u p b u v  s h i i n s ’ e’d 0 . 2 5  t i m  0 . 5 0  . m

d i n i n p i c ’s we re l u r e u ’ n n t .  l i n t ’ s i z e  01 t h e s e  d i m p l e ’ s  , i p i s m ’ : u r  to  he r e l a t e d  t o  t h e

h e ’ n u  t t ne n a t  u ’ , ’ u - i t

‘l ’l nn - ’ an a l c - ’ s i s  u n f  v a r i n u r n c c ’ c l e a r l y  d e m m s n s t r a t e m l  t i n n u t  m u - u t  t r e a t s - m i t  s in  i c ’h

e - o n t n o l s  t I n e -  s Lit ’ a n d  d i s t  n i b n t t  h unun  u - i f  t i n e  h a u , i u - n  l og  p a n t  ~m ’ l  t’S is  t h n -  n u n - s t

i n u u p u u r t n u i u t  v n i n i a h l ’  t ’ f f e ,  t i n g  I n ’ , i c t u n o  t n u i c i ; m n e - u s .  T h i s  t h i n  n ; u p j n - - ’ r t s  t ine ’

I n- : ’ - — s I  ap t ’ I n c - ’ p o t i n n - ’ s i _ u u - d  u i ue ’ c b n n in ’ u i s m  t n t  d t i i  I I I n - ’  I i’ , i ’ t  ti n’ ’ ’ ’ I f  tile’ f n - n , t n t m i  t n — u gh—

nn - ’s s  w , ’n e  c u u n t m m s  1 In - - u i  by th ~’ a l n ol l r n t n f  i n ’ ;  m d  s t  I i c u ’ n  n - n m ’sm ’ f l t , 1 h u t ’n Oflt ’
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c - u n - n I c u n n m ’ I n u t l i ’ I mc ’ i i i  l n i n e  i s  n i  - ‘ m e - S I  c i ’  I - u  ‘ u  u ’ss  u n  t I m e  , ‘ - .r  - - c- I ‘ - n . m I s  i r e

lit ’ t S u m  I I ii ’ I n- - tn  t I c- In  I n ’, I i t u ’ i m m - n m i l e  t i i ,  i t  t l i e - s i - ’ ’ , ’ ;  ml  a t - i ’ m - Pci  ‘ ‘ S I n e s  io n n ‘s . t i c -

i ’ m ’- ’ n u l t s  m n l  t l u i -m Wi l ls s a n e s t  t h a t  n t  0 . 2  I c / i n  I ’ , S i , t h e  s e c u n m n n - !  sl i d e  n u r ~n u ’ n i - s

‘ i  s l t e , n r  ‘ m i n d  fu ’i ’ ; ,i t l o i n  be ’ c u n u n t - s  s m m i i  l e a n t .  e n - - i  r u ’ s o n n r c i u  l i n u s  s l u , u m c m i  t h a t

i m i c r e n i s i n u u l  I n - u c t u i r n , - t , ’ m i n ’ h u n n e s s  i s  - ‘ m - u nm ’ m n u I  l v  as’ s u n c i , i t n , ’ u I  w i t h  ,i u i m ’ c r t ’ n i s c ’  i n

y i n - - l u 1  n-~t r n - ’ m ’ m g t h .  c ’ u n e ’ t’ , i l l v .  l u , i c l  m a e  I u n u n u ’ , i u u i , ’ n s  i s  i m i c m m ’ - i sed b c- e c n n t r u u l l i n p

t int - , u : S , ’ u n ; t  c nf C in nns t h t n i e t u t  p u r r  h e  I t ’s’ i n n t ’ s n - n t  , w h i l e  t i n u ’  c- b i d  s t  r e ’n i g t h  is

coin  t n- . I I ~‘d he  t i n e  t pt n t  Ii n n , m , -n l u n g  ‘ n i  ml  id  c S  pro ‘- n t - i l  t . n l i n u s , I t appi- ni rs

I ci r t i m e ’ I i n — t  t i nc  l i , u  t t i m e ’ t n - n e t  t i n t ’ t - nm ‘ 1 m m - n - u s  u - n u n  b u t ’ i nc  mi su s e d  m~’ i t S  no

1 m n 5 5  I n n  c- In - -  1 ul a t  m e n  :1 It i t I Iu ~ is n ’ n ’ m , - , m  t t r ’ - a m  c - m e a n  (wIn i m i t  mciv i n v o l v e

mm c - c - I n , u n n i c . u l  w’ , ’ r k i m m , ’ I i s  n i i n p l I t ’ ,1 t i n  ;u l u l m ’ u l n u n u n : n  a l  l u n v s  w i t h  less t h n u n i  0 . 2  w in

1 c + S i .  S i m n c c ’ tilt’ l u n r u l e n n i n  p a r t  t e l - s  n o t  o n l y  e u n m n t m o i  t I n t ’ \ ‘ i e l d  st  m o n n m t h

b i t t  l i s t ’ the -  c c , ’ m - , n m , i r d m ’ m u i n n n t  m u :  e- . i t  m a k e s  sc - l i s t ’  t i n n i t  b o t h  I n i l  , u r s  n u m e

i n m s p u n r t a n t  i f  s h e a r  h~i n m I  l eas t i on  is t h e  r a t e  c o n t r o l l in n ’  s tigs  f o r  f m n i u ’t u n r e .

‘I v, - i i u n n ’ s t i ( s n s’ ’ ,s- i - mn -’ r a j s m - u h  i n  m i i i  i n ’n t r o d n , i c t i m n n . F i r s t , a t  w h a t  p u n t ’-

l ’ ~~t I  t in s e s  he  - n , - - ‘ n n , I  s t o p  in  t i m e  d u c t  i i i ’ f m , n c t u r u ’  p roc e s s  b e c u ’m’no t h e  n a t t

c m i ’ m n ’ I  I i n n  s t n ’; n - ?  Secu s u i d , i s  t b u m - m o  a h u n t S  l e v e l b e y o n d  w h i c h  I u r t }u i ’r  p u r i t y

I r d s rm n v n - ’nc - c - u s  t s  w i  I I n - u - t  ; n r -  n i - n -’ imp r ’’, ed ( r m n c t  nine -  t o u n g in n c * s s ?  A t  n u n c - ’  p it r i  tc - ’  h em ’ 1

i , u - l , n w  0 . 2  ‘s n ’  L ’+ S i  t i m e -  n ’ u i c m ’ ’ a t r u u - t m i r , - l  v a r i n i b i n ’s u ’f  d i s p e r u w - i d  tc - ’p~ - ( C r  c - s .  Z r )

n i t i c i  h m n , n t  I r e  i t  ‘ m o n t  ( ‘ i l - I l ’  v s .  n u l l )  p r u a u ’,ie c-’ n- ’rv  d i l  f e ’r e n t  f n , i c t ’ m n c  t u - l t g l n n t ’ss

v ; il n n u’ m -n is n t - f l n ’ c I ’ -d i n n  t i n t  ~ / , \  meni surc ’ . So 0 . 2  s I n  I- u - + _ S h  i s  t h e  m ’r i t  i c a l

p u r i t y  l n - ’ ,’ c ’ i .  F n r  t ime C m — I u ~ - ; n n i n g  n u I I ’ n n v s , t l i e ’r c  i s  no p n i r ’ n t \ ’  l e v e l  h t ’c -’ u ’n~i m - : i n i n -- In

I u r t l u i ’ r p i n t c- i nn p n a ’c -’ n ’ ’- ’, n t  u-u m - i  1 1  p t - n ’ u l l u u ’ n ’  i n ’ i l s mu ’v e ” m l I m ’ u u ’ t u u n n ’ t u n n n m ’ i n n c ’ s s .  lb ’s- u c- ’ ’ , ’ ,

i n  t i n ’ ’  Z m — ! ’ i - - n r i n ~.’ n i l  l ies , i t  i s  p - ’~~~ i b I e ’  t o  b u , i c - ’ o n - i n ’  f n ; r t l t t ’n i n u ’ m n ’ n m s n - in I n ,uctu mr c

on ic bn n e s-s w i t h  i n c  r i - c  ~f i n n -  j ’ I i n - i t  c-’ . I hI m : r a n t s n - f o r  t i n  i s  m b i i  t ’m ’ ut ’ n i  i s f i s t  p u ’m ’son t l ’s’

u t n d i ’n e  t n u m n c i
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i’l l I - i  - l l I l n : b n - S

I . “ [t n t’ I n u e ’ u m u ’ m ’ u n  f I m u m  ;u nnm i S i  1 1 o m n i  ( “ ‘ n i t  , - u u  I n n n i  I I n c  b_ n- - n si  1 . ’  ‘ n 5 rt i - - s
m n f  7 X 7 5  a n n u l  ,- ‘ i’ - I - l u m , h i t ’ I , - u I  7 5 7 ’ , — \I m m nu iiiu inu i’ I n i t m - ” , - lb ’S - H < - i l — i ! ,t ) ,
J u l y  ‘175 , , \ i n  F i n n - n - - I’l l m ’ n i ; u l s  I , i I , u u r , , I u n t ’ ,’ , ‘~ l ’ A b - b : , li ii .

- ‘ . ‘‘ F I fm -c ’ t i n t I m nm n u n  ml S i 1 I c O I n  h u n t  ‘ ‘ l i t  in n St r -s ( P  m m  r -  - - - I n n n  ( ‘ r n R h  “p
i n  a I h u t - r ; m u u u ~m nt ’ c I u ; n n ’ m  ica 1 Ic -’ 1’ r,’c o 5 5 e u I  ,\ I mi n i  i n n i l - , , ‘-, I I m v ’’ 

, A l  I n  — ~< — / ‘ . 3 ,
Ji m I c -  I~ ( 7 5 , A i r  b u n n m ’ m -  S, u t e ’ r i , u l s  I , , i S , n r , u t , ’n ’ .’ , W b ’ A l - il , m u l l .

3 . ‘‘ E f f e c t o f  1 m m - i n  un I 5 1 1  l u ’n ’un ‘ ‘n ! ‘ .t i i i  t m , ~ F~n i lls ‘b - n n i n ’ b n t u , ’ s s  o t
7 575  noel - I n - ’-l, ’ u n i  f l u - ui  757 1 , \ b u m m ; u i m u u m n -  i ’ b  l i e ’ 

, A i ’I I I , - “I- I l , - 5 - 1 0 ,
J u I c - ’  1 9 7 5 , - h r  lI n e n ’ M , m t ’ - n i n u l s  h e ’,  ‘ r n u t o m c - ’ , 1 - l A b  I-i , ‘ ‘ i i .

1 luu n n n i j sso ui , -h - lx ’ . a nu b Pt ’ i i i  r~ m u , ,  - in , P .  i ’ . , “ S e m i  l i t  a I-I t - t “ . 1 Cm , C I ‘ , n -

20 1—2 10.

5. “ i’m i n g r , u m  t i n  I m p r o v e  t i n t - - m u ,  t u i r e  ‘I’ u n n u n t l~ u m c — s  , i n , l  I i t  I g u m , ’ R s i s t  a-i
of  A l u t m i n u m u u  Sh o t  t n u n d  I ’ l a t u ’  I ’ r  h r  m a t  I A p p i  I m t i n ’ n u s ” . Al~ - I1, — Y S —

7 1— 22 !, , Sep t  L~ 7 1 , A i r  F o r c e ’  P i t ’  m i n i l s  L n n i s u n  r u t  nv , ‘, 5 P A F H  . 014.

P - Wa h uh n n n n n , J . S u b  in s k i  • H .  n u n d  I - l , u r k u s , H .  , I - I t .  r i m - i s .  I , ( I a / ~
- ,

5 7 3 — I S - ’,

7 .  B l au , P .~i .  “ m m l , - , - r , ’ n u u  I , n t i s  oi ’n t i m e  I ) i S t : m i b u t i o m n  - I  [ r c nn  , u ’ n n j  S i l  i c m s u n
P n u r t i u ’ l e ’s in  ni H i g h — S t  m n - m n g t l n  ,-\ l u t m i n u m  ,- \ l l c s v ” , ‘ ‘- ‘ u t n n l i ’  : n ’ a p n n ’: ” . 7 .
( l t u ; 5 ) .  1 8 7 — 2 0 1 .

8. 1975 A n n u n n i Book ‘f ,\ S i ’I ’ i S t a n d a n ’s la , P ar t  I C ) : “ l e t  ,“m l - -~~’si , e l n n u n i i ’ , u l .
F r a c t u r e ’ , and C o r ro s i o n  l u s t  in g ;  F a t i g u e ’ ; 1 i ’ , ’ s i m n n ; b f f ~ c t  o l
I e m m n p e n n u t u r e  . P m o ; s m ’ s e e b  I’lm ’ t h m n u l f m n r  S h a r p — P t u - l i  T e n s i o n  I’ n, - s t  H n m t  u ’ I

‘lb i e k H i  nc - lu  — S t  r e i n g  t Ii -h 1 min I ;  I n u n  , m n , I I- 1, n m : ’n n e s  i ’ m : ”  .11 In c  h ’ mu mhno t s is I t  ii
C v i  i n m i r  t e a l  S 1-iei ’ ime’ns , 79 — P I 0 .

‘ I . S n n n t n n - ’ n , J .S .  n n n d  ( P u n n , h , ’ r s u u n - i  , ‘i . , “ h I , ‘- ‘ t l u ’ p m s n ’ ’ nn t of  ni h , i’s’ P o s t  b-id m u S I c ’
T - s t  t n -  \ ‘c - r i f v  F n , u c t u r u ’ l u n m n m : i i n u ’ s s  c I ’ l i g h t  “P t ‘ I  l b  i u n v s ” .

10. D lR u s s c ’ , F . ,  ( ‘ , ‘ m i s t ’ r c - ’ - i , ‘ ‘ S i l t - ’ F . , o n m i ’- l ,  m m’ ,— ni s , H, . ,  c-P t .  I n - u r i s . ,
(1973), 1 1 3 3 — h I m .

I I  . F b n u l u n  • C . T .  m i n d  R o s o n f  I c ’  h u b , A . 4 1 .  , “ P~ ’ l  , n l  l u n r p  i e n u  I I r u c t m i r n - ’  A t  t o !  i n k :
‘ i n n ’  i i n t t g b n n i - s s  u S , \ b i t l s n i m ; u u ; m m  A l l u ’ c -’ s” , P r ,  “ st n - u i  it  t I m e  l i i i  , ‘m ’ s s n n n . u l

Sp r i n i ’ M t  l u g  u n f  V - I S/ A l I ’ l l- l , P m y  , “ 1— - l n t n t ’ 1 , 10 - ‘3.

12 .  l b n i i i n , ( . 1 .  ~u n - i  R , ’ s n ’ n n f l e - l t b , A . R .  , 
“Pm l a t i o n s  l’,e’ t W c t ’ I ;  ‘l i c ’ n ” ’-~t t’ u i c t  ‘ I ’

, n n m n l  t i l t ’ F r -  i c t  n i n e -  ‘ I ’ u ’ n n~-, i m n c ’s s in f Mt-tnn i s ” , i l - i  i nm l m l  , u ’ s m n i t h u ’ m n n u  I ( lu - i nn  - t n  n e t

on F r ,  t li t ’ , Pa in e- n b ’ l , — 1 1 1 — 2 1 1  , ( 1 5 7 3 )  , M u n  i oh .

21

~~ 
~~~~~~~~~~~~~~~~~~~~~~



— — ----------- --- - - — ---——-—-- — ——- - ‘S - -  - — - - - - - - - -— - - - - ,.—-—--- --— -- - -‘- ‘--,- ,~~~~~~~~,~~~~ — ,

1 ~~. R i e n -’ • 1 . F .  , , l o l n u n s o t n  • I 1 . , \ . , K a n i i i i l n , ’ l n  , I t .  F .  , et .al . , ‘‘ I n i - l a s t  i e  1 , - l i n e  i u u r

5, ’ I i~ h s ” , n- - n -b i t , ’ rs , 1 1 , 1 ,  n ’ ,u s’ — l b  u I I  , Pm ’~~’ Y i ’m k , 1 ‘n J O , P~ t n- h I

1 ’ ~ . - ; u ’ , ’~ ’k , u~ , ‘Ph 51 t id y  m l i i  I ) u i m ’t i b e  I m n u c t u u m o ” , N n n t i u n n n n l ,‘se m , - - - ; m ’ n m c n - ’  l n n h o r t i ’ m \ ’ ,

51 , 11 , ‘I’l ue ’ P e t  h e m  I m u m P s , PI P- m R — i  102 I I I , 1 5 7 1

11 . S , u n i t m i c - r , 1. 5 .  .u uuui F l u n u - , M . b :, . , ” u u n - i g i n  of  i l n i t t l e -  l l n t e - m g n ; n n u l n u n  F n u t i p n u e

i” r:u ~’t n u r ~- i in P u  ni -h m :~‘n -b A l  — I . ’’ w in  (hi ” , “le t . ‘1 r n n u n s .  , 7A , ~‘u b u r i i  1 m ( , ,

6 0 1 — n ,  I )

b h .  H o , u c h n e ’ i l n , P . O .  no el  \‘i n u ln , ’n , P . R . , “ i - l u s t  i e — P l , i s t  b e  F’ n , u c t  m u m  bc - I I , ’ m s j , ’ n ’ , - m n n - , ’ u ns

> h i c m u n v n i d  ( I n n u  I c ’s, o n c e ’  I ’ n- ’ , u n i n n m ’, ,\ l e n i t  ,- \ l t m ’ n i n a t  l u g  S h u n - u n  i’l :unm ’s ” , - ‘ u

‘ f n , , n n s  . ,  -‘n , A h u n ’ i i  1 5 , 3 , 1 I -’~I — I  1 5 1 .

-~~~~~~~~~~~ 
-
~~~



F - - ‘ - - ---“ -

~~~

‘--- - - - — - - -  - ‘ - - 5 -  -- ----~~~~~~5-— - ’ - - - - - ----~~~~~~~~~~ -~~~

LU -

C_) -
~~

LU --

CI) O

U_i

I r r i T r i  
~~~~~~~~~~~ 

~~~

‘

< 

[

~~~~~~~~~~I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
——

~~~
- ‘-- - —

~~
~-



-- - - — - -—- -—~~~~~~~~~~~~~~~~~~- ----~~— - ~~~~~~~~_—

‘I,

‘I)

,
~~~ 0 ~~~~~

C

\ i (  I-o 
~~I— i— /1

i~~~ i I
S I  

.

/ ,1 I

0 < 
/ 

0’

( N-I l / S 9 1) ‘V / M

I - I  s y m r u -  ~ . t- ,’/ , \ u ’s. w / o  ‘ ‘ “ I  l ‘ ‘r I~- - t  c h i P R m n n l n d  I ‘ ‘c -n , ’ i t  uP m l  S’~n - m ’c i
; :-: 7 -b A l l  u ”,’s i, i t  In I R u  I : u t n , i  ~t t  1 k - n t  tn’ e m m  m o n t  5

_ _



rpuup__
~

_ ,_._ 
—‘—- —— -—— - — —‘— — -.—-,——-— --‘-—--“—— -— — --- --- -‘— ---—-‘ ---———--- ‘ - - - --—‘-“-- “ 5 -’- —’- -

“-I
‘a
I.— I’-

-
C.,

En.

~~~~~~~~~~~~~~~~~ ~~~~~~

- -

~~

- -

~~~~~ :~

( N I /S 9 1 )  V t M n’

m—



‘- --- --5- -5--
’ - - --  ---5 

_

in

in
•4

~
) ø~

-0 ~ 
I-.

I’— p—, (“4 -;

H C.,

~ik / &U Ou i  ~~~~~~~ -~-

H ° ~i

/ j l i  < 5

= / I i  ~~~~ z (.~ -

o t#) < < -~

-

. 

, -

( N l / S 9 1 )  V / ’ M

S 
— ‘

:L~~~~ ’ =~~~~~ ----- ~~~~~-- - - -- - -- - 5 - ’



-5—- -  — — - -5- ’  ------‘-5 - - - - - -5~~-- ’- - - 5 - 5  —5-- -5------ ’ ---5-—-- -’- -~~ ——’ ,-~~~~~~-— -

-

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- ~~~~~~~~~~~~~~~~ - ‘



~~~~~~~~~~~~~~~~~~~~~~ - - ‘ - - - — - 5 -~~~~~~~~~~- - -

~~ ~~~~
—

*

~~ 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

CD ° ~~~~ I I h  ~~~~~

~~ ~~ -—

.
~ ~~ ‘4 -

~~ w.—.- -— 
~~~~~~~~~~~~~~~~~ 0

‘(I

C.)

NJ 
_ _



5- 
“ -5---5 - ’ - - - —’ - ’ - -

---’- ’-’-

co pj~~~ ~~ p’ 1~3l~~~~~ ~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~

I 
_ _

= ~~~~~~~~~~~~~~~~~~~~~~~~C..) -~~~~~~~~~~~~~~~~~
‘ — .4~~~~~~ 

-

—. - - 0
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 0

— 
- 

- 
—~~~~~~~ ‘.‘ It) ,~ C

> -I

i n —
C

.0

0 <

~  

- ‘~~~~~~~ - - -“ - 5---- -- -’——-—-—-5-



r - 5-’- --- - - -
- ‘- ‘ - -  _ _ _ _

‘.I~~~~ •~~~
PwP

~.d

0 ~~~~‘) P4~~~~d C

:5 ~, 
k.Im .

,dSPr~~~
::
~~~~~

r
,~~,0 N.. ~ ~&a.~_ — -r

— S

+ — 1:
LL —

0 <

- 
30

I.. — - - —. 
‘
~~~~~~~‘-

- -
~~~~- ~~~——  ;_

~ -
—- - --— --—. -~ - ‘—‘5- — t- -‘I- _

~~- ‘ • , ,
~~, .  ~~~~



- -‘S - - -5~~~~~~~~~~

I

C

4:
I

4” —
cc 0

U- o

C.)
-

- ! 0 — C~)

-:1 U_i -o Q. 0 -~~
Ct) 0

I-. ._

4
*

~~~
-J 0

- ‘~~ LU
-~~ 

,.
U. —

-J I’-

I > 
LU U J Q

U... 0
U. (N — 

~~~ >- 
~~~ 

-:
0 

~— LU
— ‘~~ — U.



C’,

—

‘f-

ir —

‘I’

/

I i  -
C

- n
-5— <1 ‘in 

-
U-

L~~ 0
C/) ~

— 5 ” '

U_i ‘1 0
C/, - -

z
.c~ :

C
I— U. .5-
~~ ‘0

It) f

I.— I—’

‘1

( N I ~~~~~S / 9 1 NI )  V I M

‘m I’
)

-t
4

.

~~~~~~~~~
.

- - - - ~~~~~~~~~~~~~~ 1
I -



— -  --- -~~~~~~~~~~~ - - --- -

‘ C - -

• no _ I  r ,/i
- - 

o 4 ’ ~n ’ , , ’ ,s

t~~- - • ’- ’ C N C , 0 0,-el 79 ‘ - c n ’ - t ’  ‘‘  -e l  £ 7
( I  ‘.~~ n , ’ ‘ ‘ ,‘e m - -i - ti ’ i i ’ , -” , ” ,~ ’, 1 4

~ no - - n n ” ’  u - m 4

~;‘u ; ‘ ‘ ‘ t ’ - ‘ 1, 3
- - G f n ’ c- n ’ ’ ’ ’ , ’ , ” -- ’ - , ,,-, c - - i

A ‘~ iiJ ~~’ ~~ c- ,,,,A l - c - u ” - s ’  c , ,  ~~~~~~ , 7 .~

- ___ - 
-

~~~~ 
-- 

~~~~~~ 
j

- fl 
_ 1-5i~ 

‘
~~~~

-
~~ - - - - 

t - & n
Ii- - — — —‘5-— - ——-U - 1’ ’ n ’ !  

~~K m u ’[~~~~~G~~~’ t)j f c , (-

O l  - u I i i  ,i - j  m i i  m n
OOi  o t  n o  no

v - u

Fl  g u m ’ ’  I I  . U u n h n  and  Ru use ’n  I i i ’  I d  C u n n n p n n  m l  son o t’ Fn ’~ ’t ’ r I n n m ’ u n t  n u b  Ft suu  I t  s ’ ,s’ i t  in
t i n e ’  R I u - n — , I m n h n s o n  I ’h u u d e l  f o r  [h u n t  i i  ii l” ni I l u re ’ .

33 

-5- -‘ - —



‘ 5 -~ ’~ 5- 

7. 6X 
_ _ _ _( a )

—— 
~~~~~~~~~~~~~~~~~~~~~~~ 

‘.-
~

--•I___

7.~ X I’u-u’m_

(h )

Fi gu me’ 12 .  F- ‘tur e s c-rf ,’;c’m - r c f ~ ” c- of ‘ irgc r li, un’ , e r im ’ n l lov ’n  t -sc-t ’,nd in
tn ’,e tr , : m~~v- ~r~~c; m i ,” c ’ct i c rn  (on ‘-in :,i  t” , - t ’~’ :~u r f - ~ cc p - i’m - sri i i c u J  ,r
to y i n - r I O o~’ ohoto t - r :uc -” , ) ,  ( a )  0. 2’? ‘- - o  Fe~’Si , ( s )  O. C2 n-:/o Fe~Si.

~~~~~~~~~~~~~~ ~~~~~~~~~~ 
.. , ,.  

— - 

~~~
. ‘

~~~~~~

—-5— —— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
--5 _ _ _



r ‘

~~~~~~~~ ~~~~~~~~~~~~~

‘ ‘  “ ‘

~~~~~~

— -

Z I R C O N I U ~1-B EAR ING ALLOY S

( a )  A 1— ’f651 (b)  I l — I l n S l

~ ~~~ 
~~

~~i

~~~~~~~~~ 
-
~~~~~~~~~~~~~~~~~

-‘ -\ - 
- 

-
. -

‘ 
A— 

~~ ~~~~ 
— 

-
- 

n ‘‘J,./ 1$
<~~~

’ ~~~~~~~ ““J “~~~ - “
~~ 

‘-“
~k-~ 

-‘L

~ -j J I \ 
- 

~~~~~~k Jl~~ -

- ~ J 
-
- ‘ - 

. 
-.

i

~~~~~~~~~ 
— 

‘ 
,j  — - ‘— 

‘ “•I. , 
- - 

•‘

12 ,000X 1 , m lO , 000X 1 c -- rn

(c) A1—TMP (d )  El—T HIP

~~ ~~~~~~~~~~ ~~~~ ~31’ /‘ e “P’ 
~~~~~~~~~~ ~~~~~

‘
~~~
‘

~~~
- 

~~~~~~~~~ ~\ \ ~~~

.
~~~ 

-
~ 

~~~~~~~~~~~~~~~~~ ~
-

7 , 500X 2 t im 1 7 , SOOX 
____

FIgure 13. Repi  I c c - i  1PM h~ i , u u  t u n g r a p h s  of Z i r c o n i u m — B e a n i n g  A l l o y s  S h o w i ng
the  S u n m , i  11 D u c t i l e  i~imp 1es  Fo nnm e’-d by t h e  D i s p n --n s o i d  anul H a r d —
er in g  P ar t i c l e s .  (a )  A I — ’ l h b l , ( h )  E l — ’l’6~~1 , ( e )  A l — T M P .
( d )  E l — i l - I l ’ .

I
- 

35

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _ _ , ~~~~~~~~~ , __, ,_ ,
-:

‘

_ 5 - _ , _ _ _  5- ’~ ” S’  _ _


