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The effect  of cold  work  on the mechan i c a l  p r o p e r t i e s  and m i c r o s t r u c t u r e  of an fcc F e - N i -  
C o - C r - M o  a l loy  is  d i s c u s s e d .  In s a m p l e s  d e f o r m e d  up through 20 pct ,  s t r eng then ing  is  
a t t r i bu t ed  to an i n c r e a s e  in d i s loca t ion  content .  G r e a t e r  d e f o r m a t i o n  (48 and 75 pct) r e -  
su l t s  in the f o r m a t i o n  of d e f o r m a t i o n  twins which i n c r e a s e  in de ns i t y  with cold  working .  
The de fo rma t ion  twins  con t r ibu te  to the high y ie ld  s t r eng th  (0.2 pc t  offset)  of 154 k g / m m  2 
which is  a t ta ined  in th is  a l l oy  upon cold working  (75 pc t  e longat ion) .  This  ha rden ing  m e c h -  
a n i s m  is  in c o n t r a s t  with tha t  r e p o r t e d  to be ope ra t i ng  in a s i m i l a r  fcc  C o - N i - C r - M o  a l loy  
in which s t reng thn ing  is  a t t r i bu t ed  to the fo rma t ion  of a d e f o r m a t i o n - i n d u c e d  fine hcp e p -  
s i lon  phase .  

"1" 
i N  the c o u r s e  of examin ing  an e x p e r i m e n t a l  h igh  
s t r eng th  F e - 2 5  Ni-21 Co-20 C r - 8  Mo a l loy ,  in i t ia l  ob-  
s e r v a t i o n s  ind ica ted  that  i t s  m i c r o s t r u c t u r e  was s i m -  
i l a r  to that  of MP35N.*  The l a t t e r  C o - 3 5 N i - 2 0  C r -  
10 Mo a l loy ,  one of a f a m i l y  des igna ted  MULTIPHASE,* 

*Trademark of Standard Pressed Steel Co., Jenkentown, Penn. 

i s  r e p o r t e d  a to d e r i v e  i ts  s t r eng th  ma in ly  f r o m  the f o r -  
ma t ion  of a fine hop eps i lon  phase  dur ing  r o o m  t e m p e r -  
a t u r e  mechan i ca l  working.  C l o s e r  inves t iga t ion  of the 
s t r u c t u r e  of the Fe -25  Ni-21 Co-20 C r - 8  Mo a l loy  ind i -  
ca ted  that  indeed,  eps i lon  does  not f o r m  in th is  case .  
However ,  in c o n t r a s t  to MP35N,  s t r eng then ing  of the 
F e - 2 5  Ni-21 Co-20 C r - 8  Mo a l loy  is  a t t r i bu t ed  to the 
f o r m a t i o n  of mechan ica l  twins which i n c r e a s e  in den-  
s i t y  with h igher  de fo rma t ion .  These  twins subdivide  
the  m a t r i x  and a r e  func t iona l ly  equiva len t  to g r a i n  r e -  
f i nemen t  in that  they  act  a s  o b s t a c l e s  to d i s loca t ion  
mot ion.  This  inves t iga t ion  is  conce rned  with the o r i -  
gin, na tu re  and c h a r a c t e r i s t i c s  of the s t r u c t u r e  which 
deve lops  in th is  a l loy  as  a function of co ld  work .  

EXPERIMENTAL PROCEDURE 

Table I gives the composition of the alloy which was 
air induction-melted as a 136-kg (300-1b) heat, deoxi- 
dized with aluminum and poured at 1549~ (2820~ 
The 15.2 cm by 15.2 cm (6 in. by  6 in.) ingot was ho-  
mogen ized  for  4 h at  1177~ (2150~ h a m m e r  fo rged  
to 10.2 em by  10.2 em (4 in. by  4 in.),  a i r  cooled  and 
cut  in two. 

The ingot was p r o c e s s e d  to b a r  by  two rou t e s .  The 
f i r s t  path was hot r o l l i ng  to 15.9 m m  (5/8 in.) squa re  
and machin ing  to 12.7 m m  (1/2  in.) round b a r  for  co ld  
d rawing .  P l a t e s  for  shee t  t en s i l e  s p e c i m e n s  were  p r e -  
p a r e d  by  the second  rou te .  Th is  c o n s i s t e d  of hot r o l l -  
ing p la te  to 19 m m  (3/4 in.),  co ld  ro l l i ng  to 6.4 m m  
(1/4 in.) ,  and su r f ace  gr ind ing  to the  f in i shed  t ens i l e  
s p e c i m e n  th i ckness  of 3.6 m m  (0.140 in.) .  Al l  m a t e -  
r i a l  was so lu t ion  annea led  for  1 h at  1204~ (2200~ 
fol lowed by  a wa te r  quench p r i o r  to f u r t h e r  m e c h a n -  
i ca l  working .  

In p r e p a r a t i o n  for  e l e c t r o n  me ta l l og raphy ,  annea led  
shee t  t en s i l e  s p e c i m e n s  we re  un i fo rmly  e longated  by  
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3, 10, and 20 pe t  ove r  a 2.54 cm (1 in.) gage length as  
mon i to red  with an e x t e n s o m e t e r .  G r e a t e r  amounts  of 
un i fo rm de fo rma t ion ,  equiva len t  to e longa t ions  of 48 
and 75 pe t  were  ob ta ined  by  cold  d rawing  f rom 12.7 
m m  (1/2 in.) round rod .  

Samples  for  op t i ca l  m e t a l l o g r a p h y  were  e tched with 
a 10 pc t  c h r o m i c  a c i d - w a t e r  so lu t ion .  Spec imens  for  
t r a n s m i s s i o n  e l e c t r o n  m i c r o s c o p y  were  p r e - d i s h e d  
in Di sa  A-2  solut ion and f inal  thinning was c a r r i e d  
out in 10 pc t  p e r c h l o r i c - a c e t i c  ac id .  

RESULTS 

M i c r o s t r u c t u r e  

The annea led  a l l oy  i s  t yp i ca l  of a s ingle  phase  a u -  
s t en i t i c  m a t e r i a l  cons i s t i ng  of equiaxed g r a i n s  with 
many  annea l ing  twins .  E l e c t r o n  m e t a l l o g r a p h y  r e -  
vea l ed  d i s s o c i a t e d  d i s l oc a t i ons  in the f o r m  of nodes 
a s  i l l u s t r a t e d  in F ig .  1. Ca lcu la t ion  of s t ack ing  faul t  
e n e r g y  (y) f rom these  conf igu ra t ions '  r e s u l t e d  in the 
va lue s  of a p p r o x i m a t e l y  18 e r g s / c m  a. Th is  i s  a low 
s tack ing  faul t  ene rgy  and i s  in good a g r e e m e n t  with 
the  va lue  of 15 e r g s / c m  a which is given by  F r i e d e l  a 

for  F e - N i - C r  ( s t a i n l e s s  s tee l ) ,  and is r e a s o n a b l y  
c l o s e  to the  25 e r g s / c m  z va lue  r e p o r t e d  b y  D r a p i e r ,  
Via tour ,  Con tsourd i s ,  and Habraken  a for  MP 25N. 

Light  m e t a l l o g r a p h y  r e v e a l e d  no m i c r o s t r u c t u r a l  
change a f t e r  t e n s i l e  e longa t ions  of 3, I0,  and 20 pet .  
However ,  e l e c t r o n  m e t a l l o g r a p h y  d e m o n s t r a t e d  that ,  
a s  expec ted ,  the dens i ty  of p l a n a r  d i s l oca t i on  a r r a y s  
i n c r e a s e d  with i n c r e a s e d  t e n s i l e  d e f o r m a t i o n  up to 
20 pe t  e longat ion .  An example  of a t yp i ca l  d i s loca t ion  
s t r u c t u r e  a f t e r  I0  pc t  t e n s i l e  e longa t ion  is  given in 
F ig .  2. 

De fo rma t ion  by  cold d rawing  (48 and 75 pet) r e -  
su l t ed  in a m a r k e d l y  d i f fe ren t  m i c r o s t r u e t u r e .  The 
l ight  m i c r o g r a p h  in Fig .  3 i nd i ca t e s  that  48 pc t  d e f o r -  
ma t ion  (by cold  drawing)  e longated  the  g r a i n s  in the  
d i r e c t i o n  of work ing .  In add i t ion  the indiv idual  g r a i n s  
conta ined  many  fine p a r a l l e l  s t r i a t i o n s .  The s t r i a t i o n s  
have been  a s s o c i a t e d  with the f o r m a t i o n  of hcp eps i lon  

Table I. Chemical Composition of Fe-25Ni-20Co-20Cr-8Mo Alloy 

(Wt Pet) 

Fe Ni Co Cr Mo C Mn Si AI Ca Mg P S 

Bal 25.3 20.7 19.9 8.2 0.017 0.32 0.35 0.075 0.02 0.024 0.017 0.018 
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Fig. 1--Dislocation nodes obse rved  in an annealed Fe-25 Ni-  
21 Co-20 Cr -8  Mo alloy. Magnification 45,000 t imes .  ! 

Fig. 3--Light  mic rograph  of an Fe-25 Ni-21 Co-20 Cr -8  Mo 
alloy after 48 pct deformation (by cold drawing) showing 
grain elongation in the direction of cold work and many fine 
parallel striations within individual grains. Magnification 
53 times. 

Fig. 2 - -Elec t ron  mic rog raph  of an Fe-25  Ni-21 Co-20 Cr -8  Mo 
alloy illustrating a typical dislocation structure after 10 pct 
t ens i l e  deformat ion.  Magnification 23,000 t imes .  

by Drapier e t  a l ,  3 in MP35N but could also be related 
to mechanical twins. Although the structure which de- 
veloped after 75 pct deformation (by cold drawing) 
could not be fully resolved by light metallography, both 
grain elongation and number of striations in grains ap- 
peared to increase.  The inability of etchants to bring 
out the true structure is an indication of high and very  
uniform corrosion resistance and suggests that the de- 
formed structure may be single phase. Transmission 
electron microscopy of the 48 pct cold drawn alloy 
(Fig. 4) revealed many fine platelets, which are  p re -  
sumably related to the striations observed in light 
metallography. In addition, the mottled appearance 
gave evidence that the area between the platelets had 
deformed. Increased cold drawing (75 pct) resulted in 
an increase in the number of platelets and a co r r e -  
sponding decrease in the interplate spacing (Fig. 5). 
The companion electron diffraction pattern which is 
inserted into Fig. 5 showed that the individual diffrac- 
tion spots were elongated and tended to form continu- 
ous rings. This can be attributed to orientation var ia -  

Fig. 4 - -E lec t ron  mie rog raph  of an Fe-25  Ni-21 Co-20 Cr -8  Mo 
alloy af te r  48 pct deformat ion  (by cold drawing) showing many 
fine p la te le ts .  Magnificat ion 15,000 t imes .  

tions from one platelet to another as a result  of non- 
uniform strain. 

Platelets were only observed in the cold drawn rod 
and not in the samples deformed up to 20 pct by ten- 
sile elongation. This is believed to be a consequence 
of the extent rather than the mode of the deformation, 
since platelets have also been observed in the necked 
region of annealed tensile specimens after they were 
pulled to failure (Fig. 6). 

Work Strengthening 

The hardness and micros t ructure  developed in the 
alloy as a function of deformation are  presented in 
Fig. 7. In those samples deformed up through 20 pct 
elongation, strengthening is attributed to increased 
dislocation content. At some point between 20 and 48 
pct, dislocation motion becomes so difficult that the 
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Fig. 5- -Elec t ron micrograph of an Fe-25 Ni-21 Co-20 Cr-8  Mo 
alloy af ter  75 pct deformation (by cold drawing) i l lustrat ing 
an increase  in the platelet  density. Magnification 21,500 t imes.  

Fig. 7--Hardness  response  and mic ros t ruc tu re  developed a s  
a function of deformation, Micros t ruc ture  at approximately 
magnification 6500 t imes.  

Fig. 6- -Elec t ron  micrograph  taken on a rea  adjacent to necked 
region of annealed Fe-25 Ni-21 Co-20 Cr-8  Mo tensi le  spec i -  
men loaded to failure indicating that platelets  form as a resu l t  
of extent r a the r  than mode of deformation.  Magnification 
7800 t imes.  

formation of the platelets is the favored deformation 
process .  Beyond 48 pct, strengthening is a result  of 
an increase in platelet density. 

Mechanical working at room temperature resulted 
in a five-fold increase in yield strength (0.5 pct offset) 
f rom 31 kg/mm 2 (44 ksi) in the annealed state to 154 
kg/mm 2 (210 ksi) after 75 pct uniform deformation by 
cold drawing. Moreover an ultimate tensile strength 
of 180 kg/mm a (258 ksi) was achieved along with ade- 
quate ductility as indicated by an 11 pct elongation and 
a 38 pct reduction in area. 

Nature of Platelets 

A bright field image (Fig. 8(a)) of a sample after 
48 pct deformation (by cold drawing) was taken on a 
region of the foil with a lower-than-average density 
of platelets. This region was chosen to simplify and 

facilitate the analysis since only one family of plate- 
lets was present.  The resulting electron diffraction 
pattern and interpretation are given in Figs. 8(b) and 
8(c), respectively. It is a normal 110 type diffraction 
pattern found in fcc metals with superimposed twin 
spots with the following orientation relationship: 

(111) twin plane parallel to (111) matrix plane, 
and 

[0[1] twin direction parallel to [0[1] matrix 
direction. 

Analysis performed on other regions with a higher but 
normal density of platelets yielded the same results .  
In Figs. 4 and 5 there are three platelet orientations. 
These correspond to twins on three of the four (111) 
type planes (the fourth being approximately parallel 
to the foil plane). The streaking in the [111] direction 
which is observed in the diffraction pattern (Fig. 8(b)) 
is a further indication that the broad face of the twin 
is on the (111) plane. 

Dark field images were obtained from both matrix 
and twin reflections but only the latter is presented 
(Fig. 8(t0). Note that the twins are  bright while the 
matrix is dark, thus illustrating that the twins are in 
a diffracting condition. Of course, a negative of Fig. 
8(d), that is, dark twins and bright matrix, was gotten 
when matrix spots were used for dark field imaging. 
This observation was confirmed on several  other foils. 
No evidence of a hcp epsil0n phase was found by either 
electron or X-ray  diffraction. Therefore it is con- 
cluded that the platelet structure is a result of defor- 
mation twinning which occurs  after extensive cold 
work. 

The dark field micrograph suggests (Fig. 8(d)) that 
the individual bands are  not single isolated twins, but 
are packets of alternate thin layers of twinned and un- 
twinned material.  It also appears that the density of 
the packets increases with increasing deformation. 

The cross-hatched structure shown in Figs. 4 and 5 
is the result  of several  intersecting families of twin 
packets which are  developed by extensive cold d e f o r -  
mation. 
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DISCUSSION 

The formation of fine twins during severe cold work- 
ing can be attributed to both the relatively low stacking 
fault energy and the solid solution strengthening caused 

~) 

(b) 

TWIN AXIS 

(111)~, i 
(200)T . . . . . . . . . . . .  (200) M 

('[11) M ~ " 4  ('J'l I) T 

(c) 
Fig. 8--(a) Br ight  field e lec t ron  mic rog raph  of an Fe-25 Ni-  
21 Co-20 Cr -8  Mo alloy af ter  48 pct deformat ion  (by cold d raw-  
ing) showing a lower than normal  densi ty of p la te le ts .  Magnif i -  
cation 15,000 t imes .  (b) and (c) E lec t ron  diffract ion pa t t e rn  
taken on the Fe-25 Ni-21 Co-20 Cr -8  Mo image in Fig. 8(a) 
(48 pct deformat ion  by cold drawing).  (d) Dark field e lec t ron  
mic rograph  of an Fe-25 Ni-21 Co-20 Cr -8  Mo alloy taken with 
twin ref lec t ion  in Fig. 8(b) (48 pct deformat ion by cold d raw-  
ing) showing the twins s t rongly  diffracting.  Magnification 
15,000 t imes .  
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by  a v a r i e t y  of subs t i tu t iona l  e l e m e n t s  in the  a l loy .  The 
low s t ack ing  faul t  e n e r g y  f a v o r s  d i s l o c a t i o n  p i l e - u p s  
and inh ib i t s  c r o s s  s l ip ,  while  the  so l id  so lu t ion  s t r e n g t h -  
ening r e s u l t s  in ha rden ing  on the r e s t r i c t e d  d e f o r m a -  
t ion  bands .  T h e r e  is  a m p l e  ev idence  in the  l i t e r a t u r e  
that  t h e s e  two ef fec t s  con t r ibu te  to twinning in fcc a l -  
loys.4-9 

Mechanica l  twins have a l so  been  found in a l l oys  in 
which s t r eng th  is  a t t r i b u t e d  to o the r  f a c t o r s  b e s i d e s  
subs t i t u t iona l  so lu te  e l e m e n t  add i t i ons  a s  Saito 1~ and 
Miche l s  et  a l  u have r e p o r t e d  in inves t iga t ions  of p r e -  
c ip i t a t ion  ha rdened  c o p p e r - b a s e  a l l o y s .  

Venab les ,  4 Suzuki and B a r r e t t ,  5 and Haasen  and 
King 6 d e m o n s t r a t e d  that  a l l oy ing  which r e d u c e s  the 
s t ack ing  faul t  ene rgy  f a v o r s  the  nuc lea t ion  of twins  
at  lower  s t r e s s e s .  In addi t ion ,  M u r r  and G r a c e  TM have 
ind ica ted  that  under  shock loading,  low s tack ing  faul t  
e n e r g y  m a t e r i a l s  such a s  1 8 C r - 8 N i  s t a i n l e s s  s t ee l  
(y = 21 e r g s / c m  2) and 70 Cu-30 Zn b r a s s  (y = 21 e r g s /  
c m  2) f o r m  p l a n a r  type de fec t s  inc luding  l i n e a r  d i s l o c a -  
t ion a r r a y s ,  s t ack ing  fau l t s  and twins ,  while  high s t a c k -  
ing faul t  ene rgy  m e t a l s  such a s  a l u m i n u m  (~ = 400 e r g s /  
cm2), n i cke l  (~ = 300 e r g s / c m  e) and c o p p e r  (~ = 70 e r g s /  
c m  2) develop d i s loca t ion  c e l l s  and loops .  Th is  is  a l so  
in a g r e e m e n t  with the work  of Hu and o t h e r s  7'8 who a t -  
t r i bu t ed  the i n c r e a s e d  inc idence  of twinning in fcc a l -  
loys  to the lower ing  of s t ack ing  faul t  e n e r g y  by  a l l o y -  
ing. These  o b s e r v a t i o n s  ind ica te  that  the low s tack ing  
faul t  e n e r g y  of the e x p e r i m e n t a l  F e - N i - C o - C r - M o  a l -  
loy  would a l so  favor  twinning.  

Mur r  and G r a c e  z2 s t a t ed  that ,  a s  a consequence  of 
shock load ing  a lpha  b r a s s ,  " I t  is  a p p a r e n t  that  the twin 
mode o r i g i n a t e s  at  h ighe r  d e g r e e s  of co ld  work  as  an 
a c c o m m o d a t i o n  m e c h a n i s m  to r e l i e v e  the  s h e a r  d e v e l -  
oped in the e longated  d i s l o c a t i o n  f i e l d s . "  

A c c o r d i n g  to Venab les ,  4 a l oca l  s t r e s s  concen t ra t ion  
mus t  ex i s t  a t  a twin s o u r c e  for  twinning to o c c u r .  He 
a l so  ind ica ted  that  th is  s t r e s s  concen t r a t i on  should be 
cons i s t en t  with the w o r k - h a r d e n i n g  m e c h a n i s m .  As 
d e m o n s t r a t e d  in F ig .  2, l i n e a r  d i s l o c a t i o n  a r r a y s  fo rm 
mos t  r e a d i l y  in th is  a l l oy  and a r e  thus  a v a i l a b l e  to ac t  
a s  s t r e s s  c o n c e n t r a t o r s .  

Raghavan,  Sa s t r i ,  and Marc inkowsk i  zs o b s e r v e d ,  in 
a s tudy of manganese  Hadf ie ld  s t ee l ,  tha t  s t ack ing  
fau l t s ,  d i s l oca t i ons  and twins ,  a l l  of which a r e  g e n e r -  
a ted  by  p l a s t i c  de fo rma t ion ,  ac t  a s  o b s t a c l e s  to one 
ano the r .  In addi t ion  the  above  au tho r s  is p r o p o s e d  that  
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in o rde r  to pass  a dis locat ion through a mechanical ly  
twinned c rys ta l ,  in ter fac ia l  d is locat ions  must be gen- 
e ra ted .  Since this consumes energy,  applied s t r e s s  
must be increased  to maintain dislocat ion motion, thus 
accounting for high work-hardening r a t e s .  

Venables 4'9 also i l lus t ra ted  that twins form in p ro -  
fusion on a fine scale  in highly al loyed low stacking-  
fault  energy ma te r i a l s  but propagate  with difficulty 
through a fores t  of dis locat ions.  This can account for 
the fine scale  of twinning in the F e - N i - C o - C r - M o  
which, in addition to being a low s tacking-faul t  mate -  
r i a l ,  is a lso  highly al loyed.  Deformation twins a re  
sa id  .2'1s to have the functional equivalence of a reduc-  
tion in grain s ize in that they act  as  s t rong b a r r i e r s  
to dis locat ion motions. As expected, they increase  in 
effect iveness  as  twin densi ty inc reases .  It is r eason-  
able to assume that the high densi ty of fine twins shown 
in Fig.  5 could act as an obstacle to fur ther  d i s lo-  
cation movement and thus resu l t  in the high yield 
strength of 154 kg /mm z (219 ksi) observed in this 
al loy.  

The deformed s t ruc ture  is r emarkab ly  s imi l a r  to 
that found by others  in i ron - f r ee  Ni -Co-Cr -Mo a l -  
loys.  TM However, those authors % ~4 a t t r ibuted the 
work strengthening to the formation of ex t remely  thin 
p la te le t s  of hep epsilon phase within the fee matr ix .  
The same invest igators  also found deformation twins 
in these a l loys .  

Mechanical twinning and the format ion of an hcp 
phase have much in common. Raghavan e t  a113 indi-  
cated that while the fo rmer  is act ivated by s t ra in  en- 
e rgy  and the la t te r  by a chemical  driving force,  both 
a r e  formed by s t r e s s ,  occur in an inhomogeneous man- 
ner and act  as  potential b a r r i e r s  to fur ther  p las t ic  de-  
formation.  

The difference between a per fec t  fcc twin and a p e r -  
fect hcp s t ruc ture  is one of stacking sequence. A suc-  
cess ion  of stacking faults on every  (111) plane resu l t s  
in a fcc s t ruc ture ,  while faulting on a l te rna te  (111) 
planes gives a hcp phase.  Thus on an atomic scale,  
the difference between deformation twins and epsilon 
phase  may be in degree  of s tacking r a the r  than in type 
of s t ruc ture .  Murr and Grace 12 have presented  a model 
which desc r ibes  the formation of s tacking faults,  twin 
faults ,  hcp epsilon bundles and also bcc mar tens i te  in 
low stacking fault fcc ma te r i a l s  on the bas i s  of the 
propagation and interact ion of pa r t i a l  dis locat ions.  

This i l lu s t r a t e s  that mechanis t ica l ly ,  deformat ion-  
induced twins and hcp epsilon have a s i m i l a r  origin.  

Drapie r  et  a l  s point out that in MP35N the f cc - to -  
hcp phase change is r a the r  sluggish and that the M s 
t empera tu re  for this t ransformat ion  may lie below 
room tempera tu re .  Graham and Youngblood 14 a lso  
charac te r i zed  this fcc - to -hcp  react ion as  a diffusion- 
l ess  t ransformat ion  and indicated that the t e m p e r a -  
ture at which this occurs  is dec reased  as the nickel 
content is increased .  It is thus our opinion that hcp 
epsi lon could poss ib ly  be formed in this high strength 
al loy by deforming below room tempera ture ,  although 
no evidence of i ts exis tence was found in this room 
tempera tu re  deformation study. 

C ONC LUSION 

The high yield strength of 154 kg /mm 2 (219 ksi) a t -  
tainable in this  a l loy as  a r esu l t  of 75 pct p r io r  defor -  
mation is a t t r ibuted to the large  number of ve ry  fine 
mechanical  twins which inhibit eacy dislocat ion motion. 
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