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The behav io r  of the t h e r m a l l y  s t ab le  aus t en i t e  in the duct i le  f r a c t u r e  su r f a c e  l a y e r  of a 
g r a i n - r e f i n e d  and t e m p e r e d  9Ni s t e e l  b roken  at  77 K was s tud ied  through use of M S s s -  
b a u e r  s p e c t r o s c o p y  and 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 .  Thin fo i l s  r e v e a l i n g  the mi -  
c r o s t r u c t u r a l  p ro f i l e  of the f r a c t u r e  su r f a c e  l a y e r  were  p r e p a r e d  by e l e c t r o p l a t i n g  a th ick  
pu re  i ron  l a y e r  on the f r e s h  f r a c t u r e  su r f ace ,  then thinning a p ro f i l e  s a m p l e  through a 
combinat ion  of convent ional  tw in - j e t  e l e c t r o p o l i s h i n g  and ion mi l l ing  techniques .  The r e -  
su l t s  of both M r s s b a u e r  s p e c t r o s c o p y  and TEM s tud ies  showed that  the t h e r m a l l y  s tab le  
aus t en i t e  t r a n s f o r m s  to a d i s l o c a t e d  m a r t e n s i t e  in the d e f o r m e d  zone ad jacen t  to the duc-  
t i l e  f r a c t u r e  s u r f a c e .  Th is  r e s u l t  sugges t s  that  t r a n s f o r m a t i o n  of the r e t a i n e d  aus ten i t e  
p r e s e n t  in t e m p e r e d  9Ni s t e e l  is  compat ib le  with low t e m p e r a t u r e  toughness ,  at  l e a s t  
when the t r a n s f o r m a t i o n  produc t  i s  a duct i le  m a r t e n s i t e .  

P R O P E R L Y  t e m p e r e d  F e -  (5- 9)Ni 1-~ s t e e l s  for  
c ryogen i c  use contain a s m a l l  a d m i x t u r e  of r e t a i n e d  
aus t en i t e  (5 to 10 pct  by volume)  which is  be l i eved  to 
cont r ibu te  to good low t e m p e r a t u r e  toughness .  The 
r e t a i n e d  aus t en i t e  is  p r e c i p i t a t e d  as  s m a l l  e longated  
p a r t i c l e s  a long m a r t e n s i t e  lath bounda r i e s  and p r i o r  
aus t en i t e  g r a i n  bounda r i e s ,  a s  i l l u s t r a t e d  in F ig .  1. If 
in t roduced  by t e m p e r i n g  in the lower  por t ion  of the 
two-phase  (~ + ~,) r eg ion  of the e q u i l i b r i u m  phase  
d i a g r a m ,  at  t e m p e r a t u r e s  in the range  500 to 600~ 
the aus t en i t e  is  t h e r m a l l y  s t ab le  and does  not t r a n s -  
f o r m  to m a r t e n s i t e  when cooled to l iquid n i t rogen  
t e m p e r a t u r e  (77 K). 

While  it  is  widely  accep t ed  that  p r e c i p i t a t e d  and 
r e t a i n e d  aus t en i t e  has a bene f i c i a l  effect  on c r y o -  
genic  m e c h a n i c a l  p r o p e r t i e s  the s o u r c e  of the effect  
is  not wel l  unders tood .  P l a u s i b l e  exp lana t ions  have 
been  b a s e d  both on the c h e m i c a l  p r o p e r t i e s  of the 
aus ten i t e ,  3,4 in that  i t  may " g e t t e r "  po ten t i a l ly  e m -  
b r i t t l i n g  s p e c i e s ,  and on i t s  low t e m p e r a t u r e  mechan i -  
ca l  p r o p e r t i e s  ~-5 in that  aus t en i t e  is  a r e l a t i v e l y  duc-  
t i l e  phase  which may  enhance  loca l  duc t i l i t y  o r  blunt 
p ropaga t ing  f r a c t u r e s .  E i t h e r  explana t ion  i s ,  however ,  
c o m p l i c a t e d  by the ques t ion  of the mechan i ca l  s t a -  
b i l i t y  of the aus ten i te ;  while the aus t en i t e  is  t h e r -  
m a l l y  s t ab le  i t  may  none the le s s  undergo c a t a s t r o p h i c  
t r a n s f o r m a t i o n  to m a r t e n s i t e  in the in tense  d e f o r m a -  
t ion f ie ld  n e a r  the t ip  of a p ropaga t ing  c r a c k .  

R e s e a r c h  in r e c e n t  y e a r s  has  p a r t i c u l a r l y  e m -  
phas i zed  the i m p o r t a n c e  of the mechan i ca l  s t ab i l i t y  
of r e t a i n e d  aus t en i t e  to the low t e m p e r a t u r e  tough- 
n e s s  of F e - N i  c ryogen ic  s t e e l s .  It was noted some  
t i m e  ago that  the bene f i c i a l  ef fec t  of r e t a i n e d  a u s -  
ten i te  f o r m e d  dur ing  t e m p e r i n g  d e c r e a s e s  d r a m a t i -  
ca l ly  as  the t e m p e r i n g  t e m p e r a t u r e  is  r a i s e d  above 
~575~ a r e s u l t  which has been  a t t r i bu t ed  6 to a de -  
c r e a s i n g  m e c h a n i c a l  s t a b i l i t y  of the aus t en i t e  due to 
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lower  n i cke l  content  at  h igher  t e m p e r a t u r e s  of f o r -  
mat ion .  More  d i r e c t  ev idence  for  a c ausa l  connect ion 
be tween aus ten i t e  in s t ab i l i t y  and low t e m p e r a t u r e  em-  
b r i t t l e m e n t  was obta ined by Kron  e t  a l  ~ who conducted 
an ex tens ive  f r a c t o g r a p h i c  a n a l y s i s  of 9Ni s t e e l  s a m -  
p les  f r a c t u r e d  below the d u c t i l e - t o - b r i t t l e  t r an s i t i on  
t e m p e r a t u r e .  They o b s e r v e d  an appa ren t  p romot ion  
of b r i t t l e  f r a c t u r e  by c leaved  p a r t i c l e s  in the f r a c t u r e  
su r f a c e  which a p p e a r e d  to be t r a n s f o r m e d  aus ten i t e .  
The ev idence  led N a g a s h i m a  e t  a l  1 to l i s t  me chan i ca l  
s t ab i l i t y  of r e t a i n e d  aus t en i t e  a s  a m a j o r  m e t a l l u r g i c a l  
r e q u i r e m e n t  in t h e i r  s u c c e s s f u l  deve lopment  of a 6Ni 
c ryogen ic  s t e e l .  T h e i r  r e a son ing  a p p e a r e d  to be con- 
f i r m e d  by the c o r o l l a r y  m e t a l l o g r a p h i c  s tud ies  of 
Haga 8 who a r t i f i c i a l l y  in t roduced  b r i t t l e  f r a c t u r e  into 
a 6Ni s t e e l  s a m p l e  at  77 K and s u c c e s s f u l l y  p r e -  
p a r e d  a p rof i l e  TEM f r a c t o g r a p h i c  s p e c i m e n  of the 
b roken  s u r f a c e .  His  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 cop i c  s tud ies  show the r e t en t ion  of aus t en i t e  to 
within a few m i c r o n s  of the f r a c t u r e  su r f ace .  A p p a r e n t  
aus t en i t e  t r a n s f o r m a t i o n  to a twinned m a r t e n s i t e  is  
o c c a s i o n a l l y  o b s e r v e d ,  sugges t ing  that  the s p e c i m e n  
would have been b r i t t l e  had m o r e  ex tens ive  t r a n s f o r -  
ma t ion  taken p lace .  

The conclus ion that  r e t a i n e d  aus ten i t e  mus t  be 
s t ab le  to i m p a r t  low t e m p e r a t u r e  toughness  is ,  how- 
eve r ,  s e r i o u s l y  ca l l ed  into ques t ion  by r e s u l t s  ob- 
ta ined  dur ing  the l a s t  two y e a r s .  Using  M ~ s s b a u e r  
s p e c t r o s c o p y  to p e r f o r m  quant i ta t ive  a n a l y s i s  of the 
r e s i d u a l  p h a s e s  p r e s e n t  in f r a c t u r e  s u r f a c e s  both 
K im and Schwar tz  ~ and Fu l t z  l~ found e s s e n t i a l l y  com-  
p le te  t r a n s f o r m a t i o n  of r e t a i n e d  aus ten i t e  n e a r  the 
duc t i le  f r a c t u r e  s u r f a c e  of 9Ni s t e e l  s p e c i m e n s  b roken  
above the d u c t i l e - b r i t t l e  t r a n s i t i o n  t e m p e r a t u r e .  The 
M r s s b a u e r  ev idence  is  not def in i t ive ,  s ince  i t  cannot 
d i s t ingu i sh  a t r a n s f o r m a t i o n  which o c c u r r e d  dur ing  
f r a c t u r e  f rom one which happened a f t e r  the f r a c t u r e  
was comple te .  However ,  th is  ev idence  does  sugges t  
both a coun te r example  to the conclus ion that  aus ten i t e  
mus t  be m e c h a n i c a l l y  s tab le  in c ryogen ic  s t e e l s  and 
a puzz le ,  s ince  it is  not c l e a r  how the f r a c t u r e  could 
r e m a i n  duct i le  in the p r e s e n c e  of the b r i t t l e  t r a n s -  
f o r m a t i o n  p roduc t s  found by Kron  e t  a l  ~ and by Haga.  8 

To c l a r i fy  the i s s u e s  r a i s e d  by  the M r s s b a u e r  ev i -  
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Fig. 1--Transmission electron micrographs of retaining austenite 
dark field taken from (002)y diffraction spot in (c). 

dence cited above we undertook a t r a n s m i s s i o n  e lec-  
t ron  mic roscop ic  study of the s t r uc tu r e  nea r  the duc- 
t i le  f r ac tu r e  sur face  of a t empered  9Ni s tee l  spec i -  
men broken  at liquid n i t rogen  t e m p e r a t u r e .  The d i rec t  
observa t ion  of the s t ruc tu re  immedia te ly  adjacent  to 
the f r ac tu re  surface  r equ i r ed  the p repa ra t ion  of p ro-  
fi le f rac tographic  spec imens  for TEM, i .e . ,  foils con- 
ta in ing the f r ac tu re  sur face  which a re  suff icient ly 
thin for t r a n s m i s s i o n  s tudies .  To our bes t  knowledge 
no such s tudies  have prev ious ly  been made on a duc- 
t i le  f r ac tu re  sur face  in a high s t rength  steel;  hence 
a major  par t  of this  work involved the development  
of sample  p repa ra t ion  techniques .  

EXPERIMENTAL 

A 9Ni s tee l  plate of 30 mm th ickness  was supplied 
by the Nippon Steel Corporat ion.  I ts  chemica l  com- 

[111] Mortensite Orientotion 

---e---  [110] Austenire Orientot ion 

in grain refined and tempered 9Ni steel. (a) bright field, (b) 

posi t ion is given in Table  I. Compact tens ion  f r ac tu re  
toughness spec imens  were cut out of the plate.  To in-  
sure  that these  spec imens  would fai l  in a duct i le  man-  
ne r  at 77 K the a s - r e c e i v e d  m i c r o s t r u c t u r e  was 
e r a sed  by annea l ing  at 900~ for two h, and the speci -  
mens  were given the gra in  r e f inemen t  t r e a t men t  
shown in Fig.  2. Af ter  grain  r e f inemen t  the speci -  
mens  were t empered  at 575~ for one h and water  
quenched. The f ina l  m i c r o s t r u c t u r e  of the spec imens  
is i l l u s t r a t ed  in Fig .  1. P rev ious  work n has shown 
that this g ra in  r e f inemen t  plus t emper ing  t r e a tmen t  

Table I. Chemical Composition, in Wt Pct 

C Si ~ P S Ni Fe 

0.06 0.20 0.56 0.004 0.004 9.25 Balance 
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Fig. 2--Thermal cycling and temper procedure for gain re-  
finement in 9Ni steel. 

Fig. 3--Scanning electron microscopic (SEM) fractograph. 
Tempered (575~ h/water quench) after grain-refinement 
and fractured in the compact tension test at 77 K. esti- 
mated to be 300 ksi ~ (330 MPa ~-m). KIC 

suff ices to reduce the duc t i l e - t o -b r i t t l e  t r ans i t i on  t em-  
pe ra tu re  of 9Ni s tee l  to below 6 K. F r a c t u r e  tough- 
ness  tes t s  were  conducted on these spec imens  in 
liquid n i t rogen  (77 K) with the r e su l t  that the spec i -  
mens  fai led in a ducti le  manne r  (Fig. 3) with a f rac-  
tu re  toughness  (KIC) es t ima ted  to exceed 300 ks i  i~n.  
(330 MPA ~m), in ag reemen t  with e a r l i e r  r e s u l t s .  

One of the two matching par t s  of a spec imen  f r ac -  
tu red  at 77 K was used for MSssbauer  spect roscopy.  
The f r ac tu r e  sur face  of the other  piece was e lec t ro -  
plated with pure i ron to a th ickness  of more  than 2 
mm us ing  the F i s c h e r - L a n g b e i n  type solut ion.  12 The 
plated piece was s l iced along the d i rec t ion  of the 
f r ac tu re  c rack  propagat ion and pe rpend icu la r  to the 
f r ac tu re  su r face .  These  s l i ces ,  ~500 ~tm thick, were  
chemical ly  and mechanica l ly  thinned to a th ickness  
of ~40 /~m. Di scs  of 3 mm diam were then spark  cut 
f rom the s l i ces  in such a way that the boundary l ines 
between the plated i ron  l ayer  and the f r ac tu red  9Ni 
s tee l  lay approximate ly  along a d iam of the disc  (Fig. 
4). 

The radius  of the p las t ic  zone in these f r ac tu red  
9Ni s amples  was es t ima ted  to be 5 mm,* an es t imate  

*Thc radius of the plastic zone size (Ty) was estimated from the formula for 
plain strain condition "yy = (Kic/Oy)~/6rr where KIC is the fracture toughness and 
oy the yield strength (see Ref. 13). The KIC value is given in the text. The yield 
strength of 9Ni steel measured at liquid nitrogen temperature is about 150 ksi 
(1034 MPa). 
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Electroploted Iron Layer 
Disc Spark Cutting 

/ 

/ I / / / / / .  / ,Fractured Krr, Specimen ' /,' / ./ 
- . / ,  / ,  / ,, , / / / / / /  / , ' / , , ' / / ' / , / /  , / , / / / / / /  

Fracture Propagation Direction 
Fig. 4--Schematic diagram of disc preparation from the 
boundary area between the fractured 9Ni steel and the elee- 
troplated iron layer. 

which is cons is ten t  with the observa t ions  of the f rac -  
ture  sur face  repor ted  below. The 3 mm discs  hence 
contained undeformed e lec t ropia ted  i ron  in in t imate  
contact with severe ly  deformed 9Ni s tee l  of complex 
m i c r o s t r u c t u r e ,  posing a sample  thinning p rob lem of 
pa r t i cu l a r  s eve r i ty .  TEM spec imens  were succes s -  
fully p repared  in a two-s tep  p r o c e s s .  F i r s t ,  each 
disc  was e lec t ropol i shed  us ing the f ami l i a r  twin- je t  
method in ch romium t r iox ide -g lac ia l  acet ic  acid so lu-  
t ion (composit ion:  75 g CrO3 +.400 ml  CH3COOH + 21 
ml  d is t i l led  water)  at ~40 to 45 V for two to three  min  
unti l  a sma l l  hole was formed at the cen te r .  The a r e a  
a round the hole was then fu r the r  thinned by ion mi l l -  
ing. The ion mi l l ing  was pe r fo rmed  with argon ion 
bombardmen t  under  the condit ions:  6 KeV a c c e l e r a -  
tion potential ,  25 ttA ion c u r r e n t  and 15 to 20 deg 
ti l t  angle. After ion mi l l ing  the 9Ni s teel  s ide of the 
disc  was found to be sl ightly etched. The a r ea  
a round the hole was, however,  thinned suff icient ly for 
observa t ion  in a high voltage microscope  operated at 
650 KeV, and was suff icient ly uni form to p e r m i t  de- 
ta i led s tudies  of the m i c r o s t r u c t u r e  immedia te ly  ad- 
jacent  to the f r ac tu re  sur face .  

M6ssbauer  ana lys i s  was c a r r i e d  out with a spec-  
t r o m e t e r  which contained an Aus t in  Science Assoc ia t e s  
veloci ty dr ive  synchron ized  to a Packard  400 mul t i -  
channel  ana lyze r .  The detector  was of the Sp i jkerman  
type 14 operated for backsca t t e r  e l ec t ron  detect ion.  
Convers ion  e lec t rons  or ig ina t ing  within ~0.1 ~tm of 
the sur face  were counted. Dis t inc t  spec t r a l  l ines were 
observed  and the volume f rac t ion  of aus teni te  was 
de t e rmined  f rom the seven peak approximat ion ,  aS By 
sequent ia l ly  ana lyz ing  the f r ac tu re  sur face  and the u n -  

deformed spec imen  surface  well  away f rom the f rac -  
tu re  surface  the compara t ive  changes in the f rac tu re  
sur face  could be d i rec t ly  de te rmined .  The f rac tu re  
sur face  was e lec t ropol i shed  for fur ther  ana lys i s  to de- 
t e r m i n e  the va r i a t i on  of aus teni te  volume f rac t ion  
with depth. 

RESULTS 

a) MSssbauer  Spectroscopy 

The r e su l t s  of the M6ssbauer  ana lys i s  a re  p resen ted  
schemat ica l ly  in Fig .  5. The undeformed spec imen  
surface  shows a c lear  aus ten i te  peak cor responding  
to a re ta ined  aus teni te  content of 8 pct by volume.  
This  peak is absent  in the spec t rum obtained f rom the 
f rac tu re  sur face  suggest ing an e s sen t i a l ly  complete 
t r a n s f o r m a t i o n  of the aus teni te  over  the region  (to 
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Fig. 5--Conversion electron MSssbauer spectra from the 
fracture surfaces. Solid curves were hand-drawn through 
datum points. 

~0.1 tzm below the f r ac tu r e  surface)  f rom which the 
data is taken.  The aus ten i te  peak was a lso  absent  f rom 
the spec t rum taken f rom the f rac tu re  sur face  af ter  
e lec t ro ly t ic  etching to a depth of ~1 mm.  This  r e su l t  
suggests  a genera l  t r a n s f o r m a t i o n  to a s ignif icant  
depth within the p las t ic  zone assoc ia ted  with the f r ac -  
ture ,  whose rad ius  is e s t ima ted  to be 5 mm for this 
pa r t i cu l a r  case.  

b) T r a n s m i s s i o n  E lec t ron  Microscopy 

The profi le  f rac tographic  samples  p repa red  for this 
study pe rmi t t ed  examina t ion  of the region  below the 
f r ac tu re  sur face  to a depth of ~20 ~tm in a t r a n s m i s -  
s ion e lec t ron  microscope  operated at 650 KeV. Typi-  
cal  br ight  field mic rographs  a re  shown in F igs .  6 and 
7. The f rac tu re  sur face  is  eas i ly  located by the 
abrupt  change in m i c r o s t r u c t u r e  between the e l ec t ro -  
plated i ron layer  (above) and the deformed 9Ni s tee l  
(below) and is  marked  with a dashed line and a r rows  
respec t ive ly .  The seve re  deformat ion  of the alloy 
immedia te ly  below the f r ac tu re  sur face  is v i sua l ly  ap- 
paren t .  F igure  7 includes  a se lec ted  a r e a  diffract ion 
pa t te rn  taken f rom the cen t ra l  region of the m i c r o -  
graph immedia te ly  below the f r ac tu r e  sur face .  The 
spread  of the diffract ion spots along each di f f ract ion 
r ing  is indicat ive of the severe  deformat ion  of the 
subsur face  mater ia l ;  as shown in F ig .  1 the se lec ted  
a r ea  dif f ract ion f rom the undeformed m a t e r i a l  yields  
a wel l -def ined spot pa t te rn .  No ex t ra  spots a t t r ibu-  
table to re ta ined  aus teni te  a re  p re sen t  in the d i f f rac-  
t ion pa t te rn .  

A carefu l  su rvey  of the deformed reg ion  below the 
f r ac tu re  sur face  to a depth of ~20 ~ m  yielded no dif- 
f rac t ion  evidence for re ta ined  aus teni te ,  despi te  the 

fact that fea tures  which morphologica l ly  r e s e m b l e  
the re ta ined  aus teni te  p resen t  in the undeformed alloy 
a re  common.  Examples  of aus teni te l ike  fea tures  are  
c i rc led  in F igs .  6 and 7; they a re  comparable  to the 
re ta ined  aus ten i te  pa r t i c l e s  p re sen t  in the dark  field 
mic rog raph  in Fig .  1. The TEM study hence suppor ts  
the conclusion f rom MSssbauer  ana lys i s  that there  is 
complete t r a n s f o r m a t i o n  of the ans teni te  nea r  the 
f r ac tu re  su r face .  

The TEM evidence a rgues ,  however,  that the t r a n s -  
fo rmat ion  of the aus teni te  is in this case to a d is lo-  
cated m a r t e n s i t e  r a the r  than to a twinned mar t ens i t e  
as  suggested by e a r l i e r  work. 8 In a carefu l  s t r u c t u r a l  
su rvey  of the subsur face  region  no example of in-  
t e rna l ly  twinned mar t ens i t e  was found. In pa r t i cu l a r ,  
the m a r t e n s i t e  pa r t i c l e s  which were tenta t ively  iden-  
t if ied as t r a n s f o r m e d  aus teni te  on morphological  
grounds were dis located r a the r  than twinned.  Exam-  
ples include the c i rc led  reg ions  in Fig .  6. 

DISCUSSION 

The evidence p resen ted  above appears  to just i fy the 
conclusion that the re ta ined  aus teni te  p r e se n t  in this  
g r a i n - r e f i n e d  9Ni s tee l  spec imen  t r a n s f o r m e d  to a 
highly d is loca ted  mar t ens i t e  in the p las t ic  zone a s -  
sociated with ducti le  f r ac tu re  at 77 K. The only a l t e r -  
nat ive explanat ions  of the data which suggest  them-  
se lves  are  that the f r ac tu re  propagated through a r e -  
gion which was in i t ia l ly  f ree  of re ta ined  ans ten i te  or 
that the t r a n s f o r m a t i o n  to mar t ens i t e  occu r red  dur ing  
re laxa t ion  of the free sur face  af ter  f r ac tu re .  Given 

Fig. 6--Transmission electron micrograph and diffraction 
pattern of the fracture surface layer. The boundary between 
the electroplated iron layer (above) and fractured 9Ni steel 
{below) was marked by a dashed line. The circled areas 
show retained austenite-like oarticles. 
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cer ta in ly  re levan t  that both inves t iga t ions  cons idered  
the behavior  of r e t a ined  aus teni te  dur ing es sen t i a l ly  
b r i t t l e  f r ac tu re .  In Haga ' s  case the p re sence  of r e -  
ta ined aus teni te  nea r  the f r ac tu re  sur face  may s imply  
ref lec t  the na r row zone of deformat ion  n e a r  the b r i t -  
tle f r ac tu re  sur face  he obtained.  The twinned m a r -  
t ens i te  pa r t i c l e s  appear ing  in his mic rograph  may re -  
sul t  f rom the di f ference in the composi t ion of his al-  
loy, f rom the rma l ly - induced  par t i a l  t r a n s f o r m a t i o n  of 
the aus teni te ,  f rom t r ans fo rma t ion  nea r  the f ree  s u r -  
face af ter  f rac tu re ,  16 or f rom a change in the mode of 
aus ten i te  t r a n s f o r m a t i o n  due to the high ra te  of b r i t -  
t le c rack  propagat ion.  The r e su l t s  of K r o n e t  al ~ are  
ambiguous s ince it has not been conclus ively  shown 
that the cleavage fea tures  they observed a re  due to 
the mechan ica l ly - induced  t r ans fo rma t ion  of aus teni te .  
If the i r  i n t e rp re ta t ion  of the i r  data is co r rec t  the i r  
evidence indica tes  that the low t e mpe r a t u r e  f rac tu re  
behavior  of 9Ni s tee l  is sens i t ive  to the mechanica l  
p rope r t i e s  (and hence to the m i c r o s t r u c t u r e )  of the 
m a r t e n s i t i c  product  of the s t r a in - induced  t r a n s f o r m a -  
t ion of re ta ined  aus teni te ,  a r e su l t  which is not incon- 
s i s t en t  with the obse rva t ions  repor ted  here .  

Fig. 7--Another TEM picture of the fracture surface layer 
(the boundary indicated by arrows). The diffraction pattern 
was taken from the central region right below the boundary 
line. The circled area shows retained austenite-like parti-  
cles. 

the un i form d i s t r ibu t ion  of re ta ined  aus teni te  in the 
in i t i a l  spec imens ,  the depth of the zone denuded of 
aus teni te  beneath  the f r ac tu re  sur face ,  and the obse r -  
vat ion of s ignif icant  aus teni te  content n e a r  other f ree 
su r faces  of the spec imen,  ne i the r  of these a l t e rna -  
t ive explanat ions  seems  p laus ib le .  

T r a n s f o r m a t i o n  of the re ta ined  aus teni te  to a dis-  
located m a r t e n s i t e  is not incons is ten t  with good low 
t empe ra tu r e  toughness ,  and would, in fact, be ex- 
pected to favor ducti le  f r ac tu re .  The aus teni te  fo rmed  
on t empe r ing  at 575~ is expected to be high in nickel  
re la t ive  to the base  alloy; a n ickel  content nea r  20 
at .  pct is e s t ima ted  f rom the equ i l ib r ium phase dia-  
g ram.  Moreover ,  the aus teni te  forms  s u b m i c r o n -  
s ized pa r t i c l e s  in the lath boundar ies  of the paren t  
ma r t ens i t e .  The product  of the s t r a in  induced t r a n s -  
fo rmat ion  of this  aus teni te ,  a h igh-n icke l  d is located  
m a r t e n s i t e  of s u b - m i c r o n  size,  should be even more  
ducti le  than the su r round ing  ma t r ix  and should not 
in t roduce p r e f e r en t i a l  s i tes  for cleavage f r ac tu re .  
On the cont ra ry ,  the p re sence  of this t r a n s f o r m e d  
aus teni te  should inhibit  b r i t t l e  f r ac tu re  in  the p las t ic  
zone nea r  the c rack  tip by preven t ing  i n t e r - l a t h  
f r ac tu re  and i n t e r f e r r i n g  with the cooperat ive cleavage 
of adjacent  laths.  Moreover ,  by Le Cha te l i e r ' s  p r in -  
ciple, the t r a n s f o r m a t i o n  s t r a i n  assoc ia ted  with the 
m a r t e n s i t i c  t r a n s f o r m a t i o n  of the re ta ined  aus teni te  
wil l  tend to re lax  the f r ac tu re  s t r e s s ,  hence fur ther  
promot ing  ducti le  fa i lu re .  

It is not en t i r e ly  c lear  how the previous  r e s u l t s  of 
Haga s and of K r o n e t  a f  may be reconc i l ed  with the 
r e su l t s  p resen ted  here .  F u r t h e r  inves t iga t ions  a re  in 
p r o g r e s s  in this  l abora tory .  However,  it is a lmos t  

CON CLUSIONS 

Both MSssbauer  spect roscopy and d i rec t  t r a n s m i s -  
s ion e lec t ron  mic roscop ic  study show that the the r -  
m a l l y - s t a b l e  aus teni te  in t roduced on t e mpe r ing  a 
g r a i n - r e f i n e d  9Ni s tee l  at 575~ t r a n s f o r m s  to m a r -  
tens i te  in the deformed zone assoc ia ted  with ducti le  
f r ac tu re  at 77 K. The TEM evidence indicates  that 
the t r a n s f o r m a t i o n  product  is a s u b - m i c r o n  s ized dis-  
located m a r t e n s i t e  which does not embr i t t l e  the alloy 
and may act to promote  low t e mpe r a t u r e  toughness .  
These  r e su l t s  argue that it is not n e c e s s a r y  that the 
aus teni te  in t roduced on t emper ing  f e r r i t i c  F e - N i  
cryogenic  s tee l s  be mechanica l ly  s table  to promote  
low t e m p e r a t u r e  toughness .  A suff icient  r e q u i r e m e n t  
is that the aus teni te  t r a n s f o r m  to a ducti le mar t ens i t e  
dur ing  f r ac tu re .  

A coro l la ry  r e su l t  of this work is the demons t r a t i on  
that it is p r ac t i ca l  to make prof i le  f rac tographic  s a m -  
ples for t r a n s m i s s i o n  e lec t ron  mic roscop ic  study of 
ducti le  f r ac tu re  in s teel .  This  technique should have 
wide appl icat ion in cases where local  m i c r o s t r u c t u r a l  
effects a re  bel ieved to be re levan t  to the f r ac tu re  
p roces s .  
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