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AGEING AND TEMPERING OF FERROUS MARTENSITES 

LI CHANG, G.D.W. SMITH and G.B. OLSON' 

Department of Metallurgy and Science of Materials, University of 
Oxford, Parks Road. GB-Oxford OX1 3PH, Great Britain 
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Abs t rac t  The low temperature ageing o f  a Fe-15wt%Ni-lwt%C m a r t e n s i t e  (Ms tem- 
p e r a t u r e  -35 C) has been i n v e s t i g a t e d  us ing  f i e l d - i o n  microscopy and atom probe 
m i c r o a n a l y t i c a l  techniques. It i s  demonstrated t h a t  bo th  t h e  ampl i tude and t h e  
wavelength o f  t h e  carbon compos i t ion  f l u c t u a t i o n s  observed du r i ng  room- 
temperature  ageing increase w i t h  t ime, i n d i c a t i n g  t h a t  t h e  a1 1 oy decomposes by 
a sp inoda l  process. The ca rbon - r i ch  reg ions approach a l i m i t i n g  compos i t ion  o f  
FegC d u r i n g  t h i s  react ion .  
The tempering behav iour  o f  a h igh-coba l  t - n i c k e l  secondary harden ing s t e e l ,  AF 
1410, was a l s o  s tud ied.  The compos i t ion  o f  t h e  f i n e  M2C carb ides formed d u r i n g  
t h e  s tandard  tempering t reatment  a t  510 C was determined, and coarser  p a r t i c l e s  
o f  M2C and MC formed du r i ng  overag ing a t  593 C were a l s o  analyzed. Some e v i -  
dence o f  atomic o r d e r i n g  was observed i n  t h e  Fe-Ni-Co-r ich ma t r i x ;  such an 
e f f e c t  would he lp  t o  e x p l a i n  t h e  h i g h  res i s tance  t o  d i s l o c a t i o n  recovery  which 
i s  observed i n  t h i s  c l ass  o f  s tee l s .  

1 - INTRODUCTION. 

It has r e c e n t l y  been demonstrated t h a t  f i e 1  d i o n  microscopy (FIM) , i n  c o n j u n c t i o n  
w i t h  atom probe m ic roana l ys i s  (AP), i s  an ex t remely  power fu l  t o o l  f o r  t h e  i n v e s t i g a -  
t i o n  o f  ageing and temper ing processes i n  f e r r o u s  mar tens i t es  (1-6). The dense, 
complex m i c r o s t r u c t u r e s  produced i n  m a r t e n s i t i c  s t e e l s  are i d e a l l y  s u i t e d  f o r  study 
i n  t h e  FIM, and the  a b i l i t y  o f  t h e  AP t o  analyse q u a n t i t a t i v e l y  f o r  carbon g ives  i t  
a unique c a p a b i l i t y  f o r  p rob ing  t h e  chemical na tu re  o f  t h e  decomposi t ion processes 
which occur d u r i n g  heat t reatment.  At t h e  31st I n t e r n a t i o n a l  F i e l d  Emission 
Symposium, we repo r ted  t h e  f i r s t  r e s u l t s  o f  a study o f  t h e  room temperature  ageing 
o f  Fe-Ni-C mar tens i t es  (6),  which i n d i c a t e d  t h a t  a sp inoda l  decomposi t ion r e a c t i o n  
may be occur r ing .  I n  t h e  c u r r e n t  paper, we present  a d d i t i o n a l  r e s u l t s ,  ob ta ined  
over  a w ider  range o f  ageing cond i t i ons ,  which c o n f i r m  t h i s  i n t e r p r e t a t i o n  and pro- 
v i d e  a bas i s  f o r  a more q u a n t i t a t i v e  i n t e r p r e t a t i o n  o f  t h e  phenomenon. We a l s o  
r e p o r t  a p r e l i m i n a r y  s tudy o f  t h e  temper ing r e a c t i o n s  o c c u r r i n g  i n  a complex secon- 
dary  hardening s t e e l ,  AF 1410, which i s  o f  i n t e r e s t  because o f  i t s  ou ts tand ing  corn- 
b i n a t i o n  o f  s t r e n g t h  and toughness. 

2 - EXPERIMENTAL 

A l l  work was c a r r i e d  out  us ing  t h e  Oxford  FIM 100 atom probe (7) .  Exper imental  p ro-  
cedures were as descr ibed p r e v i o u s l y  (6). A l l  analyses were c a r r i e d  out  us ing  a 
p u l s e  f r a c t i o n  (pu lse  voltage/d.c. s tand ing  vo l t age )  o f  15%. Specimen b lanks were 
u s u a l l y  heat t r e a t e d  and aged o r  tempered p r i o r  t o  f i n a l  p o l i s h i n g  t o  form F I M  t i p s .  
However, i n  o rde r  t o  s tudy t h e  d i s t r i b u t i o n  o f  carbon atoms i n  v i r g i n  mar tens i t e ,  
some specimens o f  t h e  Fe-15wt%Ili- lwt7~C a l l o y  (Ms temperature -35 C) were prepared i n  
t h e  metas tab le  a u s t e n i t i c  s ta te ,  and were subsequent ly quenched i n  s i t u  i n  t h e  atom 
probe t o  form mar tens i t e ,  which was then analysed immediately. 
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3 - STUDIES OF FE-15wt%Ni-lwt%C STEEL 

The use o f  mar tens i t es  o f  low Ms temperature i s  e s s e n t i a l  f o r  t h e  i n v e s t i g a t i o n  o f  
1  ow-temperature ageing phenomena, i n  order  t o  avo id  t h e  problem o f  auto-temperi  ng 
d u r i n g  quenching. H igh -n i cke l  a1 l o y s  have been w ide l y  employed f o r  t h i s  purpose, 
and here we r e p o r t  some ex tens ions t o  p rev ious  atom probe s tud ies  o f  these m a t e r i a l s  
( 5 , 6 ) .  

(a )  V i r g i n  mar tens i t e  E a r l i e r  work ( 5 , 6 )  has shown t h e  occurrence o f  carbon c l u s t e r  
i o n s  o f  t h e  t ype  C2+, C3+, C3++, etc., i n  t h e  mass spec t ra  o f  f r e s h l y  formed marten- 
s i t e s .  It i s  o f  importance t o  e s t a b l i s h  whether such c l u s t e r s  a r e  genuine f e a t u r e s  
o f  v i r g i n  mar tens i t es ,  o r  i f  they a re  a r t e f a c t s  o f  t h e  AP ana l ys i s  method. I n  order  
t o  i n v e s t i g a t e  t h i s  f u r t h e r ,  f resh ly -quenched specimens o f  t h e  Fe-Ni-C m a r t e n s i t e  
were analysed a t  each o f  lOOK and 50 K. At l e a s t  10,000 i ons  were c o l l e c t e d  from 
each specimen under each se t  o f  exper imenta l  cond i t i ons .  The r e s u l t s  o f  t h e  i n d i v i -  
dual  exper iments are  shown i n  Table I ,  and t h e  percentage d i s t r i b u t i o n s  o f  t h e  
va r i ous  carbon i o n  species are  summarised i n  Table 11. The ' c o r r e c t e d '  values o f  
o v e r a l l  carbon concen t ra t i on  l i s t e d  i n  Table I r e f e r  t o  values d e r i v e d  by app l y i ng  a  
s t a t i s t i c a l  a n a l y s i s  t o  t ake  account o f  t h e  p i l e -up  o f  i ons  o f  t h e  same mass-to- 
charge r a t i o  a t  t h e  d e t e c t o r  i n  t h e  h i g h - r e s o l u t i o n  atom probe (7). Th i s  e f f e c t  i s  
g r e a t e r  a t  lower temperatures,  where t h e  f i e l d  evapora t ion  r a t e  i s  l e s s  regu la r .  
Carbon c l u s t e r  i ons  are  ev iden t  both  a t  50 K and 100 K, be ing s i g n i f i c a n t l y  more 
abundant a t  t h e  h i g h e r  temperature.  Th is  suggests t h a t  very  l o c a l i s e d  atom move- 
ments on t h e  specimen sur face may be respons ib le  f o r  t h e i r  fo rmat ion ,  a l though t h e  
r e s u l t s  are  no t  conc lus i ve  i n  t h i s  respect.  Analyses recorded a t  50 K appear t o  
show a m a r g i n a l l y  h ighe r  t o t a l  carbon content ,  even a f t e r  s t a t i s t i c a l  c o r r e c t i o n  o f  
t h e  data. However, t h e r e  i s  some ambigu i ty  i n  peak assignments, s i nce  (e.g.) C+ and 
C2++ spec ies  occur a t  t h e  same mass-to-charge r a t i o .  For convenience i n  hand l i ng  
t h e  data, it i s  gene ra l l y  assumed t h a t  each peak cons i s t s  on l y  o f  t h e  species o f  
l owes t  mass number. Th is  leads t o  a  s l i g h t  underes t imat ion  o f  t h e  t o t a l  carbon, and 
t h e  discrepancy w i l l  i nc rease  as t h e  p r o p o r t i o n  o f  c l u s t e r  ions  i n  t h e  a n a l y s i s  
increases.  The a d d i t i o n a l  e r r o r  i s  c l e a r l y  smal l .  

(b )  Room temperature ageing Neon FIM images o f  t h e  v i r g i n  m a r t e n s i t e  and o f  
m a t e r i a l  aged f o r  10 days a t  room temperature  a re  shown i n  F igs  1 and 2 respec- 
t i v e l y .  The emergence o f  p e r i o d i c  dark ly - imaging areas on ageing can be c l e a r l y  
seen. It has p r e v i o u s l y  been demonstrated t h a t  these correspond t o  ca rbon - r i ch  
reg ions  (5,6). The e v o l u t i o n  o f  t h e  carbon composi t ion f l u c t u a t i o n s  i n  these 
reg ions  has now been s tud ied  i n  d e t a i l  f o r  ageing t imes o f  up t o  68 days. The maxi- 
mum ampl i tudes o f  t h e  concen t ra t i on  v a r i a t i o n s  have been obta ined from ana l ys i s  o f  
compos i t ion-depth  p r o f i l e s ,  and t h e  wavelengths o f  t h e  f l u c t u a t i o n s  as we l l  as t h e  
volume f r a c t i o n s  and p a r t i c l e  s i zes  o f  t h e  ca rbon - r i ch  areas have been ob ta ined  f rom 
a u t o c o r r e l a t i o n  ana l ys i s  of t h e  data  (8). The r e s u l t s  are  summarised i n  Figs. 3  and 
4. The very e a r l i e s t  stages o f  t h e  decomposi t ion r e a c t i o n  are  d i f f i c u l t  t o  f o l l o w ,  
because o f  s t a t i s t i c a l  l i m i t a t i o n s ,  and because o f  t h e  ex i s tence  o f  carbon c l u s t e r  
i o n s  i n  t h e  analyses (see above). However, i t  i s  c l e a r  t h a t  two broad regimes 
e x i s t .  I n  t h e  f i r s t  stage, a t  ageing t imes below about 200 hours, t h e  ampl i tude o f  
t h e  compos i t ion  f l u c t u a t i o n s  increases p rog ress i ve l y ,  w h i l e  t h e  wavelegth changes 
ve ry  l i t t l e .  I n  t h e  second stage, a t  l onge r  t imes, t h e  ampl i tude o f  t h e  f l u c -  
t u a t i o n s  sa tu ra tes  a t  a  compos i t ion  cor respond ing c l o s e l y  t o  FegC, and t h e  wave- 
1  ength  increases p r o g r e s s i v e l y  w i t h  t i m e  ( w i t h  a  t ime  exponent o f  approx imate ly  
113). The r e s u l t s  a re  i n  e x c e l l e n t  agreement w i t h  those from a p a r a l l e l  h igh-  
r e s o l u t i o n  e l e c t r o n  microscopy study by Tay lo r  (9) ,  and demonstrate unambiguously 
t h a t  a  sp inoda l  decomposi t ion r e a c t i o n  i s  occur r ing .  Th is  i s  probab ly  t h e  f i r s t  
t i m e  t h a t  such a  r e a c t i o n  process has been p o s i t i v e l y  i d e n t i f i e d  i n  an i n t e r s t i t i a l  
a l l o y  system. 

( c )  Ageing a t  h i ghe r  temperatures A number o f  ageing t reatments  have been c a r r i e d  
o u t  a t  temperatures above room temperature,  ex tend ing t h e  e a r l i e r  work o f  M i l l e r  e t  
a1 (5) .  The r e s u l t s  o f  these s tud ies  are  summarised i n  Table 111. As t h e  tem- 
p e r a t u r e  i s  ra ised,  an i n c r e a s i n g  p r o p o r t i o n  o f  t h e  high-carbon reg ions show maximum 
carbon concen t ra t i ons  i n  excess o f  15 a t %  C, i n d i c a t i n g  t h a t  a  f u r t h e r  stage o f  



decomposi t ion i s  occur r ing .  It i s  c l e a r  f rom the  e l e c t r o n  microscopy work o f  Tay lo r  
(9 )  t h a t  t h i s  stage corresponds t o  n u c l e a t i o n  and growth o f  t h e  e p s i l o n  ca rb ide  
phase. The atom probe r e s u l t s  c o n f i r m  t h a t  t h e r e  i s  a  range of ageing t imes and 
temperatures over which t h e  ca rbon - r i ch  FegC reg ions c o e x i s t  ( uns tab l y )  w i t h  t h e  
eps i  1  on phase. A1 though t h e  compe t i t i on  between these decomposi t ion reac t i ons  
compl ica tes  t h e  de te rm ina t i on  o f  t h e  metas tab le  m i s c i b i l i t y  gap u n d e r l y i n g  t h e  s p i -  
nodal  r eac t i on ,  t h e  r e s u l t s  t h u s f a r  i n d i c a t e , t h a t  t h e  FegC compos i t ion  of t h e  h i g h  
carbon phase boundary i s  temperature i n s e n s i t i v e  over t h e  range examined. F u r t h e r  
c o n t r o l l e d  ageing s tud ies  over a  range o f  temperatures and a l l o y  carbon contents  a re  
underway t o  c l a r i f y  t h e  metas tab le  phase r e l a t i o n s  i n  t h i s  impor tan t  system. 

4. AF 1410 STEEL 

The secondary hardening s t e e l  AF 1410 has t h e  composi t i  on Fe-14wt%Co-lOwt%Ni -2wt%- 
Cr-lwt%Mo-0.15wtZC (equ i va len t  t o  Fe-13.5at%Co-9.7at%Ni-2.2at%Cr-O.Gat%Mo-O.7at%C). 
It belongs t o  a  r e l a t i v e l y  new c lass  o f  h i gh -coba l t - n i cke l  a l l o y s  which e x h i b i t  
ou t s tand ing  combinat ions o f  s t r e n g t h  and toughness i n  t h e  tempered s ta te .  One 
e f f e c t  o f  c o b a l t  i s  t o  r e t a r d  t h e  r a t e  o f  recovery  o f  t h e  d i s l o c a t i o n  subs t ruc tu re  
o f  t h e  as-quenched mar tens i t e ,  l e a d i n g  t o  t h e  fo rma t i on  o f  an e x c e p t i o n a l l y  f i n e  
d i s p e r s i o n  o f  secondary ca rb ides  du r i ng  t h e  tempering process (10).  The mechanism 
by which c o b a l t  r e t a r d s  recovery  i s  unknown, a l though one suggest ion  i s  t h a t  a  fo rm 
o f  shor t - range order  may be present  i n  t h e  f e r r i t e  ma t r i x ,  which would be expected 
t o  i n h i b i t  d i s l o c a t i o n  c l imb. It i s  o f  i n t e r e s t  t o  i n v e s t i g a t e  t h i s  p o i n t  u s i n g  
t h e  FIM/AP technique, and a l s o  t o  s tudy t h e  e v o l u t i o n  o f  t h e  phase chemis t ry  o f  t h e  
complex secondary ca rb ides  formed d u r i n g  tempering, which might p rov ide  a  f u r t h e r  
c l u e  t o  t h e  s t a b i l i t y  o f  t h e  m ic ros t ruc tu re .  We r e p o r t  here a  p r e l i m i n a r y  s tudy o f  
AF 1410, a f t e r  t h e  s tandard  temper ing t reatment  (5h a t  510 C), and a f t e r  an add i -  
t i o n a l  over-aging t reatment  (24h a t  593 C). 

( a )  FIM images Neon FIM images o f  t h e  s t e e l  i n  t h e  s tandard  and overaged c o n d i t i o n  
a r e  shown i n  F igs  5-7. The main f ea tu res  o f  t he  m i c r o s t r u c t u r e  are :  1. ca rb ide  
p a r t i c l e s  which have t h e  b r i g h t e s t  c o n t r a s t  due t o  t h e  presence o f  Mo atoms, 2.  
boundar ies which have dark l i n e  con t ras t ,  and 3. c o n t r a s t  f ea tu res  from t h e  f e r r i t e  
m a t r i x .  

Carbide p a r t i c l e s  can be seen most c l e a r l y  i n  images taken a t  vo l t ages  below best  
image vo l t age  and a t  temperatures above 80 K, Fig.  5. At lower temperatures and a t  
h i g h e r  image vo l tages,  t h e  ca rb ide  c o n t r a s t  i s  much reduced, Fig.  6. The carb ides 
formed a f t e r  t h e  s tandard  heat t rea tment  a re  need le- l i ke .  Those needles l y i n g  
p a r a l l e l  t o  t h e  specimen su r face  e x h i b i t  an a r r a y  o f  b r i g h t e r  spots  on t h e  image, 
F ig .  5a, w h i l e  t h e  r e s t  on l y  appear as one or  two b r i g h t  spots,  F i g  5b. The average 
p a r t i c l e  s i z e  i n  t h i s  c o n d i t i o n  i s  about 3nm l o n g  and 0.5-0.8 nm i n  diameter. The 
es t ima ted  d e n s i t y  o f  such p a r t i c l e s  i s  o f  t h e  o rde r  o f  1018 The i n t e r p a r t i c l e  
spac ing i s  about 5  nm. Coarse carb ides a re  e a s i l y  observed i n  overaged specimens, 
and a re  around 10 nm i n  diameter,  Fig. 7. 

The boundar ies are  l a t h  o r  p o s s i b l y  t w i n  boundar ies f rom t h e  o r i g i n a l  m a r t e n s i t i c  
subs t ruc tu re .  Some boundar ies o f  t h i s  k i n d  can be seen i n  t h e  micrograph of Fig.  
5b, runn ing d i a g o n a l l y  across t h e  image, and about 5  nm apar t .  

FIM images taken a t  50 K show t h a t  some areas i n  t h e  m a t r i x  have double r i n g s  a t  t h e  
low index po les ,  f o r  example t h e  c e n t r a l  low-index p lane of Fig.  6a. Also, i n  some 
cases a  very regu la r ,  l o c a l i s e d  two-dimensional a r r a y  of image spots  i s  seen, f o r  
example a t  t h e  extreme l e f t  o f  t h e  micrograph o f  Fig.  6b. Th is  suggests t h a t  some 
o r d e r i n g  o f  t h e  m a t r i x  may have taken p lace  du r i ng  tempering. Because of t h e  
l i m i t e d  ex ten t  o f  such reg ions,  it i s  p o s s i b l e  t h a t  t h i s  may be a  form o f  sho r t -  
range order  i n  which l o c a l i s e d  reg ions a t t a i n  a  very  h i g h  degree o f  r e g u l a r i t y .  An 
e f f e c t  o f  t h i s  k i n d  has a l ready heen p o s t u l a t e d  t o  occur i n  t h e  case o f  b i na ry  Fe-CO 
a l l o y s ,  on t h e  bas i s  o f  neut ron d i f f r a c t i o n  evidence ( l l ) ,  and a  s i m i l a r  e f f e c t  has 
a l s o  been suggested i n  maraging s t e e l s  (12).  
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(b )  Atom probe a n a l y s i s  The m t r i x .  Typ i ca l  m a t r i x  composi t ions are  g i ven  i n  
Table I V .  Co and N i  account f o r  about 25% o f  t h e  mat r ix .  The presence o f  Cr i n  t h e  
m a t r i x  i n d i c a t e s  t h a t  not  a l l  o f  t h i s  element has been i nco rpo ra ted  i n t o  t h e  ca rb ide  
phase. D e t a i l e d  a n a l y s i s  showed t h a t  t h e r e  was some Cr segregat ion  a t  m a r t e n s i t e  
boundaries. The Cr enr iched boundar ies may con ta in  more than 3% Cr over a 2 nm wide 
area, and t h e  l o c a l  concen t ra t i on  cou ld  be much h ighe r  i f  most Cr atoms were l oca -  
l i s e d  a t  t h e  p lane o f  t h e  boundary. No s i g n i f i c a n t  v a r i a t i o n s  o f  s o l u t e  content  i n  
t h e  m a t r i x  have been detec ted between s tandard  and overaged cond i t ions .  Al though Cr 
shou ld  be s o l u b l e  i n  Fe-Co-Ni a l l o y s ,  Cr segregat ion  might  be promoted by order ing ,  
which cou ld  i n v o l v e  t h e  r e j e c t i o n  o f  Cr f rom t h e  ordered regions. Un fo r tuna te l y ,  no 
we1 1 -ordered reg ions have so f a r  been analysed, so t h e i r  compos i t ion  remains unknown. 
Mo, a s t r o n g  ca rb ide  forming element, has appa ren t l y  gone v i r t u a l l y  comple te ly  i n t o  
t h e  ca rb ide  phase, s i nce  no Mo has been de tec ted  i n  t h e  m a t r i x  i n  e i t h e r  heat t r e a t -  
ment cond i t i on .  

Carbides Table V g i ves  t h e  measured ca rb ide  composi t ions.  I n  t h e  s tandard  heat-  
t r ea tmen t  cond i t i on ,  s i nce  t h e  ca rb ides  a re  sma l l e r  than t h e  s i z e  o f  t h e  probe hole,  
i t  i s  i n e v i t a b l e  t h a t  ions  f rom t h e  m a t r i x  a re  c o l l e c t e d  d u r i n g  p rob ing  o f  t h e  car-  
b ide. I f  t h e  m a t r i x  c o n t r i b u t i o n  i s  subt rac ted,  assuming no Ni and Co i n  t h e  car -  
b ide, and t a k i n g  t h e  m a t r i x  compos i t ion  t o  be as g iven i n  Table I V ,  t h e  r e s u l t  i s  
very  c l ose  t o  t h e  M2C composi t ion.  The r a t i o  o f  Cr:Mo:Fe i s  about 1.3:1:0.8. A 
s i m i l a r  r a t i o  i n  M2C ca rb ide  has a l s o  been ob ta ined  by S t i l l e r  e t  a1 i n  an atom 
probe s tudy o f  a high-speed t o o l  s t e e l  (13). 

Two k i n d s  o f  carb ides have been de tec ted  i n  overaged specimens. One i s  a coarsened 
form o f  t h e  M2C ca rb ide  which i s  C r - r i c h  w i t h  a Cr:Mo r a t i o  o f  1.0-1.8 and a much 
reduced Fe content  compared t o  t h e  M2C carb ides i n  t h e  s tandard  heat t r ea tmen t  con- 
d i t i o n .  The o t h e r  appears t o  be a ca rbon -de f i c i en t  MC, which i s  a Mo-r ich ca rb ide  
w i t h  a Cr:Mo r a t i o  o f  0.4-0.6. Typ i ca l  mass spect ra  f rom each type o f  ca rb ide  a re  
shown i n  F ig .  8. The obse rva t i on  o f  decreasing Fe content  o f  a l l o y  ca rb ides  w i t h  
increased ageing, and t h e  d i f f e r e n t  Cr:Mo r a t i o s  o f  M2C and MC carb ides are  i n  
e x c e l l e n t  agreement w i t h  t h e  r e s u l t s  o f  S t i l l e r  e t  a1 (13),  f o r  a somewhat s i m i l a r  
secondary harden ing s tee l .  

From t h e  Cr:Mo r a t i o s  i n  t h e  ca rb ides  and t h e  f a c t  t h a t  appa ren t l y  a l l  t h e  Mo i s  i n  
t h e  carb ides,  on l y  h a l f  o f  t h e  Cr o f  t h e  b u l k  compos i t ion  s tays  i n  a l l o y  carb ides,  
and t h e  r e s t  o f  t h e  Cr, ( I%) ,  shou ld  then be i n  t h e  ma t r i x .  Th is  agrees w e l l  w i t h  
t h e  m a t r i x  analyses, Table I V .  P i l l i n g  and R i d l e y  (14) have shown t h a t  t h e  Mo:Cr 
r a t i o  i n  M2C decreases w i t h  carbon c o n c e n t r a t i o n  i n  a 2,25wt%Cr-lwt%Mo low carbon 
s t e e l ,  and increases w i t h  tempering time. Hence a c e r t a i n  amount o f  Cr, dependent 
on t h e  r a t i o  o f  Mo:C i n  t h e  bu lk ,  can a c t  as a carb ide- former ,  t oge the r  w i t h  Mo i n  
M2C carbide. Th i s  s o l u b i l i t y  o f  Cr i n  MzC, t oge the r  w i t h  a h ighe r  d i f f u s i v i t y  o f  Cr 
r e l a t i v e  t o  Mo can e x p l a i n  why a Cr a d d i t i o n  s h i f t s  t h e  secondary harden ing peak i n  
10Ni-8Co-1Mo-O.12C s t e e l s  t o  lower  temperature,  as Speich e t  a1 have demonstrated 
(10).  Excess Cr i n  t h e  m a t r i x  c o u l d  a l s o  have an impor tan t  ro le ,  f o r  example v i a  
s o l  i d  s o l u t i o n  s t rengthen ing,  o r  by segregat ion ,  which might  impede m a t r i x  recovery  
processes. F u r t h e r  s tud ies  a re  needed i n  o rde r  t o  determine t h e  r e l a t i v e  importance 
o f  these e f f e c t s ,  and t o  a s s i s t  i n  t h e  des ign o f  improved s t e e l s  o f  t h i s  type, which 
may w e l l  p rove t o  be o f  major importance i n  a number o f  c r i t i c a l  eng inee r i ng  a p p l i -  
ca t i ons .  
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Table  I: Composi t ion of As-quenched Fe-Ni-C M a r t e n s i t e  

T o t a l  Carbon Concen t ra t i on  Atom p c t  o f  Carbon Ion  Species 
(atom p c t )  hav ing va r i ous  mass-Co-charge 

r a t i o s  ( i n  To ta l  Carbon Atoms) 
Uncor rec ted Cor rec ted  

Specimen - %C 

* H = c o l d  he l ium gas coo l i ng ,  50°K; N = l i q u i d  n i t r o g e n  coo l i ng ,  100°K. The data  
f rom specimen 1 were c o l l e c t e d  f i r s t  a t  50°K and then a t  100°K, whereas specimen 2 
was examined i n  reverse sequence. 

Tab le  11: Comparison o f  Carbon I o n  D i s t r i b u t i o n s  a t  50°K and 100°K 

T o t a l  No. o f  
Temperature Carbon Atoms c6 c12 c18 + c36 c24 

T o t a l  
Percentage 

T o t a l  
Percentage 



Table 111: Se lec ted Area Atom Probe Ana lys is  o f  Fe-Ni-C Mar tens i t e  aged a t  -- 
d i f f e r e n t  temperatures (At.Pct Carbon) 

Ageing Dark Areas Cases 
Treatment M a t r i x  Mi n-Max To ta l  Cases, <15%, >15% 

Table I V :  AF 1410 M a t r i x  Composit ion, a t% 

Cr N i Co Fe S i  C To ta l  i ons  

s tandard  

overaged 

Tab le  V: AF 1410 Carbide composi t ions,  a t% 

s tandard  M2C 22.5 19.3 
k1.7 k1.6 

overaged M2C 31.7 37.5 
t 3 . 1  t3.3 

T o t a l  atoms 

617 
i n c l u d i n g  
m a t r i x  

Cor rec ted 
va lue  
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Fig.  1. As-quenched Fe-Ni-C nar tens i te .  F iq .  2. Fe-Ni-C n a r t e n s i t e  aged 10 days 
Neon FIN image 100 K, 12 kV. a t  room temperature (17 C). Neon FIM 

image, 100 K, 8.5 kV, showing dark 
con t ras t  due t o  p e r i o d i c  carbon-r ich 
regions o f  composition FegC. 

Fe- 15Ni- 1 C 

AGING TIME, ( t + l )  HOURS 
F i g .  3, Increase i n  amplitude of carbon concentrat ion f luctuat ion;  w i t h  ageing t ime 
a t  room temperature. V e r t i c a l  bars i n d i c a t e  the  maximum range o f  ~ e a k  amplitudes 
observed. 



Fig. 
r i ch  

AGEING TIME, ( t + 1 HOURS 
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2 -  

1 

4. Increase i n  wavelength, volume f rac t ion  and p a r t i c l e  s i z e  of carbon 
regions a s  a  funct ion of ageing time a t  room temnerature. 

Fig. 5. AF 1410 s t e e l ,  standard heat 
showing f i n e  secondary carbide p a r t i c  
5.4 kV.  
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s  ( a )  below BIV, 5.0 kV, and (b) a t  BIV, 
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Fig. 6. As Fig. 5, but with imapes 
Note r ing doubling in cen t ra l  pole o 
superstrucutre  a t  the extreme l e f t  o 
i n  t h e  matrix. 

recorded a t  50 K and 6.3  kV (EIV) .  
f ( a ) ,  and evidence of a reoul a r  
f (b ) ,  which may ind ica te  local  order  

Fig. 7. Overaged AF 1410 s t e e l  showing coarse carbides.  Neon FIM images, 
100 K .  (a)  M2C ( 9  kV), and ( b )  MC ( 6  kV). 
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F i g .  8. Atom probe mass spectra from the course carbides shown i n  
Fig. 7 . ,  (a)  M2C, and (b) MC. 
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