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ALLOY CARBIDE PRECIPITATION IN A HIGH COBALT-NICKEL SECONDARY 
HARDENING STEEL 
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Department of Metallurgy and Science of Materials, University 
of Oxford, Parks Road, GB-Oxford OX1 3 P H ,  Great-Britain 
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Institute of Technology, Cambridge, MA 02139, U.S.A. 

Abs t rac t  - The process  of a l l o y  ca rb ide  p r e c i p i t a t i o n  i n  a high cobal t -  
n i c k e l  secondary hardening s t e e l ,  AF1410 (Fe - 14 wt%Co - 10%Ni - 2%Cr - 
1%Mo - 0.16%C) has been s t u d i e d  by FIM and atom probe techniques.  The 
e v o l u t i o n  of t h e  a l l o y  ca rb ides  has  been followed i n  d e t a i l  f o r  t h e  s t andard  
h e a t  t reatment  temperature  of 510°C. The f i r s t  evidence of brightly-imaging 
s o l u t e  c l u s t e r s  i s  observed a f t e r  a n  ageing time of 1 minute, and t h e  f i r s t  
t r a c e s  of a rod- l ike  morphology emerge a f t e r  30 minutes.  Very slow growth 
of t h e  rod- l ike  ca rb ides  t akes  p l a c e  between 30 minutes and 5 hours ageing, 
accompanied by a slow dec rease  i n  hardness.  This is  followed by rapid  
coa r sen ing  and sphero id i sa t ion ,  dur ing which a marked l o s s  of hardness 
occurs.  The s i z e  and composition v a r i a t i o n  of t h e  ca rb ides  has been 
followed throughout t h e  ageing t reatment .  A model f o r  t h e  growth and 
coarsening of t h e  p a r t i c l e s  is  presented.  

1 - INTRODUCTION 

High Co-Ni secondary hardening s t e e l s  e x h i b i t  outs tanding combinations of 
s t r e n g t h  and toughness. The HP94X s t e e l s  were t h e  f i r s t  of t h i s  type. These were 
followed by HY180 [ I ]  and then by AF1410 [2]. The l a t t e r  e x h i b i t s  t h e  b e s t  
combination of s t r e n g t h  and toughness of any commercially a v a i l a b l e  s t e e l .  It i s  
t h e r e f o r e  important t o  d i scover  the  reasons  f o r  i t s  outs tanding p roper t i e s .  

A pre l iminary FIM/AP i n v e s t i g a t i o n  by Chang e t  a l .  [ 3 ]  looked a t  m a t e r i a l  i n  
t h e  s t andard  hea t  t r e a t e d  and overaged cond i t ions ,  and revea led  t h e  presence of 
sma l l  rod-like ca rb ide  p a r t i c l e s .  A TEM examination of heav i ly  overaged m a t e r i a l ,  
by Krzanowski (unpublished) showed t h e  presence of much c o a r s e r  carbides .  The 
p r e s e n t  work i s  intended t o  provide a more sys temat i c  s tudy of t h e  growth of t h e s e  
a l l o y  ca rb ides  a t  the  s tandard heat  t reatment  temperature.  

2 - MATERIALS AND EXPERIMENTAL TECHNIQUES 

The m a t e r i a l  examined was supp l i ed  by Carpenter S t e e l  Co., Reading, 
Pennsylvania,  U.S.A. Four p ieces  12.5mm square  and lOOmm long were c u t  from an  
i n g o t  of composition .163C, 1.03M0, 2.10Cr, 10.21Ni, and L4.24Co (wt%) bal.  Fe. 
The i n i t i a l  hea t  t r ea tmen t  used on t h e s e  samples was 1.5hrs a t  830°C; o i l  quench; 1 
h r  a t  -70°C; a i r  warm. With an  ageing t reatment  of 5hrs  a t  510°C t h i s  m a t e r i a l  
g a v e  K I C  v a l u e s  o f  200MPa m1/2 and  U.T.S. v a l u e s  of 1.65GPa. M a t e r i a l  f o r  
examination i n  t h e  TEM and FIM was tempered i n  t h e  form of smal l  s h e e t s  (0.5mm x 
5mm x 35mm). For t imes up t o  15 mins samples were t r e a t e d  i n  a s a l t  bath ,  whi le  
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f o r  longer  t imes samples were furnace- t reated a f t e r  s e a l i n g  i n t o  s i l i c a  tubes  under 
.25 atmosphere of A r ,  i n  o rde r  t o  prevent  deca rbur iza t ion  and oxidat ion.  A l l  
tempering was c a r r i e d  out a t  510°C, and samples were quenched i n t o  i ced  water. 

O p t i c a l  microscope, SEM, TEM, FIM and atom probe examination of t h e  samples 
was c a r r i e d  out.  Both t h e  o l d e r  Oxford FIM/AP wi th  a 125cm s t r a i g h t  f l i g h t  tube, 
and t h e  newer FIM 100 with  a 226cm curved f l i g h t  tube with  a Poschenrieder type 
energy compensator were used i n  t h i s  work. These ins t ruments  have been descr ibed 
i n  d e t a i l  elsewhere [4]  [5]. FIM specimens were prepared by a s tandard two s t a g e  
e l e c t r o p o l i s h i n g  technique; t h e  f i r s t  s t a g e  using a 25% p e r c h l o r i c  a c i d  75% a c e t i c  
ac id  e l e c t r o l y t e ,  and the  second s t a g e  2% perch lo r ic  a c i d  i n  2-butoxyethanol. 

3 - RESULTS 

Hardness Measurements 

Hardness va lues  a g a i n s t  ageing time a t  510°C were obtained f o r  t o t a l  ageing 
t imes of up t o  16hrs  (See Fig.1). As can be seen t h e  hardness of t h e  a s  received 
m a t e r i a l  i s  high, at 530HV. On tempering t h e r e  i s  a rap id  i n i t i a l  inc rease  4% 
hardness ,  followed by a slower r i s e  t o  a peak hardness  of 574HV a f t e r  1 5  mins. The 
hardness  f a l l s  slowly u n t i l  5hrs,  and then d e c l i n e s  sharply between 5 and 16hrs  - 
sugges t ive  of e i t h e r  a recovery process coming i n t o  play,  o r  t h e  onset  of r ap id  
coarsening, o r  both. 

FIM - 
FIM p i c t u r e s  of AF1410 were taken i n  t h e  a s  received condi t ion,  and a f t e r  

ageing a t  510°C f o r  1, 5, 15, and 30mins and 1, 3, 5 ,  8 and 16hrs ( see  Fig.2). The 
photographs show t y p i c a l  s t r u c t u r e s  seen a t  t h e  va r ious  ageing times. I n  t h e  a s  
r ece ived  cond i t ion  t h e  most no t i ceab le  f e a t u r e s  a r e  t h e  smal l  randomly d i s t r i b u t e d  
b r i g h t l y  imaging spo t s ,  bel ieved t o  be Mo atoms. Af te r  tempering f o r  1 and 5mins 
smal l  c l u s t e r s  of b r i g h t  atoms appear - t h e  s i z e  of which is  very d i f f i c u l t  t o  
e s t i m a t e  accura te ly  because of the  e x t r a  magnif icat ion of p ro t rus ions  [6] [7]. At 
15mins ( t h e  time assoc ia ted  wi th  peak hardness) l a r g e r  c l u s t e r s  a r e  seen. A f t e r  
tempering f o r  30mins the  f i r s t  i n d i c a t i o n s  of a rod l i k e  morphology a r e  apparent.  
As time proceeds t h e  shape of t h e  p a r t i c l e s  becomes more c l e a r l y  defined, and t h e  
s i z e  inc reases  s l i g h t l y .  The micrographs show t h e  p a r t i c l e s  i n  va r ious  
o r i e n t a t i o n s ;  when t h e  rods  i n t e r s e c t  t h e  su r face  a t  r i g h t  angles  they d i sp lay  a 
roughly c i r c u l a r  o r  hexagonal cross-section. At longer  ageing times ( i - e .  8 and 
16hrs)  t h e r e  is  a very marked change i n  morphology from rods t o  spheroids ,  and 
rap id  coarsening of the  p a r t i c l e s  takes  place. 

Comparison wi th  t h e  graph of hardness vs ageing time shows t h a t  t h e  i n i t i a l  
c l u s t e r  formation corresponds t o  t h e  rise t o  peak hardness,  whi le  t h e  development 
of t h e  rod-like morphology up t o  tempering times of 5hrs  is  assoc ia ted  wi th  a 
r e l a t i v e l y  smal l  decrease  i n  hardness,  and t h e  sphero id i sa t ion  and coarsening 
corresponds t o  the  rap id  f a l l  i n  hardness between 5 and 16hrs. 

It has been assumed t h a t  t h e  a l l o y  ca rb ides  i n  such s t e e l s  a r e  nucleated on 
d i s l o c a t i o n s .  It i s  sometimes poss ib le  t o  s e e  i f  t h i s  i s  t h e  case  using t h e  FIM, 
because when d i s l o c a t i o n s  i n t e r s e c t  a prominent po le  t h e  concen t r i c  r ings  round t h e  
p o l e  w i l l  be converted i n t o  s p i r a l s  i f  t h e  d i s l o c a t i o n s  have a Burgers vec to r  
component normal t o  t h e  su r face .  However, i t  i s  no t  p a r t i c u l a r l y  easy t o  observe 
t h i s  because b r i g h t l y  imaging atoms tend t o  draw imaging gas from t h e  surrounding 
a r e a  and s o  render  t h e  re levan t  region of matr ix  barely  v i s i b l e .  Also d i s l o c a t i o n s  
do no t  always conveniently i n t e r s e c t  prominent poles. .  Despi te  t h e s e  d i f f i c u l t i e s  
however, p a r t i c l e s  were seen  t o  l i e  on d i s l o c a t i o n s  i n  some ins tances ,  but t h i s  i s  
by no means always t h e  case. 



P a r t i c l e  number d e n s i t i e s  were obtained f o r  a l l  t h e  hea t  t reatments  examined 
i n  t h e  FIM ( see  Fig.3). This  was done by counting t h e  number of p a r t i c l e s  i n  a  
p a r t i c u l a r  micrograph, d iv id ing  by t h e  f i e l d  of view, and d iv id ing  aga in  by t h e  
average p a r t i c l e  s i z e ;  t h i s  l a s t  because, a s  t h e  p a r t i c l e s  g e t  l a r g e r  each one has 
a  g r e a t e r  chance of i n t e r s e c t i n g  a  given sampling plane. (The p a r t i c l e  s i z e  was 
taken t o  be t h e  average of t h e  l a r g e s t  and smal les t  dimensions of a  p a r t i c u l a r  s e t  
of p a r t i c l e s ) .  It should be pointed ou t  t h a t  t h e r e  a r e  s e v e r a l  sources  of e r r o r  
involved i n  such measurements. At s h o r t  t i m e s ,  i.e. 1 and Smins, i t  is  very 
d i f f i c u l t  t o  decide what is  and is n o t  a p a r t i c l e .  This  i s  n o t  helped by t h e  f a c t  
t h a t  a s  t h e  f i e l d  of view inc reases  wi th  inc reas ing  vol tage,  t h e  p a r t i c l e s  appear 
smal le r ;  and what may have passed a s  a  c l u s t e r  of atoms a t  a  lower vol tage now 
appears  t h e  same s i z e  as a  s i n g l e  atom d id  previously .  However, a s  t h e  ageing 
times g e t  longer ,  and t h e  p a r t i c l e s  become more c l e a r l y  def ined,  t h i s  ceases  t o  be 
a  problem. Unfortunately, though, t h e  number of p a r t i c l e s  s t a r t s  t o  f a l l  r a p i d l y ,  
f o r  ageing times of l h r  o r  more, and so  t h e  s t a t i s t i c a l  e r r o r  becomes more 
s i g n i f i c a n t .  

To g ive  some idea  of t h e  weight t h a t  should be  given t o  each po in t  on t h e  
graph, t h e  numbers of p a r t i c l e s  examined f o r  each hea t  t reatment  were, on average, 
170 f o r  t imes of 1-30mins and 25 f o r  t imes of 1-8hrs. A l l  t h e  po in t s  a r e  p l o t t e d  
w i t h  e r r o r  ba r s  of one populat ion d e v i a t i o n  on e i t h e r  s ide .  The l i n e  of b e s t  f i t  
c a l c u l a t e d  from t h i s  graph f o r  ageing times between 15mins and 16hrs has the  
equation: 

where t is  i n  hours.  

The c o r r e l a t i o n  c o e f f i c i e n t  c a l c u l a t e d  was 0.965, i n d i c a t i n g  a  good f i t  t o  
t h i s  l i n e .  

A graph of apparent  p a r t i c l e  s i z e  vs ageing time was obtained (Fig.4) by 
measuring t h e  p a r t i c l e  image s i z e s  from t h e  micrographs. (The l a r g e s t  dimensio~i  of 
each p a r t i c l e  has been taken a s  i t s  s i z e ) .  The a d d i t i o n a l  magnif icat ion f a c t o r  
makes i n t e r p r e t a t i o n  of t h e  r e s u l t s  d i f f i c u l t ,  s i n c e  a t  s m a l l  p a r t i c l e  s i z e s  t h e  
e x t r a  e f f e c t  w i l l  be l a r g e ,  but a s  t h e  p a r t i c l e s  approach t h e  s i z e  of t h e  t i p  t h e i r  
apparent  s i z e  w i l l  tend towards t h e i r  a c t u a l  s i z e .  The change i n  morphology i s  
a l s o  a n  important f ac to r .  However, it i s  s t i l l  poss ib le  t o  make some genera l  
comments on the  graph. 

At t h e  s h o r t e s t  ageing times t h e  p a r t i c l e  s i z e  appears  t o  be roughly 
cons tan t ,  but,  a s  ageing cont inues  t h e r e  is  a  smooth i n c r e a s e  i n  p a r t i c l e  s i z e ,  
wi th  a  smal l  d i s c o n t i n u i t y  a t  5hrs  ( p a r t i c l e  s i z e  120 A). I f  a  l i n e  of b e s t  f i t  i s  
ca lcu la ted  f o r  t h i s  graph, f o r  times of 15mins onwards, i t s  equat ion is: 

where r is  i n  A, and t is i n  h r s .  

The c o r r e l a t i o n  c o e f f i c i e n t  c a l c u l a t e d  f o r  t h i s  l i n e  is  0.987, which aga in  
i n d i c a t e s  a  good f i t  t o  t h e  da ta .  
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Atom Probe Analysis 

Atom probe analysis was carried out on all heat treatments examined by FIM. 
The compositions of the particles probed for each heat treatment are given below: 

Heat treatment Fe:Cr:Mo M:C 

lhr 75 ions .94: 1:.53 7.6:1 
69 ions .17: 1:.83 4.0:1 
116 ions 0.0: 1:2.0 7.5:1 

3hrs 73 ions 2.9: 1:1.2 15.7:1 
67 ions 1.0: 1:1.3 11.5:1 

5hrs 192 ions 0.0: 1:.47 4.4:1 
8hrs 308 ions* 0.0: 1:0.5 3.0:1 

504 ions+ 0.0: 1:.92 2.3:1 
16hrs 150 ions+ 0.0: 1:.75 2.2:1 

(• = With image gas, + = Without image gas) 

Since at the shorter ageing times the particles are relatively small, the 
probe hole covers part of the matrix, and so matrix material is analysed along with 
the particle. In order to obtain a more accurate composition, in these cases, it 
was assumed that of the elements Fe, Nl and Co, only Fe would actually be part of 
the carbide particle. To correct for the Fe analysed from the surrounding matrix 
the numbers of Co and Ni ions appearing in each particle analysis were added and 
the appropriate number of Fe ions (%Fe/(%Co + %Ni) =3) were subtracted from the 
analysis. 

As can be seen from these results, the quantity of carbon being analysed 
from each particle is well below what would be expected from M2C carbides that are 
formed in Mo/Cr containing steels. It was suggested that the presence of image gas 
might somehow affect the amount of carbon detected. This same effect has been 
observed in the analysis of bainite [6]. To see if this was indeed the case, it 
was decided to probe two carbides in the 8hr aged sample; one with, the other 
without image gas present. As is evident from the table there is a significant 
difference between the two cases. 

Despite the uncertainty of these results some interesting trends can be 
seen. At shorter ageing times it appears that there is a relatively high Fe 
content to the particles, but this falls to zero as the particles begin to coarsen 
rapidly. It is also clear that, even allowing for the possible effects of probing 
with image gas present, the compositions of the particles are not close to an M2C 
stoichiometry. This is particularly pronounced for samples aged for short times. 
The composition tends towards M^C as ageing proceeds. In addition, the Cr/Mo ratio 
varies as a function of ageing time; at short times the ratio is close to, or even 
less than 1, but this is reversed for longer times, as was shown by Chang et al. 
[3.]. 

Random area analyses were also made of material heat treated for times of 
less than lhr. In the samples aged for 1 and 5mins, the carbon was not evenly 
distributed in the material, because the amount picked up was a factor of two too 
low. This suggests that, at these ageing times the carbon is "locked up" in 
specific areas; perhaps in cementite particles. At ageing times of 15 and 30mins 
the carbon analyses are much closer to what would be expected from the bulk 
composition. This suggests that the carbon is now more evenly distributed in the 
material - which is consistent with the appearance of the first fine alloy carbides 
(i.e. the analysis integrates over many fine clusters). 

Boundaries decorated with brightly imaging atoms were found in samples aged 
for 1, 5 and 8hrs. It proved possible to analyse the boundaries in the 1 and 8hr 
specimens. Segregation of Cr, Mo and C to the boundaries was observed. In both 
instances the problem of the probe hole covering the matrix as well as the area of 
interest was encountered, and quantitative estimation of segregation was difficult. 



4 - DISCUSSION 

The p r e c i p i t a t i o n  sequence occur r ing  i n  AF1410 i s  complex, involving t h e  
t r ans fo rmat ion  of a l l o y  ca rb ides  from c l u s t e r s  t o  rods  t o  spheroids  and thence t o  
l a r g e r  rods,  a s  shown schemat ical ly  i n  Fig.5. It i s  i n t e r e s t i n g  t o  compare t h i s  
s tudy with  t h e  work of Davies [9]  and Davies and Ralph [ l o ] ,  who examined a 3.5Mo 
0.2C s t e e l .  A comparison of t h e  t imes and temperatures  s t u d i e d  i s  given i n  t h e  
t a b l e  below: 

AF1410 
Temp OC 5 10 593* 

Time ( s )  
10  s o l u t e  atoms 

102 
smal l  c l u s t e r s  

sma l l  rods  

sphero ids  spheroids  

rods 

spheroids  

spheroids  

rods 

rods 

1 o6 rods 

(*TEM by J.Krzanowski a t  AMRRC, Watertown, U.S.A.). 

It i s  i n t e r e s t i n g  t o  no te  t h e  considerably  slower k i n e t i c s  of p r e c i p i t a t e  
growth apparent  i n  t h e  3.5Mo 0.2C a l l o y ;  a peak hardness  of 574HV i s  reached i n  
15mins by AF1410 a t  510°C whi le  t h e  model a l l o y  t akes  lOhrs t o  reach peak hardness 
a t  575°C. (A s i m i l a r  4.OMo 0.2C a l l o y  examined by I r a n i  e t  a l .  [ l l ]  gave a peak 
hardness  of 400HV a f t e r  5hrs  a t  600°C). Unfor tunate ly ,  i t  is  not p o s s i b l e  t o  
compare t h e  r e s u l t s  obta ined f o r  AF1410 a t  s h o r t  ageing times wi th  ones from t h e  
3.5Mo 0.2C a l l o y ,  s ince ,  perhaps s u r p r i s i n g l y ,  no work was done on t h i s  a l l o y  a t  
s h o r t  tempering times. The reason f o r  t h e  l a r g e  d i f f e r e n c e  i n  k i n e t i c s  i s  thought 
t o  be due t o  t h e  much . f iner  d i s p e r s i o n  of a l l o y  ca rb ides  produced i n  AF1410, which 
r e s u l t s  from t h e  h igher  d i s l o c a t i o n  con ten t ,  and t h e  g r e a t e r  d i f f u s i v i t y  of Cr 
compared t o  Mo. The d i s l o c a t i o n s  w i l l  provide s h o r t  c i r c u i t  pa ths  f o r  d i f f u s i o n  of 
s o l u t e  atoms t o  p a r t i c l e s  ( e s p e c i a l l y  d i s l o c a t i o n  nucleated ones),  and t h e  higher  
d i f f u s i v i t y  of C r  w i l l  i n c r e a s e  t h e  f l u x  of s o l u t e  atoms f o r  p r e c i p i t a t e  growth 
s t i l l  f u r t h e r .  

Once t h e  l e v e l s  of C r ,  Mo and C have reached s u f f i c i e n t l y  high va lues  i n  t h e  
c l u s t e r s ,  coherent ,  rod- l ike  p r e c i p i t a t e s  s t a r t  t o  form. A s  tempering cont inues ,  
t h e  rod- l ike  p a r t i c l e s  i n  AF1410 grow u n t i l  they reach a c r i t i c a l  l e n g t h  of about 
120 8 .  At t h i s  po in t  lengthening appear s  t o  cease  and th icken ing  t akes  place. The 
l a t t i c e  cons tan t  of t h e  f e r r i t e  ma t r ix  a long [100] i s  c a l c u l a t e d  a s  2.872 A and t h e  
l a t t i c e  c o n s t a n t  of M2C a l o n g  [1120]  i s  2.96 8 a s  measured by Krzanowski from 
c a r b i d e s  e x t r a c t e d  from overaged AF1410). The l a t t i c e  mismatch is t h e r e f o r e  
p red ic ted  t o  reach one r e p e a t  d i s t a n c e  i .e .  2.96 A i n  a l e n g t h  of 33.6 u n i t  c e l l s ,  
o r  about 100 A .  Given t h a t  t h e  Fe con ten t  i n  ca rb ides  produced a f t e r  s h o r t  ageing 
t imes w i l l  probably reduce t h e  mismatch between ca rb ide  and mat r ix  f u r t h e r ,  and C r  
i s  known t o  reduce t h e  l a t t i c e  parameter of M2C ca rb ides  [12], then t h e  observed 
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c r i t i c a l  l eng th  of 120 A i s  i n  good agreement with  t h a t  ca lcu la ted .  For t h e  
p r e c i p i t a t e s  t o  grow any f u r t h e r  they mst genera te  i n t e r f a c e  d i s l o c a t i o n s  t o  
accommodate t h e  inc reas ing  mismatch. However, t h e  Burgers vec to r s  of these  
i n t e r f a c e  d i s l o c a t i o n s  - which t ake  t h e  form of edge loops - a r e  l a rge .  This means 
t h a t  they probably cannot be generated around p a r t i c l e s  l e s s  than about 40 8  i n  
diameter.  The rods thus  reach a  c r i t i c a l  length,  and then have t o  overcome a  type 
of " a c t i v a t i o n  b a r r i e r "  and l o s e  f u l l  coherency, t o  be a b l e  t o  grow any f u r t h e r ,  so  
they w i l l  tend t o  thicken r a t h e r  than lengthen. This  exp la ins  t h e  d i s c o n t i n u i t y  i n  
t h e  p l o t  of p a r t i c l e  s i z e  vs ageing time, and t h e  sudden change i n  morphology. A s  
t h e  p a r t i c l e s  i n c r e a s e  i n  s i z e  s t i l l  f u r t h e r ,  it becomes p o s s i b l e  f o r  t h e  necessary 
i n t e r f a c e  d i s l o c a t i o n s  t o  be produced, which leads  t o  another  change i n  morphology 
back t o  rods. This  time, however, t h e  rods a r e  coherent  i n  l eng ths  of -1208, 
separa ted  by i n t e r f a c e  d i s loca t ions .  There is  now no obs tac le  t o  f u r t h e r  growth, 
and t h e  p r e c i p i t a t e s  coarsen as expected. 

The graph of apparent  p a r t i c l e  s i z e  vs ageing time g ives  r - a s  p ropor t iona l  
t o  However, a s  was mentioned e a r l i e r ,  t h e  d i f f e r e n c e  between a c t u a l  and 
apparent  p a r t i c l e  s i z e s  decreases  a s  t h e  p a r t i c l e  s i z e s  inc rease  - which l eads  t o  
t h e  graph having a  g rad ien t  c l o s e r  t o  0.5, i .e.  r p ropor t iona l  t o  t112. It i s  
i n t e r e s t i n g  t o  compare t h i s  r e s u l t  wi th  t h a t  obtained f o r  longer  ageing times by 
Davies who found r p ropor t iona l  t o  t113. We can s e e  t h a t  t h e  two t i m e  exponents 
obtained from t h e  two s e t s  of d a t a  correspond t o  i n t e r f a c e  c o n t r o l  being t h e  
mechanism opera t ing  i n  AF1410, a t  t h e  times s tud ied ,  and t o  l a t t i c e  d i f f u s i o n  
being t h e  c o n t r o l l i n g  f a c t o r  i n  t h e  coarsening of t h e  p r e c i p i t a t e s  under t h e  ageing 
cond i t ions  s t u d i e d  by Davies. This r e s u l t  may be explained i f  i t  i s  assumed t h a t  
i n t e r f a c e  c o n t r o l  occurs  when t h e  p a r t i c l e s  a r e  coherent  and t h a t  d i f f u s i o n  c o n t r o l  
o p e r a t e s  when coherency breaks  down. 
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Eig.1 VicKers Hardness vs ageing time 
at 510°C (20kg load). 

Fig.3 Particle number density vs 
ageing time. 
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1 
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Fig.4 Apparent particle size vs ageing Fig.5 Evolution of particle morphology 
time . as a function of ageing time. 
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a)As received 10-9 Kv b)1min 100 Kv 

c) 5mins 14-36 Kv d) 15 mins 80 Kv 

e) 30 mins 12-1 Kv f) 1 hr 8-86 Kv 

Fig.2 Sequence of FIM images showing development of particles as a function of 
ageing time at 510°C. All micrographs were recorded using neon image gas. 
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g) 3hrs 7-5 Kv h) 3hrs 7-5 Kv 

i) 5hrs 5-6 Kv j)5hrs8-15Kv 

Fig.2 Continued. 


