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An investigation is reported of the mechanisms of M23 06 precipitation from super- 
saturated f c c solid solution in two Co-Cr-C alloys of compositions (wt %): Co-25.3 
Cr-0.26 C and Co-32.9 Cr-0.18 C. Electron microscope investigations were made with 
particular reference to the role of dislocations in the nucleation and growth of carbide 
particles formed on ageing in the range 650 to 800 ~ C. Carbide precipitation occurred 
initially as a fine homogeneously distributed dispersion of matrix-nucleated particles. 
Extrinsic stacking faults were nucleated at some of the mat.rix particles. Stacking faults 
grew and repeated carbide precipitation occurred on the bounding Frank partials. The 
fault density increased with ageing time, and various stacking fault interactions were 
observed. Carbide precipitation occurred also on undissociated dislocations and on 
Shockley partials. 

1. Introduction 
The structuial and kinetic features of carbide pre- 
cipitation from f c c  matrices are of considerable 
interest in relation to the development of desirable 
mechanical properties in various alloys used at 
elevated temperatures. In this context, austenitic 
steels have been studied in considerable detail, and 
various modes of precipitation from super- 
saturated solid solutions have been identified and 
analysed [1 -3 ] .  Carbide precipitation phenom- 
ena in both fc c and h c p cobalt-based superalloys 
have been studied to a limited extent [4 -10] ,  and 
offer an interesting comparison with the aus- 
tenitic steels. Previously reported work has 
included a study of the structure and strength of 
two precipitation-hardened C o - C r - C  alloys [7] 
(Co-25.3 wt % Cr-0.26 wt % C; Co-32.9 wt % 
Cr-0 .18wt%C).  On ageing in the range 650 to 
800~ both matrix and dislocation-nucleated 
precipitation of M~3C6 were observed and in the 
alloy of higher chromium content a cellular mode 
of precipitation also occurred. 

The present paper is concerned mainly with 
detailed observations of the role of dislocations in 

the nucleation and growth of carbide particles 
during the ageing of these same alloys. 

2. Experimental procedure 
The alloys of composition (wt%) Co-25.3 
Cr-0.26 C and Co-32.9 Cr-0.18 C respectively, 
were prepared by CNRM, Belgium, and were 
received in wrought form. Strip samples were 
sealed in silica capsules under "I of an atmos- 
phere of high purity argon; they were generally 
solution treated for 1 h at 1300~ followed by 
water quenching, the capsules being broken under 
the water surface. Some experiments were made 
involving air cooling f rom-1300~ or water 
quenching from 1200 ~ C. Ageing treatments were 
carried out in the range 650 to 1000 ~ C, with the 
specimens sealed in silica capsules under argon. 

Specimens for electron microscopy were pre- 
pared by electropolishing discs (~0.01 mm thick) 
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using a jet t ing technique with a 20% perchloric 
acid/80% acetic acid solution at ~ 15 ~ C. 

Figure 1 Co-25.3 Cr-0.26C alloy, solution treated for 
l h at 1300 ~ C, and water quenched. Bright-field micro- 
graph showing overlapping stacking faults (intrinsic). 

3. Experimental results 
3.1. Solution-treated specimens 
The structures of  specimens as-quenched from 
1300 ~ C were f c c ,  with a grain size of  the order of 
0.1 mm and a small amount  of  carbide remaining 
undissolved. There was an inhomogeneous dis- 
location sub-structure, in some regions dislocations 

being widely dissociated, while in others they were 
undissociated. This marked variation rendered 
impracticable the measurement of stacking fault 
energy; clearly the stacking fault energy was very 
small and it appeared that  the equilibrium sep- 
aration of  the partials was difficult to achieve. 
Clusters of  overlapping faults were a common 
feature (Fig. 1). Using established methods [11, 
12] and taking care to ensure that only single 
faults were analysed, the faults were shown to be 
intrinsic. The density of  faults was related pri- 
marily to the distribution and amount  of  un- 
dissolved carbide particles, and a high density of  
faults existed around these particles. 

Figure 2 Co-25.3 Cr-0.26 C alloy. (b) Co-32.9 Cr-0.18 C alloy. Both alloys were solution treated for I h at 1300 ~ C, 
and water quenched. Aged 5 h at 700 ~ C. Bright-field micrographs showing C=3C 6 precipitation in matrix and on 
partial dislocations, in association with stacking faults; in (b) ribbon shaped particles are present in the stacking faults. 
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Figure 3 Co-25.3 Cr-0.26 C alloy solution treated for 1 h 
at 1300~ and aged 20h at 700~ (a) SADP showing 
Cr23C 6 in cube-cube orientation relationship with the 
matrix. (b) Bright-field micrograph showing rod-like 
morphology of matrix precipitates, with growth preferred 
in the (1 1 0) direction; also numerous stacking faults 
are present; foil orientation -(1 1 0). 

3.2.  P r ec ip i t a t i on  in t he  m a t r i x  
The structural features can be well illustrated by 
reference to specimens aged in the range 650 to 
800 ~ C. Carbide precipitation occurred initially in 
the matrix as a fine, homogeneously distributed 
dispersion. Faulted dislocation loops developed, 
decorated with particles formed by repeated 
nucleation on the partial dislocations bounding the 
faults. 

Figs. 2a and b represent the structures of  the 
higher and lower carbon alloys in the early stages 
of  ageing at 700 ~ C and show the homogeneously 
distributed dispersion of  fine precipitate particles 
in the matrix and also faulted loops decorated 
with particles. The density of matrix particles and 
of  faulted loops was greater in the higher carbon 
alloy; however, because of  this greater degree of  
matrix precipitation the proportion of  carbide 
precipitated on dislocations was less. 

The matrix particles were revealed by strain 
field contrast. In the earliest stages in the higher 
carbon alloy, the line of  no-contrast was perpen- 
dicular to the g-vector of  the operating reflection, 
indicating a spherically symmetrical strain field. 
In the lower carbon alloy, even for the shortest 
time examined, i.e. 2 h, the line of  no-contrast was 
not perpendicular to the operating reflection 
suggesting that the particle shape was no longer 
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Figure 4 Co-32.9 Cr-0.18 C alloy, solution treated for 1 h at 1300~ C and water quenched. (a) Aged 1 h at 800 ~ C. 
Bright-field micrograph showing rod-like precipitates in the matrix surrounded by arrays of dislocation loops; numerous 
stacking faults are present. (b) Aged 20 h at 800 ~ C. Bright-field micrograph showing angular particles in the matrix. 

Figure 5 Co-32.9 Cr-0.18 C alloy solution treated for 
1 h at 1300 ~ C, and water quenched. Aged 2h at 700 ~ C. 
Dark-field micrograph showing stacking faults nucleated 
at matrix precipitate particles; X shows a faulted loop at 

an early stage of formation; g = 0 0 2. 
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spherical or that a dislocation loop had formed at 
the precipi tate/matr ix interface. 

After 20h  ageing at 700~ (Fig. 3a), precipi- 
tate reflections were clearly visible on diffraction 
patterns; bo th  the homogeneously distributed 
precipitate and that heterogeneously nucleated 
were identified as Cr23C 6 with a = 10.64A show- 
ing a c u b e - c u b e  orientation relationship with the 
matrix. At this stage of  ageing in both alloys 

(Fig. 3b) the matr ix precipitates had adopted a 
rod-like morphology,  with growth preferred in 
the (1 1 0) directions. 

The elongation of  matrix nucleated particles in 
(1 i 0} directions (dimensions ~ 7500A x 2000A x 
2000A)  is also illustrated in a specimen of  the 
Co-32 .9  C r - 0 . 1 8 C  alloy aged for l h  at 800~ 
(Fig. 4a). Coherency had been lost, and the laths 
were surrounded by arrays of  dislocation loops, 
with a spacing of  ~ 4 0 0  A. Lattice parameter  data 
(matrix a ~ 3.565 A; Cr23 C 6 = 10.623 A) give a 
mismatch of  0.67% which could be accommodated 
by a parallel array of  a/2 (1 1 0) dislocations with a 
spacing of  ~ 380 A. The ends of the long particles 
appear to be curved, a feature also noted by 
Singhal and Martin [13] during a study of  matrix 
precipi tat ion of  M23C 6 in austenite. With con- 
t inued ageing (e.g. 24h  at 800 ~ C) thickening of  



Figure 6 Co-32.9 Cr-0.18C alloy, solution treated for 
1 h at 1300~ C and water quenched. Aged 2h at 700 ~ C. 
Dark-field micrograph showing development of extrinsic 
stacking faults from carbide particles on originally 
undissociated dislocations. 

the matrix particles occurred, producing angular 
shapes (Fig. 4b) with interface planes of  the 
{1 1 1} type. 

Some observations were made on specimens of  
the Co-32 .9  Cr-0 .18  C alloy to explore the effect 
of  air cooling from the solution treatment tem- 
perature and also the effect of  reducing the 
solution treatment temperature from 1300 to 
1200 ~ C, but still employing water quenching. On 
ageing for 5 h at 700~ after air cooling from 
1300 ~ C, there was no detectable change in the 
rate of  nucleation of  the matrix precipitate or in 
the number of  stacking faults formed. In a speci- 
men water quenched after 1 h at 1200 ~ C and then 
aged for 2h  at 700 ~ C there was an almost com- 
plete absence of  matrix precipitation, and a 
reduced rate of  growth of  the few stacking faults 
present. 

3.3. Stacking fault nucleation 
Detailed observations were made of  the formation 
and growth of  the stacking faults, during ageing, 
and of  their associated precipitates. Using estab- 
lished methods [11, 12] the faults were shown to 

Figure 7 Co-25.3 Cr-0.26C solution treated for 1 h 
at 1300~ and water quenched. Aged 24h at 650~ 
Bright-field micrograph showing carbide nucleation at 
Shockley partials X, Y and Z, g = 0 2 2. 

be extrinsic in nature and their "outer" boundaries 
were Frank partial dislocations. A small loop was 
sometimes observed at the centre of the faults 
which was found to be a Shockley partial dis- 
location of  Burgers vector a/6 [1 ~ 1]; however, 
this loop was often too small to be studied. 
Growth of  the faults occurred by the mechanism 
proposed by Silcock and Tunstall [14].  

It was concluded that extrinsic faults were 
nucleated at matrix precipitate particles (Fig. 5), 
and there was frequently a larger-than-average 
carbide particle at the centre of  the faults. In 
Fig. 5 the diameters of  the stacking fault loops 
range up to ~ 4 0 0 0 A  and the region marked X 
shows a faulted loop at an early stage of  formation. 

In a few instances dislocations were observed 
that appeared to be undissociated, and on which 
arrays of extrinsic faults formed. Examination 
under different conditions of  tilting established 
that very little climb of  the original dislocation 
occurred, and that fault formation was usually 
associated with Frank partials generated from 
Cr23C6 precipitates (Fig. 6). The relative rates of  
precipitate nucleation appeared to be strongly 
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influenced by the character of the dislocation, and 
this in turn affected the number of extrinsic faults 
formed at a particular dislocation. 

Fig. 7 shows the occurrence of carbide nu- 
cleation on Shockley partials; a complex array of 
intrinsic and extrinsic faults is seen. Contrast 
analysis of the partial dislocations at X, Y and Z, 
etc. showed them to be Shockley partials. Precipi- 
tate nucleation had occurred on these, and further- 
more extrinsic fault formation had occurred round 
these particles in some cases. The particles appear 
to have nucleated on only one partial of each 
dissociated dislocation, and it therefore remains a 
possibility that dissociation occurred after carbide 
nucleation on an apparently undissociated dis- 
location. If this were true, dissociation could only 
have occurred by glide since the fault was intrinsic 
and bounded by Shockley partials. In a number of 
cases dislocation dipoles appeared to have formed 
at the Shockley partials, but insufficient evidence 
was obtained to explain this behaviour. It is thus 
concluded that extrinsic fault nucleation occurred 
predominantly in association (1) with precipitate 
particles that may have nucleated in the matrix, (2) 
on Shockiey partial dislocations or (3) on undis- 
sociated dislocations. 

3.4. Stacking fault growth and repeated 
nucleation 

In both alloys the apparent fault density increased 
with increase in ageing time. In the higher carbon 
alloy the faults grew with relatively little repeated 
nucleation on the partials, but in the lower carbon 
alloy repeated nucleation commonly occurred 
[14]. In this latter alloy the larger faults contained 
coarser particles than those in the faults at an 
earlier stage of growth; this indicates that growth 
continued after the expanding Frank partial had 
moved on from each row of particles. The average 
particle diameter in the earliest stages was 
~80A,  and the average interparticle spacing 
was ~400A,  being similar in directions normal 
and parallel to the Frank partial. 

As the ageing time in the Co-32.9 Cr-0.18C 
alloy increased, the partial dislocations became 
serrated. This is illustrated in Fig. 2b, in which the 
stacking faults contain clusters of discrete particles 
at their centres, with lines of contrast emanating 
radially. In Fig. 8, the normal fault fringes are not 
in strong contrast, and examination with g = 0 0 2 
showed that the Frank partial was continuous 
around the fault. The lines of dark contrast 
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Figure 8 C o - 3 2 . 9  C r - 0 . 1 8 C  alloy solution treated for 
1 h at 1300 ~ C and water quenched.  Aged 5 h at 700 ~ C. 
Bright-field micrograph showing stacking faults with  
clusters of  r ibbon shaped particles, g = 131. 

radiating from the centre of the fault and lying 
perpendicular to the Frank partial are thin 
"ribbons" of Cr23C6. This ribbon formation and 
the serrations of the Frank partials occurred to a 
greater extent at 650~ than at 700 ~ C, but did 
not occur at 800 ~ C, at which temperature fault 
growth proceeded without further precipitation. 
The Co-25.3 Cr-0.26C alloy did not show 
ribbon formation. 

In both alloys there were a few instances of 
precipitation associated with climb at apparently 
undissociated dislocations, e.g. Fig. 3b; arrays of 
fine equiaxed particles formed, lying on {1 1 0} 
matrix planes, with the Burgers vector of the dis- 
locations lying in a direction normal to the plane 
of movement indicating that climb had occurred. 

3.5. Stacking fault interactions 
Complex interactions of the faults occurred with 
increase in ageing time. For example, Fig. 9a 
shows a high density of faults in the Co-25.3 
Cr-0.26C alloy aged 100h at 700~ extensive 
streaking was produced along ( 1 1 1) in diffraction 
patterns. 

Fig. 9b shows a similar structure in the Co-  
32.9 Cr-O.18C alloy aged for l h  at 800~ a 



Figure 9 (a) C o - 2 5 . 3  C r - 0 . 2 6  C alloy solution treated for - 1 h at 1300 ~ C and water quenched .  Aged 100 h at 700 ~ C. 
Bright-field micrograph showing high densi ty  o f  stacking faults.  (b) C o - 3 2 . 9  C r - 0 . 1 8  C alloy solution treated for 1 h at 
1300 ~ C and water quenched.  Aged 1 h at 800 ~ C. Bright-field micrograph showing f a u l t - f a u l t  and fau l t -p rec ip i t a te  
interactions,  e.g. at X, fault  cancellation has occurred around clusters o f  carbide particles nucleated by Frank partials. 

Figure~flOJ(a) Co--25.3 C r ' 0 . 2 6 C  alloy solution treated for 1 h at 1390 ~ C and water quenched .  Aged 2 0 h  at 700 ~ C. 
(b) C o - 3 2 . 9  C r - 0 . 1 8  C alloy solut ion treated for 1 h at 1300 ~ C and water quenched.  Aged 2 h at 700 ~ C. Bright-field 
micrographs showing dis t r ibut ion of  stacking faults and precipitates in the  region of  a grain boundary  and an 
undissolved carbide particle respectively. 

6 9 7  



number of features are apparent in the complex 
stacking fault interactions: 

(1) The partial dislocations bounding the faults 
often lie along (1 1 0) matrix directions and are in- 
visible with g =  0 0 2 ;  this indicates that in such 
cases the dislocations are no longer Frank partials, 
dissociation of the Frank partial dislocations 
having occurred. The dissociation produces a low 
energy stair-rod dislocation and a Shockley partial 
which is glissile on an intersecting {1 1 1 } plane. 
Further fault growth occurs by glide of the 
Shockley partial, thus giving rise to the bending of 
faults commonly observed. This dissociation of the 
Frank partials appears to occur where faults meet 
precipitate particles or other faults. 

(2) High resolution dark-field studies show that 
both extrinsic and intrinsic faults are present at 
this stage of ageing. 

(3) Fault cancellation can occur around clusters 
of carbides nucleated by the Frank partials, e.g. at 
X. This occurs relatively infrequently in contrast 
to the behaviour in austenitic steels, where stacking 
fault contrast disappears as the associated precipi- 
tate particles undergo coarsening. 

3.5. The role of grain boundaries and 
undissolved carbide particles. 

Fig. lOa illustrates the precipitate and stacking 
fault distribution close to a grain boundary in a 
specimen of the Co-25.3 Cr-0.26 C alloy aged for 
20h at 700 ~ C. Coarse particles of Cr23C6 were 
present on the grain boundary, with an adjoining 
zone (of width ~0.4/lm) free of matrix precipi- 
tates. Adjacent to this was a region of enhanced 
precipitation in which the carbide particles were 
predominantly rod-like, and there followed a 
region which was largely devoid of extrinsic 
stacking faults. The width of this region was found 
to be temperature-dependent and varied from 
1/lm at 700~ to 2/~m at 800 ~ C. Air cooling 
instead of water quenching from the solution 
treatment temperature led to an increase in the 
width of this region on ageing. There was also a 
tendency for the precipitate-free zone to decrease 
with ageing time as growth of the rods continued 
towards the grain boundary. The higher chromium 
alloy showed similar grain boundary precipitation 
effects. 

Fig. 10b shows the influence of undissolved 
carbide particles on the distribution of precipitates 
and stacking faults. A zone depleted in matrix 

precipitates exists around the large carbide particle. 
Intrinsic stacking faults were generated by this 
particle during quenching from the solution treat- 
ment temperature; on ageing, carbide precipitation 
occurred on the Shockley partials, and these 
carbide precipitates gave rise to the generation of 
extrinsic stacking faults with associated precipi- 
tation on the Frank partials (see Fig. 7). 

4. Discussion 
4.1. Matrix prec ip i ta t ion  
Previous work, e.g. on aluminium alloys [15] and 
stainless steels [ 16] has shown that matrix precipi- 
tation is dependent on the concentration and 
distribution of quenched-in vacancies. The fact 
that the particle density formed on ageing the 
Co-32.9 Cr-0.18 C alloy was hardly chaflged by 
air cooling from 1300~ instead of water 
quenching may be associated with the formation 
of metal-carbon-vacancy complexes at relatively 
high temperatures, in a manner comparable with 
observations on certain austenitic stainless steels 
(e.g. [17]). In the absence of such complexes air 
cooling would be expected to reduce the concen- 
tration of quenched-in vacancies and hence the 
tendency to matrix precipitation;however, if there 
is a tendency to complex formation this will be 
aided by a reduction in the cooling rate and the 
complexes will assist matrix precipitation. The 
reduction in particle density and the reduced rate 
of precipitation observed after solution treatment 
at 1200~ and ageing may then be attributed to 
a reduction in vacancy concentration, rather than 
to the slight decrease in solute supersaturation due 
to the greater amount of undissolved particles. 

Direct ageing experiments to determine the 
critical temperature for matrix precipitation, 
T e, have not been carried out in the present work. 
The occurrence of matrix nucleation at 1000 ~ C is 
likely to result from nucleation during heating, 
with growth occurring at 1000 ~ C. 

4.2. Coherency loss and the nucleation of 
extrinsic loops 

The results show that the formation of extrinsic 
stacking faults is linked with the mechanism of 
coherency loss of the matrix precipitates. This also 
appears to hold when the initial precipitates are 
formed on dislocations. 

The loss of coherency in growing precipitate 
particles has been studied by a number of workers 
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(e.g. [18-25]) ,  and various models have been 
proposed for the "critical misfit" required to cause 
dislocation generation at a misfitting particle. In 
the present alloys, the value of the mismatch 
(misfit), e, calculated from the difference in metal 
atom volume between Cr23C 6 and the matrix is 
~0.03. This value is in reasonable agreement with 
the conditions discussed by Ashby and Johnson 
[23] for loss of coherency by dislocation gener- 
ation. 

The formation of extrinsic loops around matrix 
nucleated particles has been observed to occur 
infrequently during M23 C6 precipitation in austen- 
itic steels [26] and these loops were not observed 
to be formed by the climb of decorated, perfect 
dislocations; this supports the present observations, 
indicating that the volume change associated with 
Cr23C6 precipitation is not sufficient to force an 
initially undissociated dislocation into a suitable 
orientation for the dissociation to a Frank partial 
dislocation to take place. From the observation of 
extrinsic loops at isolated matrix particles of 
V4C3 in austenite, as well as in association with 
decorated dislocations, Silcock [27] has suggested 
that a Frank loop forms directly at the particle/ 
matrix interface, rather than a perfect loop. The 
present results suggest that either of these poss- 
ibilities can occur, as in some instances a Shockley 
loop was observed around the central particle, 
whereas in other instances only the surrounding 
Frank partial was noted. 

Only a small fraction of the matrix precipitates 
produced extrinsic loops, and the number of 
faults appears to be related to the density of 
matrix precipitates. This suggests that the same 
factors control both the matrix precipitate density 
and the stacking fault density, i.e. the quenched-in 
vacancy concentration and the solute super- 
saturation. Thus the fault density depends on 
solution treatment temperature, and ageing tem- 
perature. 

The role of pre-existing imperfections, i.e. dis- 
locations and Shockley partial dislocations, in 
aiding stacking fault nucleation is primarily 
"kinetic". Precipitates formed on dislocations are 
supplied with solute by pipe diffusion, thus 
allowing the critical particle size for loop formation 
to be reached at an early stage in ageing. In cases 
where whole dislocation climb was noted, this 
invariably led to arrays of particles on {1 1 O} 
planes, and not to stacking fault formation. 

4.3. Stacking fault growth 
The stacking fault precipitation process occurred 
by the mechanism proposed by Silcock and Tunstall 
[14], who calculated that the Frank partials are 
able to move away from the associated precipitate 
particles when the linear strain caused by the 
particle is equal to the Burgers vector. For 
Cr23C 6 the volume expansion is ~12%, and the 
linear strain equivalent to the Burgers vector of the 
Frank partial is produced by a particle diameter of 
~50A.  The smallest particles of Cr23C 6 observed 
on the faults were ~80)~ but it should be borne in 
mind that some growth has occurred after the 
Frank partial has climbed away. 

Using the model of Silcock and Tunstall [14] it 
can be calculated that for Cr23C6 in austenite, 
climb will occur provided that the gap between 
particles is less than 1.9 times their length. In 
general, for the present alloys, the precipitate 
distribution was very irregular, and this criterion 
was not satisfied. It appears that climb can occur 
more easily, due to the presence of vacancy sinks, 
such as matrix particles, that serve to maximize 
the climb force on the partials. The fault energy is 
considerably lower in cobalt alloys than in 
austenitic steels and this may also facilitate climb. 

When the faults reach a size of ~3000 to 
4000•, repeated nucleation ceases. In the lower 
carbon alloy at 650 and 700~ this produced 
ribbons of precipitate normal to the partial dislo- 
cations. Thus the nucleation rate at the partials 
decreases as the  matrix solute concentration 
decreases and the partials become serrated since 
they cannot climb uniformly away from the last 
row of precipitates. Solute is transported by pipe 
diffusion to the existing particles which grow as 
thin lamellae, the supersaturation being insufficient 
for the nucleation of  discrete particles. A similar 
effect has been observed for Cr23C6 precipitation 
in austenitic steels [26] ; another:effect in,~olving 
the formation of precipitate ribbons along Frank 
partials has been Ieported for NbNprecipitation in 
austenitic steels [28]. 

Continued climb of the Frank partial is thought 
to arise from the decreasing stacking fault energy 
of the matrix. This is particularly apparent during 
ageing of the lower carbon alloy at 800 ~ C when 
fault growth continues in the absence of ribbon 
formation. In some cases this apparently occurred 
by glidG due to the dissociation o f t h e  Frank 
partial by the reaction: 
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a/3 [1 111 -~a/6 [1 101 +a/6 [1 12  l 

This produces a sessile stair rod dislocation and a 
Shockley partial which is glissile on an intersecting 
{1 1 1} plane. At this stage the discontinuous" 
precipitation reaction: austenite -+ e phase + 
M2aC6 has commenced and the matrix is meta- 
stable with respect to the allotropic transformation; 
this may produce the driving force for 
fault growth, since stacking faults can be con- 
sidered as a thin lamellae of h c p e phase. At lower 
temperatures the aggregates of ribbons in associ- 
ation with the faults resemble a cellular reaction 
in two dimensions. A similar process has been 
observed in Cu-Ag alloys [29], and certain 
austenitic steels. It seems that there is an analogy 
between the formation of a lamellar precipitate in 
association with both a moving dislocation and a 
moving grain boundary, since both provide 
enhanced diffusivity and accommodation of strain. 

The results show that repeated nucleation of 
Cr23C6 can occur only to a limited extent. For a 
high density of faults to form, a high density of 
matrix particles is required, but in these circum- 
stances repeated nucleation is not favoured, due to 
the rapid decrease in solute supersaturation. 

4.4. Prec ip i ta t ion  in grain b o u n d a r y  regions 
The presence of zones free of matrix precipitates, 
adjacent to grain boundaries, (and to undissolved 
carbide particles) is attributed to vacancy depletion 
rather than solute depletion. The carbides on the 
edge of the PFZs were slightly coarser than those 
in the matrix, indicating that these particles draw 
solute from within the PFZ [2, 13]. With increasing 
ageing time the presence of a zone of enhanced 
precipitation on the edge of the PFZ may result 
from grain boundaries acting as vacancy sources, 
thus increasing the diffusion rate and relieving 
particle growth stresses in these regions. 

5. Conclusions 
The precipitation of Cr23C 6 from supersaturated 
solid solution in the range 650 to 800 ~ C shows 
the following characteristics in the alloys Co-25.3 
Cr-0.26 C and Co-32.9 Cr-0.18 C: 

(1) Precipitation commences in the matrix as a 
fine, homogeneous dispersion of coherent spheri- 
cal shaped particles. The number density of these 
particles is greater in the higher carbon alloy. 

(2) As ageing proceeds, matrix particles adopt a 
rod-like morphology with growth preferred in the 
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(1 1 0) directions;coherency loss occurs and arrays 
of dislocation loops surround the particles. 
Eventually, the matrix precipitates thicken to 
form angular shapes. 

(3) For a small proportion of the matrix 
particles, loss of coherency (occurring at <100A 
diameter) leads to the formation of faulted loops 
around the particles, these faults being extrinsic; 
the density of faults is greater in the higher carbon 
alloy. 

(4) The number of faults appears to be related 
to the density of matrix precipitates, suggesting 
the same controlling factors for precipitate and 
fault formation, i.e. quenched-in vacancy con- 
centration and solute supersaturation. 

(5) The outer boundaries of the faults are 
Frank partials, and fault growth commonly occurs 
by the mechanism proposed by Silcock and 
Tunstall, involving repeated nucleation of 
precipitate particles. In the higher carbon alloy the 
faults grow with relatively little nucleation on the 
partials, and in the lower carbon alloy, at 650 and 
700~ the partials become serrated and the 
particles become ribbon shaped. 

(6) To obtain a high density of faults a high 
matrix density is needed, but the resultant 
decrease in solute supersaturation does not favour 
the occurrence of repeated nucleation on partials. 

(7) Complex interactions between faults and 
between faults and precipitates occur. 

(8) Precipitate formation associated with climb 
occasionally occurs at undissociated dislocations. 

(9) Vacancy effects, e.g. PFZs, occur in the 
grain boundary regions. 

(10) In the higher chromium alloy a dis- 
continuous precipitation reaction occurs at long 
ageing times. 
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