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Kinetics of niobium carbide precipitation 
in a low carbon austenitic steel 

S. d. HARRIS ,  N. R. N A G *  
Department of Metallurgy and Materials Science, University of Nottingham, UK 

An examination has been made of the kinetics of niobium carbide precipitation in a 
18-10-1 austenitic stainless steel in the temperature range 650 to 750~ Electrical 
resistance-time plots, thin film electron microscopy and hardness measurements have been 
employed to follow the ageing sequence. In these alroys the carbides precipitate on 
undissociated dislocations and in association with stacking faults; these processes are 
diffusion controlled and have an activation energy of ~-~ 318 kJ mot-'. Prior to the reaction 
beginning a clear incubation period existed, e.g. ~ 30 h at 650~ and 20 min at 750~ 
During the first 10%transformation the carbide nucleation rate increases and the associated 
faults nucleate and grow rapidly. The carbide nucleation rate appears to peak around this 
level and then falls away gradually to zero around 70% transformation. At this latter stage 
fault growth ceases, and transformation continues by a carbide growth process. The 
age-hardening peak occurs much beyond the end of the reaction by which time precipitate 
coarsening is in evidence. The precise effect mechanical deformation has upon stacking 
fault formation depends to a major extent on the niobium supersaturation in the quenched 
alloy. 

I. Introduction 
Austenitic steels with better mechanical and 
corrosion resistant properties can be obtained by 
making small additions of elements such as 
titanium, niobium and vanadium. These elements 
form stable compounds with the small residual 
amounts of nitrogen and carbon in these steels. 
Carbide and nitrides can nucleate and grow, (a) 
homogeneously in the matrix, (b) on undissocia- 
ted dislocations and, (c) in association with 
stacking faults. 

Numerous observations [I-4] have been made 
using thin film electron microscopy to elucidate 
the morphology of such precipitates on dis- 
locations and stacking faults. The results 
allowed Hirsch [2] and Silcock and Tunstall [3] 
to suggest mechanisms by which stacking-fault 
precipitation occurred in these alloys. The 
nucleation of the fault takes place when a 
dislocation loop is thrown off from a carbide 
(or nitride) particle which has formed on an 
undissociated dislocation. As the loop disso- 
ciates, more carbide precipitates nucleate on the 
outer partial of the resultant fault, i.e. on the 
Frank partial. For continued growth of these 
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precipitates, a supply of vacancies would be 
necessary to relieve the transformation strains, 
instead the Frank partial climbs providing 
vacancies for the nucleation of more precipitates. 

Attempts have been made to study the 
kinetics of the stacking-fault reaction by 
dilatometry [5 ], electrical resistance [6], hardness 
[7] and quantitative microscopy [8] techniques, 
in each case differences have arisen with respect 
to each other and with respect to the mechanisms 
outlined above. Barford et al. [6] has shown that 
an increase in electrical resistance takes place in 
the early stages of ageing, and this was explained 
in terms of a "short-range ordering process'. 
Dilatometry data [5] showed no sign of this 
kind of process, only a conventional incubation 
process, but analysis of the sigmoidal trans- 
formation curves indicated that growth of  
stacking faults is complete after only 10 % of the 
niobium carbide has been precipitated, the 
remaining 90% of the reaction being a diffu- 
sional growth process. The quantitative measure- 
ments made on electron micrographs of stacking- 
fault diameter [8, 9] tend to indicate that the 
growth of faults occurs for much longer periods 
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and, therefore, seems to be at variance with the 
interpretation afforded by the data from the 
physical measurement techniques. Harding and 
Honeycombe [7] showed that the hardness-time 
plots gave an indication of maximum hardness 
occurring a long time after fault growth had 
ceased. 

The effects of different quenching rates [8, 9], 
deformation [1] and supersaturation of carbide 
forming elements [10, 11] on the growth of 
faults has been assessed by electron microscope 
observations. However, no attempt has been 
made to assess these process variables on the 
overall reaction kinetics of the process. 

In the present work, attempts have been made 
to correlate precipitation morphology, fault 
growth and mechanical properties with the 
overall kinetics of reaction in a nickel-chromium 
austenite with niobium present. The effect of 
plastic deformation immediately prior to ageing 
also has been assessed in all these respects. 

2. Experimental 
The materials used in this work were com- 
mercially manufactured nickel-chromium-nio- 
bium austenite steels, and were supplied by 
Firth Vickers Ltd, as 16 mm diameter bars. The 
chemical analyses of the steels are given in Table 
I. 

Kinetics of the precipitation processes have 
been determined by making electrical resistance 
measurements on 216 mm long pieces of bar at 
the ageing temperature. The temperature along 
the bar was maintained within + l~  for 
periods of up to 20 days in a furnace tube 
pumped continuously to a vacuum of N 10-5 
Torr. Prior to the ageing sequence, specimens 
were solution treated at 1300~ in a vacuum 
furnace and then quenched in a 10~  brine 
solution. After inserting the quenched bar into 
the ageing furnace, a period of 2 to 3 h was 
required for temperature equilization. A Kelvin 
double bridge was used to measure the electrical 
resistance at regular intervals of time, allowing 
changes in resistance to be plotted against time 
of ageing. For the series of experiments in- 
volving plastic deformation prior to ageing a 
dead weight load was applied to the specimen by 
linking it to the loading mechanism of a modified 
creep machine. The amount of deformation was 
measured as the percentage elongation of the 
sample. 

Electron microscopy has been carried out on 
samples thinned from those used for electrical 
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resistance measurements or from pieces of bar, 
50 mm long, that have been aged in similar 
circumstances. Discs ,-~ 2 mm thick were cut 
from the samples, and both faces were initially 
abraded on a lapping machine to ~ 0.2 mm 
thickness. Final preparation was by an electro- 
polishing technique using an acetic-perchloric 
acid mixture (95:5) at a voltage of 39 V, tem- 
perature 15 to 20~ 

Hardness m e a s u r e m e n t s  were made at various 
points across the cross-section of the bar using a 
10 kg load. 

3. Results 
3.1. Electrical resistance changes - straight 

ageing 
Ageing curves were plotted from the data 
provided by the changes in electrical resistance 
which occurred as a function of time, i.e. 
( R t  - R o / R o )  x 100 versus log t; where Rt and 
R0 are the resistances at any time t and at zero 
time. The curves obtained at 650, 675, 700, 725 
and 750~ were normalized and are Shown in 
this form in Fig. 1. At 650 and 675~ the ageing 
process was stopped after 7 days, i.e. before 
transformation was complete; to allow normali- 
zation of data it was assumed that the total 
resistance change at the end of the process was 
the same as that which occurred at 725~ All 
the curves were sigmoidal in shape and had an 
incubation period during which no change in 
resistance took place. It can be seen that 
the incubation period increases by two orders of 
magnitude as the temperature falls by 100~ 

The Johnson-Mehl equation [12] was used to 
analyse the transformation curves: 

y = 1 -- exp - (k t )  n (1) 

where y is the fraction precipitated, t the time 
and k and n are constants. The values of the 
time exponent n can be used [13] to interpret the 
kinetics of the reaction. To determine n, plots 
were made of log log 1/(1 - y) versus log t, for 
each ageing curve (see Fig. 2). It was found that 
discontinuities existed in each plot, i.e. no 
continuous straight line could be drawnthrough 
the points. Whilst this kind of behaviour is usual 
at 0.95 fraction transformed, i.e. when over- 
lapping diffusion fields exist [14], here deviations 
were found to exist at most temperatures in the 
neighbourhood of 0.1 and 0.7 fraction trans- 
formed. Table II gives the values obtained from 
measuring the slopes of the lines in Fig. 2. At 
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T A B L E  I Chemical analysis of steel 

Element (wt %) 

Steel no. C Si Mn S P Ni Cr Mo V Cu Ti Nb N 

A 0.02 0.36 1.21 0 .008  0.012 12.50 18.50 0.07 0.08 0.08 0.06 0.94 0,025 
B 0.05 0.54 0.83 0 .011 0.015 9.50 17.10 0.10 0.03 0.10 0.01 0.71 0.027 
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TABLE II Johnson-Mehl time exponent, n, at different 
stages of transformation 

Temperature Time exponent, n 
(of) 

y < 0.1 y > 0.1 y > 0.7 
< 0.7 

650 3.3 2 - -  
675 3.3 1.9 - -  
700 3.0 2.1 1.1 
725 2.6 1.95 0.9 
750 2.6 1.2 1.1 

750~ a single change took place at ~ 0.1 
f ract ion t ransformed.  

The act ivat ion energy for  the precipi tat ion 
react ion was determined at y = 0.1 and 0.5 
using Arrhenious  type plots (see Fig. 3). Values 
o f  ~-~ 318 kJ  mo1-1 was obtained in bo th  cases. 

3.2. T h e  e f f ec t  o f  p r i o r  d e f o r m a t i o n  on  
e l ec t r i ca l  r e s i s t a n c e s  c u r v e s  

Deformat ions  in the range 2 to 6 ~ were applied 

Figure 1 Normalized ageing curves obtained 
from variations in electrical resistance measured 
with respect to time. 

Figure 2 Plots of log log 1/(1 - y) against 
log t showing discontinuities at certain 
stages of transformation. 

Ageing temaerature ( T)~ 
750 725 700 675 650 

2-02 J 
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Figure 3 Arrhenius plots for determining the activation 
energy for the precipitation reaction at two levels of 
transformation. 

to samples at the ageing temperature,  im- 
mediately resistance measurements  were begun 
and cont inued until no further  change in  this 
proper ty  took  place (see Fig. 4a and b). I t  was 
noted in samples that  had received between 4 
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Figure 4 Effect of prior deformation on the 
ageing curves (a) at 675~ (b) at 700~ 

and 6 % deformation, that the incubation period 
was shortened by one order of magnitude, whilst 
the end point of the process was reduced by never 
more than one half. 

Determination of n from log log 1/(1 - y) 
versus log t plots indicated that a change in this 
parameter occurred in the neighbourhood of 
y = 0.]. Much lower values were obtained for 
y < 0.1 and an increase took place once this 
level of transformation had passed, see Table III. 

TABLE II I  The effect of deformation on the Johnson- 
Mehl time exponent, n 

Temperature 700 Time exponent, n 
(~ Deformation 

y < 0.1 y > 0.1 

675 2 0.6 1.7 
4 0.95 1.4 

700 2 0.95 1.3 
4 0.9 1.3 
6 1.1 1.2 

3.3. Hardness measurements 
These measurements were made on a series of 
samples aged at 700 ~ C, they are shown in Fig. 5. 
A rise of  100 HV took place as a result of  the 
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ageing process. For comparison the electrical 
resistance-time curve is plotted in Fig. 5 and it 
can be seen that the precipitation reaction is 
complete before the hardening peak is reached. 

3.4. Thin film electron microscopy 
3,4. I, Effect of temperature on precipitate 

morphology 
Examination of thin foils prepared from samples 
used for electrical resistance measurements 
indicated that at all ageing temperatures, 
precipitation of niobium carbide occurred on 
both undissociated dislocations and in associa- 
tion with stacking faults (Fig. 6a). It was noted 
at 750~ (Fig. 6b) that coarser carbide pre- 
cipitates existed on undissociated dislocation 
than those existing in samples aged at lower 
temperatures. 

3.4.2, Stages of precipitation during ageing at 
700 ~ C 

These stages are shown in Fig. 7a to d. After 6 h 
(,-~ 0.1 fraction transformed) most of the 
dislocations were decorated with precipitates and 
stacking faults had begun to nucleate. From 6 to 
40 h the stacking faults increase in number and 
size. Up to the 15 h stage ( ~  0.4 transformation), 
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Figure 5 Hardness-log t plots for isothermal 
ageing at 700~ For comparison, the 
appropriate electrical resistance curve is 
inserted. 

Figure 6 Thin foil electron micrographs showing the effect of temperature on the morphology of niobium 
carbide precipitates, (a) aged 100 h at 700~ • 40000; (b) aged 25 h at 750~ • 20000. 

faults only showed fringe contrasts, but no 
particles were visible, whilst selected-area dif- 
fraction patterns showed matrix spots only. The 
first visual appearance of particles of niobium 
carbide occurred after 22 h (~-~ 0.6 transforma- 
tion). No further increase in fault size could be 
detected beyond 40 h, but further ageing up to 
130 h resulted in coarsening of precipitates within 
the faults and on undissociated dislocations (Fig. 
7c). Electron diffraction patterns which could be 
indexed as niobium carbide began to appear in 
these latter stages of ageing (Fig. 7d). 

3.4.3. Stages of precipitation during ageing at 
675~ 

Particular attention was given to the beginning 
of the reaction since the electrical resistance data 
indicated a long incubation period of 20 h at this 
temperature. Micrographs (Fig. 8a) taken at the 
5 h stage showed no sign of precipitation and the 

undissociated dislocations appeared to exist in 
similar configurations to those found in the 
as-quenched material. Decoration of these same 
dislocations had begun by the 20 h stage, but 
still no stacking faults were observed. At 40 h 
(N  0.I fraction transformed) it was noted that 
each stacking fault had formed in association 
with a single undissociated dislocation decorated 
with precipitates (Fig. 8b). The original dis- 
location seemed to cross the fault indicating that 
it was possible that the undissociated dislocations 
and the stacking faults were in two different 
planes. 

3.4.4. Effect of deformation on the ageing 
process 

No stacking faults were observed in the samples 
which were deformed by > 6 % and then sub- 
sequently aged at 675 and 700~ respectively, 
whilst after 2 and 4 % deformation, increases in 
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Figure 7 Transmission electron micrographs and dif- 
fraction patterns obtained on alloy B aged at 700~ for 
the following times: (a) 6 h, • 40 000, (b) 40 h, • 201300, 
foil orientation {21 1}, (c) 130 h, • 60 000, foil orienta- 
tion {100}, (d) selected-area diffraction of (c). (e)Diffrac- 
tion pattern of (d). 

the n u m b e r  of stacking faults were observed at 
bo th  ageing temperatures. At  higher deforma- 
t ions where stacking faults were no t  observed, 
more extensive growths of n iob ium carbide 
occurred on  the dislocations present. Another  
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Figure 8 Transmis s ion  electron mic rographs  of  alloy B 
aged  at 675 ~ C for (a) 5 h, • 20 000; (b) 40 h, x 20 000. 

feature observed in the lightly deformed samples 
is that the incidence of stacking-fault precipita- 
tion is very much dependent on dislocation 
density in the matrix. Grains with higher dis- 
location densities showed very little evidence of 
faults whilst in a neighbouring grain, where the 
dislocation content is smaller, the faults are 
present in abundance (Fig. 9a to c). 

3.5. Quantitative measurements on electron 
micrographs 

In order to correlate more precisely the electrical 
resistance data with nucleation and growth of 
stacking faults and the associated niobium 
carbide precipitates, measurements (for details 

see Appendix I) have been made of stacking- 
fault diameter on a series of faults which have 
been prepared from samples aged at 700~ for 
various times (Fig, 10). The mean diameter 
increases smoothly with ageing time from 6 to 20 
h; about this level the rate falls off slowly until a 
relatively constant mean value is reached in the 
neighbourhood of 30 h. It must be pointed out 
that a large scatter exists on the diameters 
measured in these latter stages of fault growth as 
the number of complete faults appearing on the 
micrographs was small. 

Stacking-fault diameters were measured on 
materials which had been deformed prior to 
ageing. These samples showed that at a given 
amount of transformation, the diameter de- 
creased with increased deformation, i.e. with 
increasing dislocation density, provided a certain 
amount of deformation had not been exceeded. 
Having received between 4 and 6 ~ deformation 
and aged at 675 and 700 ~ C, samples ceased to 
show stacking faults and precipitation only 
took place on undissociated dislocations. A 
count of the number of stacking faults and an 
assessment of dislocation density showed that 
there is an optimum dislocation density for 
which the number of faults passes through a 
maximum value. 

4. Discussion 
The precise kinetics of the nucleation and growth 
of niobium carbide precipitates in these materials 
are complex, particularly when associated with 
stacking-fault formation. When the Johnson- 
Mehl equation is used to assess the electrical 
resistance-time plots, it is apparent that several 
values of the time exponent n can be obtained at 
different stages of the transformation. The values 
of n may be interpreted according to Table IV. 

For the purpose of this discussion, it is useful 
to divide the process into four stages, i.e. 0 to 0.1, 
0.1 to 0.7, 0.7 to 1.0 fraction transformed, and 
overageing beyond full transformation. None of 
these divisions is intended to be set up as a 
precise boundary for explaining the kinetics but 
to give an indication of the stages at which 
changes are about to take place. 

4.1.0 to 0.1 fraction transformed 
At this stage of the transformation, the n values 
decreased reasonably consistently from 3.3 at 
650~ to 2.6 at 750~ (see Table II). These 
values are all in excess of 2.5 and, therefore, 
indicate that particles are being formed with an 
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increasing nucleation rate. There is clear 
evidence f rom the electron microscopic observa- 
tion that precipitates nucleate on undissociated 
dislocations and then stacking faults begin to 
form at all ageing temperatures. This kind of 
evidence fits in well with the mechanism put 
forward by Silcock and Tunstall [3], i.e. the 
carbide nucleation sites rapidly increase with the 
advent of stacking-fault nucleation and growth. 
In such circumstances, the precipitates do not 
grow quickly once the climbing Frank partial 
moves on, hence the nucleation process dominates 
the kinetics. Such an interpretation is in keeping 
with the slightly lower n values found in the 
reaction at higher ageing temperatures, e.g. at 
725 and 750 ~ C, where an increased number of  
undissociated dislocations are decorated by 
precipitates without stacking faults being pro- 
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Figure 9 Thin foil electron micrographs showing the 
variation of the number of stacking faults with dis- 
location density in steel B which has been aged at 700~ 
for 40 h, (a) no deformation, x 8000; (b) 3 ~ deforma- 
tion, • 8000, area with low dislocation density, (c) as (b) 
except it is an area with high dislocation density. Foil 
orientation in all cases {211 }. 

duced, thus reducing the density of faults. At 
these higher ageing temperatures, the combina- 
tion of a smaller supersaturation of niobium and 
carbon and an increased vacancy concentration 
could reduce the effective driving force for 
carbide nucleation, allowing growth of the 
existing precipitates on undissociated disloca- 
tions to take place. From the measurements of  
stacking fault diameters, it is apparent that very 
small faults are present at 0.1 fraction trans- 
formed and above, showing that new faults are 
still being formed beyond this stage of ageing at 
700~ and at lower temperatures. 

4.2.0.1 to 0.7 fraction transformed 
Here the exponent n falls to values in the range 
1.9 to 2.1 for ageing temperatures in the range 
650 to 725~ The interpretation of n values 
lying in the range 1.5 to 2.5 in such reactions is of  
diffusional growth with a decreasing nucleation 
rate. This would imply that the nucleation rate 
will increase rapidly up to ~-~ 0.1 fraction 
transformed and then decay within the range 
0.1 to 0.7. Again, electron microscopy backs up 
this interpretation and provides further informa- 
tion. At 700 ~ C, small faults were still observed 
after 11 h ageing ( ~  0.3 transformed) which 
would indicate that new stacking faults still can 



K I N E T I C S  O F  N I O B I U M  C A R B I D E  P R E C I P I T A T I O N  I N  A L O W  C A R B O N  A U S T E N I T I C  S T E E L  

2.0- 
z i 

~ 5  T 

i 
-c !,�9 

1 - - ~- - STACKING-FAJL ~ DIAMETER / 1-O 
FRACTION TEANSFOR MED T / ~  : 

~176  - - -  o o 

I E 

(3.6 ~ Ageing ternper~ture 7S0 ~ m 

10"4 6 1 

1.:C, 1Q !00 O 
Ageing time, h 

Figure 10 Variation of mean stacking-fault 
disc diameter with ageing time for alloy B at 
700~ The error bars give 95 % confidence 
limits. 

TABLE IV Interpretation of values of Johnson-Mehl 
exponent n for diffusion controlled process 
[13] 

Conditions n 

All shapes growing from small dimensions, 
increasing nucleation rate > 2.5 
All shapes growing from small dimensions, 
constant nucleation rate 2.5 
All shapes growing from small dimensions, 
decreasing nucleation rate 1.5-2.5 
All shapes growing from small dimensions, 
zero nucleation rate 1.5 
Growth of particles of appreciable initial 
volume 1-1.5 
Precipitation on dislocations (very early 
stages) 0.5 

be formed at this stage. However, as the plot  in 
Fig. 10 indicates, the incidence of new faults at 
this time must be small. Between 0.l and 0.3 
fraction transformed, the diameters of  the 
majority of faults have begun to increase rapidly, 
thus confirming the quantitative electron micro- 
scope results of Silcock et al. [9] in the early 
stages of ageing at 700~ After 22 h ageing 
( ~  0.6 transformed), the rate of  increase of the 
diameter has tended to slow down, although 
almost all the faults have grown above the 
maximum diameter measured at 11 h; appre- 
ciable reduction in the rate of fault growth has 
occurred at 31 h ( ~  0.8 transformed). Hence, the 
decaying nucleation rate which is in evidence 
from the Johnson-Mehl analysis may be inter- 
preted as a gradual reduction and a final 
cessation of new stacking-fault production, 
followed by a slow reduction in fault growth 
rates which, in turn, means a gradual reduction in 
effective carbide nucleation rates as the Frank 
partials climb more slowly. There is clear 
evidence here that fault growth still occurs up to 

0.7 fraction transformed which is considerably 
in excess of  the value of 0.2 which had been 
previously stated with dilatametric studies [5]. 

The results obtained on the samples aged at 
750 ~ C have been left out of the discussion to date 
because beyond ~-~ 0.1 transformed an abrupt 
change in the value of n takes place from 2.6 to 
1.2. The lower values can be interpreted in terms 
of a straightforward diffusional growth process 
with zero nucleation rate. Examination of the 
electron micrographs of samples aged at this 
temperature indicates that precipitates occur on 
undissociated dislocations and that stacking- 
fault growth has taken place. However, two 
principal observations were made: 

(i) the density of  stacking faults was reduced; 
(ii) the carbide precipitates on undissociated 

dislocations and on stacking faults was much 
coarser than had been observed at lower ageing 
temperatures. 
This would indicate that the niobium carbide 
nucleation rate on undissociated dislocations 
and on Frank partials had rapidly decayed. 

4.3. 0.7 to 1.0 f rac t ion  t r ans fo rmed  

Beyond 0.7 fraction transformation, the n value 
decreases in cases where values could be obtained 
(700, 725 and 750~ to 0.9 to 1.1. Such values 
point to diffusion growth at zero nucleation rates. 
Support for this view is found from the trends 
shown by the stacking faults mean diameter 
measurements that cease to increase beyond 

0.7 transformation (Fig. 10). These results 
tend to indicate that fault growth rapidly 
decreases because carbide nucleation is at an 
end. Beyond this stage transformation continues 
to completion entirely by carbide growth. In 
experiments carried out to determine the effect of  
supersaturation of niobium on the precipitation 
of niobium carbide it has been shown that the 
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minimum solute content for stacking fault 
formation is ~ 0.25 7oo Nb [11 ]. In the present 
investigation, the amount of niobium which still 
remained in solution after 0.7 transformation 
was 0.27 ~. Both pieces of evidence reinforce the 
concept that stacking faults will not grow 
beyond a given limit which can be either 
specified in terms of supersaturation or the 
fraction transformed in a given alloy. 

4.4. Beyond full transformation 
It was noted that the hardness values continued 
to increase with ageing time beyond the end of 
the reaction as designated by the flattening out 
of the sigmoidal resistance-time curve. Fig. 5 
shows that such a maximum occurs after 200 h 
ageing at 700 ~ C, which is almost twice the time 
at which the electrical resistance remains con- 
stant. If the resistance measurements are 
accepted as defining the end of the carbide 
reaction, the rise in hardness could be explained 
by a coarsening process which does not involve 
an increase in the precipitate volume fraction. 
Clear electron microscopic evidence of carbide 
coarsening at 130 h ageing at 700~ is shown in 
Fig. 7c. 

4.5. Effect of deformation prior to ageing 
At both ageing temperatures, 675 and 700~ 
deformation consistently reduced the incubation 
period for the transformation, this is particularly 
shown by the resistance measurements, e.g. the 
period is reduced by one order of magnitude by 
4% deformation applied immediately prior to 
ageing at 675~ In the stage 0 to 0.1 fraction 
transformed, the exponent n has a low value, 
i.e. in the range 0.9 to 1.0, in comparison with 
values of ~ 3.3 for the ageing-only procedure. 
The electron microscope helps show substantial 
increases in the density of undissociated dis- 
locations in those specimens without any 
stacking faults being observed. Above 0.1 
transformation, n increases to values in the range 
1.2 to 1.7. It was noted that the transformation 
fraction where this change takes place increases 
with increasing deformation. An interpretation 
of this experimental evidence is that niobium 
carbide nucleates on the increased undissociated 
dislocation population in these early stages, the 
number of nuclei increasing with prior deforma- 
tion. Diffusional growth of the carbides may be 
enhanced at this early stage because the deforma- 
tion could have increased vacancy concentrations 
in the matrix permitting larger precipitates to be 
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accommodated. All these precipitates are nuclea- 
ted within a short period and after this, growth 
proceeds with effectively a zero nucleation rate, 
hence the value of n close to 1.0. The heavier the 
deformation, the larger the vacancy concentra- 
tion, the longer the growth process can proceed 
on a greater number of carbide precipitates on a 
higher dislocation density without stacking-fault 
growth being involved. Supporting evidence for 
this statement is given in Fig. 9, which shows 
stacking faults occurring in a grain of low 
dislocation density whilst none form in one of 
high dislocation density. 

The n values increase appreciably above 1.0 as 
the reaction proceeds, thus gives an indication of 
stacking-fault formation, i.e. nucleation of 
carbide particles begins to occur again as the 
Frank partial climbs. In this case, a very large 
number of faults may begin to grow but they may 
only grow to a limited size (Fig. 9b). A stage will 
be reached where the undissociated dislocation 
density will be sufficient, e.g. in a sample given 
6 ~ deformation at 700~ where the n value 
changes very little throughout the reaction 
and no evidence can be found of stacking faults. 
Here the transformation has proceeded using the 
undissociated dislocations for carbide nucleation 
and growth to a stage where the supersaturation 
of niobium has been reduced to below ~ 0.25 
and stacking-fault growth does not even begin. 
Intermediate situations exist, e.g. between 4 and 
6 ~  deformation at 700~ where maximum 
fault densities form due to the increased un- 
dissociated dislocation density being capable of 
forming faults, i.e. the matrix is still just suffi- 
ciently saturated in Nb. 

4.6. General comments 
From all these observations, it is concluded that 
stacking-fault precipitation depends on three 
principal factors which are obviously inter- 
related to each other: 

(1) dislocation density; 
(2) supersaturation of solute atoms; 
(3) concentration of vacancies. 

Out of these, the dislocation density is the main 
controlling factor since the initial precipitate on 
an undissociated dislocation is an essential 
requirement for the nucleation of a stacking 
fault. Supersaturation is a governing factor in 
the sense that after saturating these initial sites, 
the majority of the precipitation process will take 
place in concert with stacking-fault growth. A 
high supersaturation is necessary for this type of 
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precipitation if large dislocation contents are 
present. The role of vacancy concentration is 
more difficult to tie down, for it would appear to 
control the growth and, therefore, the size of the 
precipitates on original dislocations before they 
throw out climb loops for providing more 
vacancies. Whether the effect of delaying the 
initiation of faults is greater than the increase in 
the diffusivity of solute atoms which may reduce 
the time for attaining the critical size for throwing 
out loops, is open to debate. 

5. Conclusions 
(1) The precipitation of carbides on stacking 
faults and undissociated dislocations is diffusion 
controlled and has an activation energy of 

318 kJ mo1-1. 
(2) Electrical resistance and quantitative 

microscopy measurements indicate that an 
increasing carbide nucleation rate exists for the 
first 10 ~ of transformation, during which stage 
stacking faults initiate and rapidly grow. 

(3) Beyond 10~ transformation, carbide 
nucleation rate decreases reaching zero close to 
70 ~ transformation. This is accompanied by a 
reduction in fault nucleation and a slowing down 
of fault growth. 

(4) Beyond 70~o transformation and up to 
reaction completion, carbides grow whilst fault 
size and number remains essentially constant. 

(5) Coarsening of carbides takes place after the 
reaction is complete and the age-hardening peak 
is achieved during this stage. 

(6) A relationship exists between the dis- 
location density which may be introduced by 
prior deformation and the degree of super- 
saturation of niobium in the quenched alloy, for 
if the supersaturation is below a certain level, 
faults will never form and grow. 

Appendix. Method used for the measure- 
ment of stacking-fault diameter 
Fig. 11 shows the section of a stacking fault 
which is cut by the top and bottom of a foil of 
thickness t. The foil plane is represented by 
ABCD and PQ and RS are the lines of inter- 
section of the stacking-fault plane with the top 
and bottom of the foil. 0 is the angle of inclina- 
tion between the stacking-fault plane and the 
foil plane, /1 and 12 are the lengths of the two 
parallel sides and b is the projected breadth of the 
fault. If  one considers the faults are circular in 
sh~tpe then PQRS can be represented as a 
segment of the completed stacking-fault as 

iii II 

pb* 

0 ' I ' ,  
_ _ _  •  

/ i ~  ~' 

/ 

Figure 11 Construction showing the position of the 
stacking fault in the thin foil. 

0 

y c Q 

Figure 12 Segment PQRS shown as being part of a 
complete circular fault shape. 

shown in Fig. 12. If r is the radius of the fault 
then, 

r 2 = xl~ + y2 (2) 

r~ = x2 ~ + (y + a)~. (3) 

Equating Equations 2 and 3 

xl ~ + y~ = x~ 2 + y~ + a 2+ 2ya 

X12 - -  X 2  2 - -  a 2 

Y =  2a 

Putting the value of y into Equation 2 

( x ~  - x #  - a~)~ 
r 2 = xZ + 

2a 

From Fig. ] !, a = b/cos 0, 

" r 2 = x P +  [ x 1 2 - x 2  2-(b/cosO)~]2 
gg/Zos ~ �9 (4) 

Again from Figs. 11 and 12, 

11 
X I ~  

and 

12 
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Therefore,  Equa t ion  4 can be writ ten as, 

F2 ~_ - -  
4 

+ [ ( l l~ /4 ) - (12~ /4 ) - (b /c~  2 
2b/cos 0 (5) 

The values o f /1 ,  l~ and  b for  each s tacking 
faul t  can  be measured  f rom micrographs  and,  if  
0 is known,  the ac tual  d iameter  (2r) of  the fault  
can  be ca lcula ted  using Equa t ion  5. 

In  the present  case, measurements  have been 
carr ied out  on  micrographs  taken  at  {100} foil  
or ientat ion.  A t  this or ien ta t ion  of  the foil, all 
four  ( 1 1 1 } planes  have an incl inat ion o f  54~ to 
the foil plane.  As the fault  planes are {1 11}, 
each fault  which appeared  on the mic rograph  
has a similar  angle o f  incl inat ion,  i.e. 54o74 ' to 
the foil plane.  
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