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A model for interphase precipitation in 
stoichiometrically balanced vanadium steels 

P. R. RIOS* 
Departamento de Ci#ncia dos Materiais e Metalurgia, Pontificia Universidade Catolica do Rio 
de Janeiro, R. Marqu#s de S. Vicente 225, Gavea, 22453-900, Rio de Janeiro, R J, Brazil 

A model has been developed which provides a fairly simple rationale for interphase 
precipitation in the stoichiometrically balanced Fe-V-C and Fe-V-N-C steels. The model 
assumes that interphase precipitation takes place by the steady-state migration of a stepped 
interface. Quantitative relationships between ledge velocity, ledge height, transformation 
temperature and carbide volume fraction, are obtained. The influence of growth kinetics 
upon the formation of interphase precipitation is also briefly discussed. 

1. Introduction 
Ferrite in steels may grow by the movement of ledges 
accompanied by carbide precipitation on the ledge 
terraces [1-3]. Such a mechanism is normally called 
"interphase precipitation" [1-6] and has been sub- 
jected to extensive experimental investigation 
[1-3, 5, 7]. However, comparatively less work has 
been done to establish quantitative relationships be- 
tween growth kinetics and the morphology of inter- 
phase precipitation [8-14]. 

Todd et al. [8] have given a detailed quantitative 
description of interphase precipitation of alloy car- 
bides (IPAC). They maintained that IPAC formed by 
the consecutive passage of carbide-free ferrite ledges. 
The ferrite ledge height, in their model, was not neces- 
sarily equal to the intersheet spacing. They assumed 
that carbide precipitation On the ledge terrace took 
place periodically after the passage of a certain num-  
ber of ferrite ledges. In their view, the alternating 
ferrite and carbide layer formed one after the other, so 
that the ferrite/austenite interface moved in the direc- 
tion normal to the ledge velocity. 

Often, however, "trains" of ferrite ledges are ob- 
served to move together so that a stepped interface 
migrates in the direction of ledge velocity. In this case 
the ferrite ledge height is equal to the intersheet spac- 
ing. Experimental evidence for such a mechanism can 
be found in many alloys [1-4, 15-17]. A well-known 
micrograph illustrating that is presented by Campbell 
and Honeycombe [16] (see Fig. 7 of [16] or Fig. 10 of 
[1]). One detail of this micrograph is of particular 
relevance, namely, the size of the carbide particles on 
a given ledge terrace decreases as they are closer to the 
riser of the same ledge. A schematic view of such 
a situation, as well as a morphological study of IPAC 
in microalloyed steels, can be found in Rios [12]. 

When the steel is stoichiometrically balanced and 
all the carbon and the carbide former element go into 
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the carbides, probably the most simple situation exists 
in which IPAC can occur because the matrix composi- 
tion remains constant. As a consequence, it is reason- 
able to admit that the ledge velocity also remains 
constant so that a steady-state migration of the step- 
ped interface is obtained. Because of this, the final 
microstructure is expected to be entirely interphase 
precipitation with approximately constant ledge 
height and carbide size. 

Such a microstructure was observed in the 
stoichiometrically balanced Fe-V-C alloys of Batte 
and Honeycombe [18]. Their work is the only experi- 
mental work available in which carbide volume 
fraction and transformation temperature were system- 
atically varied, with ledge height and carbide size 
being measured in each case. The work of Balliger and 
Honeycombe [19] on Fe-V-N-C alloys has also been 
included in the present analysis. However, even though 
their alloys were stoichiometrically balanced, their 
microstructure was not always entirely interphase pre- 
cipitation. In some cases it also contained precipita- 
tion on dislocations and Widmanst~itten ferrite. 

In this work, a quantitative model has been de- 
veloped to account for interphase precipitation in the 
stoichiometricaUy balanced Fe-V-C and Fe-V-N-C 
steels studied by Batte and Honeycombe [18] and by 
Balliger and Honeycombe [19], respectively. In this 
paper, "carbon" and "carbides" will be used for 
simplicity. Of course, if nitrogen is present "carbon 
and nitrogen" and "carbonitrides" would be more 
appropriate. 

2. Description of proposed 
transformation mechanism 

The mechanism of the steady-state migration of 
a stepped interface is shown schematically in Fig. 1. 
The following assumptions are made. 
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Figure 1 A schematic view of the mechanism proposed here. The 
stepped interface migrates with a velocity, v, in the direction in- 
dicated by the arrow. Ledge height is h and interledge distance is l. 
"Pseudophase" is the shaded area. Its thickness is Sr just behind the 
advancing ledge riser and decreases linearly, being zero at the end of 
the ledge terrace. A moving x y reference framework attached to 
the riser of the ledge is also shown. Carbon diffusion takes place in 
the austenite. Vanadium diffusion takes place in ferrite, behind the 
moving riser, within the region limited by 0 < x  < l and 
- h < y < 0 .  

1. The stepped interface migrates with a given con- 
stant velocity, v. The ledge height is h and the inter- 
ledge distance is I. A moving x-y reference framework 
attached to the riser of the ledge is also shown 
in Fig. 1. 

2. The carbides can be thought to form as a con- 
tinuous layer or "pseudophase" [8]. This pseudophase 
(shaded area in Fig. 1) reaches its final thickness, sf, 
just behind the advancing ledge riser. Ahead of the 
moving ledge riser the pseudophase thickness is as- 
sumed to decrease [1, 16] linearly so that the position 
of the pseudophase/ferrite interface, yp, is yp = - -  Sf at 
x = 0 and yp = 0 at x = I. This implies that half of the 
carbide volume fraction from the region limited by 
0 < x < I and - h < y < 0 has precipitated ahead of 
the moving riser on the terrace of the "next" ledge. The 
assumption of a "pseudophase" is not unreasonable, 
as it has been shown [12]  that carbides occupy a 
significant proportion of the area of the ledge terrace. 

3. Carbon diffusion to the carbide takes place 
through the austenite. The carbon content of austenite 
remains constant because the stoichiometry requires 
that all the carbon rejected by the ferrite goes into the 
carbides. 

4. Vanadium diffusion to the carbide takes place 
through the ferrite behind the moving riser within 
the diffusion region limited by 0 < x  < l  and 

- h < y < 0. Because of assumption 2, the average 
vanadium concentration in the ferrite within this re- 
gion must be equal to Vo/2, where Vo is the vanadium 
concentration of the steel in atoms per unit of volume. 
If a steady state is maintained, all vanadium that 
enters the ferrite through the moving riser interface 
must go into the pseudophase forming on the terrace 
of the same ledge. The assumption of vanadium diffu- 
sion through the ferrite is reasonable, because 
vanadium diffusivity in ferrite is about three orders 
of magnitude higher than in austenite [8]. The 
"pseudophase" is represented in Fig. 1 growing inside 

the ferrite, below the ledge terrace, because of the 
assumption that its growth is controlled by vanadium 
diffusion in ferrite. 

5. Vanadium concentration in ferrite on the ledge 
riser ferrite/austenite interface (that is, at x = l, along 
the - y direction) is assumed to be equal to the initial 
vanadium concentration of the steel, Vo. Vanadium 
concentration in ferrite on the ferrite/pseudophase 
interface (that is, at y = yp) is assumed to be equal to 
zero [8]. Vanadium concentration in austenite re- 
mains constant and equal to Vo. 

Based on these assumptions, the steady-state move- 
ment of the stepped interface can be related to carbide 
growth that is determined by the diffusion of the 
slowest element: Vanadium. Therefore, one has to find 
a steady state solution to the problem of vanadium 
controlled pseudophase growth in ferrite. 

3. Steady-state vanadium-controlled 
carbide growth 

A rigorous mathematical solution of the diffusion 
equation is not attempted. Instead a simplified ap- 
proach, similar to Zener's linearized gradient [20] is 
adopted [13]. Here, x and y refer to the moving 
reference framework shown in Fig. 1. It is admitted 
that within the diffusion region, vanadium concentra- 
tion in ferrite in atoms per unit of volume, V(x, y), can 
be approximated by a plane 

V(x,y) = A + Bx + Cy (1) 

Equation 1 implies that the gradients are constant 
along the x and y direction. 

The constants A, B and C can be determined by 
using two boundary conditions which are conse- 
quences of assumption 5 and mass conservation with- 
in the diffusion region. 

The first boundary condition is that the average 
vanadium concentration in ferrite just behind the 
ledge riser ferrite/austenite interface (that is at x = l) is 
equal to the initial vanadium concentration, V0. This 
can be written as 

f -h V(I, y)dy 
o 

Vo - h (2) 

The second boundary condition is that the average 
vanadium concentration in ferrite at the ferrite/ 
pseudophase interface (that is, at y = yp ~ 0) is equal 
to zero 

floV(X,O)dx 
- 0 ( 3 )  

1 

where it was assumed that the thickness of the 
pseudophase is small compared to the ledge height 
so that y = yp ~ 0. This is justified by the fact that 
the carbide volume fraction is invariably very small 
< 0.02. 

The average concentrations were imposed as 
boundary conditions to try to avoid a difficulty found 
in the solution of two-dimensional steady state 
ledge growth [21, 22]: when the gradient at the ledge 
riser is considered constant one normally obtains 
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a concentration varying along the ledge height. 
Specifying an average concentration ensures that, at 
least on average, the concentration will have the re- 
quired value. 

From assumption 4, the average vanadium concen- 
tration in ferrite within the diffusion region must be 
equal to Vo/2 

Vo foh f'o V(x' y)dxdy 
2 - lh (4) 

Inserting Equation 1 into Equations 2-4, gives 

(lx  t V(x,y) = Vo - 2 + 7 -  (5) 

This is admittedly a crude approximation but can be 
used because the main interest is in average quantities, 
not on the concentration profile itself. 

As a steady-state has been assumed, all vanadium 
atoms that enter the ferrite through the ledge riser per 
unit of time must enter the growing pseudophase. 
Therefore, a flux balance gives 

] [ ~V(x'y)] = 0  (6) l[CgV(x'Y)E 0y , = o  + hE cgx ==, 

From Equations 5 and 6, h = I. 
Noticing that the average vanadium concentration 

at y = yp ~ 0, is equal to zero, the average velocity of 
the pseudophase/ferrite interface, Vp, can be calculated 
from 

Equation 10 shows that ledge velocity is inversely 
proportional to ledge height. It can be useful to calcu- 
late ledge velocity from measured values of h. 

4. Relationship between ledge velocity, 
carbide volume fraction and 
transformation temperature 

Unfortunately, Equation 10 is not useful to relate 
ledge velocity to transformation temperature and car- 
bide volume fraction because how the ledge height 
depends on these is not known. 

Using Equations 8-10, 

ksf  
D1/2 -- f(2z) 1/2 ( t l )  

and 

h 
D1/2 -- (2z) 1/2 (12) 

It can be seen from Equations 11 and 12 that there 
are two equations for three unknowns, namely, ksf ,  

h and z. An additional condition is necessary and it is 
assumed that 

ksf 
K = D1/2 (13) 

where K is a model parameter, related to the charac- 
teristics of the pseudophase. 

Vp( 0 -  kVp) : - D I OV(x, 7 (7) 
OY ly=0 L 

where D is the vanadium diffusion coefficient in ferrite, 
Vp is the vanadium concentration in the carbide, k Vp 
is the vanadium concentration in the pseudophase, 
and k is a constant. 

From Equation 7 

fD 
Vp - kh (8) 

where f =  Vo/Vp is the volume fraction of carbides, 
and Vp < 0 because the pseudophase grows in the - y 
direction. 

The ledge velocity, v, can be calculated by noticing 
that as the ledge riser moves from x = 0 to x = h 
(recalling that h = l) in a time, z, the pseudophase 
average interface position moves from yp = - Se/2 to 
yp = - sf. Therefore 

sf h 
z - - (9) 

2Vp v 

where z is the time it takes for the riser to move 
a distance h(which is equal to l). 

If all vanadium goes into the carbide and then 
s f ( k V p )  = h V o  o r f  = (ksf)/h. Using this and Equations 
8 and 9 gives 

2D 
v - (10) 

h 

4.1. Phenomenological determination of K 
The model parameter K is now determined from 
a phenomenological analysis of the data of Batte and 
Honeycombe and Balliger and Honeycombe shown in 
Tables I and II, respectively. 

The carbide/nitride volume fraction, f ,  was cal- 
culated admitting that all carbon, nitrogen and 
vanadium formed carbides/nitrides [12]. The density 
of ferrite was taken to be equal to 7.86, that of 
vanadium carbide equal to 5.77 and that of vanadium 
nitride equal to 6.13 [23]. 

The quantity Io/Ii, (shown in Tables I and II) is the 
ratio of the total interstitial element content in the 
alloy, Io, to the amount of interstitial, Iin, which is 
insoluble in the austenite with vanadium content 
equal to Vo. 

For  Fe -V-C  alloys (Table I) with carbon content 
equal to Co the amount of soluble carbon, Cs, can be 
calculated from 

/ v c  Cs - (14) 
Vo 

where Kvc is the solubility product of vanadium car- 
bide in austenite. Consequently, 

Io Co 
- ( 1 5 )  

/in Co -- Cs 

For  F e - V - C - N  alloys (Table II) containing Co and 
No of carbon and nitrogen, the methodology de- 
veloped by Rios [24, 25] can he used. The solubility 
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T A B L E  I Data of Batte and Honeycombe [18]: T is the transformation temperature, h is the ledge height, n is a number associated with 
a particular data point for further reference, lo/1i, is the ratio of the total interstitial element content in the alloy, Io, to the amount of 
interstitial, Ii,, which is insoluble in the austenite with vanadium content equal to V0. Alloy compositions in wt % 

Alloy 1, Fe-I.04V-0.20C-0.02Nb, 
f = 1.69 vol % 

Alloy 2, Fe-0.75V-0.15C-0.02Nb, 
f = 1.23 vol % 

Alloy 3, Fe-0.48V-0.09C~).02Nb, 
f = 0.78 vol % 

n T(~ h(nm) lo/Iin n T(~ h(nm) [o/Iin n T(~ h(nm) Io/Ii, 

1 725 7.5 1.01 6 730 10 1.02 11 730 18 1.04 
2 750 10 1.01 7 755 13 1,03 12 755 21 1.08 
3 755 16 1.02 8 780 20 1.05 13 780 35 1.13 
4 800 20 1.04 9 806 24 1.08 14 806 62 1.24 
5 825 30 1.06 10 830 52 1.13 15 830 73 1.42 

T A B L E  II Data of Balliger and Honeycombe [19]: T is the transformation temperature, h is the ledge height, n is a number associated with 
a particular data point for further reference, Io/I~. is the ratio of the total interstitial element content in the alloy, Io, to the amount of 
interstitial, Ii., which is insoluble in the austenite with vanadium content equal to Vo. Alloy compositions in wt % 

Alloy 4, Fe-0.27V-0.05C~0.0002N, 
f = 0.44 vol % 

Alloy 5, Fe 0.26V-0.020C~3.022N, 
f = 0.4 vol % 

Alloy 6, Fe~).29V-0.004C 0.032N, 
f = 0.42 vol % 

n T(~ h(nm) Io//i, n T(~ h(nm) Io/Ii, n T(~ h(nm) 10//in 

16 720 21 1 .08 21 740 18 1 25 760 35 1 
17 740 44 1.13 22 760 42 1.01 26 810 85 1.01 
18 760 57 1.2 23 790 50 1.01 27 850 149 1.01 
19 790 103 1.41 24 830 120 1 . 0 1  . . . .  
20 810 114 1 . 7 1  . . . . . .  

product for the carbonitride is given by 

Vo C, Vo N~ 
- -  + - 1 ( 1 6 )  
Kvc KVN 

where Cs and Ns are the amounts of carbon and 
nitrogen soluble in austenite with vanadium concen- 
tration equal to Vo and Kvs is the solubility product 
of vanadium nitride in austenite. 

Admitting that CJN, ~ Co/No, the values of C, and 
Ns can be calculated from Equation 16. So that 

Io Co + No 
- -  = ( 1 7 )  
/ in Co + No - Cs - Ns 

The solubility products of vanadium carbide and 
vanadium nitride were taken from Narita E26] and 
Roberts and Sandberg [27], respectively [25]. 

The first step of the phenomenological analysis is to 
obtain an expression for h from Equations 12 and 13 

Di/2  
h = K - -  (18) 

f 

Equation 18 suggests plotting experimentally deter- 
mined values of h against Dt/Z/f The vanadium diffu- 
sion coefficient in ferrite, D, was taken from other 
works [28, 29]. 

Fig. 2 shows a plot of ledge height, h (nm) against 
DX/Z/fwith D expressed in nmZs -1 and f given in 
vol % for Alloys 1M (Tables I and II) which are 
essentially vanadium carbon alloys. Visual inspection 
of Fig. 2 suggests that points 1-9, 11-13 and 16 (see 
Tables I and II) lie on a straight line. Linear regres- 
sion analysis of these points gives a best-fit straight 
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Figure 2 Plot of ledge height, h, against DU2/f The best-fit straight 
line is also shown. Its intercept is small, 0.6 nm, and its slope is 
1.22 s 1/2 vol %. The correlation coefficient is 0.95. Data points are 
from Alloys 1 4  given in Tables I and II. Only points 1-9, 11-13 and 
16 from Tables I and II were included in the linear regression 
analysis. It can be seen that the excluded points lie syste/natically 
above the best-fit straight line. Alloy: (O) 1, (11) 2, (A) 3, (O) 4. 

line (shown in Fig. 2) which has a small intercept equal 
to 0.6 nm and a slope, which corresponds to K in 
Equation 18, equal to 1.22 s 1/2 vol %. The correlation 
coefficient is equal to 0.95. For remaining points: 10, 
14-15 and 17-20, the measured values of h lie system- 
atically above the best-fit line. Moreover, the devi- 
ation from the best-fit line appears to increase for 
points with the highest transformation temperatures 
and lowest alloy contents. 
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Further examination of Fig. 2 and Tables I and II 
suggests that higher deviations from the best-fit 
straight line can be associated with increasing values 
of Io/Ii,. Thus, K can be considered constant for 
Io/Iin ~ 1 but appears to increase as Io/Iin increases. 
This observation suggests that to a first approxima- 
tion 

K = K~--I~ (t9} 
/ in  

Introducing. Equation 19 into Equation i8 gives 

( Io )  D1/2 
h = Ks )-s f (20) 

A plausible physical interpretation can be given of 
the quantity Ii,flo. If the supersaturation for carbide 
nucleation from austenite on the ledge terraces is high, 
a large number of carbides can nucleate per unit of 
area, resulting in fine, closely spaced carbides. On the 
other hand, if the supersaturation is low, fewer nuclei 
and consequently coarser and more widely spaced 
carbides will be formed. In a previous work [12] it was 
shown that carbide size is directly proportional to 
ledge height, so that finer carbides will result in small- 
er ledge heights. The quantity Iin/Io may be associated 
with the supersaturation available to carbide precip- 
itation. Thus, lower values of Iin/Io will result in 
coarser carbides and, consequently, larger ledge 
heights. As a consequence, if carbide size depends on 
I~/Io, ledge height must depend on Io/Iin as shown in 
Equation 20. 

The phenomenologicat analysis thus suggests that 
the characteristics and formation of the pseudophase 
can be associated with carbide nucleation on the ledge 
terraces. 

Equation 20 suggests that h is plotted against 
(Io/Iin)Dt/2/f This is shown in Fig. 3 which includes 
all data shown in Tables I and II. Linear regression 
analysis gives a correlation coefficient of 0.96. The 
best-fit straight line shown in Fig. 2 has a very small 
intercept equal to - 0.25 nm and a slope, which cor- 
responds to Ks, equal to 1.22 sl/2vol %. That is, 
Equation 20 reduces to Equation 18 for Io/I~n ~ 1. 

Therefore, the regression analysis shows that Equa- 
tion 20 provides a good and very simple description 
of ledge height for both Fe-V-C and Fe-V-C-N 
stoichiometric alloys. 

It is worthy of note that Equation 20 encompasses 
ledge heights ranging from 7.5-149 nm. Another point 
is that the left-hand side of Equation 20 contains only 
one adjustable parameter, namely, Ks. All other 
quantities can be calculated from composition and 
transformation temperature. 

In principle, Ks could be estimated from a single 
measurement of ledge height at a certain transforma- 
tion temperature and composition and this value used 
to estimate other ledge heights at other transforma- 
tion temperatures and compositions. However theor- 
etically possible, this would not be recommended, 
because in this case too much reliance would be placed 
on the precision of this single measurement of ledge 
height. 
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Figure 3 Plot of ledge height, h, against (Io/Ii.)D~/2/f The quantity 
lo/li, is the ratio of the total interstitial element content in the alloy, 
I0, to the amount  of interstitial, I~., which is insoluble in the 
austenite with vanadium content equal to Vo. The best-fit straight 
line is also shown. Its intercept is very small, - 0.25 nm, and its 
slope is 1.22 st/2vol %. The correlation coefficient is 0.96. Data  
points a re  from Alloys 1-6 given in Tables I and II. Alloy: (O) 1, 
(11) 2, (A) 3, (O) 4, (C) 5, (&) 6. 

Moreover, by using Equation 20 together with a re- 
lationship between carbide size and ledge height de- 
veloped in a previous work (Equation 3 of [-12]) one 
would be able to estimate values of ledge height and 
carbide size for other transformation temperatures 
and compositions. 

4.2. Expression for ledge velocity 
In view of the above, one can substitute Equation 20 
into Equation 10 and obtain another expression for 
the ledge velocity, namely 

From Equation 21 it can now be seen that ledge 
velocity decreases with transformation temperature, 
decreases with carbide volume fraction, and decreases 
as the solubility of the carbides increases. In addition, 
if the carbide solubility decreases too much so that 
Iin/Io becomes very small, carbide nucleation may not 
be able to occur. So that at highest temperatures, 
carbide-free proeutectoid ferrite may occur. This was 
confirmed in Alloy 4 in which above 810~ Balliger 
and Honeycombe report that proeutectoid ferrite 
formed. 

5. Comparison with the model of 
Todd et  al. 

Even though Todd et al. [8] took a different view on 
interface migration, it is interesting to compare the 
ledge speeds obtained here with their "average velo- 
city of the interphase boundary", *Tb, shown in TaMe 
IV of [-9]. Such a comparison shows that the ledge 
speeds obtained here are about half those obtained by 
them. Moreover, ~Tb exhibits the same trends predicted 
from Equation 21: it decreases with transformation 



temperature and carbide volume fraction. The reason 
for such a similarity is that the assumption that 
vanadium carbide growth is controlled by vanadium 
diffusion in ferrite is made in both models. Such an 
assumption appears to be so "strong" that it appears 
to influence the resultant trends more than the other 
assumptions on the transformation mechanism. 

Li and Todd [9] attempted to compare ~b with the 
TTT curves given by Batte and Honeycombe. How- 
ever, it is fair to say that TTT curves cannot be 
explained only by the calculated velocities for the 
following reasons: 

1. in both models the velocity decreases with trans- 
formation temperature whereas the TTT curves ex- 
hibit their characteristic C-shape; 

2. in both models the velocity increases with car- 
bide volume fraction whereas the TTT curves are 
:slightly displaced to longer times as the carbide vol- 
ume fraction increases. 

It is well-known that TTT curves depend not only 
on growth kinetics but also on nucleation kinetics. It 
is always difficult to separate these factors from TTT 
data only. As a consequence, reliable comparisons can 
only be made with directly measured interface velo- 
cities which are not available. Moreover, in view of the 
many simplifying assumptions made in both models, 
one cannot expect too much precision of the absolute 
values of velocities. It would probably be more realis- 
tic to expect that they are within the correct order of 
magnitude. 

On the whole, the present model offers a much more 
simple explanation and more simple and general ex- 
pressions for interphase precipitation in stoichiometri- 
cally balanced alloys than the model of Todd et al. [8]. 

6. Discussion 
It is very important to discuss the physical meaning of 
Equations 10 and 21. It was admitted in the first place 
that the stepped interface migrates with a given velo- 
city v. From this it was established how carbide pre- 
cipitation should take place so that a steady state 
could be maintained. As a consequence, ledge velocity 
could be related to carbide precipitation. Therefore, 
Equations 10 or 21 can be used to calculate ledge 
velocity from ledge height, vanadium diffusivity in 
ferrite and alloy composition. 

However, Equations 10 and 21 cannot be inter- 
preted as meaning that the growth kinetics is con- 
trolled or determined by carbide precipitation or 
vanadium diffusion in ferrite. The opposite is perhaps 
more likely. It is carbide precipitation and, conse- 
quently, ledge height that probably depends on 
growth kinetics. To illustrate this point, take, for 
example, the alloy Fe-0.96 wt % V-0.21 wt % C-0.97 
wt % A1 studied by Wilyman and Honeycombe [30]. 
The ratio of KA~ determined from this alloy to the 
K obtained here is about 4. Consequently, the ratio of 
the ledge velocity of the aluminium alloy to the ledge 
velocity of an alloy with the same carbon and 
vanadium content but without aluminium is about 
0.25. This indicates that aluminium substantially 
retards growth kinetics. As a consequence, carbide 

precipitation "adjusts" to this growth kinetics so 

that the ledge height is increased. For example, at 
750 ~ the ledge height obtained for the aluminium 
alloy was 35 nm whereas Batte and Honeycombe 
obtained a value of t0 nm for an alloy of similar 
composition: Fe-l.04wt % V~).2 wt % C but without 
aluminium. 

If such an "adjustment" is not possible it is likely 
that another transformation morphology wilt be ad- 
opted, such as fibrous precipitation or precipitation 
on dislocations [1-3]. This is consistent with Honey- 
combe's observation [1, 13] that when the growth 
kinetics is ,slowed down by the addition of a further 
alloying element interphase precipitation becomes 
coarser and the amount of fibrous precipitation 
increases. 

What determines growth kinetics and how different 
transformation morphologies are selected are still 
open questions which have been discussed for a long 
time [1, 7, 14]. 

Finally, it is worth pointing out that when the 
matrix composition changes with time, a steady state 
is not expected to be maintained. In these circumstan- 
ces, it is not easy to predict what will happen. It is not 
unlikely that many of the "irregular" interphase pre- 
cipitation morphologies often reported (e.g. [31]) may 
be caused by such non-steady-state situations. 

7. Conclusions 
The model developed provides a fairly simple ration- 
ale for interphase precipitation in the stoichio- 
metrically balanced Fe-V-C and Fe-V~C-N alloys of 
Batte and Honeycombe [18] and Balliger and Honey- 
combe [19]. The following quantitative relationships 
have been obtained. 

1. The ledge velocity, v, was found (Equation 21) to 
be proportional to (Ii , /Io)fD 1/z wherefis the carbide 
volume fraction, and D the diffusion coefficient of 
vanadium in ferrite. The quantity Ii,/Io is the ratio of 
the amount of interstitial, Iin, which is insoluble in the 
austenite with vanadium content equal to Vo to the 
total interstitial element content in the alloy, Io. If the 
ledge height is known, v can be calculated (Equation 
10) from v = 2D/h. 

2. The ledge height was found (Equation 20) to be 
proportional to (Io/li,)D 1/z/f This latter result can be 
used, together with a previously developed relation- 
ship between ledge height and carbide size [12]. With 
these the ledge height (and of course ledge velocity) 
and carbide size at other transformation temperatures 
and carbide volume fractions, can be calculated. 
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