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A new model has been applied to the precipitation of vanadium carbide (VC) particles in sheets at 
austenite/ferrite interphase boundaries during the isothermal transformation of Fe-C-V steels. Linear 
relationships between the intersheet spacings, the VC particle sizes, and the square root of the vana- 
dium diffusivity in ferrite have been identified. The model establishes predictive correlations be- 
tween the interphase precipitate sheet widths, intersheet spacings, and boundary migration speeds as 
a function of isothermal transformation temperature, and shows that the time associated with the in- 
terphase precipitate repeat period is a constant for each alloy over the temperature ranges studied. 
From a single measurement of interphase boundary velocity in a volume where the intersheet spac- 
ing is known, it is possible to predict the intersheet spacing and width as a function of temperature. 

I. INTRODUCTION 

H I G H  strength low alloy and micro-alloyed vanadium 
steels can be significantly strengthened by precipitation of 
vanadium carbide particles at the austenite/ferrite inter- 
phase boundaries during the transformation of austenite to 
ferrite. The interphase precipitation reaction can occur dur- 
ing both isothermal and continuous cooling transformations 
after austenitization, and results in a characteristic mi- 
crostructure of sheets of vanadium carbide (VC) precipi- 
tates containing predominantly one variant of VC. The 
strength and toughness of the resulting microstructures 
have recently been shown by Todd and Li I11 to depend on 
the austenitization temperature, VC solubility in austenite, 
volume fraction of VC available for precipitation in ferrite, 
the size and spacing of the resulting precipitates, and the 
ferrite grain size. Optimum combinations of strength and 
toughness were achieved in a Fe-0.2C-1V alloy by isother- 
mal transformation at temperatures above the nose of the 
ferrite C-curve. In contrast, transformations at temperatures 
below the ferrite C-curve nose resulted in high strength but 
catastrophically brittle microstructures. The mechanical 
properties could be correlated with the spacings between 
the sheets of interphase precipitates and the size of the VC 
particles. Yield strengths correlated well with Melander's 
model for critical resolved shear stress when all the avail- 
able vanadium and carbon precipitated as interphase vana- 
dium carbide. [2] 

In order to optimize the strengths and toughnesses of 
vanadium containing steels, it is essential to understand the 
mechanisms governing the formation of the interphase pre- 
cipitates and to predict their sizes and spacings as a func- 
tion of transformation temperature. The existing theories of 
interphase precipitation in vanadium steels have not yet ade- 
quately addressed this problem. I3-111 

This paper re-examines the current mechanisms and 
models for the interphase precipitation reaction and shows 
how a new solute balance model, developed recently by 
Todd, Li, and Copley, I121 can be applied to explain many as- 
pects of the interphase precipitation of vanadium carbide in 
ferritic steels. 
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II. EXPERIMENTAL PROCEDURE 

The chemical compositions (wt pct) of the steels used in 
this study were Fe-0.19C-1.14V-0.45Mn-0.001N and Fe- 
0.2C-1.0V-3.0Ni-0.5Mn. The alloys were prepared from 
high purity elements (99.9+ wt pct) and induction melted 
under argon in a magnesium oxide crucible. A 10 kg, 7 cm 
diameter ingot was cast in a copper mold in an argon atmo- 
sphere. The ingots were upset forged at 1200 ~ in air and 
cross-rolled to rectangular sections 7 cm wide by 1.5 cm 
thick. Specimens were isothermally transformed at tempera- 
tures in the range 600 ~ to 750 ~ The isothermal time 
temperature transformation (TTT) and mechanical property 
data for these treatments have been reported earlier, tlj Thin 
foils were prepared for transmission electron microscopy from 
0.5 mm slices by chemically thinning to approximately 
0.15 mm using a solution of HF and HzO2. Discs, 3 mm in 
diameter, were punched and ground to 0.06 mm thickness, 
followed by jet polishing in CrzO3-CH3COOH solution. The 
foils were examined with a 120 kV Philips 420T scanning 
transmission electron microscope in the Center for Electron 
Microscopy and Microanalysis (CEMMA) at USC. 

III. INTERPHASE PRECIPITATION MODELS 

Six mechanisms or models have been proposed for the 
interphase precipitation reaction and are now reviewed 
briefly in relationship to the present study. 

A. Ledge Mechanism 

Interphase precipitation of vanadium, molybdenum, and 
chromium carbides was first reported in 1968 by Davenport 
et al. [31 (for Fe-0.2 wt pct C alloys containing 1.5 wt pct of 
the carbide-forming elements vanadium, molybdenum, and 
chromium, respectively) and by Gray and Yeo [4] ( for  nio- 
bium containing steels). Davenport and Honeycombe tSJ 
subsequently proposed that the sheets of vanadium carbide 
platelets precipitated on the austenite-ferrite boundaries 
during transformation, pinning them, and that local break- 
away of the boundary led to the formation of mobile ledges 
or steps. A ledge mechanism has been well established by 
Aaronson et al. [13.14] and Kinsman and Aaronson tlSJ for 
growth of ferrite from austenite in the absence of precipitate 
and has led to the conclusion that, "for most of the transfor- 
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mation temperature range, austenite-ferrite boundaries as- 
sociated with interphase precipitation grow predominantly, 
but not exclusively, by the ledge mechanism."[6] 

A schematic representation of the nucleation and growth 
of vanadium carbide on austenite-ferrite interphase bound- 
aries migrating" with. [51 regular and irregular ledge heights is 
shown in Figure L. This model assumes that precipitation 
occurs on planar, low energy, semicoherent, immobile inter- 
faces formed by the passage of a high energy ledge, which 
is moving too fast to act as a nucleation site. []6[ The lateral 
passage of the mobile ledges results in a macroscopic 
motion of the planar austenite/ferrite boundary which is 
normal to the direction of ledge migration. The nucleation 
of the precipitates on the straight semi-coherent interface 
should be in sheets which have spacings equal to the ledge 
height. The precipitate sizes are expected to decrease close 
to the mobile ledge due to the shorter time available for 
growth. 

Evidence to support this model has been provided by 
thermionic emission studies [14] and photo emission electron 
microscopy, t17) both of which gave only occasional resolu- 
tion of the precipitate particles, and transmission electron 
microscopy observations of 50 to 400 nm ledges in a Fe- 
12Cr-0.2C steel. [181 The concept of a ledge mechanism is 
consistent with the work of Hillert, [19[ which indicates that 
Kurdjumov-Sachs (K-S) related ferrite, with faceted, planar 
austenite-ferrite boundaries, is favored by high supersatu- 
rations and low isothermal transformation temperatures. 
However, the ledge mechanism has not yet provided a 
quantitative explanation for the factors governing (1) the 
repeated nucleation of precipitates along the planar y/c~ 
boundary; (2) the uniform size of precipitates along the 
sheets; and (3) the intersheet spacings. 

More recently, curved interphase precipitate sheet mor- 
phologies have been observed in many alloy steels, imply- 
ing precipitation at nonplanar interphase boundaries, 17,8,20-25] 

The presence of curved sheets of precipitates has led to the 
development of two additional mechanisms, the bowing 
mechanism and the quasiledge mechanism, described in 
Sections III-B and III-C, to account for the precipitation of 
vanadium carbide precipitates on curved austenite/ferrite 
interphase boundaries. 
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Fig. l -  Schematic representation of the mechanism of nucleation and 
growth of carbides on the y / a  interface: IS) (a) regular ledge heights, (b) 
irregular ledge heights. 

B. Bowing Mechanism 

The bowing mechanism was proposed in 1982 by Ricks 
and Howell t71 to account for the effect of interfacially nu- 
cleated precipitation on the mobility of high energy (non 
K-S related) interphase boundaries. They used an energy 
balance criterion to model the bowing of interphase bound- 
aries between pinning precipitates and showed that there 
was a critical precipitate spacing below which it was not 
energetically possible for a bowing mechanism to operate. 
Their mechanism, shown in Figure 2, assumes: 

(1) The interface bows between the particles until unpin- 
ning occurs when the bowed segments are semicircular in 
cross-section (Figures 2(a), 2(b)); 
(2) The interface will then continue to advance until suffi- 
cient solute is acquired in the vicinity of the boundary to 
enable precipitates to renucleate and the bowing process to 
recommence (Figures 2(c), 2(d)). 

However, for a Fe-0.2C-1V steel, the minimum particle 
spacing along the sheet, calculated by Ricks and Howell, iT) 
virtually always exceeded that measured experimentally, 
assuming the bowed segment to be a hemispherical bulge 
(Figure 3). The model was reported as being more success- 
ful for the Fe-0.2C-10Cr alloy shown in Figure 3, which 
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Fig. 2--Schematic  diagram illustrating bowing of the interphase 
boundary between interfacially nucleated precipitates: t7] (a) interface 
bows between particles, (b) unpinning occurs when bowed segments are 
semi-circular in cross section, (c) interface advances, and (d) precipitates 
nucleate and bowing recommences. 
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Fig. 3--Variation of critical precipitate spacing, 1, as a function of the 
volume free energy change associated with the transformation of austenite 
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has slower transformation kinetics, resulting in coarser pre- 
cipitates and larger spacings. No readily apparent correla- 
tion could be established by Ricks and Howell 18] between 
the probability of observing the bowing mechanism and the 
transformation temperature. However, when the precipitate 
spacing along the boundary was less than the minimum 
value required for bowing, they proposed that the boundary 
must then migrate by the "quasiledge" mechanism de- 
scribed in Section III-C. 

C. Quasiledge Mechanism 

The quasiledge mechanism was proposed for precipita- 
tion on high energy, disordered, austenite-ferrite interphase 
boundaries which have been immobilized by copious precipi- 
tation, forming curved sheets of precipitates (Figure 4). For 
forward migration to occur, it was necessary for steps or 
ledges to laterally traverse the boundary (Figure 4(b)) in a 
similar manner to that described for the low energy immo- 
bile boundaries (Figure 4(a)). This is shown schematically 
in Figure 5 where a mobile interface, which has been pinned 
by precipitates, acts as a source of new ledges by bowing 
of the interface between widely spaced particles. Subse- 
quent precipitation repins the interface, forcing the ledge to 
move sideways. 

Implicit in this model is the assumption that the inter- 
phase precipitates, which nucleate at the austenite-ferrite 
boundary, pin the boundary and require the passage of a 
successive ledge for ferrite growth. 

D. Eutectoid Decomposition Model 

Obara et al. 191 developed a eutectoid decomposition 
model for an Fe-0.11C-1.95Mo alloy, in which planar and 
curved boundary interphase precipitation, fibrous precipi- 
tate structures, and pearlite were developed, in terms of the 
following two crystallographic factors: 

(1) 01, the angle between the slowest moving austenite- 
ferrite boundary orientation and the plane of the grain 
boundary; and 
(2) 02, the angle between the slowest moving austenite- 
carbide and the slowest moving austenite-ferrite boundaries 
(Figure 6(a)). 
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Fig. 4--Schematic diagrams illustrating the migration of austenite/ferrite 
boundaries by a "ledge mechanism". (a) Partially coherent (111)v//(110),, 
interface (incoherently immobile) forming planar sheets of precipitates. 
(b) Disordered boundary (immobilized by copious precipitation) forming 
curved sheets of precipitates. 181 

When both 01 and 02 were small, a planar interphase 
boundary carbide structure (i.e., ledge mechanism) devel- 
oped. As 0] and 02 increased (Figure 6(b)), a quasiledge or 
bowing mechanism became dominant, resulting in curved 
boundary interphase precipitation. Further increase of 0] 
and 02 resulted in the fibrous Mo2C carbide morphology be- 
ing favored (Figure 6(c)) until for large 01, 02 the coopera- 
tive growth of a pearlite structure evolved (Figure 6(d)). 

This mechanism is thermodynamically based and predicts 
the shapes of the precipitates. Figure 6 shows the carbide 
phase projecting into the austenite during the decomposition 
and shows that fibers occur as 0] = 02 approaches 90 deg, 
with the fibers growing parallel to the slowest moving 
austenite-ferrite boundary. The model does not predict the 
interphase precipitate sheet spacings. 

E. Solute Depletion Model 

Roberts t]~ has proposed a diffusional model in which 
nucleation of vanadium carbo-nitride precipitates, V(C, N), 
was assumed to take place immediately behind a smooth 
migrating interface. Solute depletion of the ferrite matrix, 
as the precipitates grew, would then be responsible for the 
repeated coplanar arrays of the interphase precipitates, as 
shown in Figure 7. If the interface migration rate was slow 
(e.g., as produced by continuous cooling rates < 12 ~ 
it was possible for the interphase precipitates to develop a 
"fibrous" morphology. Fibers were purported to nucleate 
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pinned by subsequent precipitation (3) forcing the end of the bulge to 
move sideways (4). I81 

on smooth non K-S austenite-ferrite boundaries and grow 
parallel to the direction of the slow motion of the interface. 

However, Roberts' model has several shortcomings: (a) 
the nucleation of VC precipitates homogeneously in the 
wake of a nonfaceted interface gives no reason to predict a 
single variant Baker-Nutting orientation relationship be- 
tween VC and ferrite; (b) the model treats the depletion 
zone that develops around an isolated spherical particle, 
and thus Roberts' analysis cannot be applied to calculate 
the concentration profile produced by the uniformly dis- 
tributed, closely spaced precipitates in an interphase pre- 
cipitate sheet; (c) the model ignored the solute diffusivity 
discontinuity at the ~,/t~ boundary; and (d) the model was 
applied to continuously cooled vanadium steels, making it 
very difficult to determine the diffusivities of vanadium in 
ferrite and also the interphase boundary migration speeds 
during the cooling treatments. 

E Solute-Drag Nucleation Model 

The necessity to account for both the interphase and 
"fibrous" vanadium carbide morphologies led Edmonds [261 
to propose a model for interphase precipitation similar to 
that suggested earlier by Davenport and Honeycombe.m 
This model, shown in Figure 8, assumed that the build-up 
of carbon ahead of the moving austenite-ferrite boundary, 
coupled with the possible collection of vanadium atoms on 
the interface, exerted a drag on its movement, as described 
by Kinsman and Aaronson, [271 and slowed the boundary 
sufficiently to allow nucleation and growth of vanadium 
carbide precipitates. As the VC growth continued, the car- 
bon and vanadium concentrations at the interface were re- 
duced and the driving force was increased sufficiently to 
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Y 
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(d) 
Fig. 6 - -Schema t i c  drawings of carbide nucleation at facets on or/3, 
boundaries as a function of increasing values of 01 and 02:91 

move the transformation front to a position where nuclea- 
tion was repeated. 

If the VC platelets were oriented with a major growth di- 
rection parallel to the movement of the interface and if the 
interfacial movement were slow enough, then a transition 
to a fibrous carbide would occur. Austenite-ferrite boundary 
migration rates were thought to be related to their degree of 
coherency with the most coherent being the most sluggish. 
Alloying element segregation was also predicted to affect 
the boundary migration rate. It is now well established that 
higher manganese contents reduce the mobility of the inter- 
face and favor the development of fibrous carbides, t2s-311 

Edmonds' research showed single variants of VC precipi- 
tates developing into both platelets and "fibrous" carbides. 
More recently, six morphologies of VC precipitates have 
been identified by Todd and Li, ill including an "S-shaped" 
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Fig. 8--Schematic  model of austenite decomposition: [261 (a) interphase 
precipitation, (b) fibrous precipitation. 

short fiber. Todd and Li also suggested that the fibrous 
morphology develops when a low lattice a/VC mismatch 
direction is parallel to both an easy growth direction in the 
ferrite and the interphase boundary plane normal.t321 

No attempt was made to develop quantitatively Ed- 
monds' model, I2m probably due to the earlier conclusion of 
Davenport and Honeycombe, Is] based on diffusion data 
available at that time, that the observed rates of transforma- 
tion in vanadium steels could only be achieved by assuming 
grain boundary diffusion rather than bulk diffusion of vana- 
dium in ferrite. 

G. Summary 

The models presented above are divided into two cate- 
gories: the first is an interface boundary energy controlled 
mechanism and assumes that a stationary K-S or non K-S 

austenite-ferrite interphase boundary is required for nuclea- 
tion of the vanadium carbide, while the second is a diffusion 
controlled mechanism and considers nucleation at or behind 
a moving interface. The first category is further subdivided 
into ledge, quasiledge, and bowing mechanisms although 
the temperature dependencies and transitions between such 
mechanisms are not well established. However, there are 
currently no quantitative models which predict the VC inter- 
sheet spacings and particle sizes. 

IV. A NEW MODEL FOR INTERPHASE 
PRECIPITATION IN VANADIUM STEELS 

In this section, a new model proposed by Todd, Li, and 
Copley tl2] is applied to interphase precipitation in vanadium 
steels. The model combines a solute balance approach with 
the ledge mechanism of ferrite growth in order to establish 
predictive correlations among the intersheet spacings, pre- 
cipitate sheet widths, interphase precipitation repeat peri- 
ods, boundary velocities, and the diffusivity of vanadium in 
ferrite. The model is applicable to, and will be correlated 
with, experimental data collected by Balliger and Honey- 
combe (Fe-C-V-N steel), t33] Batte and Honeycombe (Fe-C- 
V-Nb steels), [28] Honeycombe,  [22] Klenn (Fe-C-V-Ni 
steel), t25] and Wilyman and Honeycombe. t31] The new 
model comprises the following premises: 

1. The diffusion profile developed during growth of an in- 
terphase precipitate sheet can be represented by that result- 
ing from the growth of a "pseudophase" of constant solute 
concentration equal to the average concentration of the 
sheet of interphase precipitates. 
2. The solute lost by the depleted layer during growth is 
exactly equal to the excess solute found in the pseudophase 
sheet. 
3. The average solute concentration in a at the interphase 
boundary is constant between nucleation events. 
4. Nucleation of a sheet of VC precipitates occurs when 
the local solute concentration at migrating ledges at the in- 
terphase boundary reaches a critical value. 
5. The nucleation event does not hinder the migration of 
the y /a  interphase boundary, e.g., by pinning the boundary. 
6. The nucleation time for a sheet of precipitates is short 
once the critical solute concentration is reached. 
7. Precipitation has been completed but significant coars- 
ening has not occurred. 

These premises will now be considered with respect to 
vanadium steels. The crystallography of the interphase pre- 
cipitation reaction in vanadium steels has been addressed 
separately by Li [34] and Li and Todd. I351 The analysis is dis- 
cussed in terms of planar interphase and pseudophase 
boundaries in order to use Zener's solution for plate precipi- 
tate growth.t361 However, the approach can also be applied 
to the case of curved boundaries if they comprise a series of 
small ledges. 

A. Schematic Representation of the Model 

The new model is represented schematically for the pre- 
cipitation of vanadium carbide in ferritic steels in Figure 9 
and can be divided into the following steps: 

(a) Heterogeneous nucleation of VC precipitates occurs 
when a critical solute (vanadium) concentration is reached 
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Fig. 9--Schematic  illustration of the new solute balance model. (a) VC 
nuclei form at a ferrite ledge on the 7/c~ boundary. (b) Nucleation of ad- 
ditional VC as a second ledge migrates. The bulk solute diffusion zone 
around each VC precipitate is much larger in the ferdte than the austen- 
ite. (c) The sheet of precipitates is modeled as a planar "pseudophase" 
with forward growth distance, yp, and solute concentration, C p. The sol- 
ute required for forward growth is exactly supplied by the depleted layer 
between tile pseudophase and the - f /a  boundary. (d) Nucleation of the 
next sheet of precipitates occurs when the interphase and pseudophase 
boundaries reach y" and y~, respectively. (e) Additional growth due to 
residual solute produces a final spacing and width for the precipitate 
sheets equal to y~ and y~,, respectively. 

at the ferrite ledges migrating across a semi-coherent planar 
austenite/ferrite interphase boundary. Growth of the ferrite 
is envisaged to occur by the migration of a series of small 
steps or ledges (which could initially range from a single 
atomic plane to a small multiple of atomic planes), rather 

[37 40] than a single macroscopic step. - Figure 9(a) shows the 
nucleation of VC precipitates at ledge comers on such a mi- 
grating step. 
(b) Nucleation may occur during the passage of several 
atomic steps. Figure 9(b) shows increased nucleation as ad- 
ditional steps of ferrite migrate. The precipitates in the 
layer may grow by interphase boundary and bulk diffusion 
of solutes. It should be noted, however, that at 825 ~ the 
diffusivity of vanadium in ferrite is 300 times that in 
austenite. The precipitates are, therefore, likely to grow in 
the ferrite with, for example, the Baker-Nutting orientation 
relationship. [411 
(C) The nucleation event locally depletes the boundary 
region of solutes, causing a significant increase in ledge 
velocity. Hence, the time available for precipitate growth 
by interphase boundary solute diffusion is expected to be 
very small, and the accelerated ledge growth will leave the 
precipitates entirely in the ferrite matrix. 

(d) As more ferrite steps migrate, the depletion zones 
around the particles become larger and overlap. Hence, it 
becomes possible to model the solute concentration at the 
interphase boundary as a planar front. The sheet of inter- 
phase precipitates is modeled as a planar "pseudophase" of 
width, yp, with a constant solute concentration, C p, equal to 
the average composition of the precipitate sheet (Figure 9(c)). 
The solute required for growth of the pseudophase in the 
forward direction is exactly supplied from the depleted 
layer between the pseudophase and the y / a  boundary. 
(e) The pseudophase continues to grow as the y/t~ bound- 
ary advances with a steadily decreasing velocity, maintain- 
ing a constant average vanadium concentration, C me, in the 
et at the y/t~ boundary. When the 3~/t~ boundary reaches y~, 
the local vanadium concentration at ledges on the 3,~or 
boundary required for nucleation of VC is reached and the 
next sheet of precipitates is nucleated. The pseudophase has 
grown a distance yp in the forward direction at this point 
(Figure 9(d)). 
(f) After precipitation is completed, residual solute has 
caused additional growth to occur at the ends of the pre- 
cipitates forming the pseudophase layers. The final spacing 

It of the precipitate sheets is y~' = y~ and their width is yp 
(Figure 9(e)). 

B. Boundary Pinning 

The sixth model premise, which assumes that the nuclea- 
tion of vanadium carbide does not interfere with the migra- 
tion of the 3,/a boundary, can be established by considering 
the energetics of the interphase precipitation reaction. 

The energy of interest is that involved in transforming a 
thin layer of austenite of height, h, to ferrite at the interface 
between a VC nucleus and austenite, by the passage of a 
ferrite step (Figures 10(a) and 10(b)). This energy is given 
by the equation 

AU = ah(F v - F v) + AF~S + AFvc/~ - AFvc/~ + el 

[11 

a , /~ a 

(a) 
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vc 

~ (b )  
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QI 

(c) (d) (e) 

Fig. 10--Transformation of austenite to ferrite at a semi-coherent immo- 
bile boundary containing VC nuclei: (a) passage of ferrite ledge over the 
VC nucleus; (b) formation of a volume h x A of ferrite from austenite at 
a VC nucleus; (c) formation of an identical volume of ferrite at a 7 / 7  
boundary; (d) formation of an identical volume of VC in a ferrite matrix; 
and (e) formation of an identical volume of VC at a y /y  boundary. 
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where A = interface area, F v = volumetric free energy, 
F = surface energy, KS = Kurdjumov-Sachs orientation, 
and 8~ = strain energy associated with incorporating the 
VC nucleus at the 3~/a boundary into the ferrite. 

1. Consider the energy of formation of an identical volume 
of ferrite at a Y/3'  grain boundary (Figure 10(c)). At the 
isothermal transformation temperature, this must be a large 
negative number given by 

ah(V~ - VV~) + (a + 4 h V ~ ) r ~  s + 

AF~ c - AF~/~ + 82 < 0 [2] 

where NC = noncoherent and 82 = strain energy associ- 
ated with the ferrite formation. " ~s Nc Since F~/~ < F~/~, and 
e2 > 0, we have 

a h ( F  v - F v) + 2(A + 2hX/ )r  - ar~,~ < 0 

[31 

2. Consider the energy of formation of an identical volume 
of VC homogeneously in ferrite (Figure 10(d)). Since such 
nucleation occurs, the energy is considered to be negative, 
giving 

ah(FVc - F v) + 2(A + 2h~/A)Fvc/~ + 83 < 0 

[4] 

where 83 = strain energy associated with the formation of 
VC in ferrite. 
3. Consider the energy of formation of an identical volume 
of VC at a y / y  grain boundary (Figure 10(e)). This value is 
assumed to be more positive than the left side of Eq. [4] be- 
cause observations of isothermally transformed or tempered 
vanadium steels indicate that ferrite matrix precipitation 
is favored over grain boundary precipitation for a prior 
austenitization temperature of 1200 ~ The difficulty of 
nucleating VC in austenite has also been referenced by 
Woodhead.t42~ This energy is given by 

ah(FWc - F v) + 2(A + 2hV~)Fvc,v - AFv/v + 84 

[5] 

where 84 -- strain energy for the formation of VC at a y / y  
boundary. 
4. Subtracting Eq. [5] from Eq. [4] gives 

- A h ( F  v - F v) + 2(A + 2hVA)  �9 

(Fvc/~ - Fvc/v) + AFv/v + 83 - -  84 < 0 [6] 

5. Adding Eq. [3] to Eq. [6] gives 

2(A + 2hN/-A) (F~ s + Fvc/~ - Fvc/v) + 83 - 84 < 0 

[7] 

6. ff e 3 ~ e4, and recognizing that (A + 2h N/A) > A > 0, 
Eq. [7] becomes 

ar~,~ + Arvc,~ - Arvc,~ < 0 [8] 

Referring to Eq. [1], since Ah(F v - F v) is large and nega- 
tive under the conditions of interest, AF Ks + AFvc/~ - 
AFvc/~ < 0, and the strain energy el is estimated to be 
small, then 

A U < 0  

This argument concludes that the migration of a ferrite 
step would not be impeded by the presence of a vanadium 
carbide precipitate at a planar interphase boundary. 

C. The Relationship between Solute Diffusivity and the 
Interphase Precipitate Sheet Spacings 

In the interest of correlating data on interphase precipita- 
tion in the Fe-0.19C-1.14V-0.48Mn and Fe-0.2C-1.0V- 
3.0Ni-0.5Mn steels used in this study with the diffusion 
controlled mechanisms discussed in the introduction, the 
observed VC intersheet spacings were compared with the 
diffusivities of the three major solutes, C, V, and Ni, in fer- 
rite and austenite (Tables I, I I ) .  t42~91 These data suggested 
that the measured intersheet spacings may be related to the 
square root of the diffusion coefficient for vanadium in fer- 
rite in both steels. 

In view of the limited data collected by Todd and Li, tq a 
comparison was made between the square root of vanadium 
diffusivity in ferrite and the intersheet spacings measured 
by Batte and Honeycombe ,  t28~ Wilyman and Honey-  
combe, t3q Klenn, ~251 and Balliger and Honeycombe t331 for 
isothermally transformed vanadium steels. These data are 
plotted in Figure 11. A linear relationship between the in- 
tersheet spacings, y~, and the square root of vanadium dif- 
fusivity in ferrite was apparent in all cases. 

y~ = K e ( D v )  1/2 [9] 

This was a surprising result but did tend to support the hy- 
pothesis that interphase precipitation of vanadium carbide 
was controlled by diffusion of vanadium in ferrite. The 
constant of proportionality, Ke, was higher for the nickel, 
aluminum, and manganese containing alloys than for the 
niobium containing alloys and also appeared to depend on 
the austenitizing temperature. 

The intersheet spacings were then plotted as a function of 
( l /T )  K -~ in Figure 12 and again a linear relationship was 
apparent in all cases. An activation energy equal to 123 KJ /  
mol, approximately half the activation energy for diffusion 
of vanadium in ferrite (242 KJ/mol), was determined from 

Table I. Diffusion Data for V, C, and Ni in Ferrite and Austenite 

Matrix Solute Do (mm 2 s -1) Q (KJ mo1-1) Reference 

Ferrite 

Austenite 

V 398 242 42,43 
C (616~ 844~ 220 122 44to46 
C 2 84 47 
Ni 130 56 48 

V 365 293 42 
C (800 ~ ~ 20 142 48,49 
Ni 44 283 48 
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Table II. Comparison of the Diffusivities of V, C, and Ni in Ferrite and Austenite 
with the Intersheet VC Spacings Observed in Isothermally Transformed Vanadium Steels 

T~o Solute 07  ~ O~ ~ y" 
Alloy (~ (s) (mm 2 s -l  ) (nms -1:2) (ram 2 s -[ ) (nms -1:2) (nm) 

Fe-0.19C- V 1.32 x 10 -l~ 11.43 2.84 • 10 -13 0.53 20 
1.14V-0.48Mn 740 C 1.12 X 10 -4 1.06 • 104 9.47 X 10 -7 9.73 • 102 
1200 ~ Tv Ni 1.68 x 10 -] 4.10 x 105 1.11 • 10 -13 0.33 

V 7.90 x 10 -[2 2.81 9.44 • 10 -15 0.01 14 
650 C 2.70 x 10 -5 5.20 X 10 3 1.83 X 10 -7 4.28 X 10 2 

Ni 8.78 x 10 -z 2.96 • 10 ~ 4.19 x 10 -15 0.06 

V 6.29 • 10 -[] 7.93 1.17 x 10 -13 0.34 33 
1000 ~ T~ 715 C 7.80 x 10 -5 8.33 X 10 3 6.18 X 10 -7 7.86 • 10 2 

Ni 1.42 X 10 -2 1.19 x 105 4.75 X 10 -14 0.22 

V 7.9 x 10 -[2 2.81 9.44 x 10 -1~ 0.10 22 
650 C 2.70 x 10 -5 5.20 x 103 1.83 x 10 -7 4.28 x 102 

Ni 8.78 x 10 -z 2.96 x 10 s 4.19 x 10 -15 0.06 

Fe-0.16C- 655 V 9.50 x 10 -12 3.10 1.16 X 10 -14 0.11 8 
0.98V-3.02Ni- C 3.00 x 10 -5 5.48 x 103 2.02 x 10 -7 4.49 x 102 
0.48Mn Ni 9.14 x 10 -2 3.02 x 10 ~ 5.17 x 10 -15 0.07 
1000 *C T~ 

Y: 
(nm 

15( 

100 

SO 

COM~mmS {,t.X 1 r A (%1 ~ Pf_rE~ 
Q Fe-D. 20C- % 04v~). (3~)ND 1L~0 0.8 [28] , ~  

Fe-O. 15C-0.75V,,0,02OND 1280 1.0 [28] a ' }7  
re-O. 09C-0.48v-0.01(~qo 1200 1.9 [28] 

�9 Fe-O, 05C-0.27V-0.0002N 1150 4.0 [}~] / 
#t Fe-O.21C..O.96V-O.97AI 1200 2.8 [31] 
�9 Fe-0.17C- 1.03V-1.5N1 1~0 3.2 [25] 
�9 Fe*O, 20C--0.96V. 1. ~Nl  1200 3.2 [31] 
�9 re-O.lgC-l.14V-0.4~ 1200 2.4 [ 1 ] 
�9 Fe-G.19C-1,14V-O,45Mn 10011 4.9 ~ 1 ] 

r I I I 
0 10 2 0  3 0  4 0  

v~- (nms -v') 

Fig. 1 1 -  Linear relationship between the intersheet spacings, y ' ,  and the 
square root of vanadium diffusivity in ferrite. 

the slope. These results will now be discussed in the con- 
text of  the new solute balance model.  

D. Application o f  the New Solute Balance Model  

The new model assumes that when the interphase precipi-  
tates nucleate ,  they are smal l  and un i fo rmly  d i s t r ibu ted  
along the interphase boundary. This enables the growth of  
the sheet of  interphase precipitates,  once the y / a  interphase 
boundary has moved on, to be approximated by the planar 
growth of  a "pseudophase" ,  which is assumed to have a 
constant solute concentration equal to the average concen- 
tration in the sheet containing the interphase precipitates.  

According to the model ,  the concentration in front of  the 
advancing pseudophase can be represented by the equation 

(nm) 
lOO 

10 

C~OSITI~S (wt.%) TA(OC) REFERENCE 

0 Fe-O,2OC-l.04V-O.02~ 12~ [28] 
v ~  0 Fe-O. 18C-0.75V-0.020~ 12~ [28] 

' 1 ~  0 Fe-O.OgC-O.48V-8.016~ 12~ [28] 
) ~  �9 Fe-O.OSC-O.27V-O.O00~ 1180 [33] 

~ I W re-O.21C-O.96V-O.97Al 12~ [31] 
' ~ ~ A  �9 Fe-O.17C-I.03V-I,SNI 1200 [25] 

~ _ _  ~ �9 Fe-O.20C-O.96V-1,46N1 1200 [311 

i I i. I i 
19.0 9.5 10.0 10 5 11.0 11.5 

10"/T(I( '1) 

Fig. 12--Linear relationship between the intersheet spacings, y ' ,  and the 
reciprocal of the temperature. 

where 

C m - C ~ 1 - e r f ( y / 2 X / - ~ )  

C ~ - C m~ - 1 - erf(s /2)  [10] 

yp = s V ~ t  [111 

D = solute diffusivity in the matrix ( a  phase) ,  t -- t ime,  
C m = solute concentrat ion in the matr ix  at pos i t ion  y( t ) ,  
C m~ = initial concentration of  solute in the matrix,  Cmp = 
concentrat ion of  solute in the ferri te at the pseudophase /  
matrix interface (which is equivalent to the concentration of  
vanadium in ferrite at the a / V C  interface and is approxi-  
mated to zero in the present  analys is) ,  and yp = forward  
growth distance of the pseudophase.  

Zener  p61 showed that a good approximat ion  of  the pa- 
rameter, s, was given by the equation 
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12 
[12] s = v i _ 1 2  

If it is assumed that the increased solute in the pseudophase 
is provided only from a depleted layer between the pseudo- 
phase boundary at the instant the next sheet is nucleated 
and the position where the next sheet is nucleated, then 
Todd, Li, and Copley t121 show that the parameter 12 is given 
by the equation 

12= [ I ( Y ~ -  1) + 1] - l \ y p  [13] 

where y" and yp are the interphase precipitate sheet spacing 
and pseudophase width, respectively, at the instant a new 
sheet of nuclei is formed. This assumption is appropriate 
for vanadium steels where the diffusivity of vanadium is 10 
to 1000 times greater in austenite than in ferrite. 

The concentration of solute in the pseudophase, C p, is 
given by the equation (y:) C p =-~-(C - C mp)\y; - 1 + [141 

The intersheet spacing is given by the equation 
y" y~ A N / - ~  ' - , ,1/2 r ~ 1 / 2  -AHv/2RT = = = / t t c  W o e  [15] 

where t~ is the interphase precipitate repeat period, and A is 
given by 

2 - 1 2  
A - V~-----~ [16] 

This provides a theoretical basis for the correlation between 
the intersheet spacing and the square root of vanadium 

t 1/2 . diffusivity in ferrite, providing Atc ~s a temperature m- 
dependent constant, which appears to be supported by the 
experimental data. 

The forward growth distance of the pseudophase at 
the instant a new sheet of nuclei is formed is given by the 
equation 

~ [17] t 

The average velocity for the 3, /a  boundary is given by the 
equation 

"Vb Y c' D l / 2  _ _  , , I /2 ~ 1/2 -AHv/2RT 
- - -  - A - s 7  ~ = , a t e  u 0 e [18]  

t" tc 

According to Todd, Li, and Copley, t121 the average 
boundary solute concentration, C m~ (i .e. ,  the average con- 
centration of vanadium in ferrite at the time t = t~, and the 
position y~ = y~, where the next sheet nucleates), which 
must be lower than the linear approximation of C m~ at y~, is 
given for the quasi-stationary solution by the equation 

C mc - C m~ e r f c ( y ' / 2 V ~ ' )  
- [19]  Crop _ cmo 12 

erfc2x/1 - 1~ 

where y ' / ~ / - ~  is given by Eq. [15]. 
This equation may be rearranged to describe the position 

where the concentration equals C m~ as a function of time, 

which according to the model is also equal to Yc and is 
given by 

y~ = 2V'-~ err -1 1 C,,~ _ C ~  erfc 2 

[201 

Comparing Eqs. [15], [16], and [20], it follows that for a 
specific C me, y~/y'p must be the root of the equation 

fl 
2~/1 - 12 + - -  - 

~ / 1  - 12 

( C m c l c m ~  x / i . _ z ~ )  [21 ] 
2 e r f  -1  1 C ~  _ C~O erfc 2 

V.  C O R R E L A T I O N  O F  T H E  M O D E L  
W I T H  E X P E R I M E N T A L  D A T A  

In addition to correlating intersheet spacings with tem- 
perature and V~v ,  the new model can be used to relate 
measured quantities such as sheet spacing (y"), sheet width 
(y~), diffusivity (D), alloy concentration (cm~ and activa- 
tion energies, to model quantities such as the sheet repeat 

t '  period (c) ,  the solute concentration of the pseudophase 
(CP), the average ~//a interphase boundary velocity (Vb), 
and the critical supersaturation (cm~). Indeed, from a knowl- 
edge of y" and y~ for a specific alloy and isothermal anneal- 
ing temperature, all model quantities can be determined. 
An analysis of data for all of the alloys included in this in- 
vestigation is presented in Tables III, IV, and V. 

Statistically based investigations by Honeycombe and 
coworkers t28'31'331 and Klenn t251 have established the validity 
of determining mean values for the intersheet spacing and 
sheet width for a volume of material in which interphase 
precipitation has occurred as a function of alloy composi- 
tion, austenitization temperature, and isothermal annealing 
temperature. Measured values of y" and, where available 
y~, are listed at various isothermal transformation tempera- 
tures in Table III, columns 4 and 5. Two correlations are 
apparent from these data. One has already been pointed 
out, namely 

y~ = K e ~ V  = . i  , - .  1/2 -aHV/2RT ^ , o 0  e [22] 

The second is apparent in the data of Batte and Honey- 
combe, t281 who measured both y" and y~, namely 

y" /y~  = K s [23] 

where Ks is a constant that is independent of isothermal an- 
nealing temperature but varies with alloy composition and 
probably with austenitization temperature. This ratio is 
listed in column 6, Table III. 

Todd, Li, and Copley t12j have shown that y" = y~' and 
that y~ can be calculated with the equation 

t t  t t  

Y c Ye [24] t 

YP 2y" - yp 

t Values for y J y ' p  and yp are listed in Table III, columns 7 
and 8. From the values for y '  and yp, the following param- 
eters were calculated and are listed in Table IV, columns 3 
to 5: (i) 1) calculated with Eq. [13]; (ii) C p calculated with 
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Table III. Measured and Calculated Pseudophase Widths and Interphase Precipitate Sheet Spacings 

Column 1 2 3 4 5 6 7 8 
Alloy TAus (~ T~so (~ y" (exp) nm yp (exp) nm y'/y~ (exp) y'/y~ (calc) y~ (calc) nm 

Fe-0.20C-1.04V-0.023Nb 1200 825 30.0 15.0 2.00 3.00 10.0 
Batte and 800 20.0 10.5 1.90 2.80 7.1 
Honeycombe t2sl 775 16.0 8.0 2.00 3.00 5.3 

750 10.0 5.0 2.00 3.00 3.3 
725 7.5 3.9 1.92 2.84 2.6 

Fe-0.15C-0.75 V-0.02Nb 1200 830 52.0 15.0 3.47 5.94 8.8 
Batte and 806 24.0 11.0 2.18 3.36 7.1 
Honeycombe t2st 780 20.0 8.0 2.50 4.00 5.0 

755 13.0 5.0 2.60 4.20 3.3 
730 10.0 4.0 2.50 4.00 2.5 

Fe-0.09C-0.48V-0.016Nb 1200 830 73.0 31.0 2.35 3.70 19.7 
Batte and 806 62.0 24.0 2.55 4.10 15.1 
Honeycombe t2sJ 780 35.0 10.5 3.33 5.70 6.2 

755 21.0 8.3 2.53 4.10 5.2 
730 18.0 6.7 2.69 4.40 4.1 

Fe-0.05C-0.27V-0.0002N 1150 810 115.0 - -  2.50* 4.00 28.8 
Balliger and 790 94.0 - -  2.50* 4.00 23.5 
Honeycombe E331 760 62.0 - -  2.50* 4.00 15.5 

740 45.0 - -  2.50* 4.00 11.3 
720 22.0 - -  2.50* 4.00 5.5 

Fe-0.21C-0.96V-0.97A1 1200 750 35.0 - -  2.50* 4,00 8.8 
Wilyman and 700 21.0 - -  2.50* 4.00 5.3 
Honeycombet31J 650 11.0 - -  2.50* 4.00 2.8 

Fe-0.17C-1.03V-1.5Ni 1200 710 22.0 8.8 2.50 4.00 5.5 
Klenn t25j 650 10.0 4.0 2.50 4.00 2.5 

600 4.0 1.6 2.50 4.00 1.0 
Fe-0.2C-0.96V-1.5Ni 1200 700 20.0 - -  2.50" 4.00 5.0 
Wilyman and 650 9.0 - -  2.50* 4.00 2.3 
Honeycombe I3~ 

*limited data available 

Eq. [14]: and (iii) A with Eq. [16]. In calculating C p, Cmp 
was taken to be the concentration of vanadium in equi- 
librium with VC, which is small for the temperature range 
of interest, hence, Cmp was set equal to 0. These three 
parameters are independent of isothermal transformation 
temperature because they depend only on y' /y~.  In alloys 
where values of yp were based on limited measurements or 
not available (labeled * in Tables III through V), the ratio 
ofy" /yp  was assumed to be 2.5, giving y ' /yp  = 4.0. 

Several calculated parameters depend on D ~2, which is 
listed in column 6 of Table IV. Values for these parameters 
are listed in columns 7 through 9 and include (i) t" cal- 

' " calcu- culated with Eq. [15]; (ii) V b = yc/tc, and (iii) C '~c 
lated with Eq. [19]. The parameter C mC gives the average 
concentration at the boundary at the instant the new sheet is 
nucleated. 

The use of Eq. [15] to explain the correlation expressed 
by Eq. [22] requires that At "1~2 = Ke be independent of 
isothermal annealing temperature. Values for At "~/2 are 
listed in column 10. Although some scatter is apparent in 
the values listed for each alloy, there is no systematic varia- 
tion of these values with isothermal annealing temperature. 

The value used for C m~ for each alloy is listed in col- 
umn 1 of Table V. In all of the alloys listed, V and C were 
added in the stoichiometric ratio to form VC. 

Several parameters listed in Tables III and IV at various 
isothermal transformation temperatures are independent of 

isothermal transformation temperature. Values for these 
p t t l J2 

parameters, which include Yc/Yp, ~ ,  CP, A, t~ and Atc , 
do exhibit experimental scatter and thus their averages are 
listed in columns 2 through 7 of Table V. The average val- 
ues of Ke (= At~ ~'2) calculated for the individual measure- 
ments at each isothermal annealing temperature match 
closely, of course, the values obtained graphically from 
Figure 12, which are listed in column 8. 

VI. DISCUSSION 

This discussion focuses on values of measured param- 
eters and calculated model parameters based mainly on the 
data of Batte and Honeycombe t28j for three vanadium steels, 
Fe-0.2C-1.04V-0.023Nb, Fe-0.15C-0.75V-0.02Nb, and 
Fe-0.09C-0.48V-0.016Nb, and data of Klenn I251 for a Fe- 
0.17C-1.03V-1.5Ni steel; see Tables III through V. Two 
questions are considered. (1) Are values calculated for the 
model parameters reasonable? (2) Can relationships among 
measured parameters be deduced that would serve as a test 
of the model? 

A. Model Parameters 

The following model parameters are discussed: the inter- 
sheet repeat period, t~; the average interphase boundary 
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Table IV. Model Parameters 

Column 1 2 3 4 5 6 7 8 9 10 
T,~o ~ C e Atoms A X/D t" Vb C mc Atoms At "~'z 

Alloy (~ cm -3 x 1020 nms  -1/2 s n m s  -1 cm -3 x 1020 

Fe-0.20C-1.04V-0.023Nb 825 0.50 19.3 2.12 34.7 0.17 181 7.58 0.86 
Batte and 800 0.53 18.4 2.14 25.5 O. 13 149 7.54 0.78 
Honeycombe t28j 775 0.50 19.3 2.12 18.4 0.17 95 7.58 0.87 

750 0.50 19.3 2.12 13.1 0.13 77 7.58 0.77 
725 0.52 18.6 2.14 9.2 0.15 51 7.53 0.82 

Fe-0.15C-0.75V-0.02Nb 830 0.29 24.2 2.03 36.9 0.48 108 5.66 1.41 
Batte and 806 0.46 15.2 2.10 27.5 0.17 138 5.49 0.87 
Honeycombe t281 780 0.40 17.4 2.07 19.7 0.24 83 5.56 1.02 

755 0.39 18.1 2.06 14.1 0.20 65 5.57 0.92 
730 0.40 17.4 2.07 9.2 0.28 36 5.56 1.09 

Fe-0.O9C-0.48V-0.016Nb 830 0.43 10.5 2.08 36.9 0.91 81 3.55 1.98 
Batte and 806 0.39 11.4 2.06 27.5 1.20 52 3.57 2.26 
Honeycombe 128j 780 0,30 14.9 2.03 19.7 0.77 46 3.61 1.78 

755 0.39 11.4 2.06 14.1 0.52 40 3.56 1.49 
730 0.40 12.0 2.05 9.9 0.78 23 3.58 1.82 

Fe-0.05C-0.27V-0.0002N 810 0.40* 6.3 2.07 28.9 3.71 31 2.00 3.98 
Balliger and 790 0.40* 6.3 2.07 22.4 4.13 23 2.00 4.20 
Honeycombe t33j 760 0.40* 6.3 2.07 15.1 3.95 16 2.00 4.11 

740 0.40* 6.3 2.07 11.4 3.65 12 2.00 3.95 
720 0.40* 6.3 2.07 8.5 1.57 14 2.00 2.59 

Fe-0.21C-0.96V-0.97A1 750 0.40* 22.3 2.07 13.1 1.67 21 7.12 2.67 
Wilyman and 700 0.40* 22.3 2.07 6.3 2,60 8 7.12 3.33 
Honeycombe t311 650 0.40* 22.3 2.07 2.8 3.62 3 7.12 3.93 

Fe-0.17C-1.03V- 1.5Ni 710 0.40 23.7 2.07 7.4 2.07 10.6 7.58 2.97 
Klenn f25J 650 0.40 23.7 2.07 2.8 2.99 3.3 7.58 3.57 

600 0.40 23.7 2.07 1.1 3.09 1.3 7.58 3.64 

Fe-0.2C-0.96V-1.5Ni 700 0.4* 22.3 2.07 6.3 2.36 8.5 7.11 3.18 
Wilyman and 650 0.4* 22.3 2.07 2.8 2.42 3.7 7.11 3.22 
Honeycombet311 

*limited data available 

Table V. Average Values of the Model Parameters 

Column 1 2 3 4 5 6 7 8 9 
Alloy C m~ Atoms cm -3 • 1020 y'/y 'p 12 C p Atoms cm -3 • 1020 A t" s At  "~'~ K e 

Fe-0.20C-1.04V-0.023Nb 
Fe-0.15C-0.75V-0.02Nb 
Fe-O.09C-0.48V-O.O 16Nb 
Fe-0.05C-0.27V-0.0002N 
Fe-0.21C-0.96V-0.97A1 
Fe-0.17C-1.03V- 1.50Ni 
Fe-0.20C-O.96V-1.50Ni 

9.67 2.93 0.51 19.0 2.13 0.15 0.82 0.8 
6.96 4.30 0.39 18.5 2.06 0.28 1.06 1.0 
4.46 4.40 0.38 12.0 2.06 0.84 1.86 1.9 
2.51 4.00* 0.40 6.3 2.07 3.40 3,76 4.0 
8.91 4.00* 0.40 22.3 2.07 2.63 3,31 2.8 
9.49 4.00 0.40 23.7 2.07 2.72 3.39 3.2 
8.90 4.00* 0.40 22.3 2.07 2.39 3.20 3.2 

*limited data available 

velocity, Vo; the parameter, A ~ ; the solute concentration 
of the pseudophase,  CP; and the average solute concentra- 
tion of  ferrite at the interphase boundary,  C m~. 

1. I n t e r s h e e t  r epea t  p e r i o d  ( t ' )  

The intersheet repeat period varies from 0.1 to 1.0 sec- 
onds in the steels investigated by Batte and Honeycombe to 
several  seconds in the nickel  containing steel s tudied by  
Klenn. For  a specific al loy,  this parameter ,  which is the 
time between precipitate sheet nucleation events,  has a con- 
stant value independent of  isothermal transformation tem- 
perature.  A rat ionale  for this resul t  can be based  on the 
premise that the nucleation of a sheet of  VC precipitates oc- 

curs when the local vanadium concentrat ion at migra t ing  
ledges on the interphase boundary reaches a critical value.  
The local concentration of  vanadium, which is attracted to 
the ledges by the presence of  carbon, must vary with ledge 
migration velocity, even though the average solute concen- 
tration, C me, is constant. Since the interphase boundary ve- 
locity decreases with 1/X/t ,  the ledge migrat ion ve loc i ty  
also decreases with time. The intersheet repeat  period can 
be interpreted, therefore, as the time required for the ledge 
migration velocity to decrease to the point that the critical 
vanadium concentration at ledges is reached. The intersheet 
repeat period may be independent of  temperature because  
of  the compensating effects of a temperature change on dif- 
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fusion and ledge migration velocity. Decreasing the tem- 
perature, for example, decreases not only the diffusion rate 
of vanadium to the ledge, but also the ledge migration ve- 
locity so that more time is available for diffusion to occur. 
Consequently, the same time may be required at different 
temperatures for the migrating ledges to slow to the point 
that the critical vanadium concentration is reached. 

It is interesting to note that in the alloys investigated by 
Batte and Honeycombe, the intersheet repeat period de- 
creases with increasing carbon content. This effect might 
be attributed to a stronger attraction of vanadium to the 
ledges in the alloys with the greater carbon content. 

2. Interphase boundary velocity ~b) 
A crude estimate of interphase boundary velocities can 

be made from isothermal TTT diagrams for high tempera- 
tures where growth rates should control the transformation 
rates. For example, Batte and Honeycombe reported that 
the Fe-0.2C-1.04V-0.023Nb steel with a 50/xm grain size 
was 90 pct transformed after a period of 45 seconds at 
800 ~ For a spherical grain, 50/.tm in diameter, this cor- 
responds to a boundary migration distance of 1.34 • 
104 nm, if it is assumed that the transformation proceeds 
from the bounding surface to the center of the grain. This 
corresponds to an average velocity of 298 nm s -~, which 
agrees reasonably well with the calculated value of 
149 nm s-I listed in Table IV. The addition of elements 
such as Ni, Mn, and A1 decreases the calculated boundary 
velocities, where the comparison is made at constant 
isothermal transformation temperature and carbon content. 

3. The parameter A 
The value of the parameter A V ~  for a specific alloy is 

independent of isothermal transformation temperature. This 
follows from a comparison of Eq. [15] to Eq. [22], which 
expresses the correlation illustrated in Figure 11. The 
parameter A itself must be independent of isothermal trans- 
formation temperature because in the vanadium steels it is a 
function only ofy ' /yp (see Eqs. [13] and [16]), which is in- 
dependent of isothermal transformation temperature (see 
Eq. [23]). Thus, the conclusion that t" is independent of 
isothermal transformation temperature follows directly 
from the two correlations discussed in Section V. 

4. The vanadium concentration of the pseudophase (C p) 
The vanadium concentration of the pseudophase in a 

vanadium steel is determined by the fraction of VC it con- 
tains. A basic premise of the new model is that the solute 
concentration in the pseudophase remains constant during 
growth. According to Eq. [14], C p for vanadium steels 
depends only on y'/yp and for a specific alloy must, there- 
fore, be independent of isothermal transformation tempera- 
ture. This result is consistent with observations of high 
densities of small particles in precipitate sheets formed at 
low temperatures and low densities of large particles in 
sheets formed at high temperatures. 

5. The concentration of vanadium in ferrite at the 
interphase boundary ( C mC ) 

It is another basic premise of the new model that a con- 
stant value of C '~C is maintained at the advancing interphase 
boundary between nucleation events. According to Eq. [19], 
C mc for vanadium steels depends only on y'/y'p and for a 
specific alloy must, therefore, be independent of isothermal 
transformation temperature. Conversely, the formation of 

ferrite with a characteristic vanadium concentration over 
the range of transformation temperatures normally investi- 
gated may be the critical factor that determines y'/y'p and 
also C e. If C "~ is set, then y'/yp is determined by Eq. [21]. 
The parameter, C p, is determined by Eq. [14]. 

B. Measured Parameters 

The ultimate goal of a model for the interphase precipita- 
tion reaction is, of course, not to calculate model param- 
eters from measured parameters although such calculations 
may be useful in gaining an understanding of the phenome- 
non. The goal is to predict measured parameters from other 
known parameters. Todd, Li, and Copley t~2J have suggested 
that a feasible approach for verifying and applying the 
model is to measure the average interphase boundary veloc- 
ity in a volume where the interphase precipitate sheet spac- 
ing, y" = y~, is known. According to Eq. [18], t" = Y~/Vb; 
consequently, 

Since A is a function only ofy~/y~, this ratio can be deter- 
mined. Thus, if the vanadium diffusivity is known, y~ and 

tP hence yp can be determined. In principle, from a single 
measurement of velocity where the interphase spacing is 
known and from a knowledge of the diffusivity of vana- 
dium as a function of temperature, it is possible to predict 
y~' and y;' for a specific alloy at any temperature where the 
interphase precipitation reaction produces precipitate 
sheets. Such a prediction provides a test of the model and 
provides useful information which can be correlated with 
mechanical properties. 

VII. CONCLUSIONS 

A review of data on the interphase precipitation reaction 
in vanadium steels has revealed two important correlations: 
(1) for a specific alloy, the interphase precipitate sheet 
spacing is proportional to the square root of the vanadium 
diffusivity in ferrite; and (2) for a specific alloy the ratio of 
the sheet spacing to sheet width is a constant independent 
of isothermal transformation temperature. A new solute 
balance model has been applied to vanadium steels and pro- 
vides a satisfactory interpretation of these correlations. All 
model parameters can be evaluated if the intersheet spacing 
and width are known. The intersheet precipitation repeat 
period, solute concentration in the pseudophase, and solute 
concentration in ferrite at the y/ct interphase boundary are 
all independent of isothermal transformation temperature. 
From a single measurement of interphase boundary velocity 
in a volume where the intersheet spacing is known, the in- 
tersheet spacing and width can he predicted as a function of 
temperature. 
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