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Abstract A thermo/kinetics computer model has been

developed to predict the precipitation behavior of complex

precipitates in Nb-Ti bearing steels under hot deformation

condition. The equilibrium concentration of substitutional

elements in austenite and the driving force for precipitation

are calculated by the thermodynamic model. The time

dependence of volume fraction and mean radius of pre-

cipitates is predicted by the kinetics model on the basis of

classical nucleation and growth theory. In the kinetics

model, the effect of hot deformation on precipitation is

taken into account in terms of increase in nucleation

sites and the enhanced diffusivity of substitutional solutes

along dislocation, the decrease of solute concentration in

austenite, and the driving force for precipitation are

determined by a mean field approximation method. More

importantly, the present model treats nucleation and growth

as a concomitant process by using the finite differential

method, which is different from the traditional one that

treats nucleation and growth as a sequential stage. The

model has been further validated by the experimental data

in the literature.

Introduction

High strength, good toughness and improved weldability of

HSLA steels can be achieved by the combination of mic-

roalloying and controlled rolling. The improvement in

mechanical properties results mainly from the refinement

of ferrite grain size together with a controlled amount of

precipitation strengthening. The microalloying elements

such as titanium, niobium and vanadium facilitate grain

refinement through precipitation in austenite and contribute

to dispersion hardening through precipitation in ferrite. The

contributions of titanium, niobium and vanadium to these

two processes are significantly influenced by the solubility

of their nitrides and carbides in austenite and ferrite. One of

the beneficial effects of titanium additions in HSLA steels

is an improvement in the weld heat affected zone (HAZ)

toughness owing to the stable Ti-rich particles formed at

high temperature. Niobium can effectively retard the

recovery and recrystallization during hot rolling, thus

facilitating ferrite grain refinement, whereas vanadium

produces less grain refinement but greater dispersion

hardening since it has a higher solubility in austenite and

precipitates at lower temperatures [1, 2].

Recently, attention has been paid to the combination of

Ti and V or Ti and Nb, or Ti, Nb and V micro-additions,

with the expectation that the potential of each element can

be fully exploited. Since the binary carbides and nitrides of

Nb, V and Ti are mutually soluble owing to their B1 type

structure, this combined addition of metallic elements in

steels (multi-microalloying technology) can lead to the

formation of compounds with complex chemical compo-

sitions [3, 4]; these complex precipitates would further

influence the microstructure and mechanical properties of

microalloyed steels [5].

Considering the importance of multi-microalloying

technology in modifying the microstructure, many

experimental attempts and a few mathematical simula-

tions have been made to characterize the complex

precipitation behavior in HSLA steels [6–11]. Houghton

[9] proposed a thermodynamic model to study the equi-

librium solubility and the composition of carbonitrides in

Nb-Ti bearing austenite on the basis of the Temkin–
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Hillert–Staffansson model. Strid [10] made the first

attempt to develop a thermo/kinetic model to simulate

particle dissolution kinetics in Nb-Ti bearing steel based

on Hillert–Staffansson model and Ashby–Easterling

model. Okaguchi [11] developed a thermo/kinetics model

in the real sense to predict the complex precipitation

behavior in Nb-Ti bearing steel on a theoretical basis.

However, all these models have some deficiencies. For

example, Houghton and Strid’s model failed to describe

the particle precipitation kinetics, and Okaguchi’s work

ignored the effect of matrix solute concentration and

precipitation driving force variation on the precipitation

kinetics. Therefore, the present work intends to develop a

comprehensive thermo/kinetics model to describe the

complex precipitation behavior during hot working in

Nb-Ti bearing steels. In the thermodynamic part, the equi-

librium composition of solute in austenite and the driving

force for precipitation are estimated. In the kinetics part, the

time dependence of volume fraction and particle radius is

predicted considering the influence of concomitant nucle-

ation and growth, solute concentration and driving force

variation on the basis of the classical nucleation and growth

theory.

Basic assumptions

Since there are too many factors influencing the precipi-

tation kinetics during hot deformation, it is a very complex

work to fully describe the precipitation behavior of car-

bonitride. In order to simplify the modelling work without

influencing the simulation accuracy, the following

assumptions are made in our model.

(1) As interstitial atoms diffuse very faster than substi-

tutional atoms in austenite, the kinetics of

precipitation is considered to be controlled by the

diffusion of substitutional elements Nb and Ti.

(2) Since the information of dislocation distribution in

deformed steels is very difficult to be obtained, we

assumed that the dislocations distribute in austenite

uniformly.

(3) Precipitates take the form of spherical and their

composition can be determined stoichiometrically.

(4) Interfacial compositions between carbonitride and

austenite are in local chemical equilibrium.

(5) Since the concentration of Nb and Ti in austenite is

very low, it is considered that the diffusion coefficient

of Nb and Ti is a function of temperature and

composition independent.

(6) Substitutional elements (Nb, Ti) and interstitial ele-

ments (C, N) form ideal dilute solution in complex

carbonitrides.

Thermodynamic calculations

To produce a reliable kinetic model, it is first necessary to

have a sufficient understanding of the phase equilibrium of

the system being modeled. Thermodynamic calculation for

Fe-M-X system containing any number of solutes has been

developed by a few authors [12–14]. But all these models

contain some uncertain parameters, such as solubility

product and interaction parameter, and inevitably lead to

some calculation error. Gladman’s model [15], without any

uncertain parameter, can achieve higher calculation preci-

sion. Hence, their model was employed to calculate

thermodynamic data in our work.

Consider a steel containing A%Ti, B%Nb, C%C, D%N

(wt%), the basic precipitation reaction for the formation of

binary carbides or nitrides in the steel can be written as

½Mi� þ ½Xi� ¼ MiXið Þ ð1aÞ

Ki ¼ ½Mi�½Xi�=aMiXi
ð1bÞ

where aMX represents the activity of the ith component,

[Mi] denotes the concentration of sustitutional elements in

austenite, [Xi] refers to the concentration of interstitial

elements in austenite and (MiXi) represents the solute

concentration in carbonitrides. Considering the formation

of a carbide and nitride of titanium and niobium, the

following equations are obtained.

x Ti½ � þ ð1� xÞ½Nb� þ C ¼ TixNb1�xC ð2aÞ

y Ti½ � þ ð1� yÞ½Nb� þ N ¼ TiyNb1�yN ð2bÞ

where x and y are titanium atom fractions in carbide and

nitride, respectively. If the above carbide and nitride form a

carbonitride phase, then

xz Ti½ �þzð1�xÞ½Nb�þz½C�þy 1�zð Þ Ti½ �þð1�yÞ 1�zð Þ Nb½ �
þ 1�zð Þ N½ �¼Ti xzþyð1�zÞð ÞNb ð1�xÞzþð1�yÞ 1�zð Þð ÞCzN1�Z

where z is the carbon atom fraction in the carbonitride.

The activities of various components can be described as

aTiC ¼ xz ð3aÞ

aNbC ¼ ð1� xÞz ð3bÞ

aTiN ¼ yð1� zÞ ð3cÞ

aNbN ¼ ð1� yÞð1� zÞ ð3dÞ

Substituting the above equations into Eq. 1 provides

several equations capable of yielding a complete

description of matrix and complex carbonitride as follows.

Define nitrogen concentration in austenite to be [N]

(wt%), thus nitrogen concentration in the carbonitride can
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be written as D-[N] (wt%), then the matrix compositions

can be identified as

½Ti� ¼ A� 48ðD� ½N�Þðxzþ yð1� zÞÞ=ð14ð1� zÞÞ ð4aÞ

½C� ¼ C � 12zðD� ½N�Þ=ð14ð1� zÞÞ ð4bÞ

½Nb�¼B�93ðD�½N�Þðð1�xÞzþð1�yÞð1�zÞÞ=ð14ð1�zÞÞ
ð4cÞ

Substitute Eqs. 3 and 4 into Eq. 1, we can obtain the

following equations.

K3 ¼
ðA� 48ðD� ½N�Þðxzþ yð1� zÞÞ=ð14ð1� zÞÞÞ½N�

yð1� zÞ
ð5cÞ

K4¼
B�93ðD�½N�Þðð1�xÞzþð1�yÞð1�zÞÞ=ð14ð1�zÞÞÞ½N�

ð1�yÞð1�zÞ
ð5dÞ

If Eq. 5c is rearranged to express y in terms of the other

variables and y is substituted into Eqs. 5a, 5b, 5d, then the

following equations are obtained.

x ¼ f1 ½N�; zð Þ=f2 ½N�; zð Þ ¼ f3 ½N�; zð Þ=f4 ½N�; zð Þ
¼ f5 ½N�; zð Þ=f6 ½N�; zð Þ

where the six functions are given by

f1 ½N�; zð Þ ¼ Ak3ð1� zÞ½Cð1� zÞ �W �
f2 ½N�; zð Þ ¼ z½k1ð1� zÞðk3ð1� zÞ þ Qþ 48k3

ðD� ½N�ÞðCð1� zÞ �WÞ=14�
f3 ½N�; zð Þ ¼ ½ððk3ð1� zÞ þ QÞðS� Bð1� zÞ � SAð1� zÞÞ

ðCð1� zÞ �W �Þ þ k2zð1� zÞ2ðk3ð1� zÞ þ SÞ�
f4 ½N�; zð Þ ¼ zð1� zÞ½k2k3ð1� zÞ2 þ QÞ þ 93k3ðD� ½N�Þ

ðCð1� zÞ �W �Þ=14�
f5 ½N�; zð Þ ¼ B½N�ð1� zÞ½k3ð1� zÞ þ Q� � ½k4ð1� zÞ

þ S�½k3ð1� zÞ2 þ Q� A½N�ð1� zÞ�
þ z½N�ð1� zÞðD� ½N�Þ½48k4=14� 93k3=14�

f6 ½N�; zð Þ ¼ z½N�ð1� zÞðD� ½N�Þ½48k4=14� 93k3=14�

where S ¼ 93½N�ðD�½N�Þ
14

; W ¼ 12zðD�½N�Þ
14

; Q ¼ 48½N�ðD�½N�Þ
14

:

Equating any two of the above equations gives three

further equations, only two of which are independent.

These two independent equations are written as

f1 ½N�; zð Þ=f2 ½N�; zð Þ ¼ f3 ½N�; zð Þ=f4 ½N�; zð Þ
f3 ½N�; zð Þ=f4 ½N�; zð Þ ¼ f5 ½N�; zð Þ=f6 ½N�; zð Þ

Define two further functions of ([N], z) as

F1 ½N�; zð Þ ¼ f1 ½N�; zð Þf4 ½N�; zð Þ � f2 ½N�; zð Þf3 ½N�; zð Þ
F2 ½N�; zð Þ ¼ f1 ½N�; zð Þf6 ½N�; zð Þ � f2 ½N�; zð Þf5 ½N�; zð Þ

Then we have a basis for the numerical (iteration)

solution of [N] and z, with the valid solution satisfying

0\N\½D�
0\z\1

F1 ½N�; zð Þ ¼ F2 ½N�; zð Þ ¼ 0

During calculation, the value of z and [N] can be

determined by an iterative procedure first. Then, the

equilibrium concentration of Nb, Ti, C, N in austenite

and the atom fraction of Nb, Ti, C, N in carbonitrides can

be obtained by substituting the values of [N] and z into the

above equations.

Nucleation

Nucleation rate

During hot deformation, carbonitrides usually nucleate

heterogeneously on dislocations. The steady state nucle-

ation rate I of carbonitride precipitation can be described

from the classical nucleation theory as [16]

I ¼ N Zbexp �DG�

KT

� �
exp � s

t

� �
ð6Þ

where Z refers to the Zeldovich non-equilibrium factor, N

denotes the number of available nucleation sites per unit

volume, DG* is the critical nucleation energy, b represents

K1 ¼
ðA� 48ðD� ½N�Þðxzþ yð1� zÞÞ=ð14ð1� zÞÞÞðC � 12zðD� ½N�Þ=ð14ð1� zÞÞÞ

xz
ð5aÞ

K2 ¼
B� 93ðð1� xÞzþ ð1� yÞð1� zÞÞðD� ½N�Þ=ð14ð1� zÞÞÞðC � 12zðD� ½N�=ð14ð1� zÞÞÞ

ð1� xÞz ð5bÞ
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the rate of atomic attachment to the critical nuclei, s
indicates the incubation time and K and T have their usual

meanings. It must be noted that there are a range of

alternative approaches to calculate b and Z on the basis of

different assumptions [17–19], and therefore significant

differences in the prediction of nucleation rate will be

generated. The expression used here was chosen as follows

[20].

Z ¼ Va

2pR�2

ffiffiffiffiffiffiffi
r

KT

r
; b ¼ 16pr2CMDeff

a4DG2
V

; s ¼ 2KTa4R�4

DeffVaCMr

where Va is the atom volume of carbonitride, R• is the

critical radius, K is the Boltzmann constant, r is the

interfacial energy, a is the lattice parameter of austenite,

CM is the average concentration of Nb and Ti in austenite,

CM = x.CM
Nb + y.CM

Ti, where x and y are the atom fraction of

Nb and Ti in precipitates which can be obtained by the

thermodynamic model, CM
Nb and CM

Ti are the equilibrium

concentration of Nb and Ti in austenite, respectively. Deff is

the effective diffusion coefficient of Nb and Ti in austenite

and DGv, the volume strain free energy.

Parameter N, which represents the number of available

sites for heterogeneous nucleation, is assumed to be equal

to the number of atoms in the dislocation cores and given

as [21]

Ndis ¼ NhompR2
coreq ð7Þ

Here, Rcore denotes the radius of a dislocation core, Nhom

represents the total number of nucleation sites of nucleation

within austenite and is expressed as Nhom = 4/a3, q is the

dislocation density which can be calculated by the method

provided in [22].

Critical nucleation energy and critical radius

During deformation, the overall energy change on forming

a spherical nucleation can be given as:

DG ¼ DGchem þ DGdis þ DGint ð8Þ

where DGchem is the chemical free energy and given by

DGchem = 4/3p R*3DGv, DGv is calculated using the dilute

solution approximation and can be described in terms of

compositions as

DGv ¼ RT ln XNb0XTi0XC0XN0ð Þ= XNbXTiXCXNð Þf g½ �=VP

where Xi and Xi0 are the concentrations of composition i in

austenite at temperature T computed by the thermodynamic

model and solution temperature, respectively. VP is the

molar volume of precipitates.

DGint is the interfacial energy between carbonitrides and

austenite. The lattice parameter calculation of austenite and

carbonitride indicates that for the orientation relation of

precipitates, there is about 20% mismatch in lattice spac-

ing. Carbonitrides are therefore expected to be incoherent

with austenite, DGint can be expressed as

DGint ¼ 4pR�2 � r

DGdis, the strain energy of nucleation of incoherent

particles on dislocations, has been studied by Cahn and

Gomerez-Ramirez in the situation when the critical radius

of a nucleus exceeds the core radius of the dislocation [21,

23]. In fact, on an atomic scale, the diffusion events and

relaxation of dislocation line energy associated with

nucleation are highly complex. In this work, a simple

assumption is made that the core energy of the dislocation

line is eliminated over the radius of a nucleus, but the long

range elastic strain fields are unaffected. For the estimated

core energy of a dislocation line [24], DGint can be

described as

DGdis ¼ 0:4lb2 � R�

where l is the shear modulus and b is the Burgers vector of

the mobile dislocations.

According to Eq. 8, we can obtain the critical nucleation

energy DG* and critical nucleation radius R* of

carbonitride.

Growth

Growth rate

The growth of carbonitride is usually considered as a dif-

fusion-controlled growth process. According to Fick’s

second law, the growth rate can be given by solution of the

diffusion equation (Eq. 9) with the following boundary and

initial conditions (Eqs. 10a–10c) [25].

Dr2C ¼ oC=ot ð9Þ

C r ¼ R; tð Þ ¼ CI ; 0\t\1 ð10aÞ

C r ¼ R; 0ð Þ ¼ CM; r�R ð10bÞ

C r ¼ 1; tð Þ ¼ CM; 0\t\1 ð10cÞ

where C(r,t) denotes the concentration function of position

r and time t, D represents the diffusion coefficient of

substitutional element, CI refers to the average concentra-

tion of Nb and Ti at the austenite/precipitates interface

which is calculated by thermodynamic model.
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According to the flux balance law and the invariant field

approximation, the growth rate of precipitates is given by

g ¼ dR

dt
¼ CM � CI

Cp � CI

Deff

r
ð11Þ

where R is the particle radius, CP is the average concen-

tration of Nb and Ti in precipitates.

Diffusion coefficient

Since carbonitrides are nucleated on dislocations during

deformation, the precipitates growth is influenced by pipe

diffusion along the dislocation core. Therefore, the diffu-

sion coefficient of solute atoms must be an efficient one

which takes the influence of both volume diffusion and

pipe diffusion into account. In the austenite temperature

range and short diffusion time, the volume diffusion depth

L (L = (Dt)–0.5) of Nb and Ti is longer than the average

distance R(R = q–0.5) among dislocations (assuming

q = 1014/m), then the diffusion coefficient of solute in

austenite can be described by Harrison’s defects diffusion

theory [26] as

Deff ¼ pR2
coreqDdis þ 1� pR2

coreq
� �

Dm ð12Þ

where Rcore represents the radius of dislocation core, Dm

denotes the average diffusivity of Nb and Ti in austenite,

Ddis refers to the average diffusivity of Nb and Ti along

dislocations which can be evaluated from the diffusity in

low-angle tilt boundary [27, 28]. Dm and Ddis can be

denoted as

Dm ¼ xDNb
m þ yDTi

m

Ddis ¼ xDNb
dis þ yDTi

dis

where Dm
i and Ddis

i are the diffusion coefficient of element i

in austenite and along dislocation line, respectively.

Variation of matrix concentration and driving force

During the precipitation reaction, the diffusion of substi-

tutional solute atoms into carbonitride will lead to the

change of matrix composition, and then influence the

subsequent nucleation and growth process. A complex

solution for this problem has been suggested by Wert and

Zener [29]. For avoiding complexity, Bhadeshia developed

the mean field approximation method, which can solve this

problem simply without influencing the predicted preci-

sion. Hence, this method is used to calculate the averaged

concentration of solute in austenite as [30]

CMi ¼
CM � ViCp

� �
1� Vi

ð13Þ

where Vi is the real volume of (TiNb)(NC) phases, CMi is

the modified average composition of solute in austenite.

The driving force will be changed with the variation of

solute concentration in matrix. According to Bhadeshia’

work, the variation of driving force can be obtained as

follows [30]

DGvi ¼ 1� Xhð ÞDGv ð14Þ

where DGvi is the chemical driving force at ith time step,

Xh = Vi/Vmax, where Vi is the instantaneous fraction and

Vmax is the maximum fraction of a given phase. Vmax =

(CM–CI)/(CP–CI).

Precipitation kinetics

In traditional models, nucleation and growth are treated as

a sequential process. In fact, nucleation cannot be finished

instantaneously, there must be a process in which nucle-

ation and growth take place concomitantly, and the effect

of concomitant nucleation and growth on precipitation

kinetics must thus be taken into account for calculation.

Therefore, the kinetics of precipitation could be predicted

by using the above equations in the following manner.

The thermomechanical process is divided into many

time steps. The continuous time evolution of the number

and size of precipitates is tracked in terms of discrete time

steps. The nucleation rate of new particles and the growth

rate of particles nucleated during the preceding time steps

are calculated successively; the solute concentration

remaining in the matrix and the driving force for precipi-

tation are updated at each time step according to Eqs.13

and 14. Hence, the total particle number N and mean

particle radius �R at time t can be expressed as

N ¼
Xn

i¼1

Ii
�R ¼ 1

N

Xn

i¼1

IiRi ð15Þ

where Ii is the number density of carbonitride precipitated

at ith time step, Ii = IDt, I is the nucleation rate of

carbonitride at ith time step and Dt is the interval of time

steps. Ri is the radius of particles nucleated at the ith time

step, which is given by

Ri ¼ R�i þ
Xn

i¼1

giDt ð16Þ

where Ri
* is the critical radius of particles nucleated at the

ith time step and gi is the growth rate of particles at time

t = i* Dt.
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Then, the total extended volume DVe at time i*D t can be

expressed as

Ve ¼
4

3
p
Xn

i¼1

ðR3
i IiÞ ð17Þ

The widely used Avrami type equation [31] (X = 1– exp

(–Atk) cannot be applied to the present situation because the

equation assumes constant nucleation and growth rates.

The generalized KJMA equation [32], which incorporates

the temperature and time dependent nucleation and growth

kinetics, is applied to the present simulation, and the vol-

ume fraction at time i* D t is thus described as

f ¼ 1� exp½�Ve� ¼ 1� exp½� 4

3
p
Xn

i¼1

ðR3
i IiÞ� ð18Þ

The parameter used in calculation is listed in Table 1.

Calculation results

Composition in precipitates

The concentration of Ti, Nb, C and N in precipitates as a

function of temperature was calculated and presented in

Fig. 1. It can be seen that the amounts of solute in pre-

cipitates decrease gradually with increasing temperature

and the dissolution rate of Nb is higher than those of other

elements. At the temperature ranging from 800 to 1300 �C,

the concentration of Nb decreases from 0.86 to 0.35%.

However, Ti content changes only from 0.046 to 0.035%. N

content decrease very slowly. This result is in agreement

with those calculated by other thermodynamic models

[10–12]. It can be also found that for steels with this

composition, even though the reheated temperature is as

high as 1300 �C, there are still some residual carbonitrides

in steels, the composition of which is close to the complex

nitride, i.e., rich in Ti and N, depleted in Nb and C.

Figure 2 presents the calculated atom fraction change of

the elements in precipitates as a function of temperature. It

is evident that as temperature increases, the atom fraction

of Ti and N increases and that of Nb and C value decreases;

the precipitates are chemically close to TiN gradually.

Therefore, Ti and N are the dominant elements in the

quaternary carbonitride at higher temperature.

Precipitation size and volume fraction

Figure 3 shows the mean radius and volume fraction of

precipitates as a function of time at different temperature,

respectively. The dislocation density used in calculation is

assumed to be 8 · 1014 m–3. It can be seen from Fig. 5 that

at the same temperature, the radius of (NbTi)(CN) increases

with time prelonging. As time approaches 250 s, particles

Table 1 Parameter values used in calculation

Symbol Value Reference

a 3.54 · 10–10 m [19]

Vp 1.3 · 10–5m3/mol [9]

DNb 0.75 exp(–264000/RT) cm2/s [9]

DNbdis 0.75 exp(–204000/RT) cm2/s [9]

DTi 0.15 exp(–251000/RT) cm2/s [9]

DTidis 0.15 exp(–191000/RT) cm2/s [26]

Rcore 5.0 · 10–10 m [14]

b 2.58 · 10–10 m [14]

r 0.8 J/m2 [9]

l 4.5 Gpa [14]

Va 1.90563 · 10–29 m3
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Fig. 1 The solute concentration in precipitates as a function of

temperature in 0.07%C–0.007%N–0.086%Nb–0.047%Ti steel, ip
presents the concentration of i element in precipitate
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Fig. 2 The atom fraction of elements in precipitates as a function of

temperature in 0.07%C–0.007%N–0.086%Nb–0.047%Ti steel
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grow very slowly because of the exhaustion of solute atoms

in austenite. At the same time, as temperature increases, the

particle radius increases. The variation of volume fraction

with time shows the typical diagram of Avrami equation.

Nucleation rate and number density

Figure 4 shows the calculated nucleation rate and number

density as a function of time at 900 �C in Nb-Ti bearing

steel. It can be seen that at the initial stage, the nucleation

rate increases intensely from 0 to 1022 s–1 m–1, and then

decreases. When time prolongs to 100 s, the volume frac-

tion precipitated reaches about 30%, the nucleation rate

decreases to 0 and the number density of nuclei saturates.

This calculation clearly implied that, at the initial stage of

precipitation, nucleation and growth take place simulta-

neously in this steel. After 100 s, nucleation stops and only

growth of carbonitrides with different sizes exists in the

precipitation process.

Effect of dislocation density on precipitation

Figure 5 illustrates the precipitation start curve (f = 5%)

for 0.1%C–0.003N%–0.03%Nb–0.040%Ti steel as a func-

tion of dislocation density. It is apparent that when

dislocation density is 8 · 1013 m–3, the precipitation start

time corresponding to the nose temperature is about 200 s;

when dislocation density increases to 8 · 1015 m–3, the

precipitation start time shortened to about 7 s. This cal-

culation is in good agreement with the experiment data

reported in the literature which shows that the presence of

dislocations can increase the number of initial nuclei and

improve the diffusion coefficient of solute atoms in aus-

tenite through pipe diffusion, and then produce a significant

acceleration in precipitation kinetics [33, 34].

Validation of the model

The present model is verified in comparison with a set of

published data from literature. Figure 6 shows the com-

parison between the calculated composition by our

thermodynamic model and the microanalyzed composition

of precipitates in 0.09%C–0.002N%–0.027Nb–0.063%Ti

steel reheated at a temperature between 900 and

1250 �C[11]. It can be seen that the calculated value of Nb/

(Nb + Ti) ratio ranges from 0.10 to 0.3 with the peak

temperature at about 1100 �C in both steels. The calculated

Nb/(Nb + Ti) ratio by the present model is in good agree-

ment with the measured one, especially the peak

temperature at about 1100 �C in both steels.

Figure 7 is the comparison between the precipitation

start time curve calculated by the present model and

that of Okaguchi’s model in 0.09%C–0.002%N–0.02%

Nb–0.042%Ti steel [11]. The dislocation density used in

calculation is selected from Okaguchi’s model. It can be

seen that the precipitation curve predicted by both models
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shows the same typical C-curve with a nose temperature at

925 �C, but the precipitation start time calculated by the

present model is a little later than that by Okaguchi’s

model. Validation of the present model with the measured

data makes it clear that our model displays a good

prediction precision.

Figure 8 illustrates a comparison between the average

radius evolution with temperature predicted by the model

and the reported data [11]. It can be seen that at the

deformation temperature of 900 and 950 �C, the predicted

mean radius of precipitates is 4.5 and 6 nm, respectively.

Considering the experimental error, we can conclude that

the predicted mean radius is in good agreement with the

experimental one.

Conclusion

A computer thermo/kinetics model has been developed to

predict the complex precipitation behavior in Nb-Ti bearing

steels on the basis of the chemical thermodynamics and

classical nucleation and growth theory. The metallurgical

phenomena in the precipitation behavior during hot rolling,

such as concomitant nucleation and growth, solute con-

centration and driving force change, are formulated into the

mathematical equations. This model can be used to predict

the precipitation kinetics of carbonitride during hot defor-

mation in single Nb, Ti bearing steel or Nb and Ti bearing

steel. Further work is to build a dislocation density model

which considers the effect of recrystallization to further

improve the predicted precision of this model.
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