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Mathematical Modelling of Primary Recrystallization Kinetics
and Precipitation of Carbonitride Particles in Steels.
I. Precipitation
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A mathematical physical-based semi-empirical model and a corresponding
computer program are developed for describing recrystallization process
and carbonitrides particles precipitation in deformed austenite. The model
is suitable for alloyed steels of a wide range of compositions. The model
allows calculate a thermodynamic equilibrium for excess carbonitride
phases with solid solution, the kinetics of their nucleation and growth,
and their effect on recovery and recrystallization. A detailed description
is given for each aspect of the model and its physical nature. Verification
of the simulation results with the experimental data from published
sources confirms the sufficient reliability of the proposed computer model
for evaluative calculations. The model’s features are demonstrated by an
example that simulates influence of Nb content on recristallization, recov-
ery and nucleation, growth and Ostwald ripening of Nb and Ti carboni-
tride particles. The simulation shows and allows numerically evaluate the
effect of slowing down recrystallization and recovery with increasing in
Nb content. This indicates a significant effect of dispersed carbonitrides
on recrystallization and recovery. The simulation theoretically predicts an
intensification of Ti(C, N) particles precipitation and growth with an in-
crease in the Nb concentration. Another result is an increase of dispersion
and number of Nb(C, N) particles with an increase in the Nb concentra-
tion owing to more rapid transition to the Ostwald ripening stage, which
is characterized by much more slowly average particle size growth than
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from a supersaturated solid solution.

Key words: recrystallization, kinetics, austenite, steel, modelling.

Pospobieno marematuuHy (isWYHO OOI'PYHTOBAHY HAIIBEMIIiIpUUHY MOZEJb
i BiZmoBimHYy KOMII’'IOTEPHY IIpOrpaMy, II[0 OHMCYIOTH IIPOIeC PeKpucTajisa-
mii i BumiseHnHsa yacTHHOK KapOoHiTpuzaiB B medopmoBanomy aycrteHiTi. Mo-
JleJIb ITapaMeTPU30BAHO AJIA JIETOBAHUX CTajell IIMPOKOT0 CIEKTPY CKJIAMIB.
Mogens m03BOJISIE PO3paxyBaTU TEePMOAMHAMIUHY piBHOBATY AJA HAMJIUII-
KOBUX KapOOHITpMAHUX (a3 y TBEPAOMY PO3UMHi, KiHETUKY iX 3apOAKeHHA
i 3pocTaHHA, a TaKOK IX BILIMB Ha IIOBEPHEHHA i pexpmcrasisariro. [iaa
KOJYKHOI'O 3 aCIeKTiB MOJeJli HaBeJeHO MOKJAAHUNA OmMC Horo (pismuHOi CyTi.
IlepeBipka pesyabTaTiB MOAENIOBAHHS €KCIEePUMEHTAIbHUMHU JaHUMHU 3 Ji-
TepaTypHUX MAKepes IMiATBepAuJa AOCTATHIO HAAINHICTL 3alpoOIIOHOBAHOL
KOMII IOTEPHOI MOZeJi A OLiHOYHMX po3paxyHKiB. Ocob6iamBocTi Mozeii
MIPOJeMOHCTPOBAaHI HA MPUKJAAI MOAENIOBAHHS BIJIUB BMicTy Nb Ha peKpu-
cTajisallito, MOBEepHEHHA, a TAKOK Ha 3apoKeHHsA, 3pocTaHHA i OcTBab-
IOoBe mo3piBaHHA yacTHHOK KapOoHiTpuais Nb i Ti. MogerroBaHHS IOKAa3ajo
i M03BOJIMJIO UMCEJIBHO OI[IHUTU e(eKT YIOBiJIbHEeHHSA peKpucraiisarii i mo-
BepHeHHA npu 30iabirenHdi Bmicty Nb. Ile cBiguuTh mpo BOJINB AUCIEPCHUX
KapOOHITpuIiB Ha peKpucTasisaiito i moBepHeHHA. Moae i0OBaHHSI TEOPETH-
yHO TIepenbaunso iHTeHcuGiKallilo 3apogKeHHA 1 3pOCTaHHS YacCTOK
Ti(C, N) 3i spocramuam koumeHrparii Nb. Iumwum pesyabraTom € 36i7b-
IIeHHsA auciepcHocTi Ta Kiabrocri uwactuHoK NDb(C, N) 38i s6iabinenasam
KouneHTtpamii Nb BHaAcHiZoK OGiabII IIBUAKOrO mepexoxy no cramii OcTBajb-
IOBOTO H03piBaHHA, fAKA XapaKTepusyeThbcsa HabaraTto OiJbII ITOBiIBHUM
3POCTAHHAM CEPEIHBOTO PO3MIpPy YaCTOK, HiK IIpW iX YTBOPEHHi 3 mepecu-
YEHOT'0 TBEPAOTr0 PO3UUHY.

KarouoBi cimoBa: pekpucrasriszaiid, KiHeTHUKa, ayCcTeHiT, cTalb, MOIEIIOBAH-
HdA.
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1.INTRODUCTION

Physically based mathematical models can be a convenient tool for pre-
dicting a structure formation and properties of materials [1-3], while
minimizing time-consuming, expensive, and lengthy experimental
studies. In our previous works were presented [4—6] mathematical
models for thermodynamics of carbonitrides [4, 5] and complex oxides
[6] formation, and for kinetics of phase transformations [7, 8]. This
serial of articles proposes a physically based mathematical model that
describes kinetics of primary recrystallization (after deformation)
with the background of carbonitride particles evolution process. These
processes influence each other and should be modelled in aggregate. In
particular, dispersed particles of carbonitrides slow down the recrys-
tallization, at the same time, the recovery and recrystallization slow
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down the nucleation and growth of the carbonitride inclusions [9-11].
The kinetics of carbonitride particles precipitation also requires ther-
modynamic calculations of the carbonitrides composition and their
equilibrium amount. For this purpose was used a modified version of
our earlier model [5]. The software implementation of the correspond-
ing module has been completely redeveloped. To implement the model,
a special computer program in Python was written.

Models for this purpose were being developed earlier by others, for
example [9—12]. In comparison with the above, our model considers the
simultaneous of several elements carbonitrides precipitation, their
composition is calculated, and the temperature and concentration de-
pendences of a number of intermediate parameters are taken into ac-
count.

The present part primary considers on modelling of carbonitride
precipitation kinetics for the case of deformed steels. The following
one will be devoted to the influence of this process on the recrystalliza-
tion and recovery phenomena. In spite, the description and analysis of
the processes of carbonitride precipitation and recrystallization are
given in separate parts of the article they are simulated simultaneously
in one computer model because they, as been mentioned, are strong in-
terrelation.

2. MATHEMATICAL MODEL

A thermodynamic model of carbonitrides formation. The thermody-
namic module of our model is based on the method described in [4, 5].
The essence of the method consists in calculating the thermodynamic
equilibrium for a group of reactions carbides and nitrides formation
from a solid (in this case) solution. In this case, carbonitrides are as-
sumed as a mutual solid solution of the corresponding carbide and ni-
tride. It was taken into account a deviation from the ideality of such
solution basing on the method of A. G. Ponomarenko (a method for as-
sessing the thermodynamic functions of systems with collectivized
electrons) [13].

The method for calculating the equilibrium amount of a compound is
based on the concept of the equilibrium constant of a compound from a
solution formation reaction:

a
K — Me,R,, (1)

P n m
Qe 1Y)
where K,—equilibrium constant, a,, ; —an activity of this compound
. . . v . . .

in the carbonitride phase, a[Me]—carblci["e or nitride forming element ac-
tivity, ajgj—activity of carbon or nitrogen, n, m—stoichiometric reac-
tion equation coefficients.
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For carbides and nitrides of elements Ti, Nb, Zr, the numbers n and
m can be considered equal to 1. A compound part in carbonitride can be
expressed as follows:

Yy = K, @[R][Me], (2)

Y Mer

where xy.—a proportion of the carbide or nitride; [ fir—
respectively, activities coefficients of the carbonitride formers; yy.g—
an activity coefficient of a resulting compound in the carbonitride
phase, [Me], [R]—respectively, mass concentrations of carbonitride-
forming element and carbon or nitrogen equilibrium with the formed
compounds, % .

In[5, 6], we have obtained the following equations (3)—(7):

Myney, Myr ~
(mcarb + mnjtr )M
fisaht - _ (3)
— 10000K, =11l Mgy, ~ Mz), Mvier, ~ My,
b
Y Mer mp" Mg, — Moy, mpn — M — My
m
[Me],,
MRZ M ’ (4)
Me,,l_
Mear,, = Z m[Me]ui (arb) T My, » (5)
Moy, = Z m[Me]ui itry T My, » (6)
m[Me]u = m[Me]w (carb.) + m[Me]u[ (nitr.)? (7)

where my, , Mg —the total mass of a carbide-forming element and
carbon or nitrogen in the volume of the system with mass m, , kg;
My, » Myg;, — Tespectively, the mass of a carbide or nitride formmg
element and carbon or nitrogen spent on the formation of the com-
pound, kg; m m, —a mass of the considered section of the system, kg;
M., m,, —massof carbides and nitrides formed; M,,, and M, , —
molecular weights of carbide or nitride forming element and the reac-
tion product, kg/mol; My camy> Miue), ity —the consumed mass of
each of the carbonitride-forniing elements, kg; m, My, > ™, —consumed
masses of carbon and nitrogen.

More details about this calculation method are described in [5], some
numerical values are also given there.

Having written Eq. (3) for each of the carbides and nitrides in this
system, together with Eqs. (4)—(7), we obtain a closed system, which
solution allows us to calculate the distribution of elements between
carbides, nitrides, and solid solution and the mass of the compounds

[N],
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formed.

In the model described in [4], carbonitride was considered an ideal
solution of the corresponding carbide and nitride, and the activity co-
efficient was assumed equal to 1. This approximation is not entirely
accurate and, as applied to this problem, often led to significant devia-
tions of the result in the direction of nitride or carbide prevalence in
the predicted reactions products. In [13, 14], a method was described
that allows one to determine the activity of components in systems rep-
resenting a mutual solution of chemical compounds. In carbonitrides
electrons of the atoms form a single quantum-mechanical system,
which can be thermodynamically characterized by the chemical poten-
tial of electrons (Fermi level). This allows the partial entropy of the
mixing to be presented in the form of two components that take into
account the excitation of nuclei and electrons separately:
S =8 + Sty The term S takes into account the component
of thermal motion associated with permutations between different at-
oms, S, takes into account the thermal excitation of electrons. The
enthalpy of mixing within the accepted approximation is considered
equal to zero. The expression for the chemical potential of an element
has the form:

Ky = pg) +RT Inx, v, (8)
where x;—an element i concentration, y—an element activity coeffi-

cient.
The chemical potential of a compound is by definition equal to:

Hove,r,) = MHye T MUgs 9)
hence
Koy = I“L?Me) + RT In Xovie)V (Me)» (10)
Py = gy + BT I X)W g, (11)
Hate,r,) = Mg T MRy + BT I X000 20 Wi Wik, - (12)

MMy and mug, in (12) canbe wrapped up to p, ¢ )

l"L(Mean) = M?Me"Rm) +RTIn x(nMe)x(r;;)W?Me)W?l;)' (13)
The chemical potential of a compound is related to its activity:

+RTIna (14)

_ .0
Hve,r,) = Houe,R,,) (Me,R,,)*

From analogy of (13) and (14), the activity of a single compound in
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the carbonitride phase is:

_oan m ..n m
Ante,r,) = Xne) X)WV ve)V (r)* (15)

Formula (16) was proposed to determine the parameters vy, [14]:

-1

PR
v, = (T)”Zx,e o (16)

k
where II :HK?’ =K'y’ ... K", g;—interchange energy of atoms i
and j: i=1

€; =1(K§/2 —K;/Z)z, 17)
2
where «;, K,—energy parameters of elements i and j.

Despite the not very accurate nature of the considered method, the
use of activity coefficients determined with it is more correct than as-
suming them equal to 1.

The values of the energy parameters x adopted in our model are:
Ky =134, k=732, Ky =125, k= 29, Ky =184, Ky, = 280, Ky, = 226.

The calculation is carried out in several iterations starting from the
approximation of an ideal solution with the refinement of the activity
coefficients at each subsequent step, until the gap between the values
obtained in the neighbouring iterations becomes less than a certain
small value.

A kinetic model of carbonitride particle precipitation. The precipi-
tation of Ti, Nb and Zr carbonitrides from a solid solution occurs main-
ly at dislocations [15, 16]. In [16], equation (18) is given for an excess
phase particles stationary nucleation rate:

AN AG
@Y _N,F _ 8% | 18
at " ZBeXp( RTJ (1%)

where N—number of particles per unit volume of material, m™3; t—
time, s; N,—bulk density of particle nucleation potential sites, m™>;
F,—Zeldovich factor [17]; p—rate of diffusion attachment of atoms to
a critical-size nucleus; AG.—thermodynamic barrier of nucleation for
a critical-size nucleus, J/mol; T—temperature, K; R—gas constant,
J/(mol-K).

The Zeldovich factor F, allows one to take into account the possibil-
ity of fluctuation dissolution of nuclei with a size larger than critical.
It is calculated by the formula (19) from [17]:

F, = \JAG, /(37RTn?), (19)
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where nc—a number of some conventional elementary volumes of car-
bonitride in the nucleus.

Assuming that the nucleus has a spherical shape, the parameter nc is
calculated by the formula (20):

ne =—n-2, (20)

where R.—the critical radius of nucleus, m; V,—conventional ele-
mental volume of carbonitride, m?.

The conditional elementary volume of carbonitride is calculated as
the ratio of the molar volume of a given carbonitride to the Avogadro
number. The critical radius of the nucleus R, according to [9], is equal
to:

2y y
R, = ——AG;VIZ(&N) , (21)

where v, ,—particle/matrix specific surface energy, J/m? AG"“N —
Gibbs volumetric energy change, J/m?.

The value of the specific energy of the particle/matrix interface de-
pends on the temperature of the solvus of the compound [9, 18]:

Yoy = 0,09272 + 5,84 - 125 o 00441675 (22)

The thermodynamic barrier of nucleation of a nucleus of critical
size, if the shape is assumed to be spherical, is determined by formula
(23):

4
AG, = gnngp/y, (23)
where R.—the critical radius of nucleus, m, y,,—particle/matrix spe-
cific surface energy, J/m?.
The change in the Gibbs volumetric energy during the formation of
carbonitride depends on the concentration of elements in a solid solu-
tion [19] and is calculated by the formula (24):

RT | XX
- Me(C,N) eq *eq
v XX

AGYCN) — : (24)

where V*“Y _molar volume of carbonitride, m*/mol; Xy, and X, —
respectively, the molar fraction carbonitride forming element and ef-
fective molar fraction of carbon; Xj! and X —equilibrium molar
fractions of the carbide-forming element and carbon in the solid solu-
tion.
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The effective molar fraction of carbon in equation (24) is assumed to
mean its value that corresponds to the carbon content in the solid solu-
tion at which the solvus temperature of the corresponding carbide co-
incides with the similar temperature for pure carbonitride [20].

Particles of carbonitrides are formed at the nodes of the dislocation
net. The volume density of the particles potential nucleation sites N, at
the initial moment is equal to the total number of these nodes per unit
volume, which depends on the dislocation density [15]:

N,, =0,5p;”, (25)

where p,—dislocation density.
The average dislocation density can be estimated using formula (26)

from [9]:
2
G —Gy,
= —22 26
Pa (upMub] (26)

where c—plastic flow stress, Pa; ¢,,—yield strength at a given tem-
perature, Pa; M—Taylor factor, M =3.1 [9]; p—shear modulus at a
given temperature, Pa; b—Burgers vector module; o,—empirical pa-
rameter, o, =0.15[21].

The plastic flow stress of a deformed solid solution ¢ is the differ-
ence between the strain hardening of the material and the stress relax-
ation due to dynamic recrystallization [22]:

6 =0, —Aoc, 27

where o,—strain hardening of metal, Pa; Ac—stress relaxation.
Strain hardening can be estimated by the formula (28) from [22]:

o, = BL— e )", (28)

where e—degree of plastic deformation; B—stress corresponding to
the maximum strain hardening, Pa; C and m—model parameters.

The B, C, and m in (28) are presented as functions of parameters Z
and A. The Zener-Hollomon parameter Z is also called the temperature-
velocity parameter [9] and is given by the equation (29):

Qy
7 = gk, (29)

where ¢ —strain rate, expressed as an additional degree of defor-
mation per unit time, s™'; @,—strain activation energy, J/mol.

The effective energy activation of the deformation process @, can be
estimated for austenite of known chemical composition according to
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the empirical formula (30) from [23]:
Q, = 267000 -2535.52[C, % ]+1010[Mn, % ]+ 33620.76[Si, % ] +
+35651.28[Mo, % ] + 93680.52[Ti, % 1>**" + 31673.46[V,% ]+ (30)
+70729[Nb, % 1°%°*.

The parameter A also depends on the strain activation energy[23]:
A =(12.197+65.590[C, % ]—49.052[Nb, % ])e7'°76'1°75Qd . (31)

Parameters B, C and m from formula (28) are expressed in terms of
Z and A[22, 23]:

B =(9.5326 + 0.6196In(Z / A)Y’, (32)
C = 3.9202(Z | A)*%%, (33)
m = 0.3449¢C013NZ/4), (34)

Stress relaxation due to dynamic recrystallization is proportional to
the amount of dynamically recrystallized volume (35):

AG = B'F (35)

where Fprx—dynamically recrystallized volume fraction; B'—strain
factor, Pa.

The fraction of the dynamically recrystallized volume Fpix depends
on the degree of deformation and, according to [24], can be calculated
by the formula (36):

€= Ol4E, "
Fyoy = 1—exp| —k| S %% | | (36)
€
p

where ¢—deformation degree; ¢,—deformation corresponding to the
maximum stress on the plastic flow curve; k&, a4 1 m'—model parame-
ters.

Parameters £ and m’ depend on A and Z. The coefficient B’ from
formula (35) depends on them. These empirical dependencies [22, 24]
are represented by formulas (37)—(39):

B’ =26.031(Z / A", (37)
k =0.5974exp(1.2333(Z / A)°%), (38)
m' =1.0901exp(0.264./Z / A). (39)

The value of the coefficient oy from (36) according to [22]is 0.95.
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Shear modulus p is temperature dependent. An empirical formula
(40)is givenin[10, 18]:

(40)

u=8.1-10"(0.91 - £=300)
1810

where T — temperature, °C.

The value of the Burgers vector modulus b in equation (25) depends
on the type and parameter of the crystal lattice. In the case of austenite
having a face-centred cubic lattice, it is equal to half the lattice param-
eter. The lattice parameter depends on temperature and chemical com-
position. Based on a synthesis of literature data, we have proposed an
empirical formula (41):

a, = 0.356 +8.5-107°T + 0.0033[C, %], (41)

where a,—austenite lattice parameter, nm, T—temperature, K.
Parameter B—the diffusion attachment rate of atoms to a critical-
size nucleus [18]:

2
p = AR Xy, 42)

a,

where R.—critical nucleus radius, m; Dy,—volume diffusion coeffi-
cient of carbonitride-forming element atoms, m?*s™; Xy,—molar con-
centration of carbonitride-forming element in austenite; a,—austenite
lattice parameter, m.

Diffusion coefficients depend on temperature:

264000

Dy, =7.5-10%e &7 , (43)
251000

D, =1.5-10"e &7, (44)
239180

D, =2.5-10%e &7 , (45)
190940

D, =9.62-10%¢ *T , (46)
198400

D, =5.63-10"e =T . (47)

Particle growth involves two stages: at the first stage, the equilibri-
um between the solid solution and the excess phase has not yet oc-
curred; at the second stage, the process of Ostwald ripening actually
takes place.

As in [9], our model describes a change in the average particle size.
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At the first stage, the growth rate of the average particle radius is de-
scribed by equation (48) from [21]:

R,

D Deff X X R . _
AR _Dye Xy, = Xye”  1dN o g (48)
dt R % N dt

p eq
apXMe - X e

where R —current average particle radius, m; Df,fj —diffusion coeffi-
cient taking into account the contribution of volume and dislocation
diffusion, m%s; X,,—actual molar concentration of the carbonitride-
forming element in the solid solution at a given time; Xy —
equilibrium molar concentration of carbonitride-forming element in
solid solution; X}, —molar fraction of carbonitride-forming element
atoms in carbonitride; a,—ratio of atomic volumes in solid solution
and in excess phase; R,—a capillary radius (the minimum radius of a
particle that can grow with a given supersaturation of the solid solu-
tion), m; Ré —an effective critical radius of carbonitride particles, m;
N—number of particles.

The capillary radius R, is determined by the formula (49) from [9]:

zyp/yvvaMe(C,N)

R
0 k,T

, (49)

where y, —particle/matrix surface energy, J /m?; V,—conventional
elementai volume of carbonitride, m?; k;—Boltzmann constant, J/K;
T—temperature, K.

The effective critical radius of a carbonitride particle Ré defined by
the formula (50):

R: =(1+0)R,, (50)

where R.—critical radius of the nucleus, determined by the formula
(21), m; a—empirical parameter, o =0.03 [9].

Effective diffusion coefficient D' consists of the coefficient of
volume diffusion and the coefficient of dislocation diffusion. Accord-
ing to [17], its value can be calculated on the basis of the volume and
dislocation diffusion coefficients according to the formula (51):

Dy, = nR;p,Dy¢ + (1 — nR{p,) Dy, (51)
where R;—dislocation core radius, m; ps;—dislocation density, m 2
Df;: —dislocation diffusion coefficient, m?s™; D,;,,—volume diffusion
coefficient, m2s'.

The temperature dependences of the dislocation diffusion coeffi-
cients for elements considered in this model are given below:
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-172500

DI =1.0.10"e T (52)
) -170000

Dis = 45.10% A | (53)
) -160000

Dl =25.10"% T (54)
) -160000

D¥ =2.17-10%e A (55)
) -132240

D =2.53.10%e T . (56)

The change in the average particle size during Ostwald ripening is
given by equation (57) from [17]:
dR 4 X R DS

ar_ = — 57
dt 27 o, Xy, - X,k R .

The decrease in the total number of particles during the Ostwald rip-
ening process is described by equation (58)[17]:

eff
d_N:i §Me — RO_DSMe|:_ Rp()XMe - [ 3 - —N]—3Ni|, (58)
dt 27 o X - X R | R(X%, - x3)\4nR

All the parameters from equations (567) and (58) are described above.

3. VERIFICATION OF THE DEVELOPED MODEL

To verify the proposed computer model of carbonitride particle for-
mation, experimental data was used from several published sources [9,
15, 18, 26—-32].

Figure 1 shows an example of comparing the experimental data from
[15] on the change over time of the average particle size (diameter) of
Nb(C, N) with the calculation results. The composition of the steel is
given in Table 1. The degree of deformation is 80% and the rate of de-
formationis 2.6 s,

The verification study showed that the average deviation of the val-
ues predicted by the model from the experimental data for modelling
the growth of carbonitride particles is about 13%. Deviations are
equally observed both up and down. This allows us to use this model to
assess and analyse the nature of the influence of various factors (com-
position, temperature, degree of deformation) on the kinetics of pre-
cipitation of carbonitride particles in steels.

Thus, although the developed computer model is not a complete al-
ternative to experimental studies, it allows one to obtain quickly and
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o
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Fig. 1. Comparison of experimental data (points) [15] on the change in the av-
erage particle size Nb(C, N) with the results of the computer model (curves).

with minimal costs reliable data on precipitation of carbonitride parti-
cles in steels sufficient for practical purposes.

4. EXAMPLES OF CALCULATIONS
USING THE DEVELOPED COMPUTER MODEL

To illustrate the developed program operating, calculations were per-
formed demonstrating an effect of Nb content on changes in the
amount and size of carbointride particles over time. The steel composi-
tion for which the calculations were carried out is given in Table 2. The
size of the initial austenite grain was taken to be 100 pm.

The following parameters were taken: temperature 900°C; defor-
mation degree 30% ; strain rate 0.1 s™".

Of great interest is the change over time of the number of carboni-

TABLE 1. Steel composition for verification of modelling changes of the av-
erage size of carbonitride particles over time according to[15] (% wt.) and the
size of the initial austenite grain (um).

C Si Mn | Nb | N | Fe | dyum
011 0.0 135  0.08  0.01 base 100

TABLE 2. The steel composition adopted in the simulation, % mass.

C | si |[Mn| Mo Ti Nb N Fe
0.08 0.20 1.80 0.15  0.025 0.01-0.06 0.005  base
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tride particles shown on Fig. 2—Ti(C, N) and Fig. 3—Nb(C, N).

It can be seen from the presented simulation results, an increase in
the Nb content has a stimulating effect on the increase in the number
of Ti carbonitride particles. At lower Nb content an increase in the
number of Ti(C,N) particles over time is quite smoothly and remains
small. With an increase in Nb content to 0.04% (Fig. 2, b) the amount
of Ti(C, N) particles increases by more than an order of magnitude. A
shape of the curve changes: an intensive increase in the number of par-
ticles is observed during the first 4 s then the nucleation rate decreases
markedly.

Comparison with the corresponding plot for Nb(C, N) shows that by
this moment the nucleation of Nb(C, N) particles is completed and the
process of Ostwald ripening begins for them. For Ti(C, N) particles the
number of potential nucleation sites is significantly reduced. This
leads to inhibition of the further nucleation of its new particles. Then,
due to a decrease in the number of Nb(C, N) particles due to Ostwald
ripening, potential sites for the nucleation of new Ti(C, N) particles
begin to be released.

With an increase in Nb content to 0.06% the amount of precipitated
Ti(C, N) particles increases even more. A shape of the curve also
changes. A significant slowdown in a further increase in the number of
Ti(C, N) particles is observed after about 1.5s; a further increase in
their number is insignificant. After approximately 200 s Ostwald rip-
ening begins for Ti(C, N) particles, which is expressed in the plot by a
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Fig. 2. Results of modelling of the effect of Nb content on the change over
time of Ti(C, N) particles number in low-carbon steel: 0.01% Nb (a), 0.04%
Nb (), 0.06% Nb (c).
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decrease in their number.

More Nb(C, N) particles are formed than Ti(C, N) ones. They quickly
nucleate in large quantities over the volume of the metal, fixing the
nodes of the dislocation grid. With a lower Nb content (0.01%) the
number of Nb(C, N) particles increases throughout the entire consid-
ered period of 800 s. This suggests that all this time the solid solution
remains supersaturated, and enough potential nucleation sites remain
in the dislocation grid. With Nb content of 0.02% or more the plots
clearly show the moment when the period of Ostwald ripening begins.
The time required for the transition to Ostwald ripening depends on Nb
content. At 0.02% Nb it takes about 40 s, at 0.04% Nb—about 4 s, and
about 0.06 s at 0.06% Nb.

Let us consider the effect of Nb on the change in the average parti-
cles size of Ti and Nb carbonitrides over time. The corresponding plots
are shown on Fig. 4—Ti (C, N) and Fig. 5—NDb(C, N).

From the presented results is seen that an increase in Nb content not
only leads to an increase in the number of Ti(C, N) particles, but also
contributes to an increase in their growth rate. A simultaneous in-
crease in the number and size of Ti(C, N) particles explains the transi-
tion to Ostwald ripening of these particles after about 200s when
0.06% Nb (Fig. 2, c¢). The transition to Ostwald ripening is also visible
on the plot in Fig. 4 (curve 4)—after about 200 s a convex curve is re-
placed by a concave one.

The Nb(C, N) particles are much smaller. An increase in Nb content,
on the contrary, in the considered interval leads to a decrease in their
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Fig. 3. Results of modelling of the effect of Nb content on the change over
time of Nb(C, N) particles number in low-carbon steel: 0.01% Nb (a), 0.02%
Nb (b), 0.04% Nb (c), 0.06% Nb (d).
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Fig. 4. Results of modelling of the effect of Nb content on the change over
time of the average Ti(C,N) particles size: 1—0.01% Nb, 2—0.02% Nb, 3—
0.04% Nb, 4—0.06% Nb.

size. This is explained by the fact that most of the considered time for
these particles is during Ostwald ripening period (except curve 1, Fig.
5). This period begins earlier with a higher Nb content. The growth
rate of the average particle size during the period of Ostwald ripening
is much lower than the growth rate during precipitation from a super-
saturated solid solution. This explains the fact that with a higher Nb
content over the same period, the average particle size grows to smaller
values.

Significant coarsening of Ti(C, N) particles is an undesirable effect
leading to a decrease in the ductility of the metal. Therefore, the opti-
mum Nb content in this case seems to be about 0.04% . With this value
the number of Nb(C, N) particles is already quite large, and the size is
quite small. At values of 0.02% and lower substantial coarsening of
Nb(C, N) particles is possible with simultaneous insufficient their
quantity.

5. CONCLUSIONS

1. A mathematical model is developed that allows one to describe the
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Fig. 5. Results of modelling the effect of Nb content on the change over time
of Nb(C, N) average particle size: 1—0.01% Nb, 2—0.02% Nb, 3—0.04% Nb,
4—0.06% Nb.
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precipitation and Ostwald ripening of dispersed particles of excess
phases, in particular carbonitrides, in steels micro alloyed with Nb, Ti,
V, Zr and Al. The main features of our model are the ability to describe
the simultaneous precipitation of carbonitrides of several elements
and the thermodynamic assessment of the N and C content in these
carbonitrides.

2. The results of computer simulation are compared with the published
experimental data on the kinetics of carbonitride particles average
size. The experimental results confirmed the reliability and practical
applicability of the developed computer model for evaluative calcula-
tions.

3. A series of demonstration calculations was carried out for low-
carbon structural steel microalloyed with Nb and Ti in order to demon-
strate the capabilities of the developed model. In particular, the effect
of changes in the Nb content on the process of carbonitride phases pre-
cipitation and Ostwald ripening is analysed.

4. An increase in the number and size of Ti(C, N) particles with an in-
crease in the Nb content is theoretically predicted by the simulation. In
this case, the dispersion of Nb(C, N) particles increases, which is asso-
ciated with a more rapid transition to the stage of Ostwald ripening,
which occurs much more slowly than growth from a supersaturated
solid solution. It was shown that in the case of deformation and car-
bonitride precipitation at 900°C the optimum Nb content seems to be
more than 0.02%, but not more than 0.04% . This contributes to the
formation of a sufficiently large number of small Nb(C, N) particles,
but at the same time reduces the size and quantity of large Ti(C, N)
precipitates.
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