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ABSTRACT.

A numerical smulation which describes precipitation of non metallic inclusions (liquid or
solid oxides, nitrides) during steel solidification is proposed. Its aim is to predict the
composition and size distribution of these precipitates. The model takes into account micro-
segregation and includes homogeneous nucleation in the inter-dendritic liquid, and a mixed-
controlled growth stage combining transport of solute elements in the boundary layer around
precipitates and interfacial kinetics. It has been observed that the calculated compositions of
oxide inclusions is different from that of inclusions precipitating at equilibrium and close to
industrial observations on semi-killed steels.

1. INTRODUCTION.

Non metallic inclusions, such as oxides, sulphides or nitrides, formed during the solidification
of steel, may change the metallurgical properties of various steel grades. Their morphology,
size and distribution in steel are dominant factors, which affect some of the qualities, such as
weldability, machinability or tensile strength in fatigue conditions. Therefore, a control of
their size and spatial distribution is a means to improve the quality of some steel grades.
IRSID has developed a model for predicting the nature, composition and total amount of
inclusions, which precipitate in the metal during cooling and solidification under equilibrium
conditions.

In order to obtain a better control not only on the nature, amount and composition of the
inclusions but also of their size, morphology and spatial distribution, the mechanisms of their
nucleation and growth have recently been studied by several authors™*. A model has also
been developed at IRSID in which nucleation, a mixed controlled growth mechanism and
microsegregation are coupled™® and the results delivered by this model have been compared to
experimental results on TiN precipitation obtained by quenching during unidirectional
solidification. In this paper, an extension of this model to the precipitation of multicomponent
liquid oxidesis presented.

2. THERMODYNAMIC BACKGROUND.

The thermodynamic analysis of the condition of oxide inclusions precipitation as a function of
steel composition is based on IRSID's slag mddelhich provides reliable estimates of
phase diagrams and component activities for the system:

SiO,-TiO2-Tiz03-Cr03-Al,03-Fe,03-CrO-FeO-MnO-MgO-CaO-CaFfs.

This model has been integrated in the multiphase equilibrium calculation code CEQCSI
compute equilibrium among the different phases involved in iron and steelmaking systems
(iquid and solid metal, gaseous phases, slags, solid oxides, sulphides, nitrides, carbides,...).
For calculation during solidification, an original method has been developed in which the




microsegregation equations for element dissolved in liquid metal, with diffusion in solid
metal and equilibrium conditions between liquid steel and precipitates are solved
simultaneously™®.

3. NUCLEATION AND GROWTH MODEL.

Nucleation.

The rate of homogeneous nucleation of inclusions given by the classical nucleation theory™ is
usually expressed as.
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where Z is the Zeldovitch factor, 3 a frequency factor, N the number of nucleation sites per

unit volume, AG* the activation energy for the formation of critical nucleus, k Bolzmann's
constant and T the absolute temperature.

For the nucleation of a pure component in its pure liquid, the number of nucleation sites by
volume unit is taken equal to Na/V where Np is Avogadro’'s number and V is the molar
volume of the liquid. It seems that this approach must be amended for nuclegtion in dilute
solutions. For example, Kunze et al*? proposed, for nucleation of TiN in alow alloyed steel, a
correction factor equal to the product of the mole fractions of Ti and N. As a first attempt, and
as most authors in this field, we have kept Na/Vre (Vee is molar volume of liquid iron) for the
nucleation site number but a more suitable approach for the nucleation of non-stoichiometric
multicomponent precipitates in dilute solutions is necessary.

AG* can be expressed in terms of interfacial energy (o) and volume free energy change
(AG)):

AG*=(16m0°)/(3AG,?) 2

The composition of the critical nuclei is assumed to be such that AG, is minimum. Another
expression of this condition is that the affinities of the reactions of formation of all oxide
components of the oxide solution are equal. Their common value is the driving force of
precipitation noted | whose expression is:
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where KMXOy Is solubility product of MOy in liquid metal, ay and ao are respectively the
activities of element M and of oxygen referred to the 1% dilute solution and a0, is the

activity of MOy in the liquid oxides. If X; represents the mole fraction of oxide i in the nuclei
and Cj; the number of atoms | in the oxide i, AG, is equal to:
AG, = |(Z Cjixi)/voxide (4)
)
These quantities, oxide composition and driving force of precipitation, are directly obtained
from the CEQCSI software.



The Zeldovitch factor Z is the number of oxide monomers, which can be added to or removed
from the critical nuclei without modifying their energy by more than kT (Figure 1)*3. It is
given by
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where V gide IS the molar volume of liquid oxides and r. is the radius of the critical nuclei:

r. =—20/AG, (6)

The proposed expression of the frequency factor 3 for non-stoichiometric compounds is (see
Appendix):

B=4mlS T, (1)

where I; represents the number of monomers of oxide i which are added per unit time and
unit area to the nucleus.

Table | gives the expressions of I proposed by different authors*®. Most of these
expressions are function of the diffusion coefficients in liquid steel of the elements contained
in the oxide or of the activation energies of these diffusion coefficients. When comparing the
values delivered by the different models, they differ at most by a factor of 10* from around
10 to 10” nuclei.m®s". The expression given by LeGoues and Aaronson gives the smallest
value and this value is compatible with a growth controlled by diffusion on an inclusion of
critical radius as calculated for TiN*® (Figure 2). For this reason, we have chosen the
following expression, which is an extension to a stoichiometric compound containing severa
elements of the formalism proposed by these authors:
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where g, is the interatomic distance, D, is the diffusion coefficient of the element j and X its
atomic fraction in the metal

But, it has been shown for TiN® that the growth is limited by an interfacial kinetics and that, in
this case, the flux on small precipitates is much smaller than in the case of a diffusion
controlled growth (Figure 2). To take into account such phenomena, some authors'**"* make
the assumption of a diffusion through the interface metal/precipitate and consider an
activation energy connected to an interfacial reaction instead of the activation energy of the
volume diffusion coefficient. In the calculations presented in this paper, the I'i's have been
modified to give flux values on critical nuclei compatible with an interfacial kinetics
limitation.

Growth rate.

To describe the growth of a precipitate, it is assumed that a stationary diffusion state is
reached and that each precipitate grows independently from the others. This hypothesis is
verified as long as the mean distance between precipitates is much larger than their size,
which is the case when the amount of precipitates is less than about 100 ppm. As for TiN°, the



flux of atoms on the surface is described by a mixed controlled model in which the interfacial
reaction is one of the limiting steps. The flux equations resulting from these assumptions are
the following:

- the flux equations giving the flux of the different elements at the interface
metal/inclusion. For element i, the expression of this flux is:

3 =k [c™ -c®) (9)

Cc™and c are the concentrations in mol.m® respectively in the liquid steel far from the

precipitate and the interfacial concentration (when the growth is diffusion controlled, Ci(i) IS

the equilibrium value). k; is the transfer coefficient. In the case presented here, due to the
small size of the precipitates, it is assumed to be equal to Di/r where r is radius of the
precipitate.

- the expression chosen for the flux due to the interfacial reaction involves only one
Kinetic constant k. :
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N isthe flux of oxides (expressed in moles of oxide components per m” and per second), 1)
Is the driving force of precipitation of the oxide phase from a metal which has the
composition of the liquid steel at the interface. Due to the fact, as mentioned before, that this
driving force is equal to the affinities of the reactions of formation of all oxide components,
an expression of the flux can be expressed for each oxide. For example, for SiO,, it would be:
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whereXg o, is the mole fraction of SiO; in the appearing oxide phase, Kg, is the solubility
product and a(') ag) are the silicon and oxygen activity at the interface referred to the 1%
dilute solution.

The limitation due to interfacial kinetics is illustrated for TiN precipitates on Figure 3 which
compares what would be the fluxes and the growth rates for a given supersaturation in the
case of diffusion controlled growth and with an interfacial kinetics limitation® corresponding
to two sulphur compositions. The kinetic constant has been assumed to vary with surface
active elements, oxygen and sulphur, according to the formalism used for metal/gas
reaction’”. The difference between the fluxes in the diffusion-control and mixed-control
models exceeds several orders of magnitude for submicronic precipitates, for which it is
doubtful that very high fluxes consistent with a pure diffusional process could be
accommodated at their interface.

4. APPLICATION OF THE MODEL.

The model has been applied to the precipitation of complex liquid oxides in a steel whose
composition is given in Table I1. The model uses the CEQCSI code to solve, for a succession




of small time intervals during metal solidification, the microsegregation equations'®, and to
calculate the composition of the critical nuclel as well as the evolution of the composition of
the existing precipitates. All the parameters used in the calculation are listed in Table I11. Due
to the lack of data, the kinetic constant chosen for this calculation has been supposed to be the
same as the constant taken to reproduce the experimental data on TiN precipitation in a low-
sulphur steel®.

An example of the type of calculations performed at each moment is given on Figure 4. As
Figure 3 for TiN, this figure gives the value of the flux on precipitates as a function of their
radius. The order of magnitude of the diffusion flux for very small precipitates is much
smaller than what has been calculated for TiN because of the much smaller concentrations of
the diffusing elements in the case of oxide precipitation.

For liquid oxides precipitation, the determination of the flux requires the computation of
composition of the new oxide layer which precipitates on existing inclusions (Figure 5). In
particular, the partition Ti**/Ti*" has be computed to fulfil the condition of equilibrium with
the metal:

2Ti203 = 3Ti Oz+li

For very small precipitates, whose growth is controlled by interfacial kinetics, this
composition does not depend on the radius and corresponds to the composition minimising
the volume free energy change for the metal composition at the interface. For large
precipitates whose growth is controlled by diffusion, the composition corresponds to the
equilibrium composition with the metal at the interface. Since, for our application, we have
chosen a mass transfer coefficient with a particular expression proportional to 1/r, it can be
shown that this composition does not vary either with the precipitate radius. In the general
case of the precipitates with intermediate sizes, whose growth is mixed controlled, the
composition of the oxide layer depends on the radius.

Figure 6 compares the evolution with temperature of the amount of precipitated oxides
calculated at equilibrium and with the kinetic model. At equilibrium, the precipitation starts
aready in the liquid steel whereas, in mixed controlled growth, even though the precipitation

starts a the beginning of solidification, the amount of inclusions becomes noticeable only

below 1492°C when the fraction of liquid metal phase is less than 7%. At this stage, at
equilibrium, more than 95% of the total oxygen would already have precipitated.

At the end of solidification, in the kinetic model, the amount of precipitates increases sharply.
However, at that stage, the amount of oxygen dissolved in ferrite (2 ppm, cf. Figure 6) is still
larger that what would be predicted by an equilibrium calculation (0.5 ppm). This residual
oxygen will precipitate in the solid metal probably as very small inclusions.

The late and sharp increase of the amount of precipitates observed in the kinetic model is the
consequence of the competition between nucleation and growth to consume the
supersaturation. Figure 7 which gives the evolution of the supersaturation with temperature
and Figure 8 which gives the nucleation rate, show that, as long as the supersaturation is
smaller than a critical value (about 7.5 in our example), the nucleation rate and, as a
consequence, the amount of inclusions remain low. Then, when the supersaturation exceeds
that critical value, the nucleation rate increases very rapidly and the amount of precipitated
oxygen increases because of these new precipitates and of the growth of the existing ones. As
long as the supersaturation is higher than the critical value, nucleation remains very effective
and the most numerous inclusions are always the smallest ones as shown by the size
histogram given on Figure 9 for a temperature of 1492°C.



Once the supersaturation starts decreasing, the nucleation rate falls, and then, when it

becomes smaller than the critical value, the number of existing inclusions is much larger than

the number of new ones. At this stage, the increase of the amount of precipitated oxygen is

mainly due to the growth. The smallest inclusions which appear after the supersaturation

maximum are less and less numerous as shown by Figure 9 for 1491°C. Thereatfter the size
histogram keeps the same shape, the sizes are just moving to the larger radii as shown by the
size histogram at the end of solidification at 1484°C.

Thus, in the mixed-control mode, the time span during which precipitation occurs is quite
limited. As a consequence, some trace element in the metal do not have enough time to be
transported to the inclusions and their content in the precipitates are much lower than
expected from equilibrium. Table IV shows that this is the case of Al for the example
considered here and the averaggOAlcontent of the inclusions at the end of solidification is

far less than the content computed at equilibridiable V compares the compositions of
oxide inclusions measured at the end of steel solidification for 3 industrial casts whose
compositions are quite different from the composition considered above, to calculations
performed at equilibrium. The equilibrium calculations overestimate tp@;Alontent and
calculations at lower temperatures show that the differences would be even larger if we
assume a re-equilibration in the solidified steel. So, it seems that a better agreement with the
observations would be obtained by taking into account such a kinetic model.

5. DISCUSSION.

The calculation presented in this paper lies on several important simplifications, the most
important ones being the assumption of an homogeneous interdendritic liquid, of a total
rejection of the inclusions by the solidification front and the assumption of non-interacting
particles. Due to the microsegregation, a concentration gradient exists in the interdendritic
liquid near the solidification front and nucleation will preferentially take place in this zone as
it is very sensitive to metal supersaturation. It is therefore certain that precipitation will start
earlier than in the present calculation, and will very likely cover a wider temperature span, as
the liquid interdendritic core will react more progressively with the nuclei. This emphasises
also the importance of a realistic description of precipitates entrapment or rejection by the
solidification front. Recent experimental and theoretical wdfksbring some helpful
information in this domain. Ode et al. stfwin particular, that the critical velocity of the
solidification front which defines the transition between inclusion repulsion and engulfment,
Is mainly a function of the size of the particles: for a given cooling rate, the probability of an
inclusion to be trapped by the solidification front increases with its size. Such a fact will have
an important impact on the inclusions size and spatial distribution and further developments
of the model will have to take into account these phenomena.

6. CONCLUSION.

The present study is an extension of the nucleation and growth model developed for the
precipitation of stoichiometric compounds during metal solidification to the precipitation of
multicomponent liquid oxides. The interfacial kinetic limitation has also been introduced in
the description of inclusion growth with one single constant whose value, because of the lack
of experimental data on liquid oxides, has been assumed to be equal to the one determined for
TiN°. The expression of the nucleation rate has been modified to give flux values on critical
nuclei compatible with this interfacial limitation.




Unfortunately, very few experimental results on size distribution are available in the domain
of oxide inclusion precipitation during steel solidification, for comparison with model
calculations. However, comparison with results of industrial casts on inclusions composition
presented in this paper shows that the development of such a kinetic model seems to be
necessary to obtain more accurate results than equilibrium calculations.
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8. LIST OF SYMBOLS.

a,: interatomic distance (m)
g: activity of element | referred to the 1% dilute solution

aJ(.i) : activity of element j at the interface metal/precipitate referred to the 1% dilute solution

a0, activity of MOy in the liquid oxides

h: Planck’s constant (6.6262.10%1.9)

k: Bolzmann’s constant (1.38062.102J.K™)

ke: kinetic constant for the interfacial reaction (mol.m?.s™)

k; : mass transfer coefficient of element j in liquid steel (m.s”)

ng: number of atoms on the surface of acritical nucleus

re: radius of the critical nucleus (m)

Xi: mole fraction of element i in liquid steel

¢ : concentration of element i in the liquid steel at the interface metal/precipitate (mol.m?)
Cii: number of atomsj in aoxide moleculei

Ci(m) : concentration of element i in the liquid steel far from the precipitate (mol.m)
D;: diffusion coefficient of the element j inliquid steel (m’.s")

H(x)): harmonic mean of X,

|: driving force of precipitation of the oxide phase from a metal (J.mol™)

1)+ driving force of precipitation of the oxide phase from a metal having composition of the
liquid steel at the interface metal/precipitate (J.mol™)

J*: nucleation rate (nuclei.m>.s™)
J: flux of element i (mol.m2.s%)
Ju,0, : flux of oxide M,Oy (mol.m?.s?

K MO, - solubility product of MOy in liquid metal

N: number of nucleation sites



Na: Avogadro’s number (6.02217.10%.mol™)

Q: activation energy of diffusion (J.mol™)

R: gas constant (8.3143 JK™.mol™)

T: absolute temperature (K)

Ve molar volume of liquid iron (7.2.10° m®.mol ™)

V oxide: Molar volume of liquid oxide (m*.mol™)

Xi: mole fraction of oxidei in liquid oxide

Z: Zeldovitch factor

B: frequency factor (s%)

n: metal viscosity (m™.kg.s")

o: interfacial energy between liquid metal and liquid oxides (J.m?)
AG*: activation energy for the formation of a critical nucleus (J.mol™)
AG'’: activation energy of diffusion through the interface matrix/precipitate (J)

AG,: volume free energy change associated to the formation of a nucleus from the liquid
metal (J.m*)

I: number of monomers of oxide i added per unit time and unit area to the nucleus
(monomers.m?.s™)
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Appendix: Expression of the nucleation rate for multicomponent oxide precipitates.

The steady state nucleation rate is calculated by assuming that nuclei grow by addition of
single oxide monomer or shrink by elimination of single oxide monomer. The flux of the
nuclei containing p; molecules of oxide i, p, molecules of oxide 2,...;pmolecules of oxide m
(called (p,...,pm) nuclei hereatfter) is:

— [ ’ . ’ Al
Iop.Pm _Z(Bpl,..,pmNpl:--vpm O‘pl,.,pi+1,..,pmNpl.-,pi+l--,pm) (A1)
|
where Bipl o is the flux of monomers of oxide component i on a (pi,...,pn) hucleus,
- sMm
aipl b+, Is the frequency evaporation of monomers of oxide component i from a (ps, ...,
M sMm

pi+1,...,An) nucleus, Nioly--,pm iIs the actual number of (pi,...,pm) nuclei. Setting

Now.pm =Koy, Npyp, WHEre Ny o

and using the relations (A1) and the fact that the flux is zero for the equilibrium distribution,
we obtain:

Is the equilibrium number of (ps,...,pm) Nuclei
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The solution of this partial derivatives equation verifies the following system of equations:

i (A3)
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After a summation on i and using the nullity of the flux for the equilibrium distribution, we
obtain:

(A4)

|
This equation is similar to the one obtained for the nucleation in a pure liquid. To calculate
the flux from this equation, the following assumptions are usually made:
- the flux does not depend on the size of the nuclel but only on their composition

i.e ‘]ply--,pm = ‘]le--,Xm

- the number of (py,...,pm) nuclel is zero (i.e. k,  =0) if thelr size exceeds the

P

critical size p* by a quantity 1/Z and is equal to the equilibrium number (i.e. k, =1) if
their sizeislessthan p*-1/Z.
Under these assumptions, the flux of nuclei isequal to:

p*+1/Z dp (A5)

Assuming that Bipl is proportional to the surface of the nuclei S, and does not depend on

.....

their composition, we obtain:



p*+1/Z dp (AG)
WXy = 2 Fi I s N

If we take the same assumptions as usually taken for pure compound, that is S, supposed to be
p*+1/Z
practically equal to 4T[rc2 for p between p*-1/Z and p*+1/Z and the sum dp

.....
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Figure 1: Definition of the Zeldovitch factor Z.
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Figure 2: Flux (F/N,) on critical nuclei of TiN given by LeGoues and Aaronson™ model
(heavy line) compared to calculated flux with diffusion and mixed-control growth mode!®.
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Figure 3: Comparison of the flux (a) and growth rate (b) in the diffusion-control and mixed-
control models for TiN precipitates (constant degree of supersaturation
exp(I/RT)=(ari.an/Ktin) ¥*=2)°.

Flux (mol.m'z.s'l)
1000 ‘

Pure Diffusion

S

| Mixed-control \
0,1 ~_
K\

0,001

0,001 0,01 0,1 1 10
Radius (um)

\
10N

Figure 4. Comparison of the flux (sum of the moles of O, Al, Ti, Si and Mn) (a) and growth
rate (b) in the diffusion-control and mixed-control models (supersaturation degree
exp(l/RT)=6.7).
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Figure 7: Evolution of the supersaturation with temperature during solidification.
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Table|: Expresson of I (cf. List of symbols). For clarity reason, with respect to the original
papers, the notations have been unified.

Authors r
hriti 14
Christian = kT exp( )/(4m )
K n e et al.E”O“ Bookmark not kT _
oz r="ra Hg  exp(——=- Q')
LeGoues and Aaronson” _Dix;
h=—7
=h
Wilson®® DiXi(2/3)
h=—
=l
Turnbull and Fisher"
kT
r= S—B—E[ (—)/(4T[rc)
hl 18
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Uhlmann®
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Table II: Steel composition (in wt %).
Al C Mn Si Ti @)

0.0010 0.085 1.370 0.155 0.011 0.0028

Table III: Calculation parameters.

Cooling rate 1.2K.s*
Liquid/oxide interfacial energy 1.1 Jm?
Kinetic constant 0.01 mol.m?.s*
Al diffusion coefficient in liquid steel 3.10° mP.st
Mn diffusion coefficient in liquid steel 49.10° m’.st
Si diffusion coefficient in liquid steel 2.5.10° n?.s™
Ti diffusion coefficient in liquid steel 8.3.10° n?.s™

O diffusion coefficient in liquid steel 11.2.10° m*s?




Table IV: Average composition of the inclusions calculated at equilibrium and with the
kinetic model.

Si Oz TizOg Al 203 MnO
Equilibrium 14 56 19 11
Kinetic model 28 60 2 10

TableV: Comparison of oxide inclusion compositions, at the end of stedl solidification,
analysed on industrial productsand calculated at equilibrium.

Sample #1 Sample #2 Sample #3
Calculated Measured Calculated Measured Calculated Measured
ALO, 375 23.8 29.9 12.2 48.8 24-42
SO, 7.8 2.4-4.7 7.7 1 2.8 1.8-3.2
TiO, 42.1 56.2-63.4 53.1 67.7-69.8 35.2 40.5-63.8

MnO 3.7 2.3-6.8 7.5 14.3-17.4 16 1.3-14




