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MODELOWANIE POWSTAWANIA WYDZIELEN TiN I Ti,O; W PROCESIE KRZEPNIECIA STALI

The formation of titanium nitride precipitations during solidification of steel was modeled with own computer software
based on Ueshima model. A thermodynamic parameters database was worked out on the basis of literature study. Calculations
were performed for two types of steel; one of them was high in titanium. The quantity of produced titanium nitrogen inclusions
was calculated. The authors analyzed changes in nitrogen, titanium and oxygen content in the course of segregation of steel
components on the solidification front. The influence of solidification rate on the process of precipitation formation was
analyzed.
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Praca zajmuje si¢ modelowaniem powstawania wydzieled azotku tytanu w stali podczas krzepnigcia. Zastosowano pro-
cedurg obliczeniowg z wykorzystaniem modelu Ueshima przy pomocy wlasnego programu komputerowego. Na podstawie
studiéw literaturowych przygotowano baze¢ danych parametréw termodynamicznych. Obliczenia wykonano dla dwéch gatun-
kéw stali, z ktérych jeden charakteryzowatl si¢ wysoka zawarto$cia tytanu. Obliczono ilo§¢ powstajacych wydzielefi azotku
tytanu, przeanalizowano zmiany zawartosci azotu, tytanu i tlenu w wyniku proceséw segregacji skladnikéw w stali na froncie

krzepnigcia. Zbadano wplyw szybkosci krzepnigcia na proces powstawania wydzielen.

1. Introduction

The objective of this paper is thermodynamic analysis
of TiN formation during the steel solidification process. The
resulting fine (ca. 1-3 ym) and evenly distributed TiN precip-
itations cause that the cast steel has a fine-grain structure [1].
The research conducted by Ishikawa [2], Gregg and Bhadeshia
[3] reveals that TiN inclusions can be used for making an
acicular ferrite structure. It was also observed that the finest
ferrite structure can be obtained using pure titanium oxides
TiO, and Ti,O3. However, in reality oxides usually occur in
solutions which disqualifies them as structure modifiers [1],
[4-5]. Titanium nitride precipitates can be formed only when
liquid steel contains appropriate amounts of titanium and ni-
trogen. If Ti and N content is too high, the TiN precipita-
tions will be formed prior to the liquid steel solidification
and will be removed in the course of agglomeration process-
es. On the other hand, when the nitrogen content is too low
and the steel contains oxygen, titanium oxides will be conse-
quently formed. The computer simulations performed by the
authors [4], [5] with the use of commercial software Fact-
Sage and own computer program WYK_Stal proved that TiN
is formed in the secondary refinery process which precedes
casting. The microstructure of the cast steel cannot be modi-
fied with the formed TiN precipitations. The basic element of
the steel structure modification is controlling the TiN inclu-

sions formation. For doing so, it is necessary to know the state
of thermodynamic equilibrium of reaction between elements
of the solidifying steel. Another strongly influential factor is
beneficiation of liquid steel in components dissolved at the
solidification front.

2. Formation of titanium nitride and oxide precipitates
Thermodynamically, the TiN and Ti, O3 precipitations can

be formed in liquid steel after exceeding the equilibrium value
of the solubility product Q [1], [6-9]:

[T7] + [N] = (TiN) (D
Orriny = [%Ti] - [%N] )
0 , ‘
Kriy = exp [_ ﬁGT} ariv ariv

= Frifn 1%Ti - [%N1  frify - Qé |

If ariv =1 and fr;, fy = 1 the formula takes form:

Kriy = exp [_ﬁ_G; = é “)
logKriv = 19790/T —7.78 5)
AGY,, = ~379000 + 149 - T ©)

2[Ti] +3[0] = (Ti»,03) @)
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Ouri0y = [%Til* - [%OT (8)

Krinos = exp [_ AG" ] _ arino3 _ _ a1ioo3
R-T|  f2.f3 - [%Til*- %0V  fEfo 01

9

If arpos =1 and fr;, fo = 1 the formula takes form:
AG® 1

K i = —_—_— = — 10

71203 EXP[ R'T] 01 (10)

logKripos = 56060/T — —18.08 (11)

AGY,03 = —263000 + 85.25 - T (12)

where:

QL(TiN),QL(Ti203) — solubility product,

Kriv s Krino3 — equilibrium constant for the reaction,

ariy — activity TiN,

arnos — activity Ti, O3,

fri> fn. fo — activity coefficients,

R — ideal gas constant [8.31 J/mol- K],

AG° — Gibbs energy [J/mol].

The inclusions TiN and Ti,O3 may be formed at an early
crystallization stage, when:

Cliriy - fri- Crvy - v = Quariny (13)
2 2 3 3
Cliro* fri - Crioy fo = Qurioy (14)
Where:
t t t 4 >
C Lm),C L(O)’C (v~ concentration of a components (Ti, O,

Dependences describing equilibrium values of solubility
some products Q for selected precipitations in liquid and solid
iron are presented in Table 1.

TABLE 1
Equilibrium dependences of solubility product
Inclusion log Q Q value at 1800 K
. 13;21%(?11] 156 060/T + 18.08 | 8,6210°™
o ggjiff)m 19 790/T + 7781 | 6,117-10~

During steel solidification all its components are segre-
gated into solid and liquid phase. The thermodynamic criterion

of inclusions formation refers to the present composition of
liquid phase. The inclusions are formed, if AG < 0 [1], [6].
The course of the liquidus and solidus lines of relevant phase
diagram (iron - steel component) reveals that the component
will gather in the liquid phase and the successive portions of
solidifying liquid will be enriched in it, with the last portion
containing highest amount of the dissolved components. In the
solidifying part of the liquid, some amount of the ,,i” element
splits into two parts: one of them enriches the liquid, the other
joins the crystallization front and diffuses inside the crystal.
The back diffusion results in lowering of equilibrium content
of a liquid phase component. The share of back diffusion for
a single liquid solution component ,,i” is characterized by the
back diffusion «;:

D; -t

2

a; =

15)

D; — diffusion coefficient of a component in solid phase [m?/s],
| — advancement of solidification front [m],
t, — local solidification time [s],

_TL-Ts

fy
: P

(16)

where:

Ty, — liquidus temperature of steel [K],

Ts — solidus temperature [K],

P — cooling rate [K/s].

Crystallization with back diffusion can be described by
Wolczyinski equation [12]:

Ci=k-Co-[L+a k- fs—fs]'= a7
where:

C — concentration of a component in liquid phase,

Cy — initial concentration of a component in liquid phase,

k — partition coefficients,

fs — fraction of solid phase.

Temperature dependences describing the diffusion coef-
ficients and equilibrium partition coefficients are listed in Ta-
ble 2.

TABLE 2

Diffusion coefficients in solid phase (ferrite Dy, austenite D,) and equilibrium partition coefficients
k%" and k”'* for steel components [11, 13-14]

Component Ds, x107* % ko Dy, x107* % ke
Mn 0.76exp(-223472/RT) | 0.77 | 0.055exp(-59600/RT) 0.78
S 4.56exp(-214443/RT) | 0.05 2.4exp(-53400/RT) 0.035
Si 8exp(-248710/RT) 0.77 0.36exp(-60100/RT) 0.52
0.0127exp(-81301/RT) | 0.19 0.07exp(-32160/RT) 0.34
P 2.9exp(-229900/RT) 0.23 0.01exp(-43700/RT) 0.13
Al 5.9exp(-241186/RT) 0.6 5.9exp(-241186/RT) 0.6
(0] 0.0371exp(-96349/RT) | 0.03 | 0.0371exp(-96349/RT) | 0.03
N 0.008exp(-79078/RT) | 0.25 0.9exp(-168600/RT) 0.48
Ti 3.15exp(-247693/RT) 0.38 0.15exp(-250000/RT) 0.33




During solidification, the course of temperature is influ-
enced by: temperature dependence on diffusion coefficient in
solid state for all components, cooling rate d7/dt and equilib-
rium division coefficient k. The solidus temperature Tg cannot
be pre-calculated as it depends on the changing composition
of liquid. The steel composition varies and depends on the
degree to which components are segregated due to the back
diffusion and mass of the resulting precipitations. The back
diffusion parameter « is a function of local solidification time
ts, which depends on a difference between liquidus and solidus
temperatures.

3. Model of steel components segregation during
solidification

The behavior of liquid steel components during its solidi-
fication has been described by, i.e. mathematical model created
by Ueshima et al. [14-16]. This model accounts for the separa-
tion of solid particles in liquid during dendritic crystallization
in directional heat removal conditions. Heat is removed verti-
cally downwards. In such conditions liquid steel may coexist
with phase y, which originated from phase ¢ in a lower part
of the sample. If the research focuses on the crystallization
of phase ¢, all alloy components will tend to gather in liquid
steel. This means that the conditions for inclusion formation
in the course of crystallization processes are favorable. The
concentration Cyy of a given component ,,i”” in the first part of
the solidified phase is [17-18]:

Cio=CY - k" (18)
where:
Cf) initial concentration of a component “i” in liquid
phase,
Ko, kw L — solid/liquid phase (6 and 7y) partition coeffi-
cient for “1” component.

During crystallization processes the liquid steel is en-
riched in component ,,i”, and the successive portions of solid
phase contain more and more of it. As a consequence the
equilibrium concentration of component ,,i” in liquid phase
decreases. The Ueshima model accounts for solidification of a
selected layer, disposed perpendicular to the dendrite arm axis.
While solidifying, the layer does not exchange the mass with
environment. In the solidification process the temperature of a
layer lowers from liquidus T, to solidus temperature Tg. Time
needed for a layer to solidify, i.e. local solidification time t;,
depends on the cooling rate P (K/min) [17-18]:

T, -T
P:% (19)

P — cooling rate [K/min].
The layer solidifies from the dendrite axis towards its
edge. The diffusion of component ,,i” in liquid phase takes
place fast enough to make the concentration of the compo-
nent constant in a given moment of time. The diffusion of
component ,,i” in solid phase is described by the Fick law

[17-21]: )
oc; D 0°C;

o P e 20
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where C; is concentration of “i” component in solid phase.
After introducing finite differences in the place of differ-

ence increases, the following is obtained for the analyzed case

[17-18, 22-23]:

A. For a cell at the dendrite (n=1)

Chi-Cit _ ) G- on
At - 2
(Ax)
B. For a cell in the solid phase (1<n<m)
C! —C!- At le nAt C[{;At _ C;—Ar _ C:;A_t
Zin_“in__p. ( i+ 1) ) ( n ( 1)) 22)

At - (Ax)?
C. For a cell on the interface (n = m) at any point of time:

ct, =Chy k"

m (23)
D. For every cell in the liquid (m<n<N) the concentration
equal C};.

At each time step of computation the balance equation for
every component is following:

N-CY = Zc,’n+(N m)-C!, (24)
This equation enable one to calculate the component ,,i” at a
moment t both in liquid phase (C?,), and in a solidifying cell
m (C!):

m
N-C) - z ChM+F-Cint

¢l = (25)
‘ (N—m)+(1-F)-kf/L
Cir
C;m = k;S/L (26)

Parameter F' determines given solidification conditions, i.e.
given width of the cell, assumed time step Af, local time of
solidification #; resulting from a difference of liquidus and
solidus temperatures and the cooling rate P:

(Y|

le).%z‘”)’r N2 . [(ft

27)

where f{ is a fraction of solid phase at a given point of time t.

Assumption was made that the solidification rate changes
with solidification time parabolically [1]. For a given chem-
ical composition of steel the liquidus temperature is 7, and
solidus temperature is T's. On this basis the temperature cor-
responding to the contribution of solid phase f; can be deter-
mined, i.e. location of cell n = m.

Ty-T¢
T.-T,
1- f S To—T,
Ty — melting temperature of pure iron.
The microsegregation model allows to calculate the con-

centration of each component of the liquid phase at a given
crystallization stage.

N
Zc
n=1

T=T)- (28)

Zc’ +(N=m)-Cl - ZCfn~(N—n+l) (29)
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C!, — consumption of a component to formation inclusions in
the time interval from t-At to t.

Each calculation step should be followed by checking out
whether respective dependences (13) and (14) are met, and
take for the drop of concentration in the liquid phase balance
(29).

4. Calculation of steel components concentration and
inclusions formation in the solidifying steel ingot

Calculations of segregation and inclusions formation were
made for two types of steel, the chemical composition of which
is presented in Table 3.

TABLE 3
Chemical composition of steels chosen for the calculation of
elements segregation and inclusions formation

Component of steel [mas.%]
C |Mn| Si | P S | Ti o N
0.18]1.6/0.25|0.025[0.012{0.02|0.0005 | 0.005
0.2411.1/0.37| 0.04 | 0.04 |0.15]0.0005 |0.005

Type of steel

Steel 1
Steel 2

The liquidus and solidus temperatures for chemical com-
position of the steel were calculated from the equations [10]:

Tr, = 1809 — {100.3[%C] — 22.4[%C]* - 0.16 + 13.55[%Si]—

—0.64[%Si1*> + 5.82[%Mn] + 0.3[%Mn)* + 4.2[%Cul}
(30)
Ts = 1809 — {415.5[%C] + 12.3[%Si] + 6.8[%Mn]+ G1)
+124.5[%P] + 183.9[%S] + 4.1[%Al]}
TABLE 4
Calculated values of temperatures 7 and T's [K]

Type of steel | T, [K] | Ts [K]

Steel 1 1778 1718

Steel 2 1775 1685

The simulation was based on authors’ computer software
SEG_Stal, the calculations after the Ueshima model, which
was adapted to the description of the segregation and inclu-
sions formation in the ingot. The parameter L was assumed
to be 110 mm. The crystallization with back diffusion was
described with dependence (6). The activity of non-metallic
phase components was obtained from dependence (3). The
activity coefficients of particular steel components were de-
termined from Wagner—Chipman equation. The first order ac-
tivity parameters were assumed from [1, 4-5]. The activity
of oxide phase components was established from expressions
for a regular solution model. The calculation accounted for the
activity parameters after Banya [1, 4-5]. The calculations were
performed for the metallic/non-metallic interface equilibrium
conditions with the equilibrium constants for inclusion forma-
tion reactions in liquid steel [1,7,8,11]. Figures 1-6 present a
change of oxygen, nitrogen and titanium content as a result of
segregation in steel 1 and 2 over the solidification process, at

a cooling rate of 100 and 500 K/min. Figures 8-9 illustrate the
process of TiN and Ti, O3 inclusions formation in steel 1 and
2 during solidification at a cooling rate of 100 and 500 K/min.
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Fig. 1. Oxygen segregation during solidification of steel 1 at the
cooling rate of 100 K/min and 500 K/min
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Fig. 2. Nitrogen segregation during solidification of steel 1 at the
cooling rate of 100 K/min and 500K/min
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Fig. 3. Titanium segregation during solidification of steel 1 at the
cooling rate of 100 K/min and 500 K/min
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Fig. 4. Oxygen segregation during solidification of steel 2 at the
cooling rate of 100 K/min and 500 K/min
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Fig. 5. Nitrogen segregation during solidification of steel 2 at the
cooling rate of 100 K/min and 500 K/min
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Fig. 6. Titanium segregation during solidification of steel 2 at the
cooling rate of 100 K/min and 500 K/min

Oxygen and nitrogen have a low equilibrium interface di-
vision coefficient as compared to that of titanium. This means
that the oxygen and nirtogen concentrations increase in liquid
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phase with the advancing solidification process. A break on
the plots representing oxygen and nitrogen segregation in steel
1 (Fig. 1-2) and in steel 2 (Fig. 4-5) is indicative of inclusions
formation. In the case of low titanium steel (steel 1) no break
is visible on the segregation curve (Fig. 3), which means that
titanium was consumed by oxygen and nitrogen in the process
of non-metallic inclusions formation. In high titanium steel no.
2 no rapid break on the segregation plot was observed, signi-
fying that after inclusions formation some amount of dissolved
titanium was left out in liquid steel (Fig. 6). This effect was
caused by the oxygen and nitrogen defficiency, due to which
no further oxide and nitride precipitations could be formed.

The computer simulations revealed minimum differences
in the segregation plots for titanium for cooling rates 100
K/min and 500 K/min. Bigger differences were visible in the
segregation plots of oxygen and nitrogen, with biggest devi-
ations between curves for nitrogen. At a cooling rate of 100
K/min most of the elements remain in liquid steel.

Figures 7 and 8 illustrate the process of TiN and Ti,O3
inclusions formation in steel 1 and 2 during solidification, at
a cooling rate of 100 and 500 K/min.
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Fig. 7. Formation of TiN particles during solidification of steel 1 and
2 at the cooling rate of 100 K/min and 500 K/min
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Fig. 8. Formation of Ti,O; particles during solidification of steel 1
and 2 at the cooling rate of 100 K/min and 500 K/min

The calculations for low- and high-titanium steels re-
vealed that TiN inclusions were formed at an earlier stage of
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solidification than Ti, O3, being a result of the concentration
of the components in the liquid steel and actual value of the
real and equilibrium solubility product of oxide and nitride
precipitates. TiN particles were formed at the final stage of
solidification process, when the solid phase fraction equaled to
0.9 for steel 1 and about 0.8 for steel 2. This process continued
till the moment the last portion of liquid steel solidified. Most
of the TiN inclusions were formed with the participation of
solid phase 0.97 for steel 1 and 0.9 for steel 2. Ti, O3 particles
were formed with the participation of solid phase 0.925 for
steel 1 and 0.87 for steel 2, respectively. The most of the tita-
nium oxide precipitates were formed with the participation of
solid phase 0.96 for steel 1 and 0.93 for steel 2. The computer
simulations also showed that both in the case of low- and
high-titanium steels more inclusions were formed at a lower
solidification rate, i.e. 100 K/min. This effect was caused by
the fact that back diffusion in the process of elements segre-
gation during solidification of analyzed steels was accounted
for Wotczyniski equation.

5. Concluding remarks

The simulation results of secondary precipitations for-
mation during solidification of low- and high-titanium steels
with the use of a modified Ueshima model and simplex op-
timization method revealed that the main parameter deciding
about the formation of TiN and Ti,O3 inclusions was the per-
centage of elements making up both compounds. Calculations
were focused on the non-metallic inclusions formation in the
steel solidification process, without accounting for the primary
inclusions formation. Based on the results of calculations per-
formed with software SEG_Stal the approximate distribution
of secondary inclusions formed in steel during its solidification
could be obtained. The results revealed that more precipita-
tions were formed at a lower rate of cooling, and the differ-
ences in the amount of the resulting TiN and Ti, O3 inclusions
for both rates 100 K/min and 500 K/min were minimal. It was
also observed that TiN inclusion in steel 1 were formed at the
same participation of solid phase, regardless the solidification
rate. An analogous effect was observed for steel 2. In the case
of Ti,O3 precipitations formation in steels 1 and 2 a similar
trend was noted. The calculations did not account for such
effects as outflow of inclusions and their assimilation to slag
or interaction of formed particles with the solidification front.
This would, however, give a fuller picture of distribution of
inclusions in ingots of analyzed steels.
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