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Formation mechanism of Ti,O3;—TiN complex nucleus and its nucleation effect on 4-Fe at
solidification front of Fe-18Cr ferritic stainless steel was investigated through experimental and
theoretical methods. According to the equilibrium calculation, Ti,Oz will crystallize in the
molten steel before solidification and TiN will not form until the solid phases appear. However,
complex nucleus and equiaxed grains exist in the edge of Ti-bearing ingot, where the
solidification velocity and temperature gradient are high. Therefore, complex nucleus is
indicated to be formed at solidification front and a non-equilibrium solidification model for
multi-component alloy was established to investigate the dendrite tip interface phenomenon.
The calculation results exhibit an element enrichment at solidification front and explain well
with the formation of complex nucleus before solidification. It is also found that there is
approximate lattice matching between TiN, and Ti,O3, d-Fe on the basis of disregistry theory.
These results are consistent with the observed complex nucleus and the increased equiaxed zone
ratio (EZR) of Ti-bearing ferritic stainless steel.
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I. INTRODUCTION

FERRITIC stainless steel (FSS), with a content of 11
to 30 mass pct chromium and very little nickel, has been
attracting more and more attention for its outstanding
characteristics, such as lower thermal expansion coeffi-
cient, lower sensitivity to stress corrosion cracking,
higher thermal conductivity, when comﬁ)aring with
conventional austenitic stainless steel.'? In recent
years, in view of the hikes in nickel prices and energy
saving, FSS, with huge price superiority, has been
increasing rapidly in large quantities as a substitute for
SUS 304, which occupies the main stainless steel market.
Formerly, FSS was subjected to intergranular corro-
sion(IGC) due to the chromium-depleted region caused
by formation of chromium carbonitride in the grain
boundary.?™

Afterwards, IGC was effectively eliminated by reduc-
ing the carbon and nitrogen content and introducing
stabilizing element Ti, which has an affinity with C and
N. Therefore, Ti-bearing FSS gradually occupied the
mainstream of the market. Nowadays, the typical
shortcomings of the FSS are poor formability and the
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occurrence of ridging, which seriously affect the surface
quality of the product and restrict the application of
FSS [10-20]

Many material scientists have concluded that the
origin of ridging is strongly related to the columnar
structure in the solidification structure of FSS.[*'3!
Therefore, equiaxed grain structure of FSS is desired to
be obtained after the solidification process.**’ Among
them, the control of TiN is thought to be the most
effective method to improve the equiaxed zone ratio
(EZR) of FSS, because of the similarity of lattice
parameters between TiN and material matrix.?*3%
However, to avoid processing problems and poor
mechanical properties caused by excessive Ti content,
the application of oxide-TiN is proposed through
accurate component control.?> 3! Recently, Ti,O+—TiN
was found after solidification of stainless steel,*”! but
few research has been done on the formation mechanism
and nucleation effect on o-Fe.

Typically, the study on the crystallization behavior of
TiN and oxide-TiN mainly relies on equilibrium ther-
modynamic calculations.”*' 3 These studies have shown
that TiN is mainly formed during solidification. For
equiaxed crystallization, however, it is thought to be
necessary to generate TiN at the solidification front to
promote a heterogencous nucleation of § phase. Addi-
tionally, in the actual solidification process, a large
amount of TiN and oxide-TiN are found inside the
equiaxed grains, and the equiaxed zone ratio is also
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improved due to the presence of TiN and oxide-TiN.
However, few reports focus on the formation mecha-
nism of TiN and oxide-TiN at the solidification front.

Due to differences in elemental solubility between the
solid and liquid phases, the solute redistribution occurs
at the interface, which phenomenon cannot be calcu-
lated by equilibrium thermodynamics. In addition,
under certain conditions of solidification velocity and
temperature gradient, the solute concentration, solidus,
liquidus and formation temperature of TiN at the
solidification front will change significantly.

In this work, the formation mechanism and charac-
teristic of Ti,O3;—TiN complex nucleus at the solidifica-
tion front in 18Cr FSS were investigated during
non-equilibrium solidification, which have been seldom
studied so far.

II. EXPERIMENTAL AND MODELING

A. Experimental Procedure

Two ingots of approximately 1.0 kg mass were
prepared in a vacuum induction furnace. Ingot A is a
control sample and Ingot B is a Ti-bearing experimental
sample. To avoid the oxygen source form raw materials,
during the experiment, the basic alloys with composition
of Fe-18 mass pct Cr-0.32 mass pct Si and Fe-18 mass
pct Cr-0.30 mass pct Si-0.22 mass pct Ti were first
remelted in MgO crucible for Ingot A and Ingot B,
respectively. In addition, at the beginning of the
experiment, the vacuum in the induction furnace was
pumped to 10Pa, and then high-purity argon (volume
fraction > 99.999 pct) was introduced to the furnace.
The above operation was repeated by three times, and
the total pressure was finally maintained at about 10 Pa
to reduce the partial pressure of oxygen in the atmo-
sphere as much as possible. Temperature of molten steel
was measured by Raytek Marathon MRISB infrared
thermometer. When the melt temperature reached
1600 °C, the molten steel was held for 5 minutes, after
which the molten steel was cast into mold at 1570 £+ 15
°C. The ingots were removed from the mold 5 minutes
later and quenched to the room temperature in water.

The shape of these ingots is truncated cone with the
height of 80 mm, the bottom diameter of 40mm and the
top diameter of 50 mm. The ingots were cut into two
parts vertically through the centerline. One part was
etched by aqua regia solution (HCLHNO; = 3:1) to
reveal the as-cast structure. In another part, a metallo-
graphic sample was cut in the middle of these ingots
from the side to the center. The ingot outline dimensions
and the sampling method are shown in Figure 1. The
alloying element contents in the two ingots were
measured by the alkali fusion acid dissolution method.
The chemical compositions are shown in Table I.

The morphology and distribution of the complex
nucleus were observed by Leica DM4M optical micro-
scope (OM). Then characteristic and composition were
analyzed by application of FEI Quanta SEM with an
EDS X-ray analyzer. In addition, micro-Raman
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Fig. 1—Ingot outline dimensions and the sampling method.

Table I. Composition of the Two Ingots (Mass Percentage)

Ingot Cr Ti C N (0] Si
A 17.85  0.001 0.0065 0.0098 0.0130 0.33
B 17.98  0.200 0.0066 0.0110 0.0018 0.27

spectrometer was applied to analyze the oxide core in
the complex nucleus on the platform of HORIBA
LabRAM HR Evolution.

B. Solute Distribution During Non-equilibrium
Solidification Process

In an actual solidification process, elements will be
enriched at the front of the solid-liquid interface due to
the segregation phenomenon, which has a great influ-
ence on the precipitation behavior of FSS. To reveal the
solute enrichment at the solidification front during
non-equilibrium solidification process, the solute distri-
bution of component i can be obtained by Ivantsov’s
solution, as expressed by Eq. [1]**!:

E [Pc(2z + R)/R]

= Coi + (Cj; — Coi) AT _—

*
Li,z
where Cj; is the interface concentration of element i;

Cy; 1s the initial composition of element i; P. is the
solutal Peclet number; R is the tip radius of a dendrite
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growing at steady state; E; is the integral exponential
function; z is the distance in the liquid from the tip of
the dendrite parallel to the dendrite axis. Under
non-equilibrium solidification conditions, P., R, and

| are related to the velocity of solidification interface
between solid and liquid, which can be obtained by
non-equilibrium solidification model. This multi-com-
ponent model was established based on the dendritic
growth kinetics proposed by Kurz-Giovanola—Trivedi.*”!
The modeling details have been given in a previous
work 14!

III. RESULTS

A. Solidification Structure

Figure 2 shows the solidification structures of these
ingots, from which it can be seen that the EZR of the
Ingot B reached almost up to 100 pct compared with
Ingot A. The solidification parameters in the CET

(a) Ingot A 1lcm (b) Ingot B 1lcm

Fig. 2—The solidification structure of the 18Cr FSS. (a) Ingot A; (b)
Ingot B.

2um

HV det
20.00 kV|BSED

mag O
50 000 x

spot
4.0

WD pressure
10.7 mm|1.62e-4 Pa

Fig. 3—Typical morphology and composition of SiO; in Ingot A.
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position can be obtained using the same method as the
previous work.*®! The temperature gradient can be
obtained as 13 K/mm, and the interface velocity to be
400 pm/s. Under such solidification conditions, the
typical solidification structure is supposed to be mainly
composed of columnar grainst*”**! as Ingot A shown in
Figure 2(a).

The major inclusions in Ingot A are spherical SiO,
with an average diameter of 1.48 um, of which the
typical morphology and composition are shown in
Figure 3. While different from Ingot A, the major
inclusions in Ingot B are mainly Ti-bearing complex
nuclei. This phenomenon demonstrates that heteroge-
neous nucleation might have occurred in Ingot B.
Therefore, a series of detailed investigation were con-
ducted on Ingot B.

B. The Morphology and Distribution of Complex
Nucleus

The complex nuclei, observed by optical micro-
scope(OM) at magnification of x 1000, are shown in
Figure 4. These inclusions were recognized to be orange
color when performing bright field contrast in external
light mode. Additionally, a black core exists in each
orange inclusions. According to the following EDS
analysis, the orange part was identified to be TiN and
the black core to be titanium oxide. Both of them
constitute complex nucleus together, of which the
morphology is regular polygon and having a uniform
distribution.

More detailed morphology of these typical complex
nuclei shown in Figure 5 were observed by SEM
analysis with backscattered electron mode. Similar to
the optical microscope results, it was shown that a black
core exists in all the complex nuclei. The characteristic
size of the most complex nuclei is between 2 and 4 um.
In addition, not all the black cores are located exactly in
the center of these inclusions. Sometimes the black core
locates in the center as shown in Figures 5(a) through
(f), and sometimes in the corner shown in Figures 5(g)
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Fig. 4—The complex nuclei observed by OM with x 1000 magnification.

through (i). Moreover, the size of black core differed in
different complex nuclei, sometimes the size very small
(hundreds of nanometers).

C. The Characteristic and Composition of Complex
Nucleus

The typical characteristic and component of these
complex nuclei further revealed by EDS analysis are
shown in Figure 6. As can be seen from Figure 6, the
black cores of these complex nuclei are identified to be
titanium oxide whether located in the center or in the
corner. The gray part surrounding the black core is TiN.

In addition, map scanning was applied to reveal the
element distribution of complex nucleus. The result is
shown in Figure 7. Map scanning field of view is shown in
Figure 7(f), the element distributions of Ti, O, N, Fe, Cr
are shown in Figures 7(a) through (e), respectively. The
brightness of the color represents the content of the
corresponding element. It can be seen that the Ti element
is uniformly distributed in the complex nucleus, which
can be clearly distinguished from the surrounding Fe and
Cr-rich matrix. What is s more, the enrichment of oxygen
is mainly concentrated in black core of complex nucleus,
whereas the element N is concentrated in the other parts
of complex nucleus than the black core. The black part
can be identified to be titanium oxide, the dark gray part
(orange part in the OM results) to be TiN according to
the analysis of EDS and map scanning.
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There are many forms of titanium oxide with different
lattice structures, such as TiO, TiO,, Ti,Oz and
Ti;05.B21495% Each of them has different lattice match-
ing with TiN. Although it can be identified that the
complex nucleus is composed of titanium oxide and TiN
according to the EDS results, it is necessary to figure out
the specific form of titanium oxide.

First of all, the composition of 200 oxide cores in
complex nuclei were statistically analyzed to reveal the
O/Ti atomic ratio. However, there sometimes exist N
element in the EDS results as shown in Figure 6. This
phenomenon may be attributed to the spatial resolution
of the SEM-EDS. Since the oxide size in the complex
nucleus is generally small, mostly 1 micron and below,
usually smaller than the beam spot size of the
SEM-EDS. External TiN of complex nucleus may have
an influence on the EDS results. Therefore, when
analyzing the O/Ti ratio, TiN is removed by stoichio-
metric ratio in data processing. The result is shown in
Figure 8. The abscissa represents the atomic percentage
of the data-processed Ti element in these oxide cores,
and the ordinate is the O element. The blue balls
represent the experimental data, and the red dotted line
represents the ideal O/Ti atomic ratio of Ti,Os. It can be
seen from the figure that the O/Ti atomic ratio of the
oxide cores in the complex nucleus are located around
that of Ti,O3, indicating that the titanium oxide is Ti,03
in the complex nucleus. In addition, the smaller the size
of oxide core is, the less content of Ti and O will be, as
shown in the lower-left corner in Figure 8. These data
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(a) (b)

(c)

Fig. 5—Typical morphology of complex nuclei observed by SEM. (@) through (f) Oxide core locates in the center of complex nucleus; (g)

through (i) Oxide core locates in the corner of complex nucleus.

are also more dispersed in this area. Although the
statistical results can explain the form of titanium oxide
to a certain extent, further research is necessary to
confirm the exact form of the oxide core. Therefore, the
Raman spectroscopy analysis was applied to the oxide
identification.

Figure 9(a) shows the Raman spectra of oxide core in
complex nucleus, of which the SEM image and laser
point are shown in Figure 9(b). The Raman spectra of
Ti,04P"Hand TiNP* are shown in Figures 9(c) and (d),
respectively. The spot size of the micro-Raman spec-
trometer system was about 2 um.’¥ However, the size of
the oxide core is small. To obtain reliable results, a
complex nucleus with a larger oxide core is selected for
Raman test as shown in Figure 9(b), and the influence of
external TiN is hoped to be avoided as much as possible.

The feature peaks of Ti,O3 and TiN are represented
by triangle and diamond symbols, respectively. By
comparison, it can be found in the Raman spectra that
the feature peaks of the oxide core coincide with Ti,O3
centered at ~ 203 , ~ 247, ~ 291 ~ 335, ~ 423 and ~ 550
cm~! and with TiN centered at ~ 203, ~ 335 and ~ 550
ecm ', It can be concluded from the Raman results that
the oxide core is composed of Ti,O3 and very little TiN.
TiN may be derived from external influences. Besides,
many studies have also shown that the solubility of N
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increases when the TiOx content in the slag arises,>> %

the TiN may have already present in the oxide core
before solidification. Accordingly, there will be a new
mechanism for the formation of complex nucleus
besides interface theory such as lattice disregistry and
wetting angle.’***) However, it is difficult to validate the
nitrogen solubility in Ti,Oz during solidification and
beyond the scope of this article. It is reported that TisOs
is a thermodynamically more stable phase under melting
stage, but the oxide core is identified to be Ti»O; in this
work, the formation mechanism will be discussed later.
In this work, the complex nuclei were found to be
uniformly distributed in the experimental sample and
numerous in quantity. According to the research by
Bramffit,™! Villafuerte e al.,”” TiN is very effective for
promoting the heterogeneous nucleation of ferrite.
Therefore, TiN in the complex nucleus might be the
directive reason for the EZR improvement of the ingot
B. However, the supersaturation required for the for-
mation of TiN leads to an excessive amount of Ti, which
cause the aggregation of TiN and the formation of
harmful inclusions.P"%” It is worth noting that the
content of Ti in this work is at a low level and Ti,O3
exist in almost all the complex nucleus. It is important to
find out whether the Ti,O3 could come into formation
and promote the formation of TiN afterwards.
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Fig. 6—Typical composition of complex nuclei in Ingot B. (a) Big oxide core in the center; (b) Small oxide core in the corner; (¢) Small oxide
core in the center.
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Fig. 7—Element map scanning of complex nucleus in the matrix by EDS. (a) Ti; (b) O; (¢) N; (d) Cr; (e) Fe; (f) SEM image.
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Fig. 8—Statistical result of oxide cores in complex nuclei. Blue ball
represents for the experimental data and red-dashed line for the ideal
O/Ti atomic ratio of Ti,O5 (Color figure online).

Therefore, the formation mechanism of complex nucleus
and nucleation effect between titanium oxide and TiN at
the solidification front is discussed in the following part.

IV. DISCUSSION

A. Equilibrium Phase Diagram of Fe-18Cr FSS Under
Different Ti Content

To reveal the formation mechanism of complex
nucleus, the equilibrium phase of Ti-bearing Fe-18Cr
ferritic stainless steel was carried out under different Ti
content on the basis of 18 mass pct Cr-0.007 mass pct
C-0.011 mass pct N with help of FactSage, which is a

METALLURGICAL AND MATERIALS TRANSACTIONS B

commercial thermochemical software with an abundant
database. FactSage is based on the calculation of Gibbs
energies of possible existing phases. By minimizing this
Gibbs energy, the most stable phase composition of the
system is calculated. The result is shown in Figure 10.
The content range of Ti is from 0 to 1.0 mass pct, and
the temperature range from 1200 to 1600 °C. As shown
in Figure 10, line AB, CD, IJK, and EFGH represent
the liquidus, the solidus, formation temperature for
titanium oxide, and for TiN, respectively. Line JLMN
represent phase boundary between Ti;Os and Ti,Os.
With the increase of Ti content, titanium oxide trans-
forms from Ti3;O5 into Ti,O3. The critical transforma-
tion content of Ti decreases with the decrease of
temperature. The dot-dashed line represents the content
of Ti in this work and it is easier to form Ti,O3 during
solidification.

The following information can be obtained from
Figure 10. First, titanium oxide will come into forma-
tion in the liquid phase when Ti content exceed 0.044
mass pct (point I). Second, the formation temperature of
TiN is gradually increasing with the increase of Ti
content. TiN will form after solidification, when the Ti
content locates within the range from 0 to 0.04 mass pct
(line EF), where TiN has no nucleation effect on ¢-Fe
under this circumstance. Third, TiN will come into
being during solidification, when the Ti content locates
within the range from 0.04 to 0.48 mass pct (line FG). In
this case, TiN will promote the nucleation of FSS during
solidification effectively. What is more, TiN will come
into being before solidification, when the Ti content
exceeds 0.48 mass pct (line GH), where the TiN is easy
to form large size inclusions probably, which should be
avoided. In the solidification process of Ingot B repre-
sented by dot-dashed line, Ti;Os was first formed at
1570 °C and immediately converted to Ti,Oz at
1565 °C. TiN formed at 1500 °C between liquidus
(1505 °C) and solidus (1492 °C).
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Fig. 9—The Raman spectroscopy result of oxide cores in complex nuclei. (¢) Raman spectrum with feature peaks of oxide core in complex
nucleus; (b) The complex nucleus morphology for testing and the corresponding laser point; (¢) Raman spectrum with feature peaks of Ti,Os; (d)
Raman spectrum with feature peaks of TiN. The feature peaks of Ti,O; and TiN are represented by triangle and diamond symbols, respectively.

It can be seen from the analysis in Section III that the
inclusions in Ingot B are mainly TiO;—TiN complex
nuclei. During solidification, the solute redistribution
exists at the solid/liquid interface and element diffusion
differs between solid and liquid phase. And the solute
distribution during solidification can be described by
Scheil-Gulliver model. In this work, the formation
mechanism of complex nucleus during solidification was
also carried out by Scheil-Gulliver model. The calcu-
lated result is shown in Figure 11.

By calculating the Scheil solidification process of
Fe-18Cr steel, it can be found that there are three
important precipitate phases, which are Ti,O3, TiN and
TiC. It can be seen from the calculation result that Ti,O3
will come into being when the temperature reach
1565 °C and TiN and TiC begin to generate at 1500°C
just below the liquidus(1505 °C). The content of TiN
increased rapidly to a certain value the moment it is
generated. As for TiC, the content increased slowly at
the beginning of solidification but rapidly at the end.
Finally, the solidification comes to an end at soli-
dus(1337 °C). In the solidification interval between 1505
and 1337 °C, Ti,O; increases slightly in the beginning
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and keeps a lower content relative to Ti(C, N), which
correspond to the small size of titanium oxide observed
in the OM and SEM.

Scheil model assumes that no diffusion occurs in solid
phases and infinitely fast diffusion occurs in the liquid
phases.[*":%%! Such assumptions generally exist in a region
with little amount of liquid phases, therefore, the Scheil
model is often used to predict the precipitation charac-
teristics between primary or secondary dendrites, where
behind the dendrite tip or solidification front. Contradic-
tory to the Scheil-cooling FactSage predictions, TiC was
not observed in complex nucleus. One possible reason
may be that the precipitation of TiC is slow. Another
reason is that TiN in the complex nucleus might form
before solidification rather than during solidification. It is
necessary to discuss the formation possibility of complex
nucleus at the solidification front.

Additionally, although TiN will be theoretically
generated, the supersaturation required for TiN forma-
tion is too high to generate homogeneously. However, a
large number of uniformly distributed complex nucleus,
composed of TiN and titanium oxide, appeared in the
ingot under high cooling rate in this work, indicating

METALLURGICAL AND MATERIALS TRANSACTIONS B
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that TiN will be easily formed together with Ti,O;. If the Finally, the EZR of FSS will be easily increased. The
formation of TiN is promoted by the existing Ti,O3, the nucleation effect of Ti,O; on TiN will be discussed in
nucleation of 0-Fe will further be promoted by TiN. Section IV.C.
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Table II. The List of Parameters Used in the Multi-component KGT Model

Parameter Unit Cr Ti Si C N O
Co.i mass pct 18 0.2 0.27 0.007 0.011 0.0018
m; mass pct/K —0.30 —19.27 —1.62 —98.17 —69.93 40
; — 0.99 0.34 0.96 0.17 0.28 0.065
Dy 7 m?/s 2.67 x 1077 1.81 x 1077 2.40 x 1078 143 x 1077 143 x 1077 1.2 x 1078
o7 J/mol 6.69 x 10* 4.77 x 10* 1.72 x 10* 4.69 x 10* 4.69 x 10* in melt'®!

Where m; is the liquidus slope of element i; k; is the equilibrium partition coefficient of element i; Dy is the liquid-phase diffusion constant of

component 7; Q; is the activation energy.
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Fig. 12—Distribution of Cr, Ti, C, N, O and Si at the dendrite tip. (a) Cr, (b) Ti, (¢) N, C and O, (d) Si (Color figure online).

For equiaxed crystallization, it is thought to be
necessary to generate TiN which is thought to be a
heterogeneous nucleus of 6 phase at the solidification
front above liquidus. Therefore, the formation mecha-
nism of complex nucleus at the solidification front will be
discussed by the non-equilibrium solidification model.

B. The Formation Mechanism of Complex Nucleus
at the Solidification Front

In a previous work,“% the dendritic growth charac-
teristics of Nb-bearing Fe-20Cr FSS during non-equi-
librium solidification process were carried out by a
multi-component KGT model and successfully
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predicted the solidification structure. However, whether
a complex nucleus can be formed at the solidification
front in a Ti-bearing FSS deserves further discussion.
Therefore, in this work, the formation mechanism was
discussed combined with the non-equilibrium model.
The data used in this work shown in Table I were first
obtained through thermodynamic calculation. Before
calculation, growth velocity and temperature gradient
should be determined. As mentioned in Section I11.A, the
growth velocity is 400 um/s and the temperature gradient
is 13 K/mm. The initial solute contents were w[Cr] = 18
mass pct, w[Ti] = 0.2 mass pct, w[Si] = 0.27 mass pct,
w[C] = 0.007 mass pct and w[N] = 0.011 mass pct. After
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Fig. 13—Schematics of constitutional undercooling and TiN formation temperature ahead at the solidification front. (a) Constitutional
undercooling profile, (b) Schematic of complex nucleus formation (Color figure online).

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 50B, JUNE 2019—1361



Table III. Lattice Parameters of the Corresponding Material in Steel

Substance Lattice Structure a0 at 25 °C /nm a0 at 1500 °C /nm
o-Fe BCC-type — 0.29396
Ti, 03 corundum-type — 0.51251
TiN NaCl-type Bl 0.42419 0.43055

— ] ) Ti-bearing Ingot B is shown in Figure 13(a). The detail
[1010]Ti203 | [001]TiN at the solidification front within 50 um is enlarged as

[2110]Ti203
[O11]TiN

Q O of Ti203
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[ )NofTiN

o0 -

(0001)Ti205//(100)TiN

Fig. 14—The orientation relationship between Ti,O3 and TiN.
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Fig. 15—The orientation relationship between 6Fe and TiN.

dendritic kinetic analysis, solute concentration distribu-
tion at the solidification front for component i can be
obtained.

For Ti-bearing Ingot B, the solute concentration
distribution profiles of element Cr, Ti, Si, C, N and O in
the liquid phase at solidification front are shown in
Figures 12(a) through (d).

Figure 12 shows that the solute enrichment phe-
nomenon exists in the liquid phase within 50 ym ahead
of the dendrite tip during solidification. As the element
content at the solidification front changes, the liquidus,
solidus, TiN and Ti,O3 formation temperatures are
bound to change correspondingly. These changes were
analyzed by FactSage. The constitutional undercooling
schematic ahead of the solidification front of the
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shown in Figure 13(b).

As can be seen from Figure 13(a), constitutional
undercooling exists in the distance range from 0 to 360
um. Due to the change of concentration distribution at
the solidification front, the solidus and liquidus are
decreased, but the TiN and Ti,O3 formation tempera-
ture is increased. The local temperature does not exceed
the formation temperature of TiN until the distance
beyond 173 um. It is noteworthy that the formation
potential of TiN is greater than that of §-Fe within 6 ym
because of the result that formation temperature of TiN
is higher than the liquidus, which is different from the
thermodynamic calculation results as shown in
Figures 10 and 11.

Therefore, TiN can be precipitated at the solidifica-
tion front, resulting in nucleation of J-Fe. And TiN will
not further cluster to become inclusions when the
position is 6 um beyond solidification front. However,
experimental results show that most of TiN is combined
with Ti,O3, which has been existed before the formation
of solid. Therefore, the possibility of TiN generated on
the surface of Ti,O3 will be discussed through disregistry
theory in the following section.

C. The Nucleation Effect Between Titanium Oxide
and TiN

Bramfitt put forward the disregistry concept to
measure the effectiveness of heterogeneous nucleation.
The effective heterogeneous nucleation can reduce the
nucleation energy of §-Fe in the solidification process,
thereby reducing the nucleation undercooling and the
required supersaturation of nucleated solid.

With the help of the disregistry calculations, Bram-
ﬁtt,[33] Park et al.[*¥ Cheng et al.*! has reported the
effective nucleation of TiN on o-Fe. However, few
people have discussed the nucleation effect of Ti,O3 on
TiN in Fe-18Cr ferritic stainless steel. The lattice
disregistry between TiN and Ti O3 together with J-Fe
was discussed to investigate the nucleation effect of
Ti,O5 on TiN and of complex nucleus on §-Fe.

The lattice parameters of the relevant material are
given in Table I The orientation relationship
between Ti,O; and TiN, is shown in Figure 14. The
orientation relationship between §-Fe and TiN is shown
in Figure 15.
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According to the disregistry calculation model pro-
posed by Bramfitt, the disregistry between TiN and
Ti,O3 is 13.61 and that between TiN and o-Fe is 3.57.
According to the disregistry theory, it can be concluded
that there has approximate lattice matching between
TiN, and Ti,O;, J-Fe.

It can be concluded that Ti,O3, formed in the liquid
steel during solidification, will further promote the
formation of TiN to create a complex nucleus at the
solidification front. The heterogeneous nucleation of -Fe
will be promoted once the complex nucleus is formed. Asa
result, the growth of the columnar grains is suppressed,
and the equiaxed grain ratio will be increased.

V. CONCLUSION

In this paper, the formation mechanism and nucle-
ation effect of Ti,O3;-TiN complex nucleus during
solidification process of Fe-18Cr ferritic stainless steel
was studied, and the following conclusions were
obtained.

1. When Ti was added, the inclusions in the FSS
changed from SiO, to Ti,O3-TiN complex nucleus.
The EZR increased almost to 100 pct in Ingot B
compared with Ingot A.

2. Although Ti,O;5 can be formed in the high-tempera-
ture liquid phase region during solidification, the
formation of TiN lags behind that of solid phase
whether based on the equilibrium or Scheil-cooling
calculation results. Therefore, the component varia-
tion at the dendritic tip during non-equilibrium
solidification should be taken into account when
discussing the formation mechanism of TiN.

3. The formation of TiN at solidification front was
discussed with the help of multi-component dendritic
growth model during non-equilibrium solidification.
The results show that formation temperature of TiN
is larger than the liquidus within 6 ym ahead of the
solidification front. This result indicates that TiN will
form earlier than the solid phase, which is different
from the equilibrium thermodynamic calculation.

4. The nucleation effect of Ti,Oz on TiN was discussed
on the basis of disregistry theory. The results show
that there is approximate lattice matching between
TiN, and Ti,Os3, J-Fe, indicating that the existing
Ti,O3 will promote the formation of TiN both prior
to (ahead of the dendrite front) and during solidifi-
cation. Additionally, the heterogeneous nucleation of
o-Fe will be further promoted by TiN. These results
are consistent with the observed complex nucleus and
the increased EZR of Ingot B.
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