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Abstract As the raw materials in the post process of
rolling and heat treatment, ingots have great effects on the
properties of the final products. Inclusions and solidifica-
tion structures are the most important aspects of the quality
of ingots. Niobium and titanium are usually used to react
with carbon and nitrogen to improve the properties of
ferritic stainless steels. In this research, combined with
thermodynamic calculation, effects of niobium and tita-
nium on the inclusions and solidification structures in three
kinds of high pure ferritic stainless steels with different
titanium additions were investigated by optical microscope
(OM), scanning electron microscope (SEM), transmission
electron microscope (TEM), and energy disperse spec-
trometer (EDS). Results show that Al,O; and a few
(Nb,Ti)N particles form when titanium addition is 0.01 %.
Furthermore, inclusions are mainly TiN and Al,03-TiO,—
TiN duplex inclusions when titanium addition is more than
0.10 %. Those two types of inclusions are in well distri-
bution, and can afford nuclei to the solidification process.
Therefore, the ratio of equiaxed zone increases with the
increase of titanium addition. The ratio increases from
42.1 % to 64.0 % with the titanium addition increasing
from 0.01 % to 0.10 %, and it increases to 85.7 % when
the titanium addition reaches 0.34 %.
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1 Introduction

Ferritic stainless steels are widely used in manufacturing,
construction industry, and sanitary tools because of their
perfect mechanical properties and corrosion resistance
[1-3]. As the raw materials in the post process of rolling
and heat treatment, the solidification structures of the
ingots have great effects on the recrystallization micro-
structure, texture, and formability of their final products
[4-8]. Solidification structures are determined by many
factors, such as chemical compositions, superheat, quantity
of cooling water, and casting speed [9-12]. Niobium and
titanium are usually added into high pure ferritic stainless
steels as stabilization elements to react with carbon and
nitrogen to promote their mechanical properties and cor-
rosion resistance [13]. Moreover, the nitrides of titanium
and niobium can be used as nuclei for the solidification
process so as to refine the solidification structures and
increase the ratio of equiaxed zone.

In the past two decades, researches on the inclusions
and solidification structures of ferritic stainless steels were
mainly focused on traditional SUS430 steel or the ones
without stabilizing elements. In recent years, high pure
ferritic stainless steels with a total content of carbon and
nitrogen less than 300 x 107% were developed as the
substitutes for SUS304 stainless steels. And there are few
studies concentrated on the high pure ones with high
chromium content and dual stabilized by niobium and
titanium. Therefore, the aim of this study is to determine
the effect of niobium and titanium on the inclusions and
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solidification structures of high pure ferritic stainless
steels. Combined with thermodynamic calculation, the
inclusions formed in or before the solidification process
and their effects on the solidification structures of three
kinds of these steels with 21 % chromium were
investigated.

2 Experimental

The raw materials were prepared by vacuum induction
furnace using various alloys. 110 kg ingot for each kind of
the steel was obtained. Table 1 shows the chemical com-
positions of the raw materials.

The samples used to observe solidification structures
with the size of 80 mm x 20 mm x 20 mm were taken
from the middle of ingots, as shown in Fig. la. After
polished by emery paper and polishing machine, the sam-
ples were etched by the corrosive solution consisting of
10 g iron trichloride, 30 ml hydrochloric acid, and 120 ml
deionized water. Finally, high resolution scanner was used
to scan the surfaces of the samples. Additionally, some
specimens with the size of 20 mm x 20 mm x 20 mm
used to observe inclusions were taken from the position of
half radius at the cross section of the ingots, as shown in
Fig. 1b. The inclusions were investigated by optical
microscope (OM), scanning electron microscope (SEM),
transmission electron microscope (TEM), and energy dis-
persive spectrometer (EDS).

Table 1 Chemical compositions of raw materials (wt%)

3 Results and discussion
3.1 Types of inclusions

Experiment results show that the inclusions in the ingots of
the three steels are mainly TiN, Al,O;, Al,O5-TiO,~TiN,
and a few (Nb,Ti)N inclusions. Statistical analysis on the
types of the inclusions was carried out by OM, SEM, and
EDS, as shown in Table 2.

Al,O5 forms at a high temperature even at 1,600 °C
because it has a very low solubility product. Researchers
made plenty of work on the formation of Al,05. Therefore,
the precipitation process of inclusions in the present work
mainly focused on the inclusions containing titanium and
niobium.

Figure 2 shows the shape and EDS analysis of TiN
precipitates. Their sizes are in the range of 1-10 um. Since
the solubility product of AIN is higher than TiN by 2-3
orders of magnitude in the range of 900-1,500 °C and
titanium has a strong ability to react with nitrogen [14]. It
can be assumed that all nitrogen react with titanium. The
minimum additions of titanium for steel No. 1, No. 2, and
No. 3 were calculated to be 0.028 %, 0.030 %, and
0.032 %, respectively. Obviously, 0.01 % Ti addition in
steel No. 1 is far from enough to react with the total
nitrogen. Therefore, the excess nitrogen would react with
niobium to form NbN. As a result, NbN would be com-
bined with TiN and then (Ti,Nb)N precipitates form [15],
which is found in steel No. 1, as shown in Fig. 3.

Nos. C Si Mn Cr N Ti Nb T.Al T.O
0.010 0.45 0.16 21.21 0.0082 0.01 0.28 0.010 0.0098
0.012 0.51 0.12 21.23 0.0086 0.10 0.27 0.018 0.0055
0.012 0.47 0.18 21.35 0.0093 0.34 0.28 0.021 0.0059
— [e— 20 mm

Fig. 1 Diagrams of sampling positions at the cross section of the ingots: a solidification structure observation and b inclusion observation
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Table 2 Inclusion types in ingots

Nos. Types of inclusions

ALOs, a few (Nb,Ti)N
ALO3-TiO,~TiN, TiN
ALO3-TiO,~TiN, a lot of TiN

Figure 4 shows the shape and EDS analysis of Al,O3;—
TiO,—TiN duplex inclusions. This type of inclusion is only
found in steel No. 2 and No. 3. The cores of these inclu-
sions are Al,O3-TiO, and covered with TiN. It is obviously
concluded that TiN forms after Al,O5 and TiO,, which is in
good accordance with the previous researches [16, 17].
Additionally, these inclusions do not form in steel No. 1
because the titanium addition is too low to form TiN in or
before the solidification process. Thus, the inclusions in
steel No. 1 are mainly pure Al,Os.

3.2 Precipitation process of inclusions containing
titanium

Inclusions containing titanium are mainly TiN in the
present work. TiN forms at a high temperature even higher
than the liquidus temperature of steel because of the strong
reaction ability between titanium and nitrogen. Equation

@/

20 pm

Fig. 2 SEM image a and EDS analysis b of TiN particle

'\\/

20 pm

Fig. 3 SEM image a and EDS analysis b of (Nb,Ti)N particles
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(1) shows the reaction between [Ti] and [N] and its stan-
dard Gibbs free energy [18]. Taking 1 % solution as the
standard state, relations between the product of
%[ Ti]-%[N] and temperature were obtained by calculating
the activity coefficients fr; and fy, as shown in Eq. (2). K is
the equilibrium constant. Figure 5 demonstrates the solu-
bility diagram of TiN. Besides, the liquidus temperatures of
steel No. 1, No. 2, and No. 3 were calculated to be 1,496.2,
1,495.2, and 1,495.4 °C, respectively, according to Eq. (3)
[19].

[Ti] + [N] = TiN(s) AG® = —314800 + 114.35 T
J0[Ti]-%[N] = 1/(K - fri - )

T = 1536 — {0.1 + 83.9[C] + 10[C]*+12.6[Si] + 5.4[Mn]
+ 4.6[Cu] + 5.1[Ni] + 1.5[Cr] — 30[P] — 37[S] — 9.5[Nb]}

(3)

Calculated results show that TiN does not start to form
before the process of solidification in steel No. 1 and No. 2,
but it starts in steel No. 3. In addition, some titanium oxides
form as the cores of Al,O3-TiO,~TiN duplex inclusions in
all the three kinds of the steels. Previous researches show
that titanium oxides are mainly Ti,O5; when titanium content
is higher than 0.25 % and changes into Ti3;O5 when titanium
content is lower than 0.25 % [20, 21]. The precipitation
temperatures of TiN would be a little lower than the
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Fig. 4 SEM image a and EDS analysis of Al,O;-TiO,~TiN duplex inclusions: b A in a, ¢ B in a
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Fig. 5 Solubility diagram of TiN

calculated values because of the formation of titanium oxi-
des, but the tendency that the precipitation temperature rises
with the titanium addition increasing would not change.

3.3 Precipitation process of inclusions containing
niobium

Under this experimental condition, the inclusions contain-
ing niobium are carbonitrides. Reactions among niobium,
carbon, and nitrogen are shown in Eqgs. (4) to (5) [22-24].

1000 nm

the full solution temperatures of NbN for steel No. 1, No. 2,
and No. 3 are calculated to be 1,350, 1,351, and 1,361 °C,
respectively. It reveals that both NbC and NbN would not
form until the solidification is totally finished. However,
Nb(C,N) may form because NbN is mutually soluble with
NbC and the solution temperature of Nb(C,N) is higher
than that of NbN or NbC [25]. Experiment results show
that there are actually a few TiN particles containing nio-
bium carbonitrides in steel No. 1. And these carbonitrides
are mainly NbN since there is not enough titanium to
consume all the nitrogen.

1g([Nb]-[C]) = 5.43 — 10960/T,
1g([Nb]-[N]) = 4.96 — 12330/T.

(4)
(5)

However, most of nitrogen would react with titanium so
that the full solution temperatures of Nb(C,N) and NbN are
lower than the calculated values for steel No. 2 and No. 3.
Therefore, the carbonitrides of niobium would mainly
precipitate in the process of rolling and annealing.
Experiment results show that there are a lot of NbC
particles with the size less than 500 nm in cold-rolled
sheet, as shown in Fig. 6.
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Fig. 6 NbDC particles in annealed cold-rolled sheet: a SEM image and b EDS analysis
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3.4 Effect of niobium and titanium additions
on solidification structures

Figures 7 and 8 show the solidification structures and the
ratios of equiaxed zone of the ingots. It shows that the
ratios of equiaxed zone increase with the titanium addition

Fig. 7 Solidification structures at cross sections of ingots: a steel No.
1, b steel No. 2, and ¢ steel No. 3 (Left side being surface of the ingots
and right side being the center)

100
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S
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Titanium addition / wt%

Fig. 8 Ratios of equiaxed zone of the ingots with different titanium
additions

increasing, which is related with the inclusions and their
distributions. Al,O5; forms at a high temperature and is in
non-uniform distribution, as shown in Fig. 9a. Steel No. 1
has the lowest ratio of equiaxed zone, because there are
only a few (Nb,Ti)N particles. Although there are some
Al,Oj particles in steel No. 1, pure Al,O5 particles are not
in well distribution and only have a weak effect on the
solidification structures.

Figure 9b shows the inclusion distributions of the ingots
in steel No. 3. Those inclusions were mostly determined to
be TiN and Al,O3;-TiO,~TiN by EDS. And they are in well
distribution. Figure 8 shows the ratio of equiaxed zone in
solidification structures increases with the titanium addi-
tion increasing. The ratio increases from 42.1 % to 64.0 %
with the titanium addition increasing from 0.01 % to
0.10 %, and it increases to 85.7 % when the titanium
addition reaches 0.34 %. It is concluded that well-distrib-
uted TiN and Al,O3;-TiO,~TiN particles form in the pro-
cess of melting and solidification could effectively afford
nuclei to make liquid steel solidify in a relatively big zone
at the same time, which promotes the ratio of equiaxed
zone.

Besides, there are about 0.28 % Nb in all the three high
pure ferritic stainless steels in the present work, but it has
little effect on the ratio of equiaxed zone because the
inclusions containing niobium mainly form after the
solidification process.

4 Conclusion

As stabilization elements added into high pure ferritic
stainless steels, titanium has great effect on the precipita-
tion of inclusions and solidification structures. There are
mainly two kinds of inclusions, which are TiN and Al,O3—
TiO,~TiN. They are of benefit to improve the ratio of
equiaxed zone. The ratio increases from 42.1 % to 64.0 %
with the titanium addition increasing from 0.01 % to
0.10 % and increases to 85.7 % when the titanium addition
reaches 0.34 %.

100 pm

Fig. 9 SEM images of inclusion distributions in ingots: a steel No. 1 and b steel No. 3
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Effect of titanium on the solidification structure is far
stronger than that of niobium. Only a few (Nb,Ti)N parti-
cles would form in the solidification process and have a
certain effect on the solidification structures, when there is
not enough titanium to consume the total nitrogen. Most of
the inclusions containing niobium form after solidification.
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