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Abstract: The synergistic mechanism of multiple process parameters on the solidification structure of niobium
containing austenitic stainless steel during continuous casting is complex, which seriously affects the quality of
continuous casting billets and seamless pipes. In order to optimize the quality of continuous casting billet, a finite
element model of solidification and heat transfer in continuous casting process was established for the secondary
cooling process of continuous casting billet. The control variable method was used to explore the influence of
casting speed and superheat on the solidification process. At the same time, an orthogonal scheme was designed
to study the coupling effect of multiple process parameters on the heat transfer and solidification state of
continuous casting billets, and optimized process parameters were selected. The optimization results of process
parameters were verified through production experiments, and it is found that the enrichment of coarse niobium
compounds directly causes the initiation and propagation of inner wall cracks during the large deformation
hot piercing of S30432 seamless tubes. Process parameter optimization, especially the synergistic effect of
the decrease of superheat and increase of specific water flow promotes the grain refinement and expension
of equiaxed crystal zone, thereby mitigating the segregation of Nb elements and improving the distribution of
niobium compounds.
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1 Inlroduclion Hovxfever, due Fo the solidification conditions of the
continuous casting process and the low solute balance

Austenitic heat-resistant stainless steel has become distribution coefficient of Nb element, serious grain

an important choice for seamless steel tubes of boundary segregation occurs in the solidified structure

supercritical and ultra-supercritical power station of S$30432 with a high Nb content, forming a large

boilers due to its excellent high temperature stability". amount of unevenly distributed niobium compounds,

which greatly reduces the quality and hot working
performance of the billet, and leads to the formation
of pores and initiation of cracks'!. Moreover, the
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alloys and the development of equipment for liquid/semi-solid forming bulk NbC primary phase is difficult to be removed
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The current research has gradually realized the regulation
of solute element distribution in the solidification process
of continuous casting through thermodynamic design,
refinement of process parameters, and auxiliary technological
innovation”™”!. Researchers often improve billet quality by
optimizing the relevant modules of the continuous casting
process, such as immersion nozzle structure and immersion

1314 mold structure and
[16-23]
b

depth"**?, distribution of mould fluxes
vibration frequency'”, electromagnetic stirring parameters
secondary cooling water™**”, casting speed”**”, superheat” **
and continuous casting supporting equipment”. In addition,
the optimization of alloy composition design combined with
thermodynamic calculation is also an important aspect™**".
For example, the precipitation kinetics of Nb(C, N) can be
controlled by changing the content of C, N, and Nb elements,
which can weaken the tendency of element segregation to a
certain extent. However, the accuracy of alloy composition
design optimization is attributed to the accuracy of the
phase diagram calculation database and how to consider the
interaction between a large number of alloy elements™" **,
In addition, it is also necessary to maintain the service
performance and production cost of the alloy in its operating
environment™ ™", Therefore, in the actual production process,
it is difficult to optimize the quality of the billet by directly
changing the composition.

In the actual continuous casting production process, the
molten steel needs to pass through the mold, the foot roller
zone, the secondary cooling zone, and the air cooling zone.
For a specific alloy type, its melting process, refining process,
nozzle setting, mold and other related device settings are
relatively certain, and the main parameters that have a greater
impact on the actual billet microstructure are related to a
series of solidification events such as the microstructure of
the billet from nucleation to growth, and then to grain shape
transformation™”. Process parameters such as casting speed,
superheat, secondary cooling water distribution, and their
coupling effect, directly regulate the solidification kinetics
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of the billet. This is reflected in the nucleation and growth
process, mainly in the nucleation undercooling, temperature
gradient, cooling rate, and growth rate™” **. The change
of macro process parameters directly affects the change of
nucleation and growth parameters of these structures, which
leads to the formation of different fine grain zone, columnar
crystal zone, equiaxed crystal zone, and element segregation.
Therefore, the influence of the above key continuous casting
parameters on the parameters related to the nucleation of the
solidified structure should be considered, and the coupling
effect between the process parameters should be related to the
solidification state and microstructural distribution, so as to
further clarify the synergistic mechanism among the multiple
process parameters.

Therefore, in this study, the coupling optimization of
multi-process parameters of continuous casting was carried
out to address piercing cracks in S30432 billets and seamless
tubes. The process parameters such as casting speed, superheat,
and gradient design of secondary cooling zone were simulated
and studied. The temperature field, solidification process, and
microstructure evolution of continuous casting billets under
the action of single and coupled process parameters were
analyzed, and the causes and solutions of defects in billets and
seamless tubes were revealed, which provide reference for the
optimization of process parameters in actual production process.

2 Methods
2.1 Modeling

The mature finite element simulation software Ansys was used
to simulate the solidification process of continuous casting.
Based on the symmetry of heat transfer during the cooling
process of continuous casting billet, a two-dimensional slice
model representing the cross section of a quarter billet was
established using the two-dimensional slice method. The
schematic of the continuous casting process and the position of
each cooling section are shown in Fig. 1.
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Fig. 1: Continuous casting model diagram (a), structure diagram near the meniscus (b), and the length and
position parameters of each zone of continuous casting model (c)
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The cooling scheme of the secondary cooling zone was
mainly carried out in a weak cooling mode. The heat transfer
coefficient of the secondary cooling zone was used to reflect
the water distribution during each stage of the secondary
cooling, and the heat transfer coefficient was set in a multi-stage
gradient. For the conversion of heat transfer coefficient and
secondary cooling water quantity, firstly, the total water
quantity of the secondary cooling zone was calculated by
the preset specific water flow, and then the water quantity of
each section was calculated according to the water distribution
equation. Finally, the heat transfer coefficient of each secondary
cooling zone was calculated by the heat transfer coefficient
equation, so as to be applied to the subsequent calculation.

The total water quantity in the secondary cooling zone can
be calculated according to the following equation™”":

O=ab-p-9-f (1)
where Q is the total water quantity in the secondary cooling
zone, L'min’"; a-b is the section size of the billet, mz;fis
specific water flow, L-kg™"; g is the casting speed, m'min™'; and
p is the billet density, kg'mm”.

The secondary cooling stage is divided into four sections,

and the water distribution mode of each section is™*”;
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where S; is the length from the liquid level of the mold to the
cooling center point of each section.

During the simulation process, the heat transfer coefficient
can be set according to an empirical equation suitable for
austenitic stainless steel materials'™’:

h=581w"¥1(1-0.0075Ty,) (6)
where T, is the temperature of the cooling water, °C; w is
the water flow density, L-(m’-s)"; and 4 is the heat transfer
coefficient, W-(m*-°C)™.

The relationship between water flow density and water
quantity can be calculated by the following equation:
w=DQ (7
where D is a coefficient related to the spray area of the casting
billet. It can be calculated by combining Eq. (6) and Eq. (7).

w=2582-1125p ! ®)
where P is the water quantity sprayed onto the entire surface of

the casting billet in the secondary cooling zone per unit time,
L-(m*s)".

The range of continuous casting process parameters selected in
this study was as follows: the casting speed was 0.8-1.2 m-min™,
the superheat was 10-50 °C, and the specific water flow was
0.1-0.5 L-kg™'. The specific continuous casting secondary
cooling process parameters and the corresponding heat transfer
coefficient values are shown in Table 1.

2.2 Material parameters

The material used in the simulation was austenitic stainless
steel S30432, and its chemical composition is shown in Table 2.
The thermal physical parameters were calculated based on
the Fe based database in Pandat software. The solidification
process was calculated using the Scheil model, which is more
closely related to the actual non-equilibrium solidification

[36]

process in continuous casting ™. The results are shown in Fig. 2.

2.3 Experiment and characterization

The vertical bending continuous casting machine was used to
verify the production experiment. After melting and refining,
S30432 alloy was injected into the tundish, and then the
molten steel was distributed to three molds by the submerged
nozzle. The surface layer of continuous casting billet solidified
rapidly under the action of mold. Following the coordinated
operation of the pulling straightening machine and the mold
vibration device, the billet in the mold was pulled out. After
secondary cooling and electromagnetic stirring, it was cut into
a 2.5 m long square billet with a cross-sectional dimension of
220 mmx*220 mm. During the secondary cooling stage, the
gas-water atomization cooling with dynamic water distribution
was used around the billet to achieve uniform cooling. Before
hot rolling, the billet underwent surface treatment, and then
heated to 1,200 °C within the furnace. After hot rolling and air
cooling, the hot rolled round billet was reheated to 1,100 °C,
and the seamless steel tube was obtained by piercing
deformation process with two-roll cross piercing equipment.
JSM-IT800 field emission scanning electron microscope was
used to characterize the cross-section morphology and piercing
structure of the billet before and after the optimization of
continuous casting process parameters. EDS mapping was
used to characterize the distribution of Nb element in the
microstructure.

3 Results and discussion

3.1 Change of section temperature and shell
thickness during solidification process of
continuous casting billet

The solidification process of S30432 stainless steel billet was
simulated under the conditions of casting speed of 0.9 m-min”,
superheat of 20 °C, and specific water flow of 0.3 L-kg™.
Figures 3(a)-(f) are the cloud diagram of the temperature field
of the two-dimensional slice model of a quarter billet. It can be
seen that the temperature in the core of the billet is the highest
and that in the corner zone is the lowest. From the core of the
billet to the corner, the temperature gradually decreases. The
trend is due to the heat of the corner of the billet diverging in
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Table 1: Continuous casting secondary cooling process parameters and the corresponding heat transfer coefficient values

Heat transfer coefficient [W-(m*-°C)™]

Speed  Superheat L iCic,
{mmin) Bien sl SRR el el
Case 1 0.8 10 0.1 781.35 433.07 331.94 292.78
Case 2 0.8 20 0.2 924.77 512.33 392.58 346.85
Case 3 0.8 30 0.3 996.13 527.96 404.60 357.26
Case 4 0.8 40 0.4 1,042.42 581.26 445.46 393.24
Case 5 0.8 50 0.5 1,076.25 596.34 457.12 403.61
Case 6 0.9 10 0.1 808.05 447.54 343.37 303.12
Case 7 0.9 20 0.2 946.24 524.29 401.82 354.67
Case 8 0.9 30 0.3 1,015.47 562.72 431.31 380.72
Case 9 0.9 40 0.4 1,060.50 587.59 450.34 397.65
Case 10 0.9 50 0.5 1,093.44 605.89 464.39 410.04
Case 11 1.0 10 0.1 830.98 460.30 352.76 311.53
Case 12 1.0 20 0.2 964.99 534.66 409.84 361.73
Case 13 1.0 30 0.3 1,032.35 572.07 438.38 386.99
Case 14 1.0 40 0.4 1,076.25 596.34 457.12 403.61
Case 15 1.0 50 0.5 1,108.46 614.21 470.73 415.64
Case 16 1.1 10 0.1 851.05 471.47 361.37 319.33
Case 17 1.1 20 0.2 981.40 543.80 416.90 367.95
Case 18 1.1 30 0.3 1,047.25 580.20 44477 392.71
Case 19 1.1 40 0.4 1,090.21 604.09 462.99 408.75
Case 20 1.1 50 0.5 1,121.71 621.57 476.34 420.60
Case 21 1.2 10 0.1 869.03 481.38 369.01 325.84
Case 22 1.2 20 0.2 996.13 551.94 422.98 373.49
Case 23 1.2 30 0.3 1,060.50 587.59 450.34 397.65
Case 24 1.2 40 0.4 1,102.67 611.01 468.24 413.46
Case 25 1.2 50 0.5 1,133.59 628.10 481.37 425.05

Table 2: Chemical composition of S30432 steel (wt.%)

18.48 8.86 0.8 0.23 0.47 0.076

two directions and cooling faster. The temperature of the billet
in the mold is instantaneously reduced by the quenching of
the mold and the cooling water, forming an initial shell. As the
continuous casting process continues, the billet solidifies from
the corner and surface to the core until the temperature tends
to be stable after complete solidification.

Figure 3(g) shows the temperature curves of the surface
center and the core of the billet at the quarter section during the
steady-state equilibrium of continuous casting. By monitoring

410

0.1 0.031 0.002 0.0034 2.8 Bal.

and recording the temperature of the outlet characteristic
points at each cooling stage of the billet surface of the three
runners in actual production, it is found that the results are in
good agreement with the simulation results, which verifies the
accuracy of the proposed model and simulation method. It can
be seen that the temperature of the two characteristic points in
the surface center and corner of the billet shows a downward
trend with the solidification process, and the temperature at the
center of the billet decreases continuously. When the distance to
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Fig. 3: Temperature change of quarter section in continuous casting process: (a) outlet of mold; (b) outlet of foot roller
zone; (c) outlet of secondary cooling zone I; (d) outlet of secondary cooling zone IlI; (e) outlet of secondary
cooling zone llI; (f) outlet of straightening zone; (g) calculated temperature change curves of the center of billet
surface and the core of billet and the experimental records

the menisus is 6.26 m, the temperature at the core of the billet
decreases rapidly, mainly because the solidification latent heat
of the molten steel inside the billet has been basically released,
and the temperature at the core of the billet has dropped below
the solidus temperature. The temperature at the center of the
billet surface has different degrees of temperature recovery
trend in special positions, which is mainly due to the change
of heat transfer coefficient in each cooling stage of the billet.
With the decrease of cooling intensity, the heat transferred
to the surface of the billet in a short time is greater than the
heat transferred from the surface to the outside, so that the
surface temperature will increase in a short time, and then the
temperature will continue to decrease under the cooling effect.
When the rewarming amplitude is too large, the temperature is
not uniform and cracks are easy to occur. Therefore, the design

scheme should ensure that the recovery temperature is within a
reasonable range as far as possible, and the value should be as
small as possible.

Figure 4 indicates the shell thickness distribution of
each stage of continuous casting under a casting speed of
0.9 m'min”, a superheat of 20 °C, and a specific water flow
of 0.3 L-kg". During the process of continuous casting, the
molten steel undergoes chilling by the copper wall of the
mold, and an initial solidified shell is quickly formed on the
surface of the billet. Then, the high temperature liquid flows
downward into the secondary cooling zone and the air cooling
zone, and the billet begins to solidify from the surface of the
billet to the core of the billet. At this time, the surface of the
billet has solidified into a solid state, but the core is still a high
temperature liquid, showing a ‘V’ shape of the molten steel,
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that is, the liquid cavity. The blue, green, and red zones in
Figs. 4(a)-(f) represent the solid shell, mushy zone, and
liquid zone, respectively. In the actual solidification process
of molten steel, the increase of mushy zone can easily lead to
shrinkage porosity defects in the billet.

Figure 4(g) shows the distance change from the solid/
liquid front to the surface of the shell during the solidification
process. It can be seen from the curve that the growth of the
solidified shell during the solidification process is mainly
divided into three stages. Under the rapid cooling effect of
mold and foot roll area at the initial stage of solidification, the
surface of the billet rapidly solidifies into a shell, and the shell
grows quickly. In the middle stage of solidification, the billet
enters the first zone of secondary cooling, the second zone of
secondary cooling and the third zone of secondary cooling
successively. At this time, the cooling intensity is obviously
weakened, the heat transfer coefficient is obviously reduced,
and the growth of solidified shell gradually slows down. At the
end of solidification, the latent heat of solidification gradually
disappears, and the growth rate of the shell thickness of the
billet is obviously accelerated at the end of solidification. From
Fig. 4(g), it can be seen that the length of mushy zone is 2.45 m
when the core temperature of the billet is lower than the
liquidus temperature. In order to ensure the internal quality of
continuous casting billet, the length of mushy zone should be
as small as possible.

3.2 Effect of a single factor on solidification
process of continuous casting billet

3.2.1 Casting speed

In order to explore the influence of casting speed on the
solidification process of continuous casting, five groups
of schemes were designed by the control variable method.
The superheat was controlled to be 30 °C, and the casting
speed was set to be 0.8 m'min”', 0.9 m-min™', 1.0 m-min™,
1.1 m'min”, and 1.2 m-min”', respectively. The specific water
flow was set to be 0.3 L-kg™.

As shown in Fig. 5(a), when the two variables of specific
water flow and superheat are the same, the overall change trend

412

of the temperature at the center of the billet surface remains
the same. However, at the same position from the meniscus
of the mold, the temperature at surface center increases with
the increase of the casting speed, and the outlet temperature
of straightening zone are 914.03 °C, 975.56 °C, 1,027.6 °C,
1,072.3 °C, and 1,125.9 °C, respectively. That is, the larger
the casting speed, the higher the surface temperature of the
straightening zone. The overall trend in Fig. 5(b) indicates that
the core temperature of the billet gradually decreases with the
continuous casting process. When the billet reaches a steady
state, at the same position from the meniscus of the mold,
the core temperature at the same position increases with the
increase of the casting speed.

The main reason for the above results is that although the
specific water flow is the same, the heat transfer coefficient
on the surface of the billet is different under different casting
speeds. The data in Table 1 demonstrate the characteristics
that the higher the casting speed, the higher the heat transfer
coefficient, but the increase rate of casting speed is much
higher than that of heat transfer coefficient. Therefore,
the chilling effect caused by the increase of heat transfer
coefficient may not be able to offset the slow cooling effect
caused by the rapid increase of casting speed to a great extent.
That is, the casting speed is too fast, but the corresponding
heat transfer coefficient is not high enough, resulting in
insufficient actual cooling intensity. This eventually leads to
a delay in the solidification of molten steel under high casting
speed conditions, resulting in a higher temperature in both the
core and surface of the billet.

Figure 5(c) shows the change curves of solid/liquid front
position during continuous casting at different casting speeds.
As the casting speed increases from 0.8 m-min™ to 1.2 m-min”,
the length of the mushy zone increases from 2.36 m to 4.37 m.
When the casting speed increases by 0.1 m-min’', the length
difference of mushy zone also increases gradually, which is
0.42 m, 0.44 m, 0.48 m, and 0.67 m, respectively. With the
increase of the casting speed, the length of the mushy zone
increases. This is because as the casting speed increases, the
time of the billet staying in each cooling zone becomes shorter.



Research & Development CHINA FOUNDRY

Vol. 23 No. 3 May 2026

(a) 1500
—— 0.8 mmin”'
1400 —— 0.9 mmin”'
. —— 1.0 mmin’
s.) 1300 —— 1.1 mmin™
= —— 1.2 mmin"
s
21200
©
g
£ 1100}
(7]
= \
1000 '
900} . " =

0 2 4 6 8 10 12 14 16 18
Distance to meniscus (m)

(C) 120
100} et I,' ;s
8of i
' 0.8 mmin~'-Liquid phase front
60+ - - 0.8 mmin™-Solid phase front

—— 0.9 mmin™"-Liquid phase front
- - - - 0.9 mmin”-Solid phase front
—— 1.0 mmin™"-Liquid phase front
- ---1.0 mmin'-Solid phase front
—— 1.1 mmin'-Liquid phase front
----1.1 mmin"'-Solid phase front
—— 1.2 mmin"-Liquid phase front
----1.2 mmin"'-Solid phase front

0 2 4 6 8 10 12 14 16 18
Distance to meniscus (m)

N
o

N
o
T

Distance to shell surface (mm)

o
T

(b)

1500 —— 0.8 mmin™’'
—— 0.9 mmin™'

1400 —— 1.0 mmin™’
%) \ — 1.1 mmin™'
1300 \ —— 1.2 mmin"!
1]
e | \
T 1200F
Q
£ 1100}
()
o

1000} %

900} ey
0 2 4 6 10 12 14 16 18
Distance to meniscus (m)
(d ) 10 19

—&— Solidification end position _/g
—m—Mold outlet shell thickness //

-
o]

|
-
=)

Solidification end position (m)
e | (o]
N
\ 1
\
.\\
o o
Mold outlet shell thickness (mm)

(=]
T
\
\
\
L
=
»

o
>

0.8 0.9 1.0 1.1 1.2
Casting speed (m-min')

Fig. 5: Effect of casting speed on solidification process of continuous casting billet: (a) temperature change of
surface center; (b) temperature change of billet core; (c) change of solid phase and liquid phase front
position; (d) solidification end position and mold outlet shell thickness at different casting speeds

Even if the heat transfer coefficient increases, the actual
increase is small, resulting in the actual cooling effect can not
make up for the solidification delay caused by the increase
of the casting speed. Figure 5(d) shows the changes of the
solidification end position and the thickness of the solidified
shell in the mold during the continuous casting process at
different casting speeds. With the increase of casting speed,
the residence time of the billet in the secondary cooling zone
is shortened, and the billet can not be fully cooled, resulting
in the position of the solidification end moving backward.
The shell thickness at the mold outlet is mainly related to the
casting speed and superheat. When the superheat is stable,
the increase of casting speed reduces the residence time of
molten steel in the mold, thereby the cooling effect is poor,
which makes the shell thickness at the mold outlet decrease
continuously.

In summary, when other conditions remain unchanged, the
slower the casting speed, the better the cooling effect, the
lower the temperature in the billet core and surface center.
This leads to a shorter liquid cavity and mushy zone, a thicker
solidified shell at the mold outlet, and ultimately improved
billet quality. In the actual production process, the casting
speed should be moderate. If the casting speed is too slow, the
production efficiency will be too low. If the casting speed is
too fast, it will easily lead to incomplete cooling of the billet
and cause steel leakage.

3.2.2 Superheat

In order to explore the influence of superheat on the
solidification process of continuous casting, five groups of

schemes were designed by the control variable method. The
casting speed was controlled to be 0.9 m-min™', and the
superheat was set to 10 °C, 20 °C, 30 °C, 40 °C, and 50 °C,
respectively, and the specific water flow was 0.3 L-kg"'. As
shown in Fig. 6(a), the overall trend of the temperature at the
center of the billet surface remains the same. This is because
although the superheat is changed, the cooling conditions are
not changed, and the heat transfer coefficients in each cooling
interval are the same. However, at the same position from the
meniscus of the mold, the higher the superheat, the higher the
surface temperature of the straightening zone.

The temperature in the core of billet gradually decreases
with the continuous casting process under different superheat,
as shown in Fig. 6(b). When the distance from the meniscus
of the mold is less than 3.59 m, the influence of superheat on
continuous casting process is obvious. This is because the
cooling intensity at the initial solidification stage cannot act
on the core of the billet. When the cooling intensity begins
to act on the core, the temperature of the molten steel with
higher temperature decreases greatly. When the billet reaches a
steady state, the core temperature of the same billet position is
higher with the increase of superheat. When the solidification
is completed, the distance from the solidification end to the
meniscus is 6.21 m, 6.34 m, 6.48 m, 6.62 m, and 6.75 m,
respectively when the superheat is 10 °C, 20 °C, 30 °C, 40 °C,
and 50 °C, and the length difference is 0.13 m, 0.14 m, 0.14 m,
and 0.13 m, respectively. Figure 6(c) shows the change curve
of the solid/liquid phase front position during the continuous
casting process of the billet at different superheats. With the
increase of superheat, at the same position of the billet, the
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solid front and liquid front of the billet are closer to the surface
of the billet, and the position where the solid front and liquid
front disappear is farther away from the meniscus. The higher
the superheat, the higher the pouring temperature, the higher
the temperature of the liquid phase when the billet reaches
the same position, the longer the mushy zone length, and the
thinner the solidified shell thickness, as shown in Fig. 6(d).

In summary, according to the analysis of billet temperature
and solidification process, when other conditions remain
unchanged, the smaller the superheat, the lower the temperature
at steady state, the shorter the liquid cavity length, the thicker
the shell, but the influence is small. By comparison, under the
above single factor conditions, the influence of casting speed on
the temperature field and solidification process of continuous
casting billet is significantly higher than that of superheat.

3.3 Coupling effect of multi-factor process
parameters

Only analyzing the influence of a single factor on continuous
casting billet can not accurately determine the optimal process
scheme. Therefore, to account for the interactions among
multi-factor process parameters, twenty-five orthogonal
experimental schemes were designed, as shown in Table 1.
Before evaluating the results, the key metallurgical criteria
in the continuous casting process should be considered in
combination with the actual production experience. Firstly, the
temperature of the billet entering the straightening zone should
be controlled above 900 °CP”. It is mainly due to the lower
temperature and the precipitation of the secondary phase,
which increases the plastic deformation resistance of the billet
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while decreases its ductility the plastic deformation ability.
Therefore, in this temperature range, it is necessary to avoid
straightening of the billet, otherwise cracks will occur due to
stress, comprising the quality of the billet. Secondly, the billet
is solidified as completely as possible before straightening
to prevent cracks. Additionally, the billet must have a certain
shell thickness. This is because when the billet exits the mold
and enters the secondary cooling zone, a sufficient shell
thickness should be guaranteed to prevent billet bulging and
breakout. Furthermore, the molten steel should have a certain
fluidity during pouring, therefore, the superheat should not be
too low. Finally, the proportion of equiaxed grains in the billet
structure should be as high as possible, which is beneficial to
the improvement of billet performance and the reduction of
solidification defects.

According to the key metallurgical criteria, combined with
the results of Table 2 and Figs. 7(a)-(b), Cases 3, 4, 5, 9, 12,
13, 16, 17, and 21 schemes have a temperature of less than
900 °C in the straightening area, that is, the green area in
Fig. 7. Among them, lower than 900 °C in the straightening
area of the Cases 3, 4, 5, and 9 is mainly because the cooling
intensity is too high and the casting speed is relatively
low, which leads to the long residence time of the billet in
the cooling area, and the cooling effect of the billet in the
secondary cooling area is significant, so that the temperature
is quickly reduced to below 900 °C before entering the
straightening area. However, in Cases 12, 13, 16, 17, and 21,
the temperature in the straightening area drops below 900 °C
is mainly due to the high specific water flow of the secondary
cooling system, which leads to the high surface heat transfer
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coefficient of the billet and the greatly enhanced cooling effect.
In addition, the lower superheat makes the billet temperature
decrease faster. Therefore, no matter the reason, Cases 3, 4, 5, 9,
12,13, 16, 17, and 21 do not meet the metallurgical criteria for
the continuous casting process.

According to Fig. 7(c) and the metallurgical criterion of
complete solidification before straightening, the solidification
end positions of 25 schemes were analyzed. The distances from
the solidification end positions of Cases 18, 19, 22, 23, 24, and
25 schemes to the meniscus are all greater than 8.5 m, which
are all in the straightening area. Among them, the schemes
of Cases 22, 23, 24, and 25 are mainly because of their high
casting speed and insufficient specific water flow. At the same
time, the existence of high superheat conditions ultimately
leads to the delay of solidification process. The schemes of
Cases 18 and 19 have a serious shortage of billet cooling
because of the difference between the high casting speed and
the low cooling intensity. Thus, Cases 18, 19, 22, 23, 24, and 25
schemes do not conform to the metallurgical criteria.

The thickness of the shell at the outlet of the mold is shown
in Fig. 7(d). When the casting speed is fast or the superheat
is high, the shell besomes thinner. In order to prevent steel
leakage, the casting speed should be slowed down when the
superheat increases to ensure the shell thick enough at the
outlet of the mold. Based on the previous analysis results, a
comprison of Cases 1, 6, and 11 under the same superheat
conditions reveals that casting speed has a greater influence on
the solidification end position than secondary cooling water.
In order to select the best process parameters, considering
the solidification end position and the shell thickness, the
Cases 10, 14, 15, and 20 with a relatively large distance from

the solidification end to the meniscus are continued to be
removed. The results of these cases show that the solidification
end is closer to the straightening zone, and in the actual
production process, a certain margin needs to be set aside for
the instability of production. Considering the adverse effects
caused by low superheat such as nozzle blockage, mold liquid
surface crusting, insufficient melting of mold powder, and
inclusion floating, as well as the production efficiency, Cases 7
and 8 are the optimal schemes. The optimal process parameters
are a casting speed of 0.9 m-'min”', a superheat of 20-30 °C,
and a specific water flow of 0.3-0.4 L-kg™.

3.4 Experimental result analysis

Based on the simulation and optimization of multi-process
parameters of continuous casting, the experimental verification
was carried out in combination with the actual production, the
results are shown in Fig. 8. The continuous casting process
parameters used in Fig. 8(a) are a casting speed of 0.9 m-min™',
a superheat of 30 °C and a specific water flow of 0.2 L-kg™".
In Fig. 8(b), the parameters are a casting speed of 0.9 m-min™,
a superheat of 20 °C, and a specific water flow of 0.3 L-kg".
After optimization the overall cross-section structure of the
continuous casting billet shows a large equiaxed grain zone,
and the grain size is reduced.

The columnar-to-equiaxed transition (CET) mechanism of
continuous casting billet section mainly lies in the competition
of grain nucleation and growth and solute redistribution”**.
The growth of columnar crystals depends on the unidirectional
heat flow condition, while the formation of equiaxed crystals
requires sufficient undercooling and free crystal nucleus.
When the temperature gradient at the solidification front
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decreases to a critical value, equiaxed grains begin to dominate
growth™ > Comparing the process parameters before
and after optimization, the superheat is reduced and the
secondary cooling specific water flow is increased, that is,
the improvement of billet quality is mainly attributed to the
synergistic optimization of superheat and secondary cooling
specific water flow. The main mechanism is that the increase
of specific water flow enhances the supercooling degree and
promotes the grain nucleation. At the same time, the decrease
of superheat reduces the temperature gradient of the billet
section and synergistically promotes the nucleation and growth
of equiaxed grains.

Figure 9 shows the cross-section structure of the billet
before the optimization of process parameters. It can be seen
that there are obvious shrinkage and crack defects in the center
of the continuous casting billet. Combined with the previous
simulation results, it can be inferred that under the continuous
casting process conditions, due to the low secondary cooling
water ratio, under the same casting speed conditions, the
mushy zone in the solidification process will be longer,
resulting in insufficient feeding at the end of solidification, and
cracks will be generated under the action of shrinkage stress.

Figure 10 shows the cross-section structure of the billet after
the optimization of process parameters. It can be seen that
the surface of the billet is fine dendrite, the center is equiaxed
crystal, containing residual ferrite, no obvious cracks, the
number and size of shrinkage defects are greatly reduced, and
the quality of the billet is higher.

Based on the solidification structure of continuous casting
billets, the subsequent process in the preparation of seamless
tubes was further considered. Figure 11 shows the hot rolled
microstructure, as well as the Nb element distribution, before
and after the optimization of process parameters. It can be
seen that the microstructure recrystallizes to form equiaxed
austenite grains during the hot rolling process. However,
according to the hot rolling structure before optimization
shown in Figs. 11(a-f), it can be clearly observed that a large
number of coarse niobium compounds distribute linerly
throughout the austenite grains and grain boundaries. These
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niobium compounds are mainly derived from the precipitation
during the solidification process. Due to the extremely low
solute equilibrium distribution coefficient of Nb element in
austenitic stainless steel, it is easy to segregate and precipitate
at the grain boundary during the solidification process, resulting
in the formation of coarse niobium compounds®™ . Due to the
heredity of the structure and the extremely low solid solubility
of Nb element, the niobium compounds cannot be dissolved
during the high temperature hot rolling process, showing a
linear distribution characteristic, which easily cause stress
concentration in the subsequent seamless pipe piercing process,
resulting in crack initiation. The hot-rolled microstructure after
optimization of process parameters shown in Figs. 11(g-1)
shows that the distribution of niobium compounds is more
uniform and the size is smaller, which can significantly reduce
the stress concentration caused by severe plastic deformation
in the subsequent hot piercing process. The increase of the
secondary cooling water ratio can increase the cooling rate of
the solidification process of the continuous casting billet, and
inhibit the segregation of the Nb element and the precipitation of
the niobium compound to a certain extent. At the same time, the
increase of the central equiaxed crystal zone also further makes
the distribution of the niobium compound more uniform.

Figure 12 indicates the inner wall morphology and
microstructure of the seamless tubes obtained by the same hot
rolling and piercing process using the billet before and after
the optimization of process parameters. For the hot piercing
structure obtained before the optimization, there are long
cracks in the inner wall. It can be clearly seen by scanning
electron microscopy that there are a large number of large
niobium compounds distributed around the cracks. For the
billet after the optimization, the quality of the inner wall of
the seamless tube obtained by hot rolling and hot piercing
process is good, and there are no obvious microcracks in the
microstructure. The size of niobium compounds is small and
their distribution is more uniform. Therefore, the aggregation
distribution of coarse niobium compounds is the direct cause of
crack initiation and propagation in the large deformation process
of hot piercing of seamless tubes.
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Fig. 9: Cross-section microstructure before optimization of process parameters: (a)-(b) fine grain zone; (c)-(d) columnar
crystal zone; (e)-(f) columnar crystal-equiaxed crystal transition zone; (g)-(i) equiaxed crystal zone in center

Fig. 10: Cross-section microstructure after optimization of process parameters: (a) near-surface area containing fine
grain zone on surface; (b)-(d) columnar crystal zone; (e)-(i) columnar crystal-equiaxed crystal transition zone
and central equiaxed crystal zone
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—

Fig. 12: Morphology and microstructure of inner wall of seamless pipe before (a)-(c) and after (d)-(f) optimization

of continuous casting process parameters

In summary, it can be obtained that S30432 Nb-containing
steel is easy to form a large number of unevenly distributed
and large-sized primary niobium compounds during continuous
casting and solidification, which are precipitated between
dendrites. After the subsequent hot rolling process, these large
primary niobium compounds still exist, and a large number
of niobium compounds distributed along the grain boundary
are formed after recrystallization. During the process of large
plastic deformation of hot piercing, stress concentration is easy
to occur around the niobium compounds that are continuously
distributed at the recrystallized grain boundary, resulting in
crack initiation and propagation. Through the optimization
of continuous casting process parameters, the decrease of
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superheat and increase of secondary cooling specific water
flow are beneficial to improve the nucleation density, promote
the CET transformation, increase the equiaxed grain zone,
and improve the distribution and segregation of Nb element
and niobium compound. Finally, continuous casting billets
and seamless tubes with few defects or even no defects are
obtained.

4 Conclusions

(1) When considering the influence of a single factor,
the increase of casting speed or superheat will lead to the
increase of mushy zone length. Under simulated conditions,
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the influence of casting speed on the solidification process is
greater than that of superheat.

(2) The optimal S30432 continuous casting process
parameters are a casting speed of 0.9 m-min”, a superheat
of 20-30 °C, a specific water flow of 0.3-0.4 L-kg™". The
optimized process parameters were used to verify the
production experiment, and high-quality continuous casting
billets and seamless steel tubes were obtained.

(3) Compared with the microstructure before optimization,
the synergistic effect of the lower superheat and higher
secondary cooling specific water flow after parameter
optimization promotes the grain refinement and expands
equiaxed crystal zone in the cross-section of the billet. It also
improves the Nb segregation and Nb compounds distribution.

(4) The enrichment of coarse niobium compounds is the
direct cause of crack initiation and propagation in the inner
wall of S30432 seamless tubes during the deformation process
of hot piercing.
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