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Effect of Cooling Rate on ¢-Ferrite Formation ®

Check for

and Sigma Precipitation Behavior of 254SMQO Super-
Austenitic Stainless Steel During Solidification

YUNONG LI, DENING ZOU, MIAOMIAO LI, LIBO TONG, YINGBO ZHANG,
and WEI ZHANG

The formation of J-ferrite and the precipitation behavior of the sigma phase during the
solidification of 254SMO super-austenitic stainless steel (SASS) were investigated at five typical
cooling rates (6 °C/min to 1000 °C/min) via high-temperature confocal scanning laser
microscopy (HT-CSLM). The results showed that the 254SMO steel featured a significant
dendritic solidified structure. With increasing cooling rates from 6 °C/min to 1000 °C/min, the
initial solidification temperature and the secondary dendrite arm spacing (SDAS) of 254SMO
gradually decreased and could be expressed as a function of cooling rates, the average sizes of
SDAS were 113.33, 57.05, 34.98, 32.84 and 14.04 um. J-ferrite was formed through a divorced
eutectic reaction in the late solidification stage and existed in the interdendritic region. As the
cooling rate increased, the d-ferrite phase content in the steel sample first decreased from 3.610
(6 °C/min) to 0.051 pct (100 °C/min) and then increased slightly to 0.089 pct (1000 °C/min). The
sigma phase was formed from the solid-state phase transition of J-ferrite. With increasing
cooling rates, the variation trend of the sigma phase content was opposite to that of the J-ferrite
phase. The solidification mechanism of 254SMO at the five typical cooling rates was explored.
Moreover, the distributions of Cr, Ni, and Mo in the solidified 254SMO SASS were
characterized via electron probe microscopy. Cr and Mo were segregated in the interdendritic
region, while Ni was clustered in the dendritic region.
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I. INTRODUCTION

OWING to their excellent mechanical properties and
resistance to pitting and intergranular corrosion, super-
austenitic stainless steels (SASSs) have widespread
applications.!"™ For example, they are used in the
offshore industry, desalination processes, seawater treat-
ment, the manufacture of chlorine-containing bleaching
equipment, and flue gas desulfurization. However, the
high-alloy composition of SASS leads to a complex
metallurgical phase transformation process and intricate
solid phase transformation process and solidification
microstructure formation.!”! The higher content of Mo
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element in SASS increases the precipitation tendency of
o-ferrite and sigma brittle phases during solidifica-
tion, ) which significantly influences the hot workin
properties and corrosion resistance of the steel.l'
However, the formation and precipitation behavior of
the second phase formed during the solidification
process of SASS is rarely reported. Studies have shown
that changing the cooling rate is a vital method for
controlling the content of the second phase.l'" "
Therefore, investigating the influence of cooling rates
on the precipitation behavior of J-ferrite and sigma
phases formed in the solidified SASS to improve product
quality is vital.

Studies have mainly focused on the effect of cooling
rate on the formation of ferrite phases during the
solidification process of ordinary austenitic stainless
steel. Fu er al.™ studied the influence of different cooling
rates on the microstructural evolution of solidified 304
steel and confirmed that dendritic ferrite can be formed
at the bottom of the sample under lower cooling rates.
Li er al" confirmed that with increasing cooling rate,
the volume fraction of J-ferrite increased. Presently, the
research on the solidification process of SASS is still at a
relatively basic stage. However, the formation of
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Table 1.

Composition of 254SMO Steel (Weight Percent)

C Si Mn P S Cr Ni Mo N Cu Fe
0.02 0.26 0.25 0.02 0.26 20.15 17.73 6.12 0.21 0.71 bal.
5-ferr.ite and sigma phases in SASS du.ring solidiﬁcatiqn — ‘ e Cooling rate:
remains unclear, and the relationship between their el Temperature, o

morphology, distribution, and content with cooling rate
is undefined. Therefore, this study provides significant
guidance for controlling the solidification process of
SASS and producing high-quality materials.

In this study, the continuous-casting billet of 254SMO
that produced from Taigang Stainless Steel Factory was
taken as the research object. Firstly, combined with the
cooling rate range of slow solidification (0.1 °C/s) and
sub-rapid solidification technology (10> °C/s) in the
current mature stainless steel preparation technology,
the cooling rate in this paper was 6 °C/min to 1000 °C/
min, the solidification process and microstructural
evolution of 254SMO SASS were observed via
HT-CSLM. Secondly, the microstructure after solidifi-
cation was observed via optical microscopy (OM) and
SDAS was measured via ImagePro-Plus to establish the
functional relationship between cooling rate, initial
solidification temperature, and SDAS. Meanwhile, the
precipitation behavior of d-ferrite and sigma phase was
characterized via scanning electron microscopy (SEM),
energy-dispersive spectroscopy (EDS) and electron
backscattering diffraction (EBSD), and compared with
the actual casting billet used in this paper. Finally, the
distribution of Cr, Mo and Ni in solidified 245SMO
were analyzed via electron probe microanalysis
(EPMA), in order to clarify the effect of cooling rate
on the solidification structure and the formation, distri-
bution and content of precipitated phase in 254SMO.
Therefore, this study provides significant guidance for
improving the quality of 254SMO SASS and clarifying
their complex solidification mechanism under five cool-
ing rates.

II. EXPERIMENTAL PROCEDURES

A. Material Preparation

The test steel continuous-casting billet was purchased
from Shanxi Taigang Stainless Steel Co., Ltd. Table I
shows the composition of the 254SMO steel.

B. HT-CSLM Experiments

HT-CSLM (VL2000DX-SVF18SP) was used to inves-
tigate the microstructural evolution of 254SMO at five
typical cooling rates. Samples with the sizes of ®7.8 x
H3.0 mm cylinder were used. Before the HT-CSLM
experiment was conducted, the samples were subjected
to grinding, polishing, cleaning, and drying processes.
The treated samples were loaded into an alumina
crucible and placed in the HT-CSLM instrument cham-
ber under a high-purity argon atmosphere (99.999 pct,
the flowrate was 300 ml/min). Before the experiment,
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Fig. 1—Experimental process of HT-CSLM.

the vacuum pump was used to pump vacuum for three
times and the pure iron with fixed melting point was
used for temperature calibration. Subsequently, the
sample was heated at 50 °C/min from room temperature
to 200 °C, and then the heat was increased to a melting
temperature at 100 °C/min. The sample was held for 3
minutes to ensure complete melting. Afterward, the
sample was cooled to 1000 °C (the solid phase ratio was
1 that the sample was completely solidified) under five
cooling rates (6 °C/min, 50 °C/min, 100 °C/min, 500 °C/
min, and 1000 °C/min) and finally cooled to room
temperature at 1200 °C/min. Figure 1 presents the
experimental process. The sample temperature was
controlled using a B-type thermocouple placed below
the crucible. The real-time information on the sample
phase transformation was stored during the entire
process, and one photo was collected per second. The
microstructures of samples subjected to HT-CSLM
experiments were analyzed.

C. Microstructure Characterization

The samples prepared for OM were subjected to five
typical cooling rates and then ground, polished, and
etched with 10 pct oxalic acid for 60 seconds (at a 6 V,
500 mA). Subsequently, the samples were rinsed with
alcohol and dried. The dendritic morphology of the
samples was observed using an Olympus-PM3 micro-
scope, and the SDAS was calculated using the Image-
pro Plus. The morphology and distribution of
precipitated phases in the sample were observed via
backscattering diffraction (BSD). The phase composi-
tion of samples used for HT-CSLM was analyzed via
EDS and EBSD coupled with field emission scanning
electron microscopy (Zeiss Gemini SEM 300). For
EBSD analysis, the samples were subjected to elec-
tropolishing with a 9:1 mixture of alcohol and perchloric
acid at 30 V, 400 to 500 mA for 1 min. The element
distribution in the samples was analyzed via EPMA
(EPMA-1720 h, Shimadzu, Japan).
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Fig. 2—Solidification process of 254SMO via HT-CSLM: (a) through (d) 6 °C/min; (e¢) through (4) 50 °C/min; (i) through (/) 100 °C/min; (m)
through (p) 500 °C/min; (g) through (¢) 1000 °C/min.
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III. RESULTS AND DISCUSSION
A. Influence of Cooling Rate on Supercooling

Figure 2 shows the microstructural evolution during
the solidification process of 254SMO under different
cooling rates. As the temperature decreased to the initial
solidification temperature rates, the austenite phase first
nucleated from the liquid phase. Moreover, as the
temperature decreased, the austenite nuclei increased,
and the grains grew gradually,’” eventually forming
austenite dendrites. As solidification progressed, the
solid—liquid interface gradually moved toward the
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Fig. 3—Initial solidification temperature under different cooling
rates.
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interdendritic regions. When the liquid phase completely
disappeared, the interdendritic region transformed into
a solid state. The interdendritic regions were the main
areas of o-ferrite and sigma phase formation in the late
solidification stage.

The initial solidification temperature of 254SMO
gradually decreased as the cooling rate increased,
indicating that it was a function of the cooling rate.'
Perepezko er all'” and Wielgosz et al.!"® found that the
actual crystallization temperatures of materials were
consistently lower than the theoretical temperatures,
resulting in the supercooling phenomenon. With
increasing cooling rates, the undercooling and nucle-
ation rates increased, leading to the lowering of the
initial solidification temperature.'” This affected the
diffusion of elements in the sample during solidification
and the grain size after solidification. Figure 3 showed
the functional relationship between the initial solidifica-
tion temperature and cooling rate in this work. Through
the fitting and analysis of the experimental data, the
function was obtained as y = — 0.15V + 1424.36. The
cooling rate affected the initial solidification tempera-
ture, while supercooling influenced the evolution of the
solidified microstructure of the sample. Therefore, the
cooling rate significantly affected the formation of the
o-ferrite and sigma phases during the late solidification
stage.

B. Influence of Cooling Rate on the Microstructures

The OM image of 254SMO (Figure 4) at different
cooling rates showed that the 254SMO steel featured
dendritic microstructures after the HT-CSLM experi-
ment. Moreover, as the cooling rate increased, the
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Fig. 4—OM image of sample microstructures: (¢) 6 °C/min; (b) 50 °C/min; (¢) 100 °C/min; (d) 500 °C/min; (¢) 1000 °C/min; (f) SDASs at

different cooling rates.
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dendritic structure of the steel became finer, and SDAS
decreased (Figure 4(f)). The relationship between the
SDAS and cooling rate of austenitic stainless steel can
be expressed as 1, = K x v "7 According to Figure 3,
the relationship between SDAS and cooling rate is
expressed as A, = 211.01(GV)*1/3, where 4, is SDAS,
um, and GV is the cooling rate, °C/min (Figure 5).
The thermal equilibrium phase diagram of 254SMO
calculated using FactSage is shown in Figure 6(a). The
matrix structure of 254SMO mainly comprised austenite
and other precipitated phases such as sigma, o-Cr,
Pi-phase, and Mj,3Cs. As the solidification process
progressed, austenite began to precipitate at 1392.57
°C. As the temperature cooled to 1322.44 °C, the
amount of austenite in the steel rapidly increased, and

VOLUME 54B, DECEMBER 2023—3501



Fig. 8—EBSD characterization of ferrite phase: (a) and (b) 6 °C/min; (c¢) and (d) 50 °C/min; (e) and (f) 100 °C/min; (g) and (h) 500 °C/min; (i)

and (j) 1000 °C/min; (k) and (/) actual cast 254SMO billet.

Table II. o-Ferritic Phase Content

Cooling Rates (°C/min) Content of o-Ferritic Phase (Pct)

6 3.610
50 0.210
100 0.051
500 0.073
1000 0.089
Actual Billet 0.002

all the liquid phases gradually transformed into austen-
ite; thus, the single-phase austenite existed in the
high-temperature region. As the temperature decreased
to 1088.4 °C, the sigma phase first precipitated from the
austenite phase. The content of the sigma phase grad-
ually increased as the temperature decreased, reaching
the maximum of 31.16 pct at 442 °C. The sigma phase
was present in a temperature range of 1088 °C to 405 °C.
As the temperature decreased, the o-Cr, Pi-phase, and
M,;C¢ phases began to precipitate, but their content was
relatively small, making them less relevant to the main
focus of this study. Ferrite was precipitated at 482.5 °C
and gradually increased with decreasing temperature.
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The thermal equilibrium phase diagram showed that
254SMO underwent A-type solidification. The solidifi-
cation path of 254SMO simulated using Scheil-Gulliver
module of Thermo-Calc was L > L +vy—> L+ 7y+
0o—>L+ty+o+o—->L+y+o—>L+7y+o+ Hep
(Figure 6(b)). The Scheil-Gulliver solidification path
indicates that 254SMO underwent AF-type solidifica-
tion. Figure 6 shows that the solidification modes of
254SMO under equilibrium and non-equilibrium con-
ditions were different. This can be attributed to the effect
of high alloying on Mo segregation during the solidifi-
cation of 254SMO. Moreover, the large atomic radius of
Mo hindered its diffusion during solidification. The
Scheil model assumes that during solidification, com-
plete diffusion occurs in the liquid phase and no
diffusion occurs in the solid phase. Therefore,
254SMO undergoes AF-type solidification under actual
conditions.

The austenitic stainless steel featured high-alloy con-
tent and complex elemental compositions. According to
the contents of Cr.q and Nigq, the steel can be simplified
to Fe—Cr—Ni ternary systems. The solidification modes
of stainless steel can be classified into the following four
types based on Creq/Nigq values.!?"!

Fmode: L — L+8— 35— &+ 7(Creq/Nigg) >1.95

METALLURGICAL AND MATERIALS TRANSACTIONS B
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FAmode:L—-L+d—L+d+7y
— 8+ 71.48 < (Creq/Nigq) <1.95

AFmode: L —L+y—L+7y+9
— 7+ 01.25<(Creq/Nigq) <1.48

Amode: L — L+7y— y1.25>(Creq/Nic)

where the L liquid phase, é-ferrite, y-austenite, Crq,
and Nig, are calculated according to the following
formula:

According to the above formula, the 254SMO con-
tinuous-casting billets used in this study featured Crgq,
Nigq, and Creq/Nigq values of 26.660, 18.395, and 1.450,
respectively. The solidification mode of the 254SMO
steel was AF-type, indicating that the austenite phase
was first precipitated from the liquid phase, consistent
with the precipitation sequence in the Scheil-Gulliver
module.

METALLURGICAL AND MATERIALS TRANSACTIONS B

According to its actual solidification mode, the
microstructure of 254SMO mainly comprised austenitic,
o-ferrite, and sigma phases. During the HT-CSLM
analysis, no J-ferrite precipitation was observed in the
sample microstructure (Figure 2). However, the solidi-
fication path simulated using the Scheil module showed
that high-temperature o-ferrite precipitated in the late
solidification stage. J-ferrite was independently dis-
tributed among the interdendritic regions and did not
interweave with austenitic structures, showing typical
divorced eutectic precipitate features (Figure 7). This
indicates that o-ferrite was obtained from the divorced
eutectic reaction during the late solidification stage.

The EBSD characterization of the o-ferrite phase is
presented in Figure 8. Figures 8(a) through (j) show the
sample with controlled cooling rates obtained via
HT-CSLM. Figures 8(k) through (1) show the sample
obtained from the actual cast billet of 254SMO used in
this study. In the figures, blue represents the austenite
phase, and red denotes the J-ferrite phase. Moreover,
the actual cast billet contained a minimal amount of
o-ferrite (Table II). However, with increasing cooling
rates, the o-ferrite phase in the samples with controlled
cooling rates via HT-CSLM first decreased and then

VOLUME 54B, DECEMBER 2023—3503



Fig. 10—EBSD maps of phase identification: () Original drawing of EBSD; (b) phase identification; (¢) map scanning photo of Cr; (d) map
scanning photo of Mo.

Fig. 11—EBSD microstructures of sigma phase: (a) and (b) 6 °C/min; (¢) and (d) 50 °C/min; (e¢) and (f) 100 °C/min; (g) and (k) 500 °C/min; (i)
and (j) 1000 °C/min; (k) and (/) actual cast billet of 254SMO.
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Table III. Sigma Phase Content

Cooling Rates (°C/min) Content of Sigma Phase (Pct)

6 0.136
50 0.949
100 1.363
500 0.384
1000 0.129
Actual Billet 2.475

increased, primarily existing in the interdendritic region.
This can be attributed to the restricted atomic diffusion
ability at higher cooling rates, leading to the accumu-
lation of numerous Cr and Mo eclements (formation
elements of J-ferrite) in the interdendritic region after
solidification. Thus, the precipitation of the o-ferrite
phase mainly occurred in the interdendritic region. The
formation of d-ferrite is closely related to SDAS.I" As
SDAS decreased with increasing cooling rate, it pro-
moted the dissolution of J-ferrite phases and reduced
their content. However, at higher cooling rates, the
divorced eutectic reaction process was accelerated dur-
ing the late solidification period. Consequently, the
o-ferrite phase had no time to dissolve and the solidi-
fication process ended. Therefore, the o-ferritic phase
was retained and its content was slightly increased.

The sigma phase in Fe-Cr—Mo mainly comprised
elements with the content range of Fe 30.8 to 33.0 wt
pet, Cr 22.8 to 29.8 wt pct, and Mo 13.5 to 28.4 wt
pct.2!! The BSD of the sigma phase (Figure 9), com-
bined with EDS point quantitative analysis, revealed
that the element composition of the sigma phase in the
sample at different cooling rates after HT-CSLM was
the same as that in the actual cast billet. However, the
morphologies of the sigma phase in the samples and the
actual cast billet were different. The bright white region
in the samples subjected to HT-CSLM corresponded to
the sigma phase. The sigma phase in the solidified
254SMO featured a small size and was distributed
between interdendritic and dendritic regions growing
around the J-ferritic phase (Figures 9(a) and (e;)). This
indicates that the sigma phase was formed through the
solid-phase transformation after solidification. How-
ever, the sigma phase in the actual cast billet (Figures 9(f)
and (f})) exhibited a flaky structure with a large size and
was continuously distributed at the grain boundary. In a
previous study, the second phase directly precipitated
during solidification displayed a larger size.*” Thus, it is
speculated that the sigma phase in the actual cast billet
was directly precipitated during the solidification
process.

Figure 10 shows the EBSD analysis of eutectic
products at different cooling rates after HT-CSLM. In
the figure, blue represents the austenitic phase, red
denote the ferritic phase, and yellow represents the
sigma phase. Both ferritic and sigma phases were
present and interleaved in the eutectic products (Fig-
ure 10(b)). Additionally, the eutectic products mainly
contained Cr and Mo-rich phases (Figures 10(c) and
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(d)), consistent with the elemental characteristics of
ferrite and sigma phases. The position and size of the
sigma phase (Figures 9(a) through (e;)) combined with
the EBSD analysis, (Figure 10) revealed that 6 — o+,
was formed from the solidified ferrite phase.

Figure 11 displays the microstructures of the sigma
phase examined via EBSD. Figures 11(a) through (j)
show the sample with a controlled cooling rate via
HT-CSLM. Figures 11(k) and (1) show the sample
obtained from the actual cast billet of 254SMO. In the
figure, blue represents the austenite phase, and yellow
denotes the sigma phase. Moreover, the actual cast billet
featured a higher sigma phase content, about 2.475 pct,
while the samples displayed relatively small sigma phase
contents at different cooling rates after HT-CSLM
(Table III). As the cooling rates increased, the sigma
phase content in the samples first increased and then
decreased. This was attributable to the decrease in the
initial solidification temperature with increasing cooling
rates, which leads to the limited atomic diffusion
capacity during the solidification process.**! Hence,
numerous Cr and Mo elements accumulated in the
residual liquid phase. Moreover, SDAS decreased with
increasing cooling rates, accelerating the dissolution of
o-ferrite and promoting the nucleation of sigma phases.
However, as the cooling rate further increased, the
o-ferrite phase had no time to dissolve, hindering the
nucleation and growth of the sigma phase®; conse-
quently, the sigma phase content first increased and then
decreased. As the cooling rates increased, the contents of
o-ferrite and sigma phases exhibited an opposite trend,
confirming the conversion of J-ferrite into the sigma
phase (Tables II and III).

The solidification process of 254SMO is shown in
Figure 12. As the solidification process progressed, the
austenite phases first nucleated from the liquid phase,
forming austenitic dendrites. Moreover, Cr and Mo
were repelled to the liquid phase and the solid-liquid
interface,'*” where the peak of d-ferrite phase nucleation
is reached. The o-ferrite phase was obtained through the
divorced eutectic reaction at the late solidification stage
and was distributed in the interdendritic region. Subse-
quently, the liquid phase disappeared, and the solidifi-
cation process ended. As the temperature decreased, the
o-ferrite gradually transformed into the sigma phase.
The actual solidification process can be summarized as
follows:

The austenitic phase precipitated from the liquid
phase was represented as L — L+ y;.

The austenite attached to the primary dendritic
structure gradually grew and increased. At the late
solidification stage, the separate eutectic reaction
occurred, leading to the precipitation of the J-ferrite
phase, L — L+vy, — L+7y;+94.

As the temperature decreased, the solidification pro-
cess ended, and the liquid phase disappeared,
L—> Lty = L+y;+6 -y +0.

As the temperature further decreased, the J-ferrite
phase transformed into sigma and austenite phases,
L>L+yy > L+y+d—>y+0—>yp+ot+toty,.
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Fig. 12—Diagram of solidification process of 254SMO: (a) austenite nucleation; (b) formation of austenite dendrites; (¢) divorced eutectic
reaction generating J-ferrite; (d) disappearance of the liquid phase at the end of solidification; (e) ferrite phase decomposition; (f) formation of

sigma phase.
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Fig. 13—EPMA map scanning photos of elements at 6 °C/min: (a) surface scanning of dendritic area; (b) Ni; (¢) Mo; (d) Cr; (e) original

diagram of dendrite; (f) Cu; (g) Si; (4) Mn.

C. Element Distribution

During the solidification progress, the inhomogeneous
redistribution of alloying elements into the solid and
liquid phases leads to microsegregation.”®’ The EPMA
surface scanning images of HT-CSLM samples with a
cooling rate of 6 °C/min is presented in Figure 13.
The Cr, Mo, and Si elements were mainly concentrated in
the interdendritic region, while Ni and Cu were

3506—VOLUME 54B, DECEMBER 2023

concentrated in the dendritic region. Among various
elements, Mn was evenly distributed with minimal segre-
gation. However, significant segregation phenomena
occurred in the Cr, Ni, and Mo elements. Moreover, Cr
and Mo elements mainly formed the sigma and o-ferrite
phases. The segregation position of Cr and Mo was
consistent with the formation position of the sigma and
o-ferrite phases.
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IV. CONCLUSIONS

The solidified microstructure of 254SMO SASS under
different cooling rates was investigated via HT-CSLM.
The solidified structures of the steel were characterized
via OM, scanning electron microscopy, EBSD, and
EPMA, and microstructural evolution was analyzed
through a combination of the characterization results
and thermodynamic software. This study elucidated the
solidification process of 254SMO steel and investigated
the precipitation behavior of sigma and J-ferrite phases.
The main conclusions are as follows:

1. The 254SMO steel featured a significant solidified
dendritic structure, and through HT-CSLM experi-
ments, the functional relationships of the initial
solidification temperature and SDAS with the cool-
ing rate were established as y = — 0.15V + 1424.36
and 4, = 211.01(GV) ',

2. The o-ferrite phase was formed through the divorced
eutectic reaction at the late solidification stage of
254SMO. As the cooling rate increased, the J-ferrite
phase content first decreased and then increased.

3. The sigma phase was formed from the d-ferrite phase
transition. As the cooling rate increased, the sigma
phase content first decreased and then increased.

4. The distribution of elements in the solidified 254SMO
was examined vie EPMA analysis. The results re-
vealed that Cr, Mo, and Si were mainly concentrated
in the interdendritic region, while Ni and Cu were
concentrated in the dendritic region. However, Mn
was evenly distributed with minimal segregation.
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