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Due to the ferrite—austenite dual phase at high temperature, the hard
martensite phase was introduced into 430 ferritic stainless steel (430 FSS) by
rapid cooling. Through thermodynamic calculation and experimental analysis,
the influence of martensite on the microstructure, texture, and mechanical
properties of 430 FSS during deformation and annealing was studied. The
research results show that, after quenching at 800-1150°C, there is a
martensite structure along the ferrite grain boundary. The grain size of the
ferrite and martensite increases with the increase of the heat-treatment
temperature. The hard martensite can effectively break down the ferrite band
structure during the cold-rolling deformation process. After high-temperature
annealing in the same process, the martensite disappears and the matrix is
full ferrite. Among them, the recrystallized grain size of the 1150°C-quenched
sheet is larger than that of the 1050°C- and 950°C-quenched strips, showing a
stronger y-fiber recrystallized texture. Also, the finished annealed sheet
quenched at 1150°C has a good match of strength and elongation, with a

tensile strength of 690.3 MPa and an elongation of 17%.

INTRODUCTION

Stainless steel is not only widely used in military
fields such as nuclear energy, national defense,
aviation, and ships, but also in civil industries such
as transportation, kitchenware, home appliances,
and architectural decoration.’”* From the perspec-
tive of the global stainless steel industry, austenitic
stainless steel accounts for the highest proportion,
reaching about 75%. However, the use and devel-
opment of austenitic stainless steel is restricted by
the scarcity of global nickel resources and the
increasing price.”

Ferritic stainless steel (FSS) has a history of more
than 100 years. On the road of continuously improv-
ing its performance, researchers have never stopped
exploring and researching. Although its output
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accounts for 17% of the total output,” it has low
nickel content, low production cost, low thermal
expansion coefficient, and good corrosion resis-
tance.>® Therefore, FSS can be used to replace
austenitic stainless steel in some fields.'° However,
its machinability, formability, and mechanical prop-
erties still need to be further improved.!'~!3
Researchers have carried out much research work
in terms of alloy composition, microstructure con-
trol, deformation, and heat-treatment processes to
improve the comprehensive properties of FSS.14-16
Carbon and nitrogen are considered to be one of the
important factors for the occurrence of various
defects in F'SS, such as low plastic formability, high
brittle transition temperature, and low corrosion
resistance after welding.'”'® Followed by ultra-low
carbon, nitrogen FSS came into being. In addition,
the size and uniformity of the structure (i.e., grain
size) are important means to control the formability
and mechanical properties of FSS. Patra et al.”
proposed that, according to the Hall-Petch effect,
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different grain size aggregations in rolled and
annealed sheets lead to different yields under
tensile load. At the same time, due to the local
difference of the Taylor factor, wrinkling defects
occur. By prolonging the rough rolling interval and
reducing the final rolling temperature, the cold-
rolled annealed structure can have a strong y-fiber
texture. In addition, the phenomenon of grain
clusters in the annealed structure can be reduced,
other unfavorable orientation textures can be weak-
ened, and the purpose of improving the formability
and reducing the defects of wrinkling can be
achieved.

When FSS has a high carbon content, austenite
transformation occurs at high temperatures. Miyaji
et al.?° paid attention to this point and tried to
introduce martensite to improve the wrinkling
resistance of FSS thin strips, but it did not attract
the attention of most researchers. In recent years,
Kimur et al.?! adjusted the martensite hardness by
a tempering process, and carried out fine charac-
terization and in-depth analysis of the subsequent
deformation and recrystallization process. Lu
et al.?? introduced quenching and partitioning and
quenching and tempering processes into 430 FSS.
Although the preparation process was added, the
mechanical properties were significantly improved.

In this study, a large amount of 430 FSS was
taken as the research object, and the proportion of
austenite phase at high temperature was adjusted
to obtain different martensite content and shapes.
Furthermore, the effects of martensite on the

microstructure, texture, and mechanical properties
during subsequent deformation and annealing were
studied in order to provide a new and easy method
for improving the formability and mechanical
properties.

EXPERIMENTAL

The 430 FSS used in this experiment was a hot-
rolled sheet with a thickness of 2 mm, and the
chemical composition is shown in Table I, while the
experimental technical route of 430 FSS is shown in
Fig. 1. The original 2-mm-thick plate was insulated
at different temperatures in a muffle furnace and
then quenched in cold water. Next, it was cooled to
room temperature and then removed for pickling to
remove the surface oxide layer. The pickling was
carried out with the ratio of hydrochloric acid and
water of 1:1. Finally, it was kept at 950°C for 2 min
for recrystallization annealing and then air-cooled
to room temperature.

JMatProV7.0 thermodynamic software was used
to calculate the equilibrium phase composition of
the 430 FSS at different temperatures and the ratio
of each phase, and to predict the intermediate phase
and phase transition of the material during heating.
Combined with heat-treatment experiments and
thermodynamic calculations to adjust the content
of ferrite and austenite at high temperature, the
experimental steel samples were kept at 800—
1150°C for 20 min, and then water-cooled to room
temperature to obtain different contents and differ-
ent sizes of the martensite phase. A water-cooled

Table I. Chemical compositions of the studied 430 FSS (wt.%)

Composition C Mn Si S P Cr N
Content 0.049 0.23 0.35 0.002 0.031 16.24 0.0348
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Fig. 1. Heat-treatment and cold-rolling processing route.
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430 F'SS strip with a representative ferrite—marten-
site two-phase ratio was selected and rolled to
0.4 mm at room temperature, and the total defor-
mation was 80%. The cold-rolled strip was annealed
at 950°C to regain a full ferrite structure through
the martensite—austenite—ferrite transformation
process.

A Leica Q550IW optical microscope was used to
observe the microstructure of the experimental steel
at different stages from (RD x TD) sections. The
water-cooled and final annealed strips were charac-
terized and analyzed by the EBSD system of a
ZEISS ULTRAA45 field-emission scanning electron
microscope, and the data were post-processed by
HKChannel5 software. Tensile experiments were
carried out using a DNS200 electronic universal
testing machine, the tensile rate was set to 0.5 mm/
min, and the fracture properties were characterized
and analyzed by scanning electron microscopy. The
ASTM E8M?? sub-sized tensile specimens had a
gauge length of 30 mm and a gage width of 6 mm,
as shown in Fig. 2.

RESULTS AND DISCUSSION
Thermodynamic Calculation Results

The thermodynamic calculation results of 430
FSS using JMatProV7.0 are shown in Fig. 3. Fig-
ure 3a shows the weight fraction of the precipitated
phase at different temperatures, and Fig. 4b the
comparison of ferrite—austenite at different temper-
atures. It is not difficult to find that, when the
equilibrium temperature was lower than 871°C, the
test steel was in the ferrite single-phase region,
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with only an o-ferrite structure. When the temper-
ature was between 871°C and 1280°C, the experi-
mental steel was in the ferrite—austenite dual-phase
region. With the increase of temperature, the
weight fraction of austenite first increases and then
gradually decreases. When the equilibrium temper-
ature was higher than 1280°C, only a single ferrite
structure existed.

In order to more intuitively reflect the three-
phase proportion of ferrite—austenite—carbide in 430
FSS at different temperatures, the calculation
results of the JMatProV7.0 thermodynamic soft-
ware are tabulated in Table II. From the calculation
results, when the temperature was 800°C and
850°C, the experimental material was the ferrite
phase, accounting for about 98.8%. At the same
time, there were small amounts of Mg3Cg-type
carbide and My(C,N)-type compound. When the
temperature was 900°C, the proportion of ferrite
was 61.73%, the proportion of austenite was 38.12%,
and about 0.15% of carbonitride was also present.
The carbonitride content decreased with increasing
temperature, and there was no carbonitride when
the temperature increased to 950°C and above. In
general, with the increase of temperature, the
content of ferrite phase first decreased and then
increased, while, in contrast, the content of austen-
ite phase first increased and then decreased, and
the highest austenite content was 44.72% when the
temperature was 950°C.

The 430 FSS contains nearly 17 wt.% of Cr, which
makes it form a stable single-phase ferrite structure
at room temperature. The ultra-low carbon and
nitrogen content F'SS developed on the basis of 430
FSS has a single-phase ferrite structure even in the
high-temperature region. The 430 FSS used in this
experiment contained a certain amount of C ele-
ment, which is an element that expands the austen-
ite phase region, so that the austenite content
continues to increase at high temperatures. This
provides an important basis for the subsequent
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Fig. 3. Weight fraction of the precipitated phase of 430 FSS at different temperatures: (a) weight fraction of precipitates at different temperatures,

(b) continuous cooling transformation curve.
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Fig. 4. Microstructure of hot-rolled sheets after different heat treatments photographed using the optical microscope: (a) 800°C, (b) 850°C, (c)
900°C, (d) 950°C, (e) 1000°C, (f) 1050°C water-cooled, (g) 1100°C, (h) 1150°C, (i) 1050°C furnace-cooled.

Table II. The proportion of each component of 430 FSS at different temperatures

Temperature (°C) Ferrite (wt.%)

800 98.86
850 98.89
900 61.73
950 55.28
1000 57.03
1050 62.06
1100 77.06
1150 77.06

Austenite (wt.%) Carbonitride (wt.%)

- 1.14

- 11.1
38.12 0.15
44.72 -
42.96 -
37.93 -
22.94 -
22.94 -

regulation of the martensite content in this
experiment.

Heat-Treatment Experimental Control Phase
Ratio

The water-cooled metallographic structure of the
430 FSS hot-rolled sheet after holding at different
annealing temperatures for 20 min are shown in
Fig. 4. Between 800°C and 850°C, the 430 FSS is in
the single-phase zone of ferrite, and the microstruc-
ture after quenching is mainly composed of
deformed ferrite grains elongated along the rolling
direction. In the heat-treatment range of 900-
1150°C, the experimental steel is in the ferrite—

austenite dual-phase region, and the martensite
phase exists at the ferrite grain boundary after
water-cooling. At the same time, with the increase
of the heat-treatment temperature, the ferrite crys-
tal grain size gradually becomes larger, and the
ferrite layer thickness increases. It can be seen from
Fig. 4 that after quenching at 800°C, the ferrite
grains retain the elongated state, the boundaries
are blurred, and no obvious recrystallized grains
and martensite structures are found. After rapid
cooling at 900-1150°C, static recrystallization
occurs in most areas, and an obvious martensite
structure appears at the ferrite grain boundary,
with uniform grain size and arrangement, as shown
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in Fig. 5. Among them, some strip-like tissues were
still retained in the sheet treated at 950°C. With the
increase of annealing temperature, the martensite
content in the experimental steel first increased and
then decreased after quenching. The martensite
content in the water-cooled strip after heat preser-
vation at 950°C was the highest, which was consis-
tent with the calculation results of the JMatProV7.0
thermodynamic software. The martensite content
was the least in the strip cooled in the furnace after
heat preservation at 1050°C, because the austenite
at high temperature will be re-transformed into
ferrite after heat treatment, as shown in Fig. 4i.
According to the number and size of the marten-
sitic phases after different heat treatments, the
quenched strips annealed at 950°C, 1050°C, and
1150°C were selected for subsequent cold-rolling
experiments. The microstructures of the three
groups of experimental steels before cold rolling
are shown in Fig. 5. The ferrite and martensite can
be clearly observed, and the size distribution of
coarse ferrite grains elongated along the rolling
direction at different temperatures is not uniform,
showing a trend of increasing with the increase of
the annealing temperature of the hot-rolled sheet.
Since the heat-treatment temperature is between
the ferrite—austenite dual-phase region, the austen-
ite generated during the quenching process corre-
spondingly generates martensite at the ferrite grain
boundary. When the heat-treatment temperature
was 950°C, the martensite structure was unevenly
distributed near the ferrite grain boundary, and the
grain size of both was small. When the heat-
treatment temperature was 1050°C and 1150°C,
the ferrite grains were elongated along the hot
rolling direction and the size was coarse. This shows
that, as the annealing temperature increases after
hot rolling, the ferrite grains grow and the number
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and size of the recrystallized grains increase. The
inverse pole figures (IPF) of the hot-rolled sheet
after heat treatment at three selected temperatures
are shown in Fig. 5d, e, and f. There are certain
numbers of martensitic («") islands in the marten-
sitic tissue, and the presence of these islands will
enhance the hardness of the plate which is propor-
tional to the size of the o’ island.**

Austenite is generated at the ferrite grain bound-
aries during the heat treatment of the hot-rolled
sheets. As the temperature increases, the ferrite
and austenite grains grow gradually.?” During the
rapid cooling process, the dissolved carbon atoms in
the austenite have no time to diffuse out of the unit
cell, and, when the austenite reaches the marten-
sitic transformation temperature (Ms), the marten-
sitic transformation begins. The parent austenite
structure becomes unstable, and then martensite is
generated in the austenite grains, as shown in
Fig. 5. The increase of martensite will increase the
strength of the strip, but reduce the plasticity and
toughness, which is usually not conducive to the
formability of the strip.''?°

Microstructure of Cold-Rolling and Annealing
Process

After 80% cold-rolling deformation, the cold-rolled
microstructures of the three groups of experimental
steels are shown in Fig. 6, from which it can be
observed that there is no band-shaped ferrite grains
elongated along the rolling direction in the cold-
rolled sheet, but a dual-phase alternating structure
composed of a large amount of plastically deformed
ferrite and deformed martensite is embedded in the
ferrite.

The formation of the martensite structure is due
to the quenching of the strip, which is dispersed in
the ferrite matrix. Since the martensite structure is

Fig. 5. Microstructure of the quenched plate: (a) and (d) at 950°C, (b) and (e) at 1050°C, (c) and (f) at 1150°C.
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harder than the ferrite structure, the two are jointly
affected by the rolling force during cold rolling,
resulting in different degrees of plastic deformation.
Among them, due to the uneven distribution of the
martensite structure and the high hardness, the
ferrite structure produces a large non-uniform
plastic deformation. At the same time, the coarse
ferrite grains and the banded ferrite structure
during the cold-rolling process are divided by the
martensite structure. The grain clusters generated
in the FSS hot-rolled sheet are usually difficult to
eliminate in the subsequent cold-rolling process,
and the introduction of martensite in this experi-
ment can better fragment the ferrite band
structure.

A schematic of the martensitic split ferrite matrix
during cold-rolling deformation is shown in Fig. 7.

Since the martensite structure is introduced at the
ferrite grain boundary during the quenching pro-
cess, during the cold-rolling deformation, the
martensite gradually embeds into the ferrite with
the increase of the rolling reduction, and then the
band-shaped ferrite structure is cut and destroyed
to avoid the occurrence of cluster phenomenon.
The metallographic structures of the three groups
of strips with different heat-treatment processes
after cold-rolling and annealing at 950°C for 2 min
are shown in Fig. 8. After annealing, the three
groups of cold-rolled sheets all show equiaxed ferrite
grains. During the heat preservation process, new
ferrite grains nucleated and grew on the deformed
matrix, and completely absorbed the deformed
matrix after cold rolling, and the martensite disap-
peared. Figure 9 shows the phase distribution

»RD

Fig. 6. Metallographic structure of cold-rolled sheet taken with optical microscope: (a), (b), and (c) are the metallographic images of samples
taken at 950°C, 1050°C, and 1150°C, respectively, under low magnification; (d), (e), and (f) are metallographic images of samples taken at

950°C, 1050°C, and 1150°C, respectively, at high magnification.

- Ferrite
- Martensite

Early stage of cold rolling

Fig. 7. Schematic of cold-rolling deformation.

Cold rolling period

End of cold rolling
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diagram of the plate after cold rolling and anneal-
ing. After annealing, it is a full ferrite structure.
Compared with Fig. 6, it can be found that there is
no martensite in the structure after the recrystal-
lization annealing treatment, and that the ferrite
grain boundary is clear, and the grain size of the
completely recrystallized structure is uniform
(Fig. 8). This proves that the martensite structure
has been completely transformed into ferrite after
cold rolling and annealing. At this time, only ferrite
exists in the strip, which has good formability.
However, compared with the structure after cold-
rolled annealing, the initial hot-rolled plate is

Ma, Zu, D. Li, Sun, Chen, Liu, Y. Li, Gong, and Han

dominated by deformed grains and fiber layers that
are elongated in the rolling direction. In addition,
dynamic recrystallization of new grains appears in
some fiber layers, as shown in Fig. 8. Since the
martensite structure is introduced into the hot-
rolled sheet by rapid cooling after annealing, the
martensite that is unevenly distributed in the
ferrite matrix after large plastic deformation of cold
rolling will cut and destroy the banded structure
and avoid the formation of clusters. During the
annealing of the cold-rolled sheets, the unevenly
distributed martensite structure provides a site for
the nucleation of recrystallized grains. At the same
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Fig. 8. The metallographic structure of hot-rolled and recrystallized plates was observed with light microscopy: (a) hot-rolled sheet, (b) 950°C, (c)

1050°C, (d) 1150°C.

300um

Fig. 9. Phase distribution diagram of the plate after cold rolling and annealing: (a) 950°C, (b) 1050°C, (c) 1150°C.
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time, the decomposition of martensite is promoted to
obtain ferrite, and the grain size obtained is as
uniform as possible to achieve the purpose of
improving the formability of stainless steel.*®

Mechanical Properties of Annealed Sheet

After heat treatment at three selected tempera-
tures, the IPF and orientation distribution function
(ODF) diagrams of the cold-rolled sheet annealed at
950°C for 2 min and air-cooled to room temperature
are shown in Fig. 10. It can be seen that the three
groups of strips are dominated by the y-fiber recrys-
tallized texture, and that there is a certain amount
of o-fiber texture. At the same time, there is no
cluster phenomenon or residual martensite struc-
ture in the strip. The grain size increases gradually
with the increase of the quenching temperature of
the initial hot-rolled sheet. The flat, curved grains
and a small amount of band-like structure in the
cold-rolled and annealed sheet after heat treatment
at 950°C are beneficial to improve the strength of
the final sheet. The orientation gradient that exists
inside the grains is due to the introduction of
substructures during rolling deformation, which
disappear with increasing temperature. Meanwhile,
the y-fiber recrystallized texture (at {111} < 112 >)

in the strip heat-treated at 1150°C was significantly
higher than that in the 950°C-heat-treated strip (at
{111} < 561 >), as shown in Fig. 10d, e, and f.
Analysis found that the FSS cold rolling annealing
texture is mainly composed of a-fiber (<110 > //RD)
texture and y-fiber (<111 > //ND) texture.” Wright
et al.?” showed that the {001} < 110 > orientation
is not conducive to the formability of the material,
while the {111} < 112 > texture is beneficial to
improve the formability of the material. Therefore,
the hot-rolled annealed strip with strong
{111} < 112 > texture has better formability. Based
on the above reasons, the strength of the strip heat-
treated at 950°C increases while the plasticity and
toughness decrease, and the strip heat-treated at
1150°C has the second highest strength and the
highest elongation, as shown in Fig. 11.

In order to improve the mechanical properties of
stainless steel and ensure the stretch formability
during the forming process, it is required to have a
uniform {111} orientation parallel to the rolling
plane and weaken the {100} orientation.?®?° The
{100}-oriented band structure is divided by the
martensite introduced after heat treatment during
the cold-rolling process, thereby reducing the {100}
orientation in the cold-rolled annealed strip.
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Fig. 10. IPF diagrams and ODF diagrams of cold-rolled annealed sheet: (a), (b), (c) are the IPF diagrams at 950°C, 1050°C, and 1150°C,
respectively; (d), (e), and (f) are the ODF diagrams at 950°C, 1050°C, and 1150°C, respectively.
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Fig. 11. Stress—strain curve and strain-hardening rate curve of cold-rolled annealed plate: (a) stress—strain curve, (b) strain-hardening curve.

Tensile properties and plastic-forming properties
are closely related to the size, number, and texture
of recrystallized grains.*® When it has strong tensile
properties and good forming properties, the recrys-
tallization degree of FSS is sufficient and the grain
size is a uniform equiaxed grain structure, and the
recrystallized texture shows a strong y-fiber recrys-
tallized texture.

The tensile curves of cold-rolled and annealed
strips of 430 F'SS after heat treatment at different
temperatures are shown in Fig. 11. Compared with
the initial hot-rolled plate engineering stress, the
stress increased by 30-40%.'"'*3132 When the heat
treatment temperature was at 950°C, due to the
existence of a small amount of strip structure and
intragranular orientation gradient in the strip, the
tensile strength was better than for the other two
groups, reaching 710.4 MPa, and the elongation
was the lowest, at 11%. The tensile strength was
687.0 MPa, and the corresponding heat-treatment
temperature was 1050°C when the elongation was
12%. At this time, the tensile strength was at the
lowest level of the three groups of strips, and the
elongation was in the middle. The tensile strength
of the strip heat-treated at 1150°C was 690.3 MPa.
However, since the average grain size of ferrite in
the strip was 9-11 um, which is at a relatively small
level, and has a strong {111} < 112 > texture, the
elongation performance was the best, reaching 17%.
The results show that the corresponding cold-rolled
annealed strip after hot-rolling and quenching at
1150°C had better elongation, and that the corre-
sponding cold-rolled and annealed strip had better
tensile strength when the heat-treatment tempera-
ture was 950°C. It can be seen from Fig. 10d, e, and
that, when the hot-rolled annealing temperature
was 1150°C, the y-fiber texture of the cold-rolled
annealed strip was the strongest. The recrystallized
texture strength of the y-fibers is very important to
the formability of stainless steel. Therefore, in the
recrystallization process of hot-rolled sheets, the o-
fiber orientation needs to be reduced, while the
enhancement of y-fiber orientation is relatively

beneficial to improve the formability of stainless
steel.?3

The fracture scans of the cold-rolled and annealed
strip after three groups of selected temperature
heat treatments are shown in Fig. 12. According to
the existence of a large number of dimples in the
fracture morphology, it can be judged that the three
groups of cold-rolled and annealed strips are all
plastic fractures. Compared with the fractures of
cold-rolled and annealed strips after heat treatment
at 950°C, the number of dimples in the fractures of
cold-rolled and annealed strips with heat-treatment
temperatures of 1050°C and 1150°C increased sig-
nificantly, the diameters increased significantly,
and the dimple depths increased. Among them, the
cold-rolled annealed strip with the hot-rolled
annealing temperature of 1150°C has the most
dimples, the largest dimple diameter, and the
deepest dimples due to its completely recrystallized
structure and strong y-fiber texture. Therefore, the
plasticity of this group of strips is the best, and the
elongation is higher than that of the other two
groups, which is consistent with the result of the
tensile curves.

CONCLUSION

In this paper, 2-mm-thick hot-rolled stainless
steel plates were heat-treated at different temper-
atures to achieve control of the ferrite—martensite
ratio. According to the quantity and size of the
martensitic phase, three groups of steel strips heat-
treated at different temperatures were selected for
subsequent deformation and annealing experi-
ments. The microstructure and final mechanical
properties under each process were observed and

analyzed, and the following conclusions were
drawn:
1. When the hot-rolled strip is quenched after heat

treatment, the martensite structure will be
precipitated at the ferrite grain boundary. With
the increase of temperature, the grain size of
both increases, and the martensite content first
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Fig. 12. Fracture morphologies of cold-rolled and annealed sheets after different heat-treatment temperatures: (a) 950°C, (b) 1050°C, (c)

1150°C.

increases and then decreases. The martensite
content in the water-cooled strip after heat
preservation at 950°C was the highest. In
addition, the martensite is more uniform at the
ferrite grain boundaries.

2. After 80% cold rolling, there is a dual-phase
alternating structure of ferrite and martensite
in the strip. In addition, the martensite embed-
ded in the ferrite plays the role of splitting and
destroying the banded ferrite, avoiding the
occurrence of clustering, which is beneficial to
the formability of the strip.

3. After the cold-rolled strips were annealed, they
were all completely recrystallized, showing a
strong < 111 > //ND texture, which is benefi-
cial to the formability of stainless steel. The hot-
rolled annealing temperature of 1150°C showed
the strongest y-fiber recrystallized texture with
the highest elongation of 17%.
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