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1. Introduction

304 stainless steel (SS) (0Cr18Ni9) was a kind of universal
stainless steel. It was widely used in aerospace, chemical
energy, automobile industry, shipbuilding, food, medical in-
dustry and other fields [1—3]. The modern industry had put
forward a higher demand for 304 SS, and the research of high
strength and high plastic steel had become a great focus in
recent years [4—7].

It had been found that biomaterials with excellent
comprehensive mechanical properties always had more
complex structural features [8,9], such as uneven geometry
[10], spatial distribution [11], multi-scale, non-uniform tissues
distribution [12] and multi-level coupling structure [13], etc.
They could effectively overcome performance defects of sin-
gle homogeneous ultrafine/nanocrystalline structure mate-
rials and significantly improved plastic deformation ability
[14,15]. The unique micro/nano-structure of biomaterials had
become a source of innovation in the design and preparation
of new composite materials [16,17]. Micro/nano-structure was
one of the important types of multilayer construction [18—20].
Herein, we reported a micro/nano-structured 304 SS which
was achieved the imhomogeneous structure via Alumi-
nothermic Reaction (AR) experiments [21—-23], and subse-
quent different rolling and annealing schedule to control
different microstructures. This micro/nano-structured 304 SS
achieved the best match between strength and plasticity.

2. Materials and experimental procedure

In the present work, the initial 304 SS synthesized via AR with
5 MPa controlled atmosphere in argon gas. The experimental
details information on the processing had been reported in
Ref. [24—26]. The chemical composition of 304 SS used in this
investigation was shown in Table 1. The big ingot was pro-
cessed and cut into a strip of 100 x 50 x 5 mm?® with a wire
cutter. The 304 SS strip was performed rolling for deformation
of 50% at RT and followed by annealed at 973 K for 1 h to
assure combination of super strength and excellent plasticity.
The rolling thickness reduction was 50% and the corre-
sponding specimen was thinned from 5 mm to 2.5 mm. The
plate thickness variation was presented in Fig. 1 before and
after rolling.

All microstructures were analyzed in the transverse plane
of the 304 SS sheet, and through thickness plane was
perpendicular to the rolling direction. Microstructural char-
acterization was carried out using scanning electron micro-
scope (SEM, JSM-6700F) with a secondary electron detector
and transmission electron microscope (TEM, JEM-2010). Elec-
tron backscatter diffraction (EBSD) analysis was performed
using a field emission scanning electron microscope, Quanta

Table 1 — Chemical compositions of 304 SS studied in this
study (wt.%).

C Si Mn Cr Ni Fe
0.05 0.60 1.20 18.00 10.00 Bal.

—— rolling direction

cold rolling

Fig. 1 — The marco image of 304 SS before and after rolling.

450 FEG SEM (equipped with aztecx-max80 probe). The EBSD
data analysis was performed with HKL Channel 5 software.
The specimens for EBSD analyses should be electropolished in
8 pct perchloric acid alcohol solution. A mixture of 45 ml
HCl+60 ml H,0+10g FeCl; was etched for 30 s to reveal the
microstructure for optical and conventional SEM specimens.
For TEM observation, thin foils were mechanically ground to a
thickness of 50 um followed by electrochemical thinning using
a twin-jet electro-polishing device in a solution of 5 vol. %
perchloric acid in ethanol. The dog-bone shaped tensile test
specimens were wire-cutting machined from a target 304 SS
sheet with the dimension as shown in Fig. 2, and the thickness
was 1 mm. Uniaxial tensile tests were carried out at RT by a
AT10t universal mechanical testing machine with a
maximum loading capacity of 100 kN operating at a crossing
speed of 0.2 mm/min. The tensile direction was parallel to the
rolling direction.

3. Results
3.1. Microstructural characterization

The studied 304 SS was produced by the means of AR, and cool
rolling with a 50% deformation at RT, then followed by
annealing at 973 K for 1 h. Metallographic microstructures of
three different thickness 304 SS were provided in Fig. 3. Ac-
cording to the X-ray diffraction (XRD) analysis, crystalline
structure of as-cast 304 SS was mainly face centered cubic
(fcc) austenite in Fig. 3(a). The microstructure after cold rolling
was composed of austenite and martensite. Most of the white
areas were austenite and the black strip structure was strain
induced martensite. Grains were obviously elongated along

i
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Fig. 2 — Schematic illustration of tensile specimen (unit:
mm).
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Austenite

Fig. 3 — Typical metallographic microstructure of 304SS (a) as-cast, (b) cold rolling with a thickness reduction of 50% at RT, (c)

followed by annealing at 973 K for 1 h.

the rolling direction, and deformation of each grain also pre-
sented non-uniformity, as shown in Fig. 3(b). The content of a
large number of linear strain induced martensite was 29.1%
via IPWING6 software. After annealing, the volume fraction of
martensite decreased to 17.6% in Fig. 3(c). The strength of alloy
always decreases with the decrease of martensite content.
The rule is also reflected in Figs. 3(b) and (c).

Orientation imaging microscopy (OIM) of austenite region
for 304 SS before and after annealing was illustrated in Fig. 4,
respectively. It could be seen from OIM that most austenite
grains were (111) oriented in Fig. 4(a), while (101) orientation
was significantly larger after annealing in Fig. 4(b).

After annealing, the micro/nano-structured features of 304
SS were obtained and given as shown in Fig. 5. Fig. 5(a) pre-
sented the typical SEM image, RD represented the rolling di-
rection. It could be seen that protuberance was austenite
phase, while hole was martensite phase. That's because,
austenite was less resistant to corrosion here, and the
martensite phase was strain induced martensite. It could be
seen from OIM in Fig. 4(b) that the number of grains with (101)
orientation was significantly larger, and formed obvious {112}
<101> texture in corresponding inverse pole figure of Fig. 5(b).
After cold rolling, austenite had no time to occur recrystalli-
zation and mainly forms deformation texture. At this time,
the main type of texture was copper texture {112}<111>, and
the texture strength in {112}//ND direction becomes larger.
The microstructure of specimen changed via annealing. A part
of the grains grow up by annealing, which made the specimen
had better elongation strength matching. {112}<101> texture
was significantly enhanced after annealing. That was because
soft phases around hard phases were easy to form shear zone

and deformation zone in the deformation process. The
deformation energy was high in these places, where {112}
<101> grains would nucleate preferentially. Fig. 5(c) showed
grain size distribution that the number of ultrafine grains
below 1 um accounted for about 82.5%. The volume fraction of
austenite grains with average grain size less than 300 nm was
38.8%, and the average grain size of austenite was 713.8 nm.
Fig. 5(d) and Fig. 5(e) were the distribution diagram of grain
boundary state and statistical diagram of grain boundary
misorientations. It could be observed that the green small
angle grain boundary still accounted for the majority after
annealing from Fig. 5(d). As we could sum from the statistical
results of Fig. 5(e), the small angle grain boundary with ferrite
was less than 15° and accounted for 80.9%, in which the sub
grain boundary with ferrite less than 2° accounted for 42.1%.
Distribution of recrystallized grains, substructures and
deformed grain were showed in Fig. 5(f), EBSD analysis results
of Channel 5 software specimens were used, and volume of
recrystallized grains and the deformed grains was 5.7% and
87.6%, respectively. TEM was used to characterize austenite
grains at about 100 nm more clearly. Fig. 5(g) and Fig. 5(h)
provided bright field and dark field TEM images, respectively.
Corresponding selected area electron diffraction (SAED) was
inserted in bright field (Fig. 5(g)). The defects such as tangled
dislocations and stacking faults could be observed in TEM
images. According to results of SAED, black particles were
nanocrystalline austenite phases, and white bright areas were
micron austenite phases. Statistical analysis showed the
average grain size of nanocrystalline and ultrafine austenite
was 86 nm, accounting for 21% of bright field images, which
was consistent with results of EBSD images. The amount of

[111]

[011]

Fig. 4 — OIM image showed austenite region of 304 SS, (a) before and (b) after annealing.
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Fig. 5 — Experimental observations of the micro/nano-structured 304 SS (a) SEM image, (b) corresponding inverse pole figure
in elliptical area A of Fig. 4(b), (c) grain size distribution of the number of ultrafine grains, (d) EBSD grain boundaries map,
green line represented low-angle grain boundaries (2°< misorientation angle <15°) and black line represented high-angle
grain boundaries (misorientation angle >15°), (e) statistical diagram of grain boundary misorientations, (f) EBSD image for
substructures and deformed grain, (g) bright field TEM image (up inset, SAED), (h) dark field TEM image.
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nanocrystalline austenite below 100 nm accounted for the
majority. There were two sources of these nanocrystalline
austenite grains. One was the grain growth of as-cast 304 SS
prepared by AR, and the other one was the transformation of
martensite into austenite.

3.2. Unique mechanical responses under uniaxial
tension

Tensile properties of the micro/nano-structured 304 SS at RT
and conventional stainless steel were compared, which were
illustrated in Fig. 6. Herein, Fig. 6(a) illustrated the uniaxial
tensile engineering stress—strain curves of the present work
and a reference of the uniform structured conventional 304 SS
[27]. Fig. 6(b) showed the corresponding true stress—strain
curves. The micro/nano-structured 304 SS showed amazing
engineering tensile elongation to fracture (27.3%) even at high
yield strength (849 MPa) and ultimate tensile strength
(1023 MPa). At the same time, the hardness of specimen was
as high as 355 HV (conventional 304 SS only reached 186 HV).

3.3. Fractography

By means of SEM observation and analysis for micro fracture
morphology, the fracture type was determined, and mecha-
nism of crack formation, propagation and fracture was dis-
cussed. Observation of tensile fracture by SEM was shown in
Fig. 7. As we could see in Fig. 7(a), martensite region presented
predominant cleavage river pattern (yellow rectangle) and the
austenite region showed the characteristic of brittle fracture
ductile (green rectangle). The content of strain induced
martensite were less, the number of tearing cavities between
martensite group with smaller diameter and matrix were
more, and some large dimples with an average diameter of
7 um could be observed. Fig. 7(b) was the observation after
local magnification of Fig. 7(a). Large number small dimples
with an average diameter of only 300 nm could be found
around the big dimples. In conclusion, ductile fracture was the
main fracture mode as a whole. This indicated that the
specimen had good plasticity at RT.

4, Discussion

The microstructure of as cast specimens prepared by AR
changed with rolling and annealing. The interaction mech-
anism in microstructure could overwhelm the reducing
mechanical performance. At first, there were high density
dislocations entangled with each other in the original
structure. When dislocation density was close to saturation,
deformation twins would be produced, and content of
deformation twins would increase. Finally, deformation
induced martensite was produced under the interaction of
dislocation and deformation twin. With the progress of
rolling deformation, the content of strain induced martensite
increased. The driving force of deformation induced
martensite was the different of free energy between old and
new phases. When the mechanical driving force and chem-
ical driving force were superposed to the critical value of
driving force, strain induced martensite would be formed.

The diffusion ability of atoms was relatively poor, and the
dynamic recovery of deformed metals would be inhibited at
RT. Accordingly, high density dislocation, stacking fault and
other defects were produced in the rolling process. These
defects provided more nucleation sites for martensite
nucleation, and strain induced martensite nucleation and
growth in high density dislocations and other defects.

The plastic rolling deformation was one method to
enhance the microstructure and mechanical characteristics of
austenitic stainless steel. The deformation structure of 304 SS
slab prepared by AR was mainly composed of strain induced o’
martensite and deformed retained austenite. Here, the
structure contained high density dislocation, deformation
twin, stacking fault and other defects. Due to the existence of
martensite and various defects, the stainless steel had high
strength and poor plasticity at RT. In order to further improve
the mechanical properties, annealing treatment was carried
out [28]. Annealing was believed to eliminate the generation of
dislocations. Beyond that, the recrystallized ultrafine
austenite grains, the restored nanocrystalline austenite
transformed from o to y, and the residual martensite as well
as the composite structure composed of the micro/nano-
crystalline austenite contained in as-cast microstructure
could be obtained through annealing. This kind of non-
uniform composite structure could realize optimal combina-
tion of strength and plasticity. The recovery of martensite to
austenite and the annihilation of various defects occurred
during annealing. In this study, the recovery mechanisms of
304 SS slab were two major types of martensitic shear and
diffusion recovery after rolling at RT. The transformation from
o' =y was mainly realized by the movement of «/y interface
and the formation of restored austenite [29]. The twin y was
formed through the transformation of o'—vy, and the sub-
crystal structure was formed along with the recovery process.
In the same way, the specific mechanism of o'—y recovery
could be studied by thermodynamic calculation method
combined with microstructure characteristics. The change of
free energy in the process of «'—7y transformation could be
estimated by Eq. (1). The value of AGf.Y at the annealing
temperature of 973 K could be calculated as —317 J/mol. When
the free energy was negative, y was more stable than o'
Therefore, o' —y recovery obviously occurred during anneal-
ing. According to the research results of Tomimura [29],
diffusion recovery and shear recovery mechanisms existed in
the process of martensite recovery during annealing and
diffusion recovery mechanism played a leading role. In the
shear recovery process, the deformed structure often con-
tained lamellar deformed austenite with high dislocation
density, which could be divided into sub crystal and disloca-
tion grain. However, the austenite recovered into the diffusion
recovery mechanism was different from that in the equiaxed
phase, and grew up with the extension of annealing time, thus
consuming the residual martensite. But with prolonging
anneal time, these austenite grains would grow into equiaxed
grains, and finally form austenite grains with low dislocation
density [25,30,31]. In the same way, the nanocrystalline
austenite contained in as-cast structure and recovered from
martensite after annealing treatment of cold rolling stainless
steel had good thermal stability. According to research results
of Lu K. [32], this was due to the activation of some
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Fig. 6 — Tension curve of the micro/nano-structured 304 SS relation with the uniform structured one (a) engineering
stress—strain curves, (b) representative true stress—strain curves.

dislocations by plastic deformation, which resulted in the
formation of small angle grain boundaries between nano-
crystalline grains. After cold rolling, the small angle grain
boundary with austenite grain size less than 15° accounts for
92.4% in the specimen. Thereby, the thermal stability of
nanocrystalline boundary was enhanced from high energy
state to low energy state. The spontaneous transition from
grain boundary to low energy state made the thermal stability
of nanocrystalline grains significantly improved. Accordingly,
the microstructure of 304 SS in study contained low density
dislocations, austenite grains with inhomogeneous distribu-
tion of micro/ultrafine/nano grains, and residual o’ martensite
[33].

AG”~7(J/mol)= 10?AGy -, (100 — Cr — Ni)—97.5Cr + 2.02Cr’~108.8Ni + 0.52Ni’
—0.05CrNi + 10T (73.3Cr — 0.67Cr’+50.2Ni — 0.84Ni’ — 1.51CrNi)

After cold rolling, yield strength and tensile strength were
greatly improved, more austenite structure was transformed
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into martensite, and the strengthening effect of martensite
was more significant. At this time, the number of ultrafine
grains accounted for 67.5%, in which 37% were austenite
grains with an average grain size below 300 nm, the average
grain size of retained austenite was 1.02 pm, and the small
angle grain boundary accounted for 92.4%, among which
51.3% were sub grain boundary below 2°. The hardness and
strength of were greatly improved. A large number of defects
(dislocation tangle, stacking fault, and twin) were produced in
the rolling process, which leaded to the improvement hard-
ening ability. In addition, dynamic recovery and recrystalli-
zation were severely inhibited by rolling at RT, which leaded
to the maintenance of high dislocation density. These high

strengthening defects could promote nucleation of a part
martensitic transformation. With the progress of rolling
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Fig. 7 — Fracture surface morphology of the micro/nano-structured 304 SS (a) SEM images, (b) the area of white rectangle A in
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deformation, the accumulated dislocation density reached
saturation, and dislocation interaction increased obviously,
which resulted in the formation of a large number of defor-
mation twins in austenite matrix. Interaction of these defor-
mation twins provided more nucleation sites for strain
induced martensite. With the progress of rolling deformation,
the microstructure of martensite became smaller, and some
of them were broken.

After annealing for 1 h, the recrystallization of deformed
austenite and the recovery of strain induced martensite
occurred. The average grain size of ultrafine austenite was
713.8 nm, the volume fraction of ultrafine grains was 82.5%,
and the number of grains below 300 nm accounted for 38.8%.
The content of nanocrystalline austenite increased due to the
recovery of o strain induced martensite. TEM images indi-
cated that average grain size of the nanocrystalline austenite
was about 86 nm, accounting for 21% of its volume fraction.
The composite structure of microcrystalline grains/ultra-fine
grains/nanocrystalline grains, which was formed with nano-
crystalline austenite grains and retained austenite grains.
Depending on this, the optimized combination of ultra-high
strength and excellent plasticity of 304 SS was realized.

5. Conclusions

Hierarchical structured 304 SS with heterogeneous grains
from nanoscale to microscale was prepared via AR. The main
conclusions are listed as follows:

(1) With the progress of rolling deformation for 50% at RT,
austenite grain size decreased, the content of strain
induced martensite and dislocation density increased
obviously. Here, heterogeneous composite structure
were obtained, which composed of high density dislo-
cation, deformation twin, strain induced martensite
and microcrystalline grains/ultra-fine grains/nano-
crystalline grains.

(2) After annealing treatment, deformed austenite was
recrystallized, defects such as dislocations and twins in
deformed austenite were eliminated gradually, content
of nanocrystalline austenite was increased, and grain
size growth of recrystallized ultrafine and nanocrystal-
line austenite was not obvious owing to low annealing
temperatures.

(3) The excellent combination of strength and plasticity for
micro/nano-structured 304 SS was attributed to the
obstruction of dislocation by nanocrystalline austenite
and residual martensite, as well as high work hardening
ability of micro/nano-structured heterogeneous com-
posite structure.
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