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heterogeneous structures using variable temperature rolling and annealing
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ABSTRACT

A novel variable temperature rolling (VTR) and annealing process was conducted on a metastable
austenitic stainless steel. Strain softening occurred during tensile straining in both cold rolled and
cryogenicrolled-annealed steels, leading to low uniform elongations of only 2-3%. In contrast, thanks
to the metastable dual-phase heterogeneous lamellar structure achieved via the VTR process, a ultra-
high strength of over 1 GPa was obtained, and strain hardening led to a remarkable increase of
uniform elongation up to 10%. The high strength and ductility are attributed to the significant work-
hardening derived from the superior heterogeneous deformation-induced hardening and sustained

transformation-induced plasticity effect.
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We identify a new variable temperature rolling and annealing process to achieve a metastable dual-
phase heterogeneous lamellar structure, which overcomes strength-ductility trade-off by coupling

of HDI hardening and TRIP effect.

1. Introduction

Austenitic stainless steels (ASSs) were widely used in
kitchenware, transportation, petrochemical engineering,
nuclear power engineering, aerospace, and other civil
and defense applications [1,2]. However, the grain size of
conventionally rolled and solution-treated ASSs was very
coarse at 20-120 pm, leading to low yield strengths in
the range of 150-300 MPa [3,4]. The low yield strength
seriously limited their application in high-strength com-
ponents under load-bearing, dynamic loading, and high
pressure conditions. To meet the demand for lightweight
structures and for improving safety, it became an urgent
issue to develop advanced ASSs with a combination of
high strength and ductility.

Grain refinement is the most effective way to improve
yield strength without increasing the alloying cost. How-
ever, when the grains were homogeneously refined to

the submicron or even nanometer scale, the strain
hardening rate would be significantly reduced [5,6],
resulting in low ductility. At the same time, nanocrys-
talline and equiaxed austenitic grains suppressed the
transformation-induced plasticity (TRIP) effect [7], lead-
ing to strain concentration, non-uniform deformation,
and premature failure. Therefore, it is of great practical
significance to enhance the strain hardening ability of
nanostructured ASSs for good ductility.

Recently, heterostructures provided a new paradigm
for solving the tradeoff between the strength and duc-
tility of metals by invoking hetero-deformation induced
(HDI) hardening [8,9]. Zhu and Wu et al. [10,11] pro-
posed that the origin of HDI hardening in heterostruc-
tures is the interactive coupling near hetero-zone bound-
aries via the piling up of geometrically necessary dis-
locations (GNDs). Recent studies have found that the
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rolling and annealing process was effective and feasi-
ble in refining 304 ASS [1,12], in which cold rolling
strain induced martensite, and the reverse transforma-
tion of austenite and recrystallization during annealing
caused the grain refinement [13], resulting in nanocrys-
talline ( < 100 nm)/ultra-fine grains (100-500 nm) struc-
tures. The yield strength of annealed steel was 1157 MPa
and had an obvious yield drop and long Liiders band
during deformation. Decreasing the rolling temperature
stimulated the martensitic transformation, and cryogenic
rolling at —196 °C produced a higher amount of marten-
site than cold rolling [14], and lath martensite changed
into martensite with dislocation cells at the subsequent
rolling stage. Thus, the grain size of reversely trans-
formed austenite was homogeneously nano-crystalline
after annealing. The yield strength of the annealed
steel was 1250 MPa and strain softening occurred dur-
ing deformation. Cold rolling or cryogenic rolling fol-
lowed by annealing could significantly refine grains and
improve the yield strength but unfortunately at the
expense of ductility. Moreover, the high rolling force and
the severe edge cracking of steel plate made it hard for
industrial applications. It was discovered that the defor-
mation mechanisms changed from martensitic transfor-
mation to deformation twins during warm rolling at 200
°C, and recrystallization enabled modestly refined grains
to form relatively coarse grains (>1 pm)/submicron
grains (500-1000nm) during annealing, but remark-
able strength increment was not achieved and the yield
strength of the annealed steel was only 540 MPa [15]. It
was also proposed that the TRIP kinetics during tensile
deformation could be tailored by tuning the stability of
retained austenite, and the resulted moderate but sus-
tained strain hardening was conductive to realizing the
combination of high strength and excellent ductility [16].
At present, the combined rolling modes with variable
rolling temperatures have not been considered, and the
nucleation and transformation mechanisms are unclear.
It is meaningful to develop a new fabricating method
to tailor the metastable heterostructure and break the
strength-ductility dilemma.

In the present study, a novel processing route of
variable temperature rolling (VTR) and annealing was
conducted on the 304 ASS, and the phase transfor-
mation behavior and subsequent microstructures were
characterized to reveal the forming mechanism of the
metastable dual-phase heterogeneous lamellar structure.
The contribution of HDI hardening and TRIP effect
on strain hardening and their interaction will be dis-
cussed. The finding in this work demonstrates that the
nano-scale heterogeneous structure can overcome the
strength-ductility dilemma.
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2. Materials and methods

The experimental steel was a 5mm thick commercially
available 304 austenitic stainless steel plate produced by
hot-rolling and solution treatment. The grain size in the
initial solid solution state is coarse at ~ 30-40 pum, and
the yield strength is 295 MPa. The nominal chemical
composition in wt.% is 0.04C, 0.41Si, 1.11Mn, 18.26Cr,
8.00Ni, 0.04N, and balance Fe. Schematics of rolling
and annealing processes are shown in the Supplemen-
tary Materials Fig. S1. For cold rolling and cryogenic
rolling procedures, the steel plates were rolled to a plate of
2.5mm on a laboratory rolling mill at room temperature
and cryogenic temperature (—196 °C), respectively. For
the variable temperature rolling procedure, the steel plate
was first warm rolled to a plate of 3.5 mm at 300 °C, and
cryogenically rolled to a plate of 2.5 mm. Warm rolling
was conducted at 300 °C to avoid martensitic transfor-
mation, and to produce a large number of deformation
twins. The total rolling reduction ratio of steel plates
was 50% in all conditions. Subsequently, the cold-rolled
steel, cryogenic-rolled steel, and variable temperature-
rolled steel were annealed at 650 °C for 3 min, which
were termed CR-A steel, CCR-A steel, and VTR-A steel.
Annealing was done at 650 °C to trigger the reverse trans-
formation from a large amount of martensite to austenite,
and to prevent grain coarsening.

Transmission electron microscope (TEM) studies
were conducted using FEI Tecnai G2 F20 TEM at an
accelerating voltage of 200kV. The volume fraction of
austenite was determined by a Rigaku SmartLab 9 kW X-
ray diffractometer (XRD) using a Cu-Ko radiation source
and obtained by a direct comparison method of the inte-
grated intensities of the (200)y, (220)y, (311)y, (200)c,
and (211)« diffraction peaks in the 20-range tested [17].
Tensile tests were conducted at room temperature at a
crosshead speed of 3 mm/min using an INSTRON5969
universal testing machine. The gauge length of tensile
specimens was 25 mm, and the width and thickness were
6.25 and 2.5 mm, respectively, according to ASTM stan-
dard. Load-unload-reload (LUR) tensile tests were con-
ducted at room temperature at an engineering strain
interval of 2%.

3. Results and discussion

XRD spectra and phase volume fraction statistics of
rolled and annealed experimental steels are shown
in Figure 1. Martensitic transformation occurred dur-
ing rolling at room temperature, and 26% austenite
remained in the CR steel. Due to the higher driving
force of martensitic transformation at —196 °C [18],
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Figure 1. XRD spectra and phase content statistics of experimental steels: (a)(c) CR, CCR, and VTR steels; and (b)(d) CR-A, CCR-A, and

VTR-A steels.

full martensite was formed in the CCR and VTR steels
(Figure 1(a,c)). Martensite underwent a reverse trans-
formation to form austenite during annealing at 650 °C,
increasing the austenite volume fraction. As a result, a
dual-phase structure was obtained in CR-A, CCR-A, and
VTR-A steels with martensite volume fractions of 11%,
20%, and 18%, respectively (Figure 1(b,d)).

The microstructures of rolled steels are shown in
Figure 2. The red circle in the micrographs is the area
where diffraction patterns were taken. The CR steel con-
sisted of lath martensite and coarse retained austenite
with a high density of dislocations (Figure 2(a,b)). Dur-
ing cryogenic rolling, the coarse grain austenite was first
transformed into lath martensite, and with larger defor-
mation, martensite with dislocation cells structure was
formed due to the destruction of the lath martensitic
structure (Figure 2(c,d)). The stacking fault energy of
the material decreased and the driving force of marten-
sitic transformation increased at —196 °C, which resulted
in the direct transformation of ¥ to «’ martensite [19].

There were a large number of deformation twins in
the coarse-grained austenite matrix of VIR (3.5) steel
(Figure 2(e,f)), which formed a lamellar lath martensite
structure in the VTR (2.5) steel due to nucleation and
growth of martensite along the deformation twins during
cryogenic rolling (Figure 2(g,h)).

TEM micrographs presenting the microstructure of
annealed steels are shown in Figure 3. It was a mixed
structure of micron coarse grains (~1-2 pm), sub-
micron grains (~500-1000 nm) and ultra-fine grains
(~100-500 nm) that formed in the CR-A steel. Retained
austenite in the cold rolled steel increased during anneal-
ing, forming micron-sized coarse grains and submi-
cron grains [20]. Moreover, lath martensite underwent a
reverse transformation to form lath ultra-fine austenitic
grains (Figure 3(a,b)). Due to the formation of uniform
martensite with dislocation cells structure in the CCR
steel, martensite with dislocation cells during anneal-
ing underwent a reverse transformation to form uniform
equiaxed ultra-fine grains (~ 100-500 nm) structure in
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Figure 2. TEM micrographs of rolled steels with low and high magnifications: (a)(b) CR steel; (c)(d) CCR steel; (e)(f) VTR (3.5) steel by
warm rolling to 3.5 mm; and (g)(h) VTR (2.5) steel by warm rolling to 3.5 mm and cryogenic rolling to 2.5 mm.

Annealed steels

44 200 nm

Figure 3. TEM micrographs of annealed steels with low and high magnifications: (a)(b) CR-A steel; (c)(d) CCR-A steel; and (e)(f) VTR-A

steel.

the CCR-A steel [14] (Figure 3(c,d)). VTR-A steel formed
a heterogeneous lamellar structure with an alternat-
ing distribution of lath martensite and lath austenite.
The lamellar structure was nanoscale ( ~ 50-200 nm) in
width and microns (~ 1-3 pum) in length. Lath marten-
site growing along deformation twins during cryogenic
rolling of the VTR steel underwent a reverse transfor-
mation during annealing, forming lath austenite due to
morphology inheritance. As a result, lath austenite and
residual lath martensite together formed a heterogeneous
lamellar structure (Figure 3(e,f)).

The tensile properties of the annealed steels are shown
in Figure 4. The yield strength of the CR-A steel was 994
MPa due to the grain refinement of austenite and the

introduction of a small amount of martensite. But strain
softening immediately occurred, and the low strain hard-
ening ability led to only 3% uniform elongation. Nano-
crystallization of grains increased the yield strength of
the CCR-A steel to 1164 MPa. However, strain soften-
ing was intensified under tensile straining, and uniform
elongation was reduced to 2%. The yield strength of
the VTR-A steel reached 1048 MPa. Moreover, the strain
hardening rate was remarkably enhanced, and continu-
ous strain hardening postponed the necking, resulting in
much improved uniform elongation to 10%.

Variations of HDI stress and austenite volume fraction
of annealed steels under tensile strain are shown in Figure
5. The HDI stress was calculated according to the method
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of Yang et al. [21] (Figure 5(a,b)). The HDI stress grad-
ually increased during deformation of the VIR-A steel
(Figure 5(c)). Another hardening contribution, the TRIP
effect, was probed by interrupted tensile tests. Variation
of austenite volume fraction as a function of engineer-
ing strain is shown in Figure 5(d). Austenite to martensite
transformation occurred under tensile deformation. The
martensite volume fractions of the CR-A steel and VIR-
A steel increased by 1% and 10% at an engineering strain
of 3%, respectively, and the martensite volume fraction
of the VTR-A steel continuously increased by 20% at
an engineering strain of 12%. Therefore, the remarkable
and sustained TRIP effect was found in the VTR-A steel
(Figure 5(d)).

Transformation and deformation mechanisms of the
VTR-A steel are shown in Supplementary Materials Fig.
S2. As to the transformation mechanism of metastable
dual-phase heterogeneous structure, a large number of
deformation twins were produced during the warm
rolling process, which made the martensite grow along
the deformation twins during cryogenic rolling, result-
ing in the formation of lamellar lath martensite structure.
Part of lath martensite underwent reverse transforma-
tion to form lath austenite during annealing, while other

lath martensite retained, and the dual-phase heteroge-
neous lamellar structure with alternating distribution
of lath martensite and lath austenite was obtained in
the VTR-A steel (Fig. S2a-d). During straining, deforma-
tion induced GNDs accumulation and martensitic trans-
formation occurred, leading to HDI hardening and sus-
tained TRIP effect (Fig. S2e). The reason for metastable
dual-phase heterogeneous lamellar structure to over-
come the strength-ductility dilemma could be summa-
rized into three aspects. Firstly, the hardness distribu-
tion of the dual-phase structure was not uniform. Plastic
deformation of the soft phase was effectively constrained
by the surrounding hard phase, which produced back
stress in the soft phase and promoted HDI strain hard-
ening [21]. Nanoscale dual-phase heterogeneous lamel-
lar structure had high density of phase boundaries, in
which GNDs could be accumulated to enhance back
stress [22]. Secondly, lamellar morphology could pro-
duce higher strain hardening than equiaxed morphology,
especially when its long axis was parallel to the load-
ing direction [23]. The geometry of this structure made
mutual restriction between different phases more effec-
tive, which could generate higher back stress [9]. Finally,
back stress would stimulate martensite transformation in
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the soft phase austenite region together with the applied
stress, and fresh martensite could enhance HDI harden-
ing combined with surrounding austenite. As a result, the
HDI hardening and TRIP effect promoted each other.

4. Conclusions

In summary, a novel procedure of variable tempera-
ture rolling and annealing was conducted on the 304
austenitic stainless steel for tailoring the transforma-
tion pathways and optimizing the mechanical properties.
Nano-scaled deformation twins were produced under
warm rolling, which further stimulated the martensite
nucleation and constrained its growth along the deforma-
tion twins during cryogenic rolling. Some lath martensite
underwent a reverse transformation to form lath austen-
ite during the subsequent annealing, leading to a unique
dual-phase heterogeneous lamellar structure containing
alternately distributed lath martensite and lath austenite.
The resultant ultra-high strength and superior uniform

elongation were attributed to the significant strain hard-
ening derived from the coupling of remarkable HDI
hardening and sustained TRIP effect.
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