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A B S T R A C T

In this work, coarse-grained 316L stainless steels were cold rolled with a thickness reduction of ~83% (CR 83%).
After annealing, the behaviors of the nanostructured stainless steel samples were systematically investigated in
the temperatures range of 200 �C–650 �C. It was found that with increasing annealing temperature the volume
fraction of the α0-martensite first increased to reach a maximum value at 400 �C, then the volume fraction
decreased with further increases of the annealing temperature. The yield strength was increased from 1400 MPa
to 1720 MPa after annealing; this strong hardening effect in cold rolled 316L stainless steel was mainly attributed
to the increase of the volume fraction of α0-martensite.
1. Introduction

Austenitic stainless steels are widely used for structural applications
because of their good corrosion resistance, excellent formability and
weldability [1]. However, the relatively low yield strength hinders the
scope of their applications. Other previous approaches have been
demonstrated to improve the strength of stainless steels through different
strengthening mechanisms [2–6]. Recently, hardening after annealing
was demonstrated in other deformed metals in which their hardness and
strength were improved after annealing treatments [7,8]. Annealing
hardening was also found in 304 stainless steels and it was ascribed to the
increase of martensite content [9,10]. Annealing promotes solution atom
segregation at grain boundaries or twin boundaries, which causes an
increase of the martensitic transformation starting temperature (Ms) in
zones where the alloy content is less. Therefore, martensitic trans-
formation occurs during the subsequent cooling to room temperature [2,
11]. However, little has been reported about the annealing behavior of
316L stainless steel, in which it is harder for martensitic transformation
to occur since 316L stainless steel possesses higher stacking-fault energy
and has a lowerMs than that of 304 stainless steel [1]. It is thus of interest
to investigate whether hardening from annealing could happen in cold
rolled 316L stainless steel.

In this paper we report the results of our research, in which 316L
stainless steel samples were cold rolled and then systematically annealed
.
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in the temperature range of 200�C–650 �C for 5 h to study the samples’
microstructures and mechanical properties.

2. Method

The chemical composition of the commercial 316L stainless steel used
in this study was: 16.47% Cr, 10.1% Ni, 1.97% Mo, 0.03% C, 0.53% Si,
1.42% Mn, 0.244% Co, 0.146% Cu, 0.03% W, 0.01% Nb, 0.03% P,
0.005% S and the balance was Fe (in mass %). The initial thickness of the
as-received coarse-grained 316L stainless steel sheet was about 10 mm.
Cold rolling was carried out at room temperature. The thickness was
reduced to 1.7 mm with a total thickness reduction of 83%. The micro-
structure of the cold rolled 316L stainless steel can be regarded as a
heterogeneous nanostructure, that is, lamellar coarse grains sandwiched
between mixtures of nano-grains and nano-twins [12]. The nano-
structured samples were annealed at 200 �C, 300 �C, 400 �C, 500 �C,
600 �C and 650 �C for 5 h.

X-ray diffraction (XRD) experiments were performed using a Bruker
AXS D8 Advance diffractometer (Bruker, Germany) with the diffraction
angle 2θ ranging from 40� to 100�. The Vickers hardness test was per-
formed using an HMV-G hardness tester (Shimadzu, Japan) with a load of
200 g and a holding time of 15 s. The tensile tests were performed at
room temperature using a LFM-20kN (walter þ bai ag, Switzerland)
tester. The tensile test specimens were cut into dog-bone shape along the
n behalf of KeAi. This is an open access article under the CC BY-NC-ND license
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Fig. 1. (a) The engineering stress-strain curves of CR 83% pre- and post-annealed samples, (b) the variations of yield strength and HV of CR 83% and post-annealed
samples after annealing.
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rolling direction with a gauge length of 5 mm and width of 1.8 mm.
Transmission electron microscopy (TEM) observations were carried out
at 200 kV (Tecnai G2 20 LaB6, FEI, USA).

3. Results and discussion

Fig. 1 shows the engineering stress-strain curves and the variations of
yield strength and Vickers hardness (HV) of the CR 83% and post-
annealed 316L stainless steel samples. The yield strength of the CR
83% sample was about 1400 MPa; this is consistent with a previous
report [12]. With increasing annealing temperatures, the yield strength
increased gradually and reached a maximum value of 1720 MPa at
400 �C, and then dropped rapidly. The HV also increased from 466 HV
(CR 83%) to 530 HV (400 �C), and then decreased to 421 HV (650 �C).
Thus, hardening by annealing was clearly seen in the CR 83% stainless
steel samples at annealing temperatures below 400 �C, which is similar to
changes reported in 304 stainless steel [10].

Fig. 2a shows XRD patterns of 316L stainless steel samples with
different treatment histories. According to the equation given in
Ref. [13], the volume fraction of α0-martensite (Vα') can be calculated,
and the results are shown in Fig. 2b. The Vα' of the CR 83% sample was
approximately 28.5%. With increasing temperatures, the Vα' clearly
increased; it reached a maximum value of ~47.9% at 400 �C. This in-
dicates that the severely cold rolled 316L stainless steel underwent a
martensitic transformation when it was annealed at the lower tempera-
tures (<400 �C). The martensite content of the cold rolled 316L stainless
steel during the annealing treatments showed the same tendencies as that
of cold rolled 304 stainless steel [10,11]. In this research, the Vα' sharply
decreased when the annealing temperature was raised above 400 �C,
which might be caused by phase reversion (i.e., the martensite may have
transformed to austenite) [14].

In order to clarify the effects of Vα' on the mechanical properties of
316L stainless steel, the relationships of the HV, yield strength and the
Fig. 2. (a) XRD patterns of the CR 83% and post-annealed samples and
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Vα' are depicted in Fig. 3. It can be seen that the HV and yield strength
show a linear relationship with the Vα', which is in good accordance with
a previous study [15].

Fig. 4 shows typical TEM images of CR 83% samples annealed at
400 �C. The microstructure of the CR 83% sample (Fig. 4a) contains
nanotwins (NTs) in the form of bundles, which are embedded in the
matrix of ultrafine grains (UFGs). After being annealed at 400 �C, the
microstructure showed no obvious change (Fig. 4b), implying a good
thermal stability of the cold rolled 316L stainless steel [14]. In addition,
many dislocation cells can be seen, which is similar to that of the CR 83%
sample in Fig. 4a. The full width at half maximum (FWHM) of (111) γ
diffraction peak can reflect the dislocation density of austenite [16]. In
this study, the FWHMs of (111)γ peaks (Fig. 2a) were calculated as being
0.389 (CR 83%), 0.379 (200 �C), 0.375 (300 �C), 0.379 (400 �C), 0.297
(500 �C), 0.267 (600 �C), and 0.266 (650 �C), respectively. It can be seen
that the FWHM varied slightly when the annealing temperature was
below 400 �C. This indicates that dislocation recovery and grain growth
have had limited influences on the annealing hardening effectiveness of
the nanostructured 316L stainless steel [17].

Numerous previous works have attributed the hardening phenome-
non of steels to carbide precipitation [18]. However, in our work, the
carbon content was very low (0.03C in mass%), thus the amount of
carbide precipitation may also be low. Moreover, no visible carbide
precipitation was found in the TEM observations shown in Fig. 4b. This
means that the effect of the carbide precipitation on samples’mechanical
properties is very limited. The Vα' could be the most important factor that
affects the mechanical properties of 316L stainless steel when it is
annealed below the recrystallization temperature. Therefore, both the
yield strength and HV are linear with the Vα' (Fig. 3).

To the best of our knowledge, such a strong hardening from annealing
has not previously been reported in severely deformed 316L stainless
steel, which could be related to the insufficient deformation strain and an
inadequate annealing temperature. Lee et al. rolled 304 stainless steel
(b) the variations of Vα' as a function of the annealing temperature.



Fig. 4. TEM images of 316L stainless steel for different treatments: (a) CR 83%
sample and (b) CR 83% annealed at 400 �C sample.

Fig. 3. The variations of HV and yield strength as a function of the Vα' in 316L
stainless steel samples.
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and found that the rolling strain affected the increment of the tensile
strength during the annealing process [10]. In our work, the large 83%
deformation strain was an important prerequisite that resulted in the
significant increase of Vα' and the steel's strength/hardness. The large
deformation strain formed numerous twin boundaries and interfaces,
which acted as nucleation sites for martensite. When the annealing
temperature is increased, the nucleation of the martensite at the twin
boundaries and interfaces may be promoted [1,11]. Consequently, the
large cold rolling to reduce the 316L steel's thickness led to a large
increment of its martensite content during the annealing process.

The annealing temperature is another key parameter. The 316L steel's
composition became nonuniform due to the segregation of solute atoms
when the annealing temperature was below 400 �C. This caused theMs of
the zones and the depletion of the alloy elements to increase locally, so a
certain amount of extra martensite could form during cooling to the room
temperature [2,11]. When the annealing temperature exceeded 400 �C,
deformation-induced martensite reversal became nonnegligible and the
amount of martensite decreased, which weakened its strength/hardness
(Figs. 1 and 2). Hardening due to the annealing was not found in
severely-deformed 316L stainless steel in previous studies, which can be
attributed to the high annealing temperature (750 �C) and length of time
used in those cases [4,12].

4. Conclusion

In this study, a strong hardening effect caused by annealing was found
82
in a CR 83% 316L stainless steel sample for the first time. When annealed
at 400 �C for 5 h, its yield strength and HV were increased to 1720 MPa
and 530 HV compared to 1400MPa and 466 HV in its CR 83 counterpart.

Investigations showed that the yield strength and Vickers hardness of
the 316L stainless steel samples have linear relationships with the Vα' in
the range of 7.5% and 47.9%, respectively, indicating that the Vα' is the
dominant mechanism for the observed hardening effect after annealing.
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