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1. Introduction

316L austenitic stainless steel has a wide application in
coastal instruments because of its excellent corrosion
behaviour and good mechanical properties [1-3]. However,
pitting corrosion often occurs when it is immersed in the
natural sea water, which includes high concentrations of
chloride ion, leading to the accelerated failure of coastal in-
struments [4,5]. In the past several decades, researchers had
paid much attention to explore the initiation and propagation
processes of corrosion pits, so as to reveal the pitting
mechanisms of coarse-grained (CG) and ultrafine/nano-
grained 316L mechanical parts [6,7]. Many previous refer-
ences [8—10] pointed out that corrosion pits were preferred to
initiate at the grain boundaries and edge of MnS inclusions in
a CG 316L sample, and only the stable pits (absence of passive
film) can grow steadily during the whole corrosion process.
As compared with the CG sample, ultrafine/nano-grained
samples always exhibited improved pitting resistance
because of the easy formation of positive passive film. Haji-
zadeh et al. [7] as well as Zheng and Zheng [11] indicated that
the growth rate of passive film can be accelerated on the
ultrafine/nano-structure(UFS/NS) surface. This was because
the small grains promoted the formation of Cr-rich passive
layer by increasing the diffusion rate of Cr, and thereby
enhancing their pitting resistance. Recently, many eye-
catching heterostructured (HS) stainless steels, consisted of
the mixtures of recrystallized grains (RGs) and UFS/NS, are
frequently reported to exhibit remarkable mechanical and
tribological properties [12—16]. However, their corrosion
properties are rarely explored, especially the coordination
corrosion mechanism around hetero-interfaces. Thus, it is
necessary to study the corrosion behaviours in relation to
their hetero-microstructures, which may provide a scientific
cognition of the corrosion mechanisms for HS metallic
materials.

In this work, a novel high-strength HS 316L stainless steel
(vield strength of ~1 GPa [13,14]) has been selected and sys-
tematically reveal its corrosion behaviour and pitting mech-
anism in 3.5 wt.% NaCl solution at 25 °C.

2. Experimental details

The original CG 316L sample with average grain size of
~40 pm has a chemical composition (in wt.%) of Cr-16.47, Ni-
10.10, Mo-1.97, C-0.03, P-0.03, S-0.005, Si-0.53, Mn-1.42, Nb-
0.01, Co-0.24, Cu-0.15, W-0.03 and Fe-balance. The present
HS 316L sample with the mixed microstructures of RGs and
UFS/NSs was prepared through severe rolling deformation
and annealing as introduced in details in our previous work
[14].

Electrochemical corrosion behaviors of CG and HS 316L
samples (with the working area of 1 cm?) in 3.5 wt.% NaCl
solution were performed by using a VERSCAN electro-
chemical testing system in a traditional three-electrode cell.
The saturated calomel electrode (SCE), platinum electrode
and 316L sample were used as reference electrode, counter

electrode and working electrode, respectively. Before the
electrochemical measurements, all the test surfaces of the
present 316L samples were firstly ground with 1200 grit SiC
papers and then polished by a 50-nm colloidal silica slurry,
which was aimed to obtain ideal smooth surfaces and avert
any effect from surface roughness on pitting corrosion.
Following the slurry polishing, all the 316L samples were
ultrasonically cleaned in ethanol and deionized water for
30 min and dried in air. Potentiodynamic polarization tests
started after the 1.5-h immersion for allowing the samples to
reach stable states. The potentiodynamic polarization test
was performed at 25 °C in the applied potential with a scan
rate of 1 mV-s~! scanning from —500 mV (vs open circuit
potential, OCP) to 1000 mV (vs OCP). The ratio of the volume
of NaCl solution to the working surface area was
200 ml-cm™2. To guarantee the reproducibility of the ob-
tained results, all the potentiodynamic polarization curves
were measured three times.

The austenitic and martensitic phases in CG and HS 316L
samples were analyzed by a Bruker-AXS D8 Advance X-ray
diffractometer (XRD) using the Cu Ka radiation. The scan-
ning speed was 6°/min and 2-Theta ranged from 40° to 100°.
Field emission scanning electron microscopy (FEG/SEM), in a
Quant 250 FEG microscope, was used to capture the mor-
phologies of corrosion pits on the ND and TD surfaces. The
microstructures after potentiodynamic polarization tests
with various terminal potentials were examined through an
electron backscattered diffraction (EBSD). The step size was
20—2000 nm and the scanning voltage was 15 kV. The mi-
crostructures of present HS 316L sample were observed
based on a TECNAI G2 20 LaB6 transmission electron mi-
croscope (TEM) at 200 kV.

3. Results and discussion

As presented in Fig. 1, the CG sample displays a homogeneous
microstructure with the average grain size of ~40 um while the
HS sample displays a heterogeneous microstructure that the
RGs are surrounded by UFS/NSs. Both the CG and HS samples
are composed of a single austenitic phase. The detailed
microstructured information has been introduced in our
previous works [14].

Fig. 2a presents the potentiodynamic polarization plots of
CG and HS samples. It indicates that present HS sample
exhibits a superior pitting resistance than that of CG sample
as reflected by the increased pitting potential (Ep) from 320 to
425 mV. The corrosion potential (Ecorr)/corrosion current
density (Icorr) of CG and HS samples are —263 mV/
3x 1077 A-cm 2 and -8 mV/1.9 x 1078 A-cm™2, respectively.
As revealed in Fig. 2b and c, the mild pitting morphology
with plenty of metastable pits directly confirms the better
pitting resistance of HS sample. This may indicate that the
HS sample has a broad application prospect in the future.

In the current work, the pitting initiation and propagation
processes in CG and HS samples are compared with each
other based on the EBSD results in Fig. 3 and Fig. 4, which is
aimed to reveal the pitting mechanism and enhanced pitting


https://doi.org/10.1016/j.jmrt.2020.12.005
https://doi.org/10.1016/j.jmrt.2020.12.005

134

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;10:132-137

i (d) = —— CGsample —— HS sample
= s
8
—_ >
S = a8
< & o
~ J - =
=g LN— 2 oz
Z 5 =
>
9 (S5
‘E -~
Ll
-
¥ *
T T T T T T 1
40 50 60 70 80 920 100

2-Theta (degree)

Fig. 1 — (a) and (b) are the microstructures of CG and HS samples, where the ND, TD and RD refer to normal direction,
transverse direction and rolling direction; (c) TEM image of HS sample (TD plane); (d) [12] XRD curves of CG and HS samples.

resistance of HS sample. As displayed in Fig. 3a—c and
Fig. 4a—c, it is confirmed that corrosion pits both on the CG
and HS sample surfaces are inclined to initiate around the
grain boundaries. This is attributed to that more nucleation
points can be easily provided by grain boundaries with
numerous defects instead of the interior of the grains [8,17].
Unfortunately, the initiated corrosion pits rapidly propagate
across the grains when gradually increases of polarization
potential, and eventually generate many macro/micro-size
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pits on the surfaces of CG sample surface (Fig. 2b, Fig. 3d—i).
For the HS sample, only the initiated corrosion pits around
RGs can be transferred into stable pits to form the micro-size
corrosion pits (Fig. 2c, Fig. 4d—f). Taking into consideration of
the present results and previous references [1,7,11,18], the
pitting mechanism and enhanced pitting resistance of HS
sample can be explained by Fig. 5. The enhanced pitting
resistance could be related to the fast metastable pitting
initiation and re-passivation by a thicker passive layer with a

Fig. 2 — (a) Potentiodynamic polarization plots of CG and HS samples; (b) and (c) are the SEM surface morphologies (ND plane)
of tested CG and HS samples, where the (b1) and (c1) show the cross-sectional images of corrosion pits in (b) and (c).
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Fig. 3 — (a), (d) and (g) are the SEM images of corrosion pits of CG samples after potentiodynamic polarization tests, (a) ND
surface at ~350 mV, (d) ND surface at ~500 mV, (g) TD surface at ~500 mV; (b), (e) and (h) are corresponding EBSD contrast
images of (a), (d) and (g); (c), (f) and (i) are corresponding EBSD IPF images of (a), (d) and (g).

Fig. 4 — (a), (d) and (g) are the SEM images of corrosion pits of HS samples after potentiodynamic polarization tests, (a) ND
surface at ~450 mV, (d) ND surface at ~550 mV, (g) TD surface at ~1000 mV; (b), (e) and (h) are corresponding EBSD contrast
images of (a), (d) and (g), where the inset in (e) indicates the initiation of corrosion pit in RGs; (c), (f) and (i) are corresponding
EBSD IPF images of (a), (d) and (g).
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Fig. 5 — Schematics presenting the initiation and propagation of corrosion pits on the surface of HS sample.
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Fig. 6 — (a) and (b) are the EBSD contrast images of the corrosion pits on the CG sample surface after potentiodynamic
polarization tests at ~350 mV; (c) is the EBSD contrast image of the corrosion pits on the HS sample surface after
potentiodynamic polarization test at ~450 mV. It is noted that the general grain boundary and Y coincidence site lattice

(3 CSL) boundaries are displayed with different color line.

higher Cr content on the UFS/NS surfaces [1,19]. This has
already been revealed in many nano-grained stainless steels
that a high density of grain boundaries in UFS/NS can promote
the diffusion of Cr to a surface subjected to corrosion [1,20,21].
As further analyzed by Fig. 6, no corrosion pit is initiated
around the Y CSL boundaries (low-energy boundary). The
observed corrosion pits are prone to be generated around the
general high-energy boundaries (black line). Although these
general high-energy boundaries can provide more pitting
nucleation points, it also causes a higher driving force for Cr to

diffuse to the surface subjected to corrosion [1,22], so as to
form a thicker passive layer. This could indirectly verify the
above assumption that high-energy boundaries may promote
and enhance pitting resistance of HS sample. In the present
work, the original metastable corrosion pits on HS sample
surface propagate along all directions and often develop into
stable corrosion pits in the RGs due to a small number of grain
boundaries. When the propagating surface contacts with the
interface between RG and UFS/NS, this propagating process
could be suppressed by passive films from UFS/NS, just


https://doi.org/10.1016/j.jmrt.2020.12.005
https://doi.org/10.1016/j.jmrt.2020.12.005

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2021;10:132-137

137

leaving some mild corrosion pits on the HS sample surface
(Fig. 2¢). Thus, enhanced pitting resistance of the HS sample
can be ascribed to the interrupted propagation of stable
corrosion pits in RGs by the surrounded UFS/NSs.

4, Conclusions

In summary, the present heterostructured (HS) stainless
steel with the mixed microstructures of recrystallized grains
(RGs) and ultrafine/nano-structures (UFS/NSs) exhibited a
significant enhancement of pitting resistance that the Ecorr
was —8 mV and Icorr was 1.9 x 10~ A-cm™2. This enhanced
pitting resistance was attributed to interrupted propagation
of stable corrosion pits in RGs by surrounded UFS/NSs.
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