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Abstract: This work presents an experimental validation that an ultrafine grained (UFG) structure
of binary Fe-Cr alloys fabricated by severe plastic deformation (SPD) can bring about dramatic
improvements in the corrosion resistance. More specifically, UFG Fe-Cr alloys with subcritical
chromium content for passivation (8% and 10% Cr) was found to exhibit passivity, and was resistant
to corrosion in an aqueous 0.6 mol/L NaCl solution whereas coarse-grained Fe-12% Cr, which are
known as a stainless steel and passive in most dilute aerated solution, was degraded by corrosion.
The findings indicated that the critical threshold of Cr content required for establishing a protective
layer by self-passivation in binary Fe-Cr alloy is microstructure dependent, and can be reduced by
grain size reduction to a sub-micron scale by SPD.
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1. Introduction

Severe plastic deformation (SPD) techniques enable the fabrication of ultrafine grain (UFG) or
nanostructured materials in bulk forms suitable for load-carrying structural applications. With the
advent of SPD, there is an increasing demand to clarify the effect of UFG formation on corrosion
from the practical viewpoints, bringing the classic topic of grain size effect on corrosion to an urgent
issue. The literature on the effect of a UFG formation on corrosion has been frequently inconsistent,
often having no impact, beneficial or detrimental effects even in the same materials and the same
environment [1,2]. This inconsistency may come from the complexity of microstructural change
occurring during SPD, which may change not only grain size but also other microstructural constituents
such as precipitation, segregation, texture [1,2].

Stainless steels are a class of materials which have Cr higher than, in general, 11%, and this
minimum value is regarded as a critical threshold to have the self-passivating capability in neutral
solution. Because of this properties, they have higher corrosion resistance and are suitable for structural
applications in corrosive environments. Among the various materials investigated thus far, stainless
steels showed invariably improved corrosion resistance by forming UFG structures by SPD [1-5].
UFG or nanostructured stainless steels have been fabricated by various SPD such as equal-channel
angular pressing (ECAP) [6-8], high-energy ball milling [9-11], hydrostatic extrusion (HE) [12-14],
surface mechanical attrition treatment (SMAT) [15], ultrasonic peening (UP) [16]. Although SMAT and
UP can be applied to harder materials as compared with ECAP and HE, they are limited to surface
modification. Evaluation of corrosion should be done with much care because the processed surfaces by
SMAT and UP are generally rough and often defective with small cracks, which may influence corrosion
behavior [15]. Enhanced corrosion resistance of UFG stainless steels compared with coarse-grained
(CG) materials have been mostly attributed to greater Cr enrichment in the passive film [10,11,13,17,18],
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which has been validated experimentally by X-ray photon spectroscopy (XPS) [18,19]. The origin of this
greater enrichment of Cr in the passive film of UFG materials has been discussed, and two mechanisms
have been proposed. One is the selective dissolution of Fe and oxidation of Cr due to the high chemical
reactivity of UFG structure [10,11], and the second is fast diffusion of Cr from the metal matrix to the
passive film through high-density grain boundaries in UFG alloys [18]. In addition to these stabler
passivation endowed, UFG or nanocrystalline structure may reduce the critical threshold of Cr required
for self-passivation, which has long been established to be about 11 mass % [20]. It has been reported
that UFG Fe-10% Cr alloys fabricated by magnetron sputtering exhibited passivity and higher corrosion
resistance than CG materials in 0.05 mol/L H,SOy4 + 0.5 mol/L NaCl solution [17,21]. Similarly, UFG
Fe-10% Cr alloys fabricated by high-energy ball milling exhibited higher oxidation resistance than
CG materials with higher Cr contents [3,4]. The minimum concentration of Cr required for passivity
is a function of the type of acid, its concentration, and temperature, but has been considered to be
much less dependent on the microstructure of Fe-Cr alloys [22]. The above studies suggest the critical
Cr contents attain passivity can be microstructure-dependent, and hopefully can be reduced by UFG
formation. The purpose of the present research was to examine the hypothesis more directly that
minimum critical Cr contents decreases with UFG formation, and clarify the corrosion behavior of UFG
Fe-Cr with subcritical Cr in NaCl solution. A simple binary Fe-Cr system with extremely low C, N
was employed to examine the effect of grain size reduction by SPD and exclude other microstructural
factors such as precipitations, segregation.

2. Materials and Methods

The materials used in this experiment were iron-chromium alloys having extremely low C and N
levels with Cr contents of 8%, 10% and 12% on a mass. Each billet was annealed in an argon atmosphere
at 1323 K for one h before ECAP. Pressing was accomplished by performing eight passes at 423 K via
the so-called Bc route, a change angle of 90°. The samples were lubricated with a high-temperature
fluorine-based grease. Field emission-scanning electron microscopy (FE-SEM, JSM 7001F, JEOL, Tokyo,
Japan), equipped with electron backscatter diffraction (EBSD) instrumentation (Oxford Instrument Co.,
Oxfordshire, UK), was used to observe the microstructure of CG and UFG materials. EBSD data were
processed using the INCA™ software package (Version 4.09, Oxford Instrument Co., Oxfordshire,
UK). A simple immersion test was carried out at ambient temperature in 0.6 mol/L NaCl. Anodic
polarization testing was carried out in neutral solutions containing 1 mol/L NaCl at room temperature,
using a potentiostat HZ5000 (Hokuto Denko, Tokyo, Japan) at a scan rate of 20 mV /min, a corrosion
current and an Ag/AgCl reference electrode in a 3 mol/L KCl solution (representing a saturated
solution). Each sample was immersed in the etchant solution for one hour. Dissolved oxygen was
removed from the solution with argon gas before corrosion testing. Glow discharge optical emission
spectrometry (GD OES) surface analysis of both CG and UFG samples was performed following
grinding and drying in air at room temperature, using a GD Profiler 2 (HORIBA Ltd., Kyoto, Japan).
A pulsed radio frequency (RF) was used to obtain depth profiles, in conjunction with a 4 mm diameter
anode, 300 Pa argon pressure and 10 W applied RF power in the synchronous pulse mode.

3. Results

Microstructural changes expressed by EBSD orientation image maps before and after ECAP
are shown in Figure 1. Although the initial grain size of all three materials differs considerably,
the final grain sizes were almost same within the range of 170 to 200 nm. It is well recognized by the
researchers in SPD community that grain boundaries are mostly deformation-induced grain boundaries
at non-equilibrium state. Unique properties of UFG materials endowed by SPD such as mechanical
properties [23], low-temperature superplasticity [24], ultra-fast diffusion [25], corrosion properties [26]
has frequently been attributed to this high-density of non-equilibrium grain boundaries.
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Figure 1. Electron backscatter diffraction (EBSD) images acquired from coarse-grained (CG) alloys
with (a) 8%, (b) 10% and (c) 12% Cr and ultrafine grained (UFG) alloys prepared by equal-channel
angular pressing (ECAP) with (d) 8%, (e) 10% and (f) 12% Cr.

Macroscopic appearances of corroded specimens after immersion tests in 0.6 mol/L NaCl solution
for 4, 144, 192, 217 and 363 h are shown Figure 2. The UFG alloys showed no visible signs of corrosion
until 217 h, whereas the CG materials were covered with rust in the early stage of the tests. Note that
UFG alloys with 8% and 10% Cr exhibited higher corrosion resistance than CG alloys with 12% Cr,
which has Cr higher than the critical amount and are supposed to be protected by the passive film in
the neutral solution.
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Figure 2. Photographic images showing test specimens after immersion in a 0.6 mol/L NaCl solution
for 4, 144,192, 217 and 363 h.

The anodic polarization curves in 1 mol/L NaCl solutions are shown in Figure 3. The CG alloys
except for 12% Cr exhibited active type polarization curves in neutral NaCl solutions with no obvious
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passivation because of insufficient Cr contents. However, all the UFG alloys exhibited passive-type
polarization curves with suppressed current typical to those in NaCl solution [27]. The sudden increase
of the current at the higher potential was caused by pitting. Improvement of the pitting potential by
UFG formation in 12% Cr is obvious, and the difference between UFG and CG 12% Cr alloys reaches to
almost 0.7 Vag/agcr- It should be pointed out that the pitting potential of 14% Cr ferritic stainless steels
increased by only 0.04 Vgcg after 60% cold rolling [27]. Thus, this remarkable improvement of 12% Cr
is ascribed to UFG formation by SPD rather than by deformation structures. Most importantly, even
8% and 10% with Cr below the critical 11% exhibited obvious passivity with the suppressed anodic
current in the passive region and higher breaking potential associated with pitting formation than that
of CG Fe-12% Cr alloy. The superior corrosion resistance of UFG alloys to CG alloys are consistent with
our previous results of Fe-20% Cr. The pitting morphology after anodic polarization tests is shown in
Figure 4. Pits in UFG alloys are circular, smaller and finely distributed as compared with that in CG
alloys. This difference can be attributed to more uniform microstructures and Cr concentration at the
surface in UFG alloys prepared by ECAP. As shown in Figure 4, the grain boundaries showed hollow in
the CG material as intergranular corrosion, indicating that the grain boundaries were mainly attacked,
while the grain interior is resistant in the 0.6 mol/L NaCl solution. This phenomenon occurred due to
the grain boundaries state which has higher energy than the grains and, therefore, works as an anode,
while the grain interior works as a cathode [28]. In the UFG structure that showed higher dislocation
density and fine grain, the grain boundary hollows are not observable.
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Figure 3. Anodic polarization plots for CG alloys with (a) 8%, (b) 10% and (c) 12% Cr and UFG alloys

prepared by ECAP with (d) 8%, (e) 10% and (f) 12% Cr.
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Figure 4. Laser microscopy images showing pitting of test specimens for CG alloys with (a) 8%, (b) 10%
and (c) 12% Cr and UFG alloys prepared by ECAP with (d) 8%, (e) 10% and (f) 12% Cr.

Cross-sectional profiles of Cr, Fe and O compositions of CG alloys and UFG alloys prepared by
ECAP obtained by GD-OES are shown in Figure 5. The sputtering time is an indicator of the depth
from the sample surface. In CG alloys, the concentration of Cr and Fe increases monotonously with
increasing depth, and O concentration was locally high at the surface because of the presence of
the passive film. In contrast, the Cr profiles exhibited the peak at the surfaces in the all UFG alloys
regardless Cr contents. Similarly, the local peaks of O profiles of UFG alloys are higher than those
of CG alloys. This indicates the formation of more protective passive films in UFG alloys, and the
enhanced corrosion resistance of UFG alloys evidenced by the immersion tests and potentiodynamic
polarization is the result of the formation of the passive film. The local enrichment of Cr in the passive
film was validated by several researchers in Fe-Cr binary alloys by mostly XPS, and peak values were
higher in UFG materials than in CG counterparts [10,11,18]. The fraction of Cr in total cations in the
film, Cr/(Cr + Fe), has a local maximum near the surface, and the peak values in UFG alloys prepared
by ECAP reaches to almost 50%, as shown in Figure 6. According to Asami et al., when the bulk Cr
concentration becomes higher than 10%, Cr/(Cr + Fe) at the surface increases rapidly to as high as
50%, and it increases with increasing bulk Cr concentration. Fischmeister estimated the 50% as the
minimum of Cr/(Cr + Fe) for the formation of the stable passive film [29]. Therefore, the Cr enrichment
at the surface can be viewed as evidence of the formation of stable passive films in UFG 8% and 10%
Cr alloys.
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Figure 5. Glow discharge optical emission spectrometry (GD OES) profiles of CG alloys (a) Cr, (b) Fe
and (c) O, and UFG alloys prepared by ECAP (d) Cr, (e) Fe and (f) O.
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(b) UFG alloys prepared by ECAP.



Metals 2018, 8, 149 7 of 10

4. Discussion

Cr enrichment in passive films in binary Fe-Cr alloys are established and has often been attributed
to the selective dissolution of Fe [30-32] and oxidation of Cr elements [31,32], or low mobility of Cr in
the film [30]. Higher corrosion resistance of UFG Fe-Cr alloys as compared with CG alloys are mostly
attributed to greater enrichment of Cr in the passive film [10,11,17,18]. This greater Cr enrichment in
UFG Fe-Cr alloys has been explained by the following two reasons; the first is accelerated selective
dissolution of Fe and oxidation of Cr [10,11]. UFG materials have a high density of grain boundaries,
and atoms at grain boundaries have higher chemical activity resulting in higher dissolution into the
solution and oxidation. The second is faster diffusion of Cr from metal to the passive film through
high-density grain boundaries as fast diffusion channel in UFG alloys [18].

The critical threshold of Cr content, which has been empirically regarded as 11%, for binary Fe-Cr
alloys to attain passivity in a neutral solution has been explained by the percolation theory [30,33-36]. In the
percolation theory, the critical threshold of Cr is determined by the percolation limit on the assumption
that Fe atoms are dissolved exclusively into electrolyte leaving immune Cr atoms. This complete selective
dissolution of Fe was demonstrated experimentally [31]. When the atomic fraction of Cr is higher than 1/8,
then a network of neighboring Cr oxides can be retained, and this immune Cr oxides network suppresses
the high-rate dissolution. 1/8 Cr (12.5 at. %) is equivalent to 11.8 mass % Cr. When the fraction of Cr
is smaller than 1/8, then isolated Cr atoms embedded in Fe are carried with dissolved Fe atoms to
the solution resulting in a high rate of dissolution. Supposing that the minimum Cr is the critical
threshold for the growth of passive film, there should be a mechanism to increase Cr in an early
stage of dissolution for the film to grow in spite of insufficient Cr at the surface. It seems that the
former hypothesis of the accelerated selective dissolution of Fe fails to explain this. Cr concentration
in the film indeed increases with the selective dissolution of Fe being replaced by entering Fe and Cr
atoms from the matrix. However, the Cr enrichment is viable under the stable growth stage once Cr
concentration surpasses the critical value. When the initial Cr concentration is under the percolation
threshold, dissolution of Cr and Fe continues with no passive film being established. The present
result supports the second hypothesis of fast diffusion of Cr from the metal to passive films as a
viable mechanism of Cr enrichment. Faster diffusion of Cr to the surface replacing outgoing Fe
atoms increases Cr concentration surpassing the percolation limit in an early stage of dissolution.
Recently, Hamada et al. have reported nano-scale concentration profiles at passive films using an
aberration-corrected scanning transmission electron microscopy (STEM), observing Cr deficient zone
in the matrix neighboring to the metal/film interface [37]. The presence of Cr deficient zone means
that Cr is supplied to the passive film, and the diffusion of Cr is the rate-limiting process of the film
growth. Therefore, in UFG Fe-Cr alloys where diffusion of Cr is much faster, the rate of film growth
becomes higher. Marked diffusion of Cr in nanostructured Fe-Cr alloys was reported by Wang et al.
that Cr in nanostructured Fe-Cr alloys is 7 to 9 times faster than in lattice of Fe and 4 to 5 times faster
than in grain boundaries of Fe [38]. This fast diffusion of nanostructured Fe is attributed to the high
density of non-equilibrium grain boundaries [38]. In our previous study [8], it was found that UFG
Fe-20% Cr alloys have higher resistance to pitting corrosion than CG counter materials, and short
annealing at 673 K degraded corrosion resistance without changing grain size. It is considered that
short annealing recovers non-equilibrium grain boundaries to the equilibrium state, and may suppress
the fast diffusion of Cr to the surface resulting in the degradation of corrosion resistance.

The stabler passivation against pit formation in UFG alloys can be explained in terms of point
defect model (PDM) [39—41], which was proposed for kinetics of film growth and pit formation in
binary alloys. According to PDM, when Cr or Fe enter into the film with vacancy being left at the
metal/film interface, the vacancy accumulated and grow into voids with a certain volume, then the
film is broken leading to pit formation [39]. Thus, higher diffusion in UFG materials suppress the void
formation; their stability is higher than CG materials.
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5. Conclusions

The corrosion behavior of UFG Fe-Cr alloys with 8%, 10% and 12% Cr produced by ECAP was
investigated in the immersion tests and anodic polarization tests in neutral 0.6 mol/L NaCl solution.
Several conclusions were obtained, as follows:

1. Inimmersion test in 0.6 mol/L NaCl solution, UFG alloys exhibited higher corrosion resistance
than CG alloys regardless of Cr contents. Importantly, UFG Fe-8 and 10% Cr alloys with subcritical
Cr contents exhibited higher corrosion resistance than CG Fe-12% Cr alloys.

2. UFG alloys including 8% and 10% Cr exhibited passivity in anodic polarization tests whereas
CG alloys with the same Cr exhibited polarization curve of the active type. Higher corrosion
resistance of UFG alloys can be attributed to the formation of the more protective passive film.

3. Greater Cr enrichment in the passive films was manifested in UFG alloys than CG alloys by
GD-OES. The UFG structure appears to promote very rapid diffusion of chromium, thus assisting
the formation of the protective passive films that in turn leads to enhanced corrosion resistance.
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