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A B S T R A C T

High-performance high nitrogen stainless steel (HNS) with ultra-high strength up to ∼1.7 GPa and excellent
corrosion resistance was successfully obtained by friction stir processing. The simultaneous enhancement in
strength and corrosion resistance was mainly attributed to the grain ultra-refinement. Uniform ultrafine-grained
microstructure (∼225 nm) significantly improved the repassivation behavior of HNS. With significantly in-
creased element diffusion rate and element content, the passive film formed on the ultrafine-grained HNS
showed high resistance to the nucleation and growth of pits. Grain ultra-refinement was confirmed to be an
effectual method for improving corrosion resistance of HNS without sacrificing strength.

1. Introduction

For the chemical industry, energy and marine engineering, stainless
steels are one of the most important materials. High strength, high
corrosion resistance and low-cost stainless steels are constantly devel-
oped. Among them, high nitrogen stainless steels (HNSs) have shown
great advantages for their superior properties with the reduced content
of expensive nickel element. Therefore, the HNSs have attracted mas-
sive attention [1–3].

The high nitrogen content of HNSs led to good work hardening
ability. Ultra-high strength HNSs could be obtained by cold working
[4,5]. However, with the increased amount of cold deformation, the
corrosion resistance of the HNSs decreased sharply [3,6,7]. The nega-
tive effects of cold working on the corrosion resistance have been ob-
served in different kinds of stainless steels and considered to be related
to dislocation density [8], martensite formation [9], stress [10] and
other defects [11]. It seems very hard to balance the mechanical
properties and the corrosion resistance of stainless steels. Thus, elim-
inating the trade-off effect and achieving high-performance HNSs with
ultra-high strength and excellent corrosion resistance have great en-
gineering significance.

Wang et al. [12] found that with ultra-high N content (0.98 wt.%),
the detrimental effect introduced by cold working in an HNS could be
eliminated, and therefore, high mechanical properties and corrosion
resistance were achieved. However, it should be pointed out that ob-
taining ultra-high N content HNSs is very hard due to the low solubility

of N [3,13]. Therefore, an alternative approach for improving the pit-
ting corrosion resistance of cold-rolled HNS without additional alloying
and sacrificing strength is highly desired.

It is well known that grain-refining is an effective method of im-
proving the hardness and strength of metals and alloys, and ultrafine-
grained (UFG) or even nano-grained materials with excellent mechan-
ical properties have already been developed via severe plastic de-
formation (SPD) methods [14–16]. However, for stainless steels, the
effects of grain size on the corrosion resistance are very complicated. As
can be seen in Table 1, with grain refinement, the changes in the cor-
rosion resistance of stainless steels are not consistent.

The main difficulties of obtaining high corrosion resistance UFG
materials can be attributed to the following factors. The first one is
defect density. High-energy zones with a large number of dislocations
would result in large pitting formation rate [17]. However, Phadnis
et al. [18] reported that with a certain amount of rolling, the diffusion
of Cr into the passive film could be enhanced, which resulted in a high
repassivation rate. Thus, balancing the harmful and beneficial effects
introduced by defect density is the key to improve the comprehensive
performance. The second one is grain size distribution. With the same
average grain size, the microstructure with uniform grains showed good
corrosion resistance in a passivating environment [19]. Gupta and
Birbilis [20] reviewed the influence of processing route on the corrosion
behavior of nanocrystalline stainless steel, and found that producing a
homogenous microstructure is extremely important for improved cor-
rosion resistance. The third one is microstructural stability. Second
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phase precipitation and grain growth commonly observed in SPD spe-
cimens with high stored energy would further influence the corrosion
resistance [21]. Therefore, to achieve high strength stainless steels with
excellent corrosion resistance, finding an adequate processing method
that produces uniform microstructure with high stability is very im-
portant.

Friction stir processing (FSP), a variant of friction stir welding, is a
very promising SPD method for bulk UFG material production [22].
With additional cooling, uniform ultrafine grains or even nano-scale
grains could be achieved via FSP. Compared to other SPD methods, the
grain ultra-refinement by FSP did not introduce high density of defects,
due to dynamic recrystallization during FSP, producing stable micro-
structure [23–25]. With these unique features of the FSP materials, the
relationship between grain ultra-refinement and corrosion resistance
can be more clearly elucidated with significantly minimized influences
of other factors.

In this study, we provide a novel method of tailoring the perfor-
mance of HNSs via FSP. The strength and corrosion resistance of an
ultrahigh strength HNS were improved simultaneously by means of
grain ultra-refinement. The relationship between grain ultra-refinement
and passivation behavior was investigated in detail to further under-
stand the mechanism of property improvement.

2. Experimental

2.1. Materials and processing parameters

2.3 mm Fe-18.4Cr-15.8Mn-2.2Mo-0.66N-0.04C HNS sheets after 50
% cold rolling were used as the base material (BM). Cermet pinless
processing tool with a diameter of 10mm was selected for FSP to reduce
the tool damage. In order to obtain UFG microstructure, FSP was con-
ducted at a tool rotation rate of 400 rpm and a welding speed of 25mm/
min, with flowing water cooling.

2.2. Microstructure and mechanical properties

The FSP sample was cut perpendicular to the processing direction
for optical microscopy (OM) observation, and the specimen was elec-
trolytically etched in a 10 % oxalic acid solution. The transmission
electron microscopy (TEM) specimens were prepared through twin-jet
electropolishing with a 10 % perchloric acid and 90 % ethanol solution
at −30 °C. The grain size distribution statistics were made by OM and
TEM images, with at least 200 grains being measured. The element
distribution and compounds of the passive film were studied by X-ray
photoelectron spectroscopy (XPS). HNS was potentiostatically polarized
for 1 h to form a stable passive film, and the applied potentials were
selected based on the passive region in the polarization curves (0.3
VSCE). To obtain element depth distribution, an Ar-ion beam gun was
used during XPS analysis. The scanning transmission electron micro-
scopy (STEM) and energy dispersive X-ray spectroscopy (EDS) analyses
were performed by FEI F30 field emission electron microscope.

Vickers hardness tests were performed using a 200 g load for 15 s, at
least 5 hardness values were measured. Tensile specimens were cut
perpendicular to the processing direction (2.5 mm in gauge length,
1.3 mm in width and 0.7 mm in thickness). Tensile tests were performed
at room temperature with a strain rate of 0.001 s−1.

2.3. Corrosion tests and analysis

The immersion test was conducted in a ferric chloride solution to
evaluate the pitting corrosion resistance. Following method A in the
ASTM G48 standard, specimens were immersed in a 6 % FeCl3 solution,
with a temperature of 50 ± 2 °C, for 10 h and 48 h. The corroded
specimens were subjected to scanning electron microscopy (SEM) ob-
servations.

Electrochemical measurements were performed by using a Gamry
Interface 1000 potentiostat/galvanostat at room temperature in a 3.5 %
NaCl solution. A three-electrode cell was used with a platinum sheet as
the counter electrode and a saturated calomel electrode (SCE) as the
reference electrode. Potentiodynamic polarization curves were de-
termined at a scanning rate of 0.5 mV/s. Cyclic polarization curves were
recorded from -0.5 V below the open circuit potential with a scan rate of
0.5 mV/s in a 3.5 % NaCl solution. When the anodic current density
reached 5mA/cm2, the scan was reversed. Before measuring the po-
larization curves, the specimens were cathodically cleaned at -1.0 VSCE

for 180 s.
Furthermore, the repassivation behavior of the BM and FSP samples

was investigated via abrading electrode technique. The specimens were
abraded mechanically with a 1000 grit SiC disk, and the surface oxide
film was removed entirely. With fine grit SiC disk, the effects of surface
roughness on the formation of metastable pits can be minimized. The
bare surface of the specimens was immersed in a 3.5 % NaCl solution
and the current transient curve was recorded. The whole process was
carried out in a vacuum environment to prevent oxidation.

3. Results

3.1. Microstructure and mechanical properties

The cross-sectional macrostructure of the FSP sample is shown in
Fig. 1(a). As can be clearly observed in Fig. 1(a) and (b), the micro-
structure of the processed zone (PZ) with a depth of about 0.9 mm was
significantly refined, compared to that the BM. Within the grains of the
BM, deformation bands with grey contrast were observed (Fig. 1(c)). It
should be stressed that the depth and the grain size of the PZ could be
controlled via altering the processing parameters, and large area of PZ
could be obtained through over-lapping FSP.

From the results of hardness tests in Fig. 2(a), it could be clearly
observed that the FSP sample showed higher hardness than the BM.
Moreover, as shown in Fig. 2(b), the FSP sample showed ultra-high
strength up to 1.7 GPa, much higher than that of the BM (about
1.4 GPa). Obviously, for cold-rolled ultra-high strength HNS, FSP did
not sacrifice any hardness or strength.

Fig. 3(a) shows that the microstructure of the cold-rolled HNS was
characterized by high density of dislocations and twins, which con-
tributed to high strength of the BM. The formation of twins was at-
tributed to reduced stack fault energy of HNS. After FSP, significant
microstructural change occurred. As can be observed in Fig. 3(b) and
(c), uniform UFG microstructure was obtained. The defect density in the
FSP sample was significantly reduced compared to that in the BM due to
dynamic recrystallization. The grain size distribution of the BM and FSP
sample are shown in Fig. 3(d) and (e). With the severe deformation and
reduced heat-input introduced via water-cooling FSP, the grain size was

Table 1
Effects of grain size on corrosion resistance in previous studies.

Materials Changes in grain size Solution Variation in corrosion resistance with decreased grain size Ref.

304 stainless steel 50 μm to 80–120 nm H2SO4 Increased [44]
304 L stainless steel 28 μm to 5 μm NaCl Unaffected [45]
303 stainless steel 20−40 μm to 10–20 nm Borate buffer

+0.1M NaCl
Decreased [46]

316 stainless steel 20 μm to 19 nm NaCl Decreased [47]
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significantly refined from ∼37 μm in the BM to ∼225 nm in the FSP
sample. Thus, the improvement in hardness and strength of the FSP
sample should be mainly attributed to the grain ultra-refinement.

3.2. Pitting corrosion behavior of HNS

The surface pitting morphologies after immersed in a FeCl3 solution
for 10 and 24 h are shown in Fig. 4. High density of pits were observed
on the surface of the BM after 10 h immersion (Fig. 4(a)). However, no
large pits could be detected on the surface of the FSP sample (Fig. 4(b)).
After immersed for 24 h, the BM was severely corroded, and large pits
with a diameter of over 150 μm were clearly observed, as shown in
Fig. 4(c). Surprisingly, no large pits could be found on the FSP sample
(Fig. 4(d)).

The statistical results of the pit size are shown in Fig. 5. Clearly, the
FSP sample exhibited improved pitting resistance, and the pit growth
tendency of the FSP sample was also significantly lower than that of the
coarse-grained BM. From Figs. 2 and 5, it was very clear that HNS with
a UFG microstructure showed an excellent combination of pitting cor-
rosion resistance and mechanical properties.

Fig. 6 shows the cyclic potentiodynamic polarization curves of the
BM and FSP samples in a 3.5 % NaCl solution. No significant changes in
the corrosion potential (Ecorr) were observed for both samples, and the
BM and FSP samples also showed similar breakdown potentials (0.51
VSCE and 0.49 VSCE, respectively). It is very interesting that, although
the forward scan curves were very similar, the reverse scan curves
showed major differences. The repassivation potential (Erp) of the BM
was about -0.29 VSCE, which was significantly lower than the Ecorr
(-0.17 VSCE), indicating that the pitting nucleation and growth tendency
of the BM was very large. In contrast, the FSP sample possessed a much
higher Erp (0.02 VSCE), demonstrating that it was much more pitting
corrosion resistant. Similar results were also observed for annealed HNS

which had similar defect density with the FSP sample (see supplemental
files). Clearly, for HNS, the grain size had major influence on the Erp.

4. Discussion

The corrosion behavior of UFG materials is generally affected by
four factors, i.e., surface quality, passivation behavior and element
distribution of the passive film, precipitation of harmful phases. For the
HNS with high microstructural stability in this study, no phase changes
after cold rolling or FSP were observed (Fig. 3). Therefore, the corrosion
behavior of FSP sample will be discussed from three factors.

4.1. Surface quality

For UFG and nanocrystalline materials produced via SPD method,
the surface quality and macro defects have major influences on the
corrosion behavior. The formation of crevices and cracks, even with a
relatively small size, could seriously deteriorate the corrosion resistance
of the samples [26].

As can be seen in Fig. 4(d), even after immersion corrosion for 24 h,
the surface of FSP sample was still very smooth, no crevices or micro-
cracks could be observed. This is mainly attributed to the combination
of heat-input and forging force during FSP. When the large pressure was
applied to the plastic flow metal, crack-free UFG materials could be
obtained [22].

4.2. Passivation behavior

The effects of grain boundaries and dislocations on the corrosion
behavior of materials are complicated. On one hand, with the in-
creasing defect density, the element diffusion is accelerated in these
atom-disorder areas, therefore, repaid passivation can be expected. On

Fig. 1. (a) Cross-sectional macrograph of FSP HNS sample, and microstructure of (b) FSP and (c) BM.
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Fig. 3. Microstructure of (a) BM and (b), (c) FSP samples, grain size distribution profiles of (d) BM and (e) FSP samples.

Fig. 2. (a) Vickers hardness and (b) stress-strain curves of BM and FSP samples.
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the other hand, these areas with high energy are also potential pitting
sites with reduced barrier energy, therefore, the increased growth rate
of the pits can be observed [27]. The competition between these two
mechanisms determines the passivation behavior of the material.

Fig. 7 shows the current transient curves obtained by abrading
electrode technique. Peak current density was observed when the
electrode was immersed in the corrosion medium, and then the current
density decreased quickly because of the formation of the passive film.
The peak current densities of the BM were much higher than those of
the FSP sample under various applied potentials, and it took more time
for the BM to achieve a relatively steady current density. Clearly, for 50
% cold-deformed BM, the negative effects of microstructural defects
predominated the corrosion behavior.

It has been confirmed that the reaction rate of stainless steels in the
electrolytes was very fast in the film formation stage, and the film
growth rate is controlled by high field ion conduction [28]. Therefore,
the relationship between current density (i(t)) and charge flow (Q(t))
could be described by the following equation:Fig. 6. Cyclic potentiodynamic polarization curves of BM and FSP samples in a

3.5 % NaCl solution.

Fig. 5. Statistic pitting distribution of (a) BM and (b) FSP samples for different immersion times.

Fig. 4. Pitting morphologies of BM and FSP samples: (a) BM and (b) FSP after immersion for 10 h, (c) BM and (d) FSP after immersion for 24 h.
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= +i t A cBV
Q t

log ( ) log
( ) (1)

where A, B and c are constants, V is the potential drop across the film.
The cBV value calculated from the log i(t) versus 1/Q(t) plot is a very
important parameter, and it highly related to the repassivation ability,
stress corrosion behavior and the passive film protectiveness of stainless
steels [29]. The higher the value of cBV, the lower the repassivation
rate, and less protective passive film formed on the surface resulted in
higher corrosion susceptibility [30,31].

Fig. 8 shows the log i(t) versus 1/Q(t) plots of the BM and FSP
samples, and the cBV values were calculated from the slope. As shown
in Table 2, the cBV values of the FSP sample were lower than those of
the BM at all applied potentials, indicating that the repassivation rate
and the passive film protectiveness were enhanced for the FSP sample.
The localized dissolution or breakdown of the passive film could be self-
repaired efficiently, and consequently the corrosion resistance was
improved. As for the BM, an enormous number of deformation bands
with high density of dislocations were introduced, these high energy
zones not only provided potential pitting sites, but also resulted in low
repassivation ability.

4.3. Element distribution

The element distribution and component of the passive film play an

extremely important role in repassivation behavior. Fig. 9 shows the
XPS results of the passive films after potentiostatically polarized in a 3.5
% NaCl solution at 0.3 VSCE for 1 h. It was seen that the passive film
formed on the FSP sample contained a larger content of Cr, Mo and N
and a lower content of Fe, therefore exhibited a higher Cr/Fe ratio
compared to the BM. The enrichment of elements should be attributed
to the higher diffusion rate of elements in the ultrafine-grained mi-
crostructure. Numerous results have shown that high Cr/Fe ratio fa-
cilitated the repassivation [18,32–34].

Cr is known as one of the most important elements in stainless
steels, the formation of Cr2O3 is the main reason that makes the steels
“stainless”. Mo element in the HNSs has two main effects: increasing the
solubility of N in the HNSs [13] and strongly inhibiting metastable
pitting corrosion [35]. Ilevbare and Burstein [36] found that Mo hin-
dered the nucleation and growth of pits and assisted the repassivation
process. The addition of N could accelerate the repassivation rate,
leading to an improved corrosion resistance [37].

Fig. 10 is the XPS spectra of the BM and FSP samples. The intensity
ratio of Cr-oxide and Cr-hydroxide (ICr-ox/ICr-hy) was 1.84 for the BM
and 1.91 for the FSP sample. The presence of more hydroxides in the
BM can lead to decreased localized corrosion resistance [27,32]. MoO3

can absorb the negative charge carriers (O2−) in the passive film and
becomes MoO4

2−. The presence of MoO4
2− can neutralize positive

donors and inhibits the Cl- absorption, therefore improves the corrosion
resistance of steels [38]. Furthermore, the NH3/NH4

+ content on the
surface of the FSP sample was also higher. It has been well confirmed
that NH3 and NH4

+ could increase the localized pH value and accel-
erate the repassivation process [39,40]. The results of XPS agreed very
well with the electrochemical tests.

Besides the composition differences in the passive film, some grain
boundaries in the BM and FSP samples also showed significant differ-
ences in element distribution. From Fig. 11, inhomogeneous element

Fig. 7. Current transient curves of BM and FSP samples in a 3.5 % NaCl solution under (a) 0.25 VSCE, (b) 0.30 VSCE and (c) 0.35 VSCE.

Fig. 8. logi(t) vs. 1/Q(t) plots of passive film formed on BM and FSP samples in a 3.5 % NaCl solution under (a) 0.25 VSCE, (b) 0.30 VSCE and (c) 0.35 VSCE.

Table 2
Calculated cBV values of passive film on BM and FSP samples.

0.25 VSCE 0.30 VSCE 0.35 VSCE

BM 1.55E-02 ± 4.95E-5 1.03E-02 ± 4.95E-04 7.79E-03 ± 9.19E-05
FSP 3.23E-03 ± 4.24E-04 4.16E-03 ± 5.30E-04 5.94E-03 ± 9.90E-05
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distribution of Fe, Cr and N could be clearly observed near the grain
boundaries of the cold-rolled BM. This phenomenon was also observed
in other studies [41,42], and could be explained by the clustering stage
before the phase formation.

For the BM, the element depleted zones near the grain boundaries
increased the formation frequency of metastable pits and reduced the

repassivation ability of passive film. As for the FSP sample, the dynamic
recrystallization produced a more homogeneous microstructure in-
cluding element distribution. The clustering in the BM was redis-
tributed, therefore, no obvious depleted zones were observed near the
grain boundaries. As a result, the formation of metastable pits was in-
hibited (Fig. 7(d)).

Fig. 9. XPS spectra depth profiles of passive film formed on BM and FSP samples in a 3.5 % NaCl solution.
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The corrosion behavior of the HNS samples with different grain
sizes is illustrated in Fig. 12. The decreased corrosion resistance of the
BM is attributed to two factors. With high density of defects and pre-
sence of element depleted zones, the formation frequency of metastable
pits increases in the BM. Due to the lower Cr, Mo and N content and ICr-
ox/ICr-hy ratio in the passive film, the BM shows inferior repassivation
ability. When the passive film breaks down, metastable pits form ra-
pidly, and then metastable pits transform into stable pits quickly and
grow at a fast rate.

For the FSP sample, with uniform ultrafine microstructure, homo-
geneous passive film forms quickly because of the high reaction rate in
the electrolytes. The decrease of defect density and redistribution of
elements result in significantly less potential pitting sites. With en-
hanced diffusion rate of element and high content of beneficial ele-
ments, the passive film shows improved repassivation ability,

metastable pits repassivate rapidly. Moreover, a compact passive film
on the FSP sample can prevent Cl− from penetrating into the substrate
and consequently slows down the dissolving rate [43]. Together with
the effective strengthening of the UFG microstructure, an ultra-high
strength HNS with excellent corrosion resistance was achieved.

5. Conclusions

The pitting corrosion resistance and repassivation behavior of cold-
rolled HNS and UFG FSP sample were comparatively studied. With
grain ultra-refinement, the mechanical properties and corrosion re-
sistance of the FSP sample were improved simultaneously. The fol-
lowing conclusions are reached:

1 With rapid cooling FSP, the grain size of the processed zone (PZ)

Fig. 10. XPS spectra of main compounds recorded from passive film formed on (a) BM and (b) FSP samples in a 3.5 % NaCl solution.

Fig. 11. STEM images and EDS profiles near grain boundaries of (a) BM and (b) FSP samples.
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was significantly reduced. Uniform ultrafine grains of ∼225 nm
were achieved in the FSP sample while the grain size of the BM was
∼37 μm.

2 The FSP sample showed higher hardness and strength compared
with the BM. Ultra-high hardness and strength up to 500 Hv and
1.7 GPa of the FSP sample should be mainly attributed to the UFG
microstructure.

3 The FSP sample showed excellent pitting corrosion resistance ac-
cording to the immersion corrosion test in the FeCl3 solution. The
tendency of pit nucleation and growth of the FSP sample was sig-
nificantly reduced, compared with that of the BM.

4 The grain size had major influences on the repassivation behavior of
the HNS. The passive film formed on the FSP sample showed sig-
nificantly improved repassivation rate and protectiveness due to the
high element diffusion rate and element content.
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