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Abstract: The corrosion behavior of bulk ultra-fine grained (UFG) Fe—Ni—Cr alloy prepared by equal-channel angular pressing
technique was investigated in 0.25 mol/L Na,SO4+0.05 mol/L H,SO, solution by electrochemical measurements. As compared to the
coarse grained (CG) counterpart, the UFG alloy exhibits an acceleration of the active dissolution and a shrunk passive region with a
higher passive current. The Mott—Schottky analysis in conjunction with the point defect model indicates that the donor diffusion
coefficient in the passive films of the UFG sample increases greatly to one magnitude order higher and the donor density is slightly

lower than that of the CG sample.
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1 Introduction

The application of stainless steel (SS) materials is
limited due to some undesirable properties such as
relatively low wear ability and low strength. The equal
channel angular pressing (ECAP) is one of the potential
techniques by employing grain refinement to improve
mechanical properties of bulk materials [1]. The effects
of ultra-fine grained (UFG) microstructure formed by
ECAP technique on mechanical properties [2—7], phase
transformation characteristics [8], thermal stability [9]
and radiation tolerance [10] of SS materials have been
extensively investigated.

However, not many investigations have been
reported on the corrosion behavior of bulk as-ECAPed
SS material, especially its passive properties. Extensive
studies on the corrosion resistance of SS by surface
nanocrystallisation processes have been made [11-17].
YE et al [I1] found that the localized corrosion
resistance of the 309 SS in chloride ion-containing
solution was enhanced greatly due to the formation of a
compact and more stable passive film on the
nanocrystalline coating. MENG et al [12] found that the

nanocrystallization by magnetron sputtering accelerated
the active dissolution of Fe—10Cr coating but improved
chemical stability of the passive film. LIU et al [13]
found that the grain size of the nanocrystalline SS coating
was beneficial to the repassivation and decreasing the
probability of stable pits formation due to the formation
and continuous growth of nano-scale oxide particles.
LIU et al [14] also found that the pitting corrosion
resistance of the nanocrystalline Ni-based supperalloy
coating increased significantly with decreasing of grain
size in acidic solution, which was attributed to the
smaller grain size promoting the formation of compact
passive film. YE et al [15] reported enhanced corrosion
resistance of the 309 SS coating in the transpassive
region in Na,SOy solution. They attributed the enhanced
corrosion resistance to the homogeneous distribution of
Cr in passive film and decreased the carrier density of
the oxide film, which reduced the dissolution rate of the
oxide film. Above studies have demonstrated that grain
size of nanocrystalline SS with far fewer dislocations
improves passive properties, which enhances corrosion
resistance of SS compared with that of conventional
coarse grained alloys.

It should be noted that the effect of refining
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processes on the corrosion resistance of SS depends on
not only grain size, but also the density of dislocations.
But only few studies have focused on electrochemical
behavior of SS materials with nanocrystalline structure
containing high-density dislocations [18,19]. WANG and
LI [18] reported that nanocrystallization by sandblasting
without annealing weakened the mechanical property of
the passive film on 304 SS surface resulting from the
poor interfacial bond between the film and the substrate
containing large number of dislocations and
non-equilibrium grain boundaries. ZHENG et al [19]
attributed an improved corrosion resistance of the
ECAPed 304 SS (with a grain size of 80—120 nm) in
dilute H,SO, solution to the improved compactness and
stability of passive film. The above studies have
deepened the understanding of corrosion behavior of SS
with nanocrystalline structure containing high-density
disloactions, but arguments exists about their corrosion
mechanism. Therefore, it is deserved to further
investigate the corrosion behavior of SS materials with
nanocrystalline  structure  containing  high-density
disloactions.

In this work, a bulk UFG Fe—Ni—Cr alloy with
high-density dislocations was prepared by ECAP
technique and the electrochemical behavior of the
as-ECAPed sample in 0.25 mol/L Na,SO,+0.05 mol/L
H,SO, solution were investigated in comparison with
that of the as-cast CG counterpart by potentiodynamic
polarization. The effect of UFG microstructure on the
formation and properties of passive film was discussed
by Mott—Schottky analysis in conjunction with the point
defect model.

2 Experimental

The raw Fe—Ni—Cr alloy with average grain size of
700 um was prepared by vacuum cast and subsequent
hot isostatic pressing. The composition of this alloy is
listed in Table 1. A total of four ECAP passes with route
B, was performed at 500 °C to refine the microstructure
of the alloy. Route B. means that between each
subsequent pass, the sample was rotated by 90° around
its longitudinal axes. The detailed technical parameters
of the sample preparation can be found elsewhere [9].
Both of the as-cast CG and the as-ECAPed UFG alloys
were cut into blocks with the dimension of 15 mmx
15 mmx5 mm. The samples were embedded in epoxy
resin, leaving a working square area of 1.5 cmx1.5 cm

Table 1 Chemical composition of as-cast Fe—Ni—Cr alloy

(mass fraction, %)

Cr Ni C Si S o Fe

1406 1590 0.001 0.013 0.001 0.023 Bal

uncovered for performing the electrochemical
experiments. The exposed surface was successively
ground to 2000-grit using SiC abrasive paper, rinsed with
ethanol in an ultrasonic cleaner and then dried in air.

Experiment was performed on a JEOL 2010
transmission electron microscope operated at 200 kV and
equipped with a Gatan SC1000 ORIUS CCD camera.

The electrochemical experiments were performed in
a conventional three-electrode cell using EG&G
PARSTAT?2273 electrochemical workstation. The counter
electrode was a graphite sheet and all the potentials were
measured versus the saturated calomel electrode (SCE).
The working electrode was the Fe—Ni—Cr alloy sample.
A potential scanning rate of 0.5 mV/s was applied in the
potentiodynamic polarization tests. For the Mott—
Schottky relationship measurements, a 5 mV amplitude
sine wave modulated signal was employed with a
frequency of 1 kHz and a step rate of 20 mV. Each
measurement was performed at least 3 times for data
reproducibility. Prior to all experiments, the working
electrodes were cathodically pre-polarized at —1 V for
120 s to remove the surface oxide films formed in air. All
experiments were performed at 25 °C water bathing in
0.25 mol/L Na,SO,4+0.05 mol/L H,SO, solution. All the
reagents were analytically pure and all aqueous solutions
were prepared using distilled water.

3 Results

3.1 Microstructure of as-ECAPed Fe—Ni—Cr alloy

Figures 1(a) and (b) show the bright-field and the
corresponding dark-field TEM micrographs of the
as-ECAPed Fe—Ni—Cr alloy after 4 passes. Obvious
fragmentization could be observed, resulting in the
formation of large amount of equiaxed grains with
non-equilibrium grain boundaries (GBs) accumulated
with high density of dislocations. The inserted selected
area electron diffraction (SAED) pattern in Fig. 1(a)
shows the discontinuous diffraction rings, indicating that
the grains have been refined greatly and the phase is still
austenite. Statistics of grain size in the as-ECAPed
Fe—Ni—Cr alloy sample, as shown in Fig. 1(c), reveal the
UFG microstructure with an average grain size of
(215+£25) nm with a narrow distribution. The XRD
analysis indicates that the dislocation density increases
from ~10'" to ~10'* m™* after ECAP processing.

3.2 Potentiodynamic polarization curves

Figure 2 shows the potentiodynamic polarization
curves of the as-ECAPed UFG Fe—Ni—Cr alloy with that
of the as-cast CG counterpart in 0.25 mol/L Na,SO, +
0.05 mol/L H,SO, solution. The electrochemical
parameters derived from the polarization curves are
listed in Table 2, where gcon, ), and ¢, represent the free
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Fig. 1 Bright-field TEM micrograph and corresponding SAED
pattern of as-ECAPed Fe—Ni—Cr alloy (a), corresponding
dark-field TEM micrograph (b) and statistics of grain size
distribution (c)

corrosion potential, passive potential and film breakdown
potential, respectively; and Jeom, Jmax and J, are the free
corrosion current density, critical current density and
passive current density, respectively. The value of J.o; is
calculated by extrapolating the cathode Tafel lines back
to the corresponding ¢.o. The UFG Fe—Cr—Ni alloy has
Ocorr and Jo values of about =351 mV (vs SCE) and
2.72x107° A/em’, respectively, in contrast with those
of about =330 mV and 4.92x10 °® A/cm? for the CG
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Fig. 2 Potentiodynamic polarization curves for UFG Fe—Ni—Cr
alloy and CG counterpart in 0.25 mol/L Na,SO,+0.05 mol/L
H,SO, solution

counterpart. The UFG Fe—Cr—Ni alloy exhibits a much
higher Jy,.x value, a higher ¢, value and a shrunk passive
region with an increasing J, value to about 1.42x107
A/em’® as compared with the CG counterpart, indicating
that UFG structure weakens the passivation ability of
Fe—Cr—Ni alloy.

4 Discussion

4.1 Effect of UFG microstructure
dissolution

The UFG Fe—Ni—Cr alloy displays a higher J,;
value and a lower ¢, value than those of the CG alloy,
indicating that the dissolution in the active region is
obviously accelerated for the UFG alloy as compared to
the CG counterpart. The UFG materials are characterized
by a large fraction of non-equilibrium grain boundaries
with highly excess stored energy [12], which tend to be
the active points for the acceleration of the active
dissolution.

on active

4.2 Effect of UFG microstructure on semiconducting

property of passive film

Generally, the corrosion resistance of a passive
alloy is related to the semiconducting properties of a
passive film on the surface, which are determined by
concentration and diffusivity of charge carriers such
as the point defect including donor and/or acceptor.
According to the conventional Mott—Schottky space-

Table 2 Electrochemical parameters derived from potentiodynamic polarization curves for UFG Fe—Ni—Cr alloy and CG counterpart

Peorr Q)p P J. corr/ Jmax/ J, p/
Sample -2 2 -2
(vs SCE)/mV (vs SCE)/mV (vs SCE)/mV (A-cm ) (A-cm ©) (A-cm ©)
UFG alloy -351 -172 800 2.72x10°° 2.62x107* 1.42x107°
CG alloy -330 -205 800 4.92x10° 1.84x107° 7.91x10°°
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charge theory [20], as the space-charge of the passive
film is under the depletion condition, a linear relationship
is expected between reciprocal of the space-charge
capacitance square (1/ Cszc) and the applied potential (p)
for the film, which can be described by the equations for
different types of semiconductors as follows:

1 2 kT
— = (¢—¢m———j(ﬁﬂn6®e) (1)
C,, ¢€€¢eNy e

1 -2 kT
— = (co —(ﬂﬂ)——j (for p type) (2)
C,, ¢€&¢eN, e

where Ny and N, are the charge carrier densities of the
donor and the acceptor, respectively; ¢ is the dielectric
constant of the passive film (here ¢ is taken as 15.6 [21]);
&o is the vacuum permittivity; e is the elementary charge;
k is the Boltzman constant; 7 is the absolute temperature
and gy, is the flat band potential.

A nearly pure capacitive frequency response could
be expected for the electrochemical impedance
spectroscopy measured at frequencies higher than 1 kHz
[22]. The resulting steady-state film thickness of the
passive film L could be estimated as

ggn A
LSS = CO

sC

3)

where 4 is the surface area of the sample.

The electric field strength of the passive film &
could be extracted from a linear relationship between the
steady-state film thickness L and the film formation
potential ¢¢ as given in Ref. [23]:

PR il @)
L

where a is the polarizability of the passive film/solution

interface (« is taken as 0.45 [24]) and B is a constant.
According to the point defect model (PDM) [25],

the charge carrier densities of the donor Ny is related to

the film formation potential ¢; with an equation

expressed as

Ny = o exp(@,0r) + w3 )

where @, @, and w; are unknown fitting constants. By
taking the fitted w; and ¢ values, the diffusivity of the
donor defect in passive film, Dy, can be calculated as

J,RT

=———— 6
¢ 4eFane; ©

where R is the universal gas constant; F is the Farady
constant.

Figure 3 shows the comparison of the Mott—
Schottky plots of the passive films formed at different
potentials (¢¢) on the UFG Fe—Ni—Cr alloy and the CG
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Fig. 3 Mott—Schottky plots of UFG Fe—Ni—Cr alloy (a) and CG
counterpart (b) in 0.25 mol/L Na,SO,4+0.05 mol/L H,SO,

solution

sample, respectively. The data in the scanning range
from 0.3 to 0.6 V could be roughly fitted by a linear
relationship with positive slopes, indicating that both of
the passive films formed on the UFG Fe—Ni—Cr alloy
and the CG counterpart are n-type. The calculated donor
density, Ny, at different formation potentials are in the
range from 6.31x10%' to 9.82x10*" cm* for the UFG
alloy and in the range from 1.01x10% to 1.93x10* ¢m*
for the CG alloy, respectively. The lower donor density
at the metal/film interface on the UFG sample implied
that the passive current J, of UFG alloy should be lower
than that of CG counterpart, which is different from our
observation of higher J, of UFG alloy in
potentiodynamic polarization curves. It indicates that the
point defect density of the passive films contributes little
to the corrosion behavior of UFG alloy.

Figure 4 shows the comparison of the point defect
densities of the passive films formed on the UFG
Fe—Ni—Cr alloy and the CG counterpart as a function of
formation potential in 0.25 mol/L Na,SO4+0.05 mol/L
H,SO, solution. Both Ny of the passive films decrease
exponentially with the increase of formation potential,
and are fitted using Eq. (5) as
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Ny =1.78x10% exp(~1.72¢; ) +9.34x10%°

(for UFG alloy) @)
Ny =8.55x10% exp(—4.89¢; ) +7.28x10?!
(for CG alloy) (®)

The values of w; are directly extracted as 9.34x10%
for the UFG Fe—Ni—Cr alloy and 7.28x10*' for the CG
counterpart, respectively.
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Fig. 4 Relationships between point defect densities of passive
films formed on UFG Fe—Ni—Cr alloy (a) and CG counterpart
(b) and formation potential in 0.25 mol/L Na,SO4+0.05 mol/L
H,SO, solution

Figure 5 shows the steady-state thickness of the
passive film formed on UFG Fe—Ni—Cr alloy and CG
counterpart as a function of formation potential in 0.25
mol/L Na,SO,+0.05 mol/L H,SO, solution. Steady-state
passive films formed on UFG Fe—Ni—Cr alloy and CG
counterpart increase with the increase of formation
potentials as a linear function. The electric fields &
extracted from Eq. (4) are 5.98x10° V/em for the UFG
alloy and 5.61x10° V/cm for the CG alloy, respectively,
which is in good agreement with the ~10° V/cm normally
found for passive film formation on SS at near ambient
temperature [26]. Taken the fitted w; and ¢ into Eq. (6),
the diffusivities of the point defect in the passive films
are 1.02x10'® cm%/s for the UFG Fe—Ni—Cr sample and
7.76x10" cm?/s for the CG counterpart, respectively.
This agrees with the potentiodynamic polarization curves
observation that the J, of UFG alloy is much lower than
that of CG counterpart.

Previous investigations in some nanocrystalline
alloys using magnetron sputtering and electrodepositing
[11-17] have shown that the grain size reduction can
decrease both the donor density and the diffusion
coefficient, resulting in the formation of more
homogeneous and protective passive film. As a contrast,
the bulk UFG Fe—Ni—Cr alloy exhibits a slightly lower
donor density but a much increased diffusion coefficient,
which may be due to the large amount of nonequilibrium
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Fig. 5 Steady film thickness of passive films formed on UFG
Fe—Ni—Cr alloy (a) and CG counterpart (b) as function of
formation potential in 0.25 mol/L Na,SO4+0.05 mol/L H,SO,

solution

GBs together with high density of dislocations (~10'"
m ?), resulting in a poor interfacial bonding between the
passive film and the substrate as suggested in Ref. [18].
The stoichiometry and microstructure of the passive film
formed on the UFG Fe—Ni—Cr alloy will be further
investigated.

5 Conclusions

1) Bulk UFG Fe—Ni—Cr austenite alloy samples
with an grain size of (2154+25) nm were prepared by
ECAP technique performed at 500 °C after four passes.

2) The UFG alloy has an accelerated active
dissolution and decreased ability to passivation in 0.25
mol/L Na,SO4+0.05 mol/L H,SO, solution as compared
to the CG counterpart.

3) The Mott—Schottky analysis together with the
point defect model indicates that the donor density at the
metal/film interface of the UFG sample is slightly lower
than that of the CG sample, but the donor diffusion
coefficient in the passive films is increased greatly to one
magnitude order higher.
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