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The corrosion behaviour of nanocrystalline and microcrystalline Fe20Cr alloys, prepared by high
energy ball milling followed by compaction and sintering, was studied in 0.05M H 2SO4 and 0.05M
H2SO4 + 0.5M NaCl by potentiodynamic polarization. The nanocrystalline alloy exhibited improved
passivating ability and pitting resistance as described by passivation potential, critical current density,
passive current density and breakdown potential. XPS and SIMS analysis revealed greater Cr content
in the passive film formed on the nanocrystalline form of the alloy. The enhanced passivating ability of
the nanocrystalline alloy was attributed to the formation of the passive film with higher Cr content.
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1. INTRODUCTION
Recently, special attention has been paid to investigate nanocrystalline (nc) materials as they
exhibit different and often improved properties over conventional microcrystalline (mc) materials of
the same chemical composition [1-4]. The corrosion behaviour of nc materials has also attracted
significant attention of the research community and recently reviewed by Ralston and Birbilis [5]. The
effect of nanocrystalline structure on the corrosion behaviour of a material was found to depend on its
composition as well as on the corrosion media [5]. Generally, a nanocrystalline structure is expected to
accelerate the corrosion rate of an active material because of a drastic increase of grain boundaries [5].
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On the other hand, nanocrystalline structure can improve the corrosion resistance of a passive alloy by
forming a more ptotective passive film [5].
Fe-Cr alloys are well known for their good corrosion resistance owing to the formation of a Cr
rich passive film [6-8]. Nanocrystalline structure may impart significant improvement in corrosion
performance of a Fe-Cr alloy by enhancing the Cr content of the passive film developed upon it.
However, effect of nanocrystalline structure on the corrosion performance of Fe-Cr alloys is
contradictory and both improvement and deterioration of corrosion performance due to nanocrystalline
structure are reported in the literature [5]. Improved corrosion performance of nc Fe-Cr alloys was
explained mainly on the basis of greater Cr enrichment of the passive film formed on the nc structure
due to faster diffusion of Cr [9,10]. Formation of a relatively more homogenous, compact passive film
with improved adhesion was the additional factor attributed to the improved corrosion performance of
nanocrystalline Fe-Cr alloys [10-12]. Investigations reporting deterioration of corrosion performance
caused by nanocrystalline structure proposed the higher reactivity, residual stresses and defects to be
the main attributes [12,13].
It is interesting to note that the processing routes employed for developing a nanocrystalline
structure in steels described above were considerably different from those employed for producing
microcrystalline alloy to which they were compared. Processing employed to produce nanocrystalline
Fe-Cr alloys lead to microstructural changes (i.e., internal stresses, development of alloy texture, solute
segregation, phase transformation etc.) in addition to grain refinement, which can also affect the
corrosion response. In fact, in one of the studies [11], showing improved corrosion resistance of nc
steel coating over mc steel, the microstructure of the nc steel was described to be ferretic, whereas that
of the mc steel to be austenitic and as a result the observed difference in the corrosion performance
might have been influenced by different phases present in nc and mc test specimen. Moreover, the
nanocrystalline surfaces used for the corrosion studies were in the form of thin surface films.
Therefore, it may not be inappropriate to suggest that the effects of nanocrystalline structure on the
corrosion of steel, as claimed in the studies discussed earlier, could also be dominated by factors (i.e.,
such as residual stresses, solute segregation, phase composition and other defects present) other than
the nanocrystalline structure.
Literature suggests that the process used to produce nanocrystalline surfaces may cause
significant chemical and physical changes in addition to the grain refinement [14]. As such, in the light
of issues described above, for the investigation of role of nanocrystalline structure on the corrosion
behaviour of Fe-Cr alloys, it is necessary to produce the test specimen with the grain size in two
distinct sizes by similar route. As such, Fe20Cr alloy tests specimens used in the current study were
prepared by ball-milling followed by annealing, compaction and sintering; to the best of authors’
knowledge this is the first study addressing the passivation behaviour of ball-milled nanocrystalline
Fe-Cr based alloys.
In addition to the controversy on the effect of nanocrystalline structure on the corrosion
performance of alloys, a mechanism for the improvement or deterioration of corrosion performance
due to a nanocrystalline structure is also not well established in the literature for steels. The
investigations reporting enhancement in corrosion performance of nanocrystalline steels have been
attributed to the surface enrichment of the Cr caused by enhanced diffusivity of Cr in nanocrystalline
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structure [9,10]. However, none of the investigations compared the chemical composition of the
corrosion films developed on nano and microcrystalline Fe-Cr based alloys to show greater surface
enrichment of Cr in nanocrystalline alloys experimentally. In the present investigation, the chemical
composition of the corrosion films developed on the nano and microcrystalline Fe20Cr alloys was
analysed for the first time using X-ray photoelectron spectroscopy (XPS) and secondary ion mass
spectrometry (SIMS) and possible mechanisms of the enhanced surface enrichment of Cr in nc FeCr
alloys were proposed.

2. EXPERIMENTAL PROCEDURE
2.1. Sample preparation and characterization
A Fe–Cr alloy with a nominal Cr content of 20 wt.% was prepared by mechanical alloying. As
starting materials, high purity powders of Fe (99.9% purity and particle size <10 μm) and Cr (99.9%
and particle size <10 μm) were loaded into a tool steel vial under vacuum with 440C stainless steel
balls (6.4–7.9 mm in diameter). Ball-to-powder weight ratio was kept at 10:1. High-energy ball milling
was carried out for 20 h in SPEX Model 8000 shaker mill which was air-cooled. The ball-milled alloy
powders were annealed at 600 °C in a forming gas atmosphere (98% Ar + 2% H2) for different times
ranging between 3 and 90 min. As-milled and annealed samples were compacted into pellets
(diameter = 12 mm and thickness = 1.5 mm) under a uni-axial pressure of 3 GPa. Density of the pellets
(before and after sintering) was measured by gas pyconometry. X-ray diffraction (XRD) was
performed on the as-milled, annealed and compacted samples with a Cu Kα radiation (λ = 0.1541 nm)
at a scan rate of 0.3°/min, and at 50 steps per degree. Grain size of the nanocrystalline alloy after
various stages of processing was determined from the X-ray peak broadening using the Voigt function
[15,16], after eliminating the instrumental and lattice strain contributions to peak broadening. The four
most intense peaks (1 1 0, 2 0 0, 2 1 1, 2 2 0) were used to calculate the grain size. In order to ensure
reproducibility, several annealing treatments and the X-ray analyses were duplicated. The accuracy of
the grain size determination was within ±4 nm.
The grain size of nc and mc compacted test specimens was also verified using transmission
electron microscope (TEM). TEM samples were prepared by grinding of test specimens up to a
thickness of ~ 80 µm followed by ion milling. The ion-milled TEM specimens were analyzed in dark
field and selected area diffraction modes using Philips CM20 transmission TEM. An acceleration
voltage of 200 kV was used in all the experiments.

2.2 Corrosion testing
The test specimens (pellets of nc and mc Fe-2C0r alloy) were polished to 2500-grit paper
finish, cleaned and subjected to potentiodynamic polarization tests. A conventional three-electrode
electrochemical cell was used, with the Fe-Cr alloy samples as working electrode (test specimen), a
graphite rod as counter electrode and a saturated calomel electrode (SCE) as the reference electrode.
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All the potentials, reported in this study, are with respect to SCE. Potentiodynamic polarization tests
were carried out at room temperature in 0.05M H2SO4 and 0.05M H2SO4+ 0.5M NaCl solutions using
PAR-2273 potentiostat, employing a scan rate of 0.5 mV/sec. Prior to all experiments, the working
electrode was cathodically polarized at -1.0 V for 120 s to remove any existing oxide film. Open
circuit potential was monitored for 30 min. to confirm its stability with time. Any ﬂuctuation of the
open circuit potential less than 10 mV in a period of 1000 s was considered as a stable potential for
carrying out the corrosion tests. These experiments were repeated at least five times to ensure the
reproducibility of the data.

2.3 SIMS and XPS
XPS and SIMS analysis was carried out to compare the Cr content of passive films developed
on nc and mc Fe20Cr alloys. In order to prepare the samples for XPS analysis, Fe-Cr alloys were
polarized (from open circuit) to the potential in the middle of the passivation range (300 mV SCE in
0.05M H2SO4 and -190 mVSCE in 0.05M H2SO4+ 0.5M NaCl) and held at that potential until a stable
current was reached (which took 30 minutes). Samples were then washed with distilled water and
ethanol and dried in air at room temperature. Corrosion films thus produced were analysed using a
Kratos Axis Ultra Spectrometer with monochromatized Al Kα (1486.6 eV). A charge neutralizer was
employed to minimize the photoemission charging effect. Quantitative analysis was performed using
Casa-XPS software. The survey scans were generated under the conditions: energy range: 1600-0 eV,
pass energy= 160 eV, step size=0.7 eV, sweep time= 180 sec and x-ray spot size=700×300 µm.
Sample preparation for SIMS was similar to XPS and passive film was characterised using a
Cameca ims (5f) dynamic SIMS instrument. Craters of 250× 250 µm were analysed using Cs+ ion
primary beam (2 nA).

3. RESULTS
3.1. Preparation and characterization of test specimens
Nanocrystalline Fe20Cr alloy as produced by high-energy ball milling was initially in the form
of powder with an average grain size of 14 nm. The details of the method of consolidation without
excessive grain growth are given in an earlier report of the present authors [16]. A systematic study
[16] of the grain growth behaviour of a ball milled nc Fe-10Cr alloy powder over a wide range of time
and temperature, suggested 600°C to be the optimum temperature for the consolidation of a nc Fe10Cr
alloy.
Grain growth behaviour of Fe20Cr alloy at 600°C (Figure 1) was very similar to that of Fe10Cr alloy and hence a temperature of 600°C was employed for the consolidation of nc Fe20Cr alloy.
A schematic representation of the process used for the consolidation is presented in Figure 2. An
additional step of annealing prior to compaction made the consolidation possible with available
experimental facilities as hardness decreased from 9.2 GPa to 6.8 GPa (Figure 1) while the grain size
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increased from 14 nm to 43 nm (which is still in nanocrystalline regime). Compacted pellets were
sintered at 600°C for 60 min.
Microcrystalline Fe20Cr alloy test specimens were prepared by sintering the nanocrystalline
test specimen (prepared as described earlier) at 840°C for three hours. Grain size and density measured
at each steps of processing are presented Table 1.
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Figure 1. Grain size and hardness of a ball milled Fe20Cr alloy versus annealing time at 600°C. Grain
size of Fe10Cr [16] is plotted along with the grain size of Fe20Cr alloy.

Table 1. Grain size and density of nanocrystalline Fe20Cr alloys after different processing steps
Grain
size, ball
–milled
powder
(nm)

nc Fe20Cr

14(±4)

mc Fe20Cr

14(±4)

Annealing, Grain
ball-milled size,
powder
ballmilled
and
annealed
powder
(nm)
600°C,
43 (±4)
30 min
600°C,
43 (±4)
30 min

Green
Sintering,
density of compacted
compacted pellets
pellets (%
of
theoretical
density)
98.6
(±0.6)
98.6
(±0.6)

600°C,
60 min
840°C,
180 min

Grain
size,
sintered
pellet
(nm)

Sintered
density of
compacted
pellets (% of
theoretical
density)

53(±4)

99.4 (±0.3)

1500
(±200)

99.6 (±0.3)

Grain size of nc test specimen as determined using XRD was found to be 53 (±4) nm whereas
that of microcrystalline test specimen as determined using optical microscopy was found to be 1.5
(±0.2) µm. XRD profiles, as presented in the Figure 3, confirm ferritic crystal structure in both
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nanocrystalline and microcrystalline test specimen. Nanocrystalline structure of Fe20Cr alloy as
determined by XRD was further verified using TEM (Figure 4).

Ball milling of nc Fe-Cr alloys
Conventional

Annealing at 600⁰C/30 minutes

Compaction under a uniaxial pressure of 3 GPa

Sintering at 600⁰C/60 minutes

Counts

Figure 2. Schematic representation of process used for preparation of a nc Fe20Cr alloy test specimen.
Arrow shown in the red indicates the conventional compaction method.
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Figure 3. XRD patterns of nc Fe20Cr and mc Fe20Cr test specimens, showing same phases present in
the nc and mc Fe20Cr alloys. Peak broadening decreases and peak intensity increases with
increase the grain size.
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Figure 4. Dark field TEM images of A) nc and B) mc Fe20Cr tests specimens. Selected area
diffraction pattern is shown in the inset.

3.2 Potentiodynamic polarization tests
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Figure 5. Anodic polarization curves of nc and mc Fe20Cr in: A) 0.05M H2SO4 solution and B)
0.05M H2SO4 +0.5M NaCl solution

Potentiodynamic polarization curves obtained for nc and mc Fe20Cr alloys in 0.05M H2SO4
and 0.05M H2SO4 + 0.5M NaCl solutions are presented in Figure 5(a) and 5(b), respectively. Various
parameters (i.e., passivation potential, passive current density, critical current density and breakdown
potential) used to describe the passivating ability are described in the Figure 5 and are summarized in
the Table 2.
Passivating ability of Fe20Cr alloy, as indicated by negative shift of passivation potential and
significant decrease in the anodic current densities, was improved significantly by the grain refinement
to nanometer level. Passivation potential (Ep) of nanocrystalline Fe20Cr alloy was 180 (±15) mV more
negative than that of mc Fe20Cr alloy in both solutions. Critical current density (icrit) and passive
current density (ip) of nc Fe20 Cr alloy were less than those of mc Fe20Cr alloy.
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Table 2. Electrochemical data from anodic polarization tests of nc Fe20Cr and mc Fe20Cr alloys.
Reported data (Ecorr: corrosion potential, Ep: passivation potential, Eb: breakdown potential, icrit
critical current density and ip: passive current density) is an average of at least five
experimental results, error shown in the brackets is standard deviation
Eb
(mVSCE)
880(±8)

ip (µA/cm2)

nc Fe20Cr/0.05M H2SO4

Ecorr (mVSCE) Ep
(mVSCE)
-590 (±5)
-400 (±5)

50(±5)

icrit
(mA/cm2)
0.85 (±0.1)

mc Fe-20C/0.05M H2SO4

-590 (±5)

880(±8)

91(±10)

3.4 (±0.8)

nc Fe20Cr/0.05M
H2SO4+0.5NaCl
mc Fe20Cr/0.05M
H2SO4+0.5NaCl

-590 (±5)

-220
(±15)
-395 (±3)

-70 (±15)

100 (±10)

1.5 (±0.3)

-205
(±25)

-189 (±40)

1000 (±500) 8.41(±1.3)

Test Material/Electrolyte

-590 (±5)

Addition of chloride ions did not affect the passivation potential of nc and mc Fe20Cr alloys
much, albeit shifted the breakdown potential of both the alloys in negative direction. Interestingly,
negative shift in the breakdown potential of nc alloy was not as pronounced as that of mc alloy.
Nanocrystalline alloy showed an appreciable passive region (Epp-Eb=325 mV) whereas passive region
(Epp-Eb=16 mV) in mc Fe20Cr alloy was not well defined in presence of chloride ions. Superior pitting
resistance of nanocrystalline alloy over its microcrystalline counterpart was shown clearly by
polarization tests in presence of chloride ions.

3.3 Potentiostatic polarization

0.15

A

6

2

i (mA/cm )

5

2

i (mA/cm )

0.12

B

0.09

nc Fe20Cr
mc Fe20Cr

0.06

4
3

nc Fe20Cr
mc Fe20Cr

2
1

0.03

0
0

300

600

900

1200

Time (s)

1500

1800

0

300

600

900

1200

1500

1800

Time (s)

Figure 6. Potentiostatic polarization curves of nc and mc Fe20Cr alloys in: A) 0.05M H2SO4 at 300
mVSCE and B) 0.05M H2SO4 + 0.5M NaCl solution at -190 mVSCE. Prior to potentiostatic
polarization, each of the samples was polarized potentiodynamically at a san rate of 0.5 mV/sec
to the potential where it was held for 30 minutes under potentiostatic control.
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Table 3. Atomic ratio of Cr (Cr/(Fe+Cr)) in the passive film of nanocryatlline (nc) and
microcrystalline (mc) Fe20Cr alloy. isteady state is the steady state current density after 30 minutes
of potentiostatic polarization as shown in Figure 6
Test Material/Electrolyte

Applied potential

nc Fe20Cr/0.05M H2SO4
mc Fe-20C/0.05M H2SO4
nc Fe20Cr/0.05M H2SO4+0.5NaCl
mc Fe20Cr/0.05M H2SO4+0.5NaCl

300 mVSCE
300 mVSCE
-190 mVSCE
-190 mVSCE

isteady state
(µA/cm2)
20
49
82
6200

Cr/(Fe+Cr)
0.73
0.62
0.45
0.25

Nanocrystalline and mc Fe20Cr alloys were polarized potentiodynamically to 300 mV (in
0.05M H2SO4 ) and held at this potential for 30 minutes in order to develop passive film for
compositional characterization. Current density appeared in the two alloys during potentiostatic
polarization at 300 mV as presented in Figure 6a and Table 3 showed that nanocrystalline alloy
possessed lower current density than microcrystalline alloy for whole period of potentiostatic
polarization. Similarly, current was recorded as function of time in 0.05M H 2SO4 + 0.5 M NaCl for
both the alloys at an applied potential of -190 mV. Current density in nanocrystalline alloy decreased
with time whereas that in mc alloy increased with time indicating no passivation of mc Fe20Cr alloy in
presence of 0.5M chloride ions (Figure 6b and Table 3).
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3.4 Compositional analysis of passive film using SIMS
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Figure 7. SIMS depth profile for Cr in the passive film developed upon nanocrystalline (nc) and
microcrystalline (mc) Fe20Cr alloys after potentiostatic polarization at 300 mVSCE for 30
minutes.
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SIMS depth profiling was used to compare the Cr content of the passive films developed upon
nc and mc Fe20Cr alloys in 0.05M H2SO4 solution (as described in section 3.3). Cr SIMS depth
profiles thus obtained (Figure 7) suggested that passive film developed on nc Fe20Cr alloy was richer
in Cr than that of mc Fe20Cr alloy. With the progress of sputtering (as the base alloy approached), Cr
content decreased and became equal to that in the base alloy (Figure 7).

3.5 Compositional analysis of passive film using XPS
Chemical composition of the passive film developed on nc and mc Fe20Cr alloys was
quantified using XPS. Atomic ratio of Cr with respect to combined Fe and Cr (i.e., Cr/(Fe+Cr)) were
calculated using the atomic fractions obtained from the survey scans and are presented in Table 3.
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Figure 8. Steady state current densities and Cr content of the passive films developed upon nc and mc
Fe20Cr alloys during potentiostatic polarization in the two solutions.
Passive film developed on nc form of the Fe-Cr alloy had significantly higher Cr to (Fe+Cr)
ratio in comparison to that in its mc counterpart (Table 3). Atomic ratio of Cr in nc and mc Fe20Cr
alloys (without any electrochemical treatment) was 0.21, whereas, XPS analysis of the corrosion film
suggested significant Cr enrichment of the corrosion film. The atomic ratio of Cr for the passive film
of nc (0.73) and mc (0.62) alloy in 0.05M H2SO4 were considerably higher than the base alloy (0.21).
Addition of chloride ions decreased the Cr content of the corrosion film substantially as the Cr
to (Fe+Cr) ratio obtained in the corrosion film of nc Fe20Cr in 0.05M H2SO4 + 0.5M NaCl was ~0.45
and that of mc alloy was ~0.25 (Table 3). The corrosion film developed upon the microcrystalline alloy
showed effectively no Cr enrichment of the corrosion film and therefore no passivation.
Figure 8 shows the variation of Cr content of the passive films with the steady state current
densities after the potentiostatic polarization of two alloys for 30 minutes in nc Fe20Cr in 0.05M
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H2SO4 + 0.5M NaCl. Nanocrystalline alloy exhibited significantly lower steady state current density
and higher Cr content of the passive film in both the solutions.

4. DISCUSSION
4.1. Enhanced passivity of nanocrystalline Fe20Cr alloy
This investigation has established a significant improvement in the passivating ability and
pitting resistance of Fe20Cr alloy caused by the grain refinement to nanometer level. These findings
are consistent with a few other findings performed on various nanocrystalline steels [9-11]. Significant
negative shift in the passivation potential caused by nanocrystalline structure can be understood due to
combined effect of increased surface reactivity and higher Cr enrichment of the passive film.
Passivation potential can be calculated from the free enthalpy of the reaction of formation of passive
oxide or oxy-hydroxide according to the following equation [6]:
(1)
where, Gp is the free enthalpy of the reaction of passive oxide formation (per mol oxide) and F
is Faraday’s constant.
If the corresponding free enthalpy for formation of passive film on a FeCr alloy is assumed to
be linear combination of the values of pure elements according to the composition of the precursor,
then
(2)
where, GCr and GFe are the free enthalpies of the formation of the Cr and Fe oxides respectively
and xCr is fraction of Cr present on the electrolyte/alloy interface. Passivation potential of the a Fe-Cr
alloy can be obtained by combining equation 1 and 2 as:
(3)
Equation 3 indicates that passivation potential of a Fe-Cr alloy depends not only upon the
individual passivation potential but also upon the Cr concentration of the alloy. Equation 3 was used
by Kirchheim et al [17] to determine the passivation potential of various Fe-Cr alloys in sulphuric acid
solution. In the current study, Cr concentration of passive film formed in nanocrystalline alloy was
found to be higher than that of microcrystalline alloy (as shown by SIMS and XPS data). According to
equation 3, a higher Cr concentration developed in the nanocrystalline alloy may have shifted the
potential in the negative direction.
Nanocrystalline alloys are reported to have more free energy caused by higher fraction of grain
boundary and triple points and therefore should have more negative value of free enthalpy of reaction
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occurring on them [18-20]. This indicates that nanocrystalline structure will lead to more negative
passivation potential according to equation 1. In fact, more negative passivation potential caused by
nanocrystalline structure is reported in many passive metals [21,22] and even in Fe [23-26]. A
negative shift in individual Ep of Cr and Fe due to nanocrystalline structure will lead to more negative
Ep of nanocrystalline Fe20Cr alloy.
4.2. Enhanced Cr enrichment
Improvement in the passivating ability and pitting resistance of nanocrystalline Fe20Cr alloy
can be attributed to increased Cr content of the passive film formed on nanocrystalline alloys which is
evident from both SIMS and XPS analysis in the current study. Various authors have proposed that the
Cr enrichment of the passive film was caused by faster diffusion of Cr from the bulk alloy to passive
film/alloy interface. This explanation is possible at elevated temperatures because of faster diffusion of
Cr. Authors previous work has also shown improvement of the oxidation resistance of nanocrystalline
Fe-Cr alloys at elevated temperature (400°C) due to enhanced diffusion of Cr [4]. However, the view
of faster diffusion of Cr from bulk material to the interface of bulk material/corrosion film at room
temperature does not seem plausible because of very low diffusivity of Cr at room temperature. Grain
boundary diffusion coefficient (Dgb) of Cr in BCC Fe at room temperature is 4.1×10-40 m2/. and lattice
diffusion coefficient (Db) is even lower, i.e., 9.4×10-48 m2/s (diffusion coefficients were derived upon
extrapolation of the reported diffusion date at higher temperatures [27-29]). Assuming the effective
diffusion coefficient D can be expressed as the linear combination of grain boundary and lattice
diffusion coefficients as following:
D=fDgb+(1-f)Db

(4)

where f, grain boundary fraction can be represented as [30]:
(5)
d is the grain size and δ is the grain boundary thinness. Using equation 4 and 5 the diffusion
coefficient can be calculated as a function of grain size. Diffusion coefficient of Cr for nanocrystalline
alloys with a grain size of 10 nm (assuming grain boundary width to be 1 nm) was calculated to be
1.2×10-40 m2/s and that of fine grain material with grain size of 5 µm was8×10-43 m2/s. At this low
diffusion coefficients; transport of Cr from the bulk to corrosion film/metal interface (and therefore Cr
enrichment of corrosion film) does not seem feasible and therefore an alternative explanation for Cr
enrichment of passive film is required.
It seems possible to explain the higher Cr content of the passive film formed on nanocrystalline
Fe-Cr alloys on the basis of the combined role of nanocrystalline structure and oxidation potentials of
Cr and Fe in the formation (or lack of formation) of passive layers with Cr enrichment. One of the
theories for the passivity of stainless steels is based on the selective dissolution of Fe and formation of

Int. J. Electrochem. Sci., Vol. 8, 2013

6803

Cr oxide layer in the potential regime where Cr form stable Cr-oxide whereas Fe will dissolve [17,3135]. This is possible because the passivation potential of Cr is considerably more negative than for Fe.
However, in the potential regime where Cr oxidizes to form protective oxide but Fe undergoes
dissolution, any factor that may facilitate surface reactivity will aid to both the processes (i.e., Cr-rich
oxide film formation and Fe dissolution). Nanocrystalline surfaces, due to high fraction of grain
boundaries and triple points, are considerably more reactive than microcrystalline surfaces [2,18,30].
Consequently, the simultaneous dissolution of Fe and formation of Cr-oxide layer was accelerated
leading to enhanced Cr content of the passive film.

4.3. Enhancement of pitting resistance in presence of chloride ions
Chloride ions caused a significant increase in the measured anodic current density and a
negative shift in the breakdown potential [6]. Despite of same Cr content, pitting resistance (as
expressed by anodic current densities and breakdown potential) of nanocrystalline alloy remained
superior to that of the microcrystalline alloy. This can be explained on the basis of formation of
passive layer richer in Cr which offers improved resistance to disruption in the passivity by Cl- ions
[6,35] and therefore nanocrystalline Fe20Cr alloy showed comparatively better pitting resistance.

4.4 General discussion
Nanocrystalline metals are reported to have increased adsorption capabilities [2,36,37].
According to adsorption theory of passivity as proposed by Frumkin [38] and supported by Uhlig [3941], inhibition of the anodic process are regarded as being due to adsorption of atoms of oxygen (or
other atoms) which retarded the anodic process of metal dissolution. Increased adsorption of oxygen
on nanocrystalline alloys therefore may be one of the reasons of increased passivation ability, i.e.,
lower critical current density and more negative passivation potential.
However, more recently, the point defect model (PDM) as proposed by Macdonald and coworkers [42,43] described the growth and breakdown of passive ﬁlm from a microscopic perspective.
This model is based on the assumption that the passive ﬁlm contains a high concentration of point
defects, such as oxygen vacancies and metal cation vacancies. Generation and annihilation of these
vacancies also occurs on the metal/film interface which is influenced by the substrate material. The
growth and breakdown of the passive ﬁlm involves migration of these point defects under the inﬂuence
of the electrostatic ﬁeld in the passive ﬁlm. Thus, the key parameters in determining the transport of
point defects and hence the kinetics of ﬁlm growth is the density and the diffusivity of the defects in
the passive ﬁlm. These parameters can be determined by Mott-Schottky analysis. Meng et al. [9]
reported formation of an n type passive film on both nc and mc alloys where the donor density of the
passive film formed on nanocrystalline alloys was found to be significantly less than that of
microcrystalline alloys which indicated improved passivation behaviour (i.e., enhanced resistance to
passive film destruction) of nanocrystalline alloys. However, a p-n type passive film was reported by
Ye et al. [11] where the density of donor and accepter did not change significantly. Therefore, detailed

Int. J. Electrochem. Sci., Vol. 8, 2013

6804

Mott-Schotty analysis in conjunction with PDM may be a powerful tool in understanding the effect of
nanocrystalline structure on the passivation behaviour of FeCr alloys in the future.
It was reported than nanocrystalline surfaces possess lower electron work function (EWF) than
microcrystalline surfaces and also adhesive forces increase with decreases in the EWF [44]. This
indicates that the passive film formed on the nanocrystalline surface possess enhanced adhesion
strength between passive film and the alloy surface due to the increase in the electron activity at grain
boundaries and possible pegging of the passive film in to the grain boundaries [12,44]. Increased
adhesive strength may lead to improved passivating ability of the alloy as observed in the current
study.
The findings presented in this paper may possibly contribute towards meaningful implications
regarding the development of more corrosion resistant stainless steel with lower Cr content if the
associated production processes can be up scaled. Further, the effect of nanocrystalline structure on the
properties may differ by several orders of magnitude if the grain size is reduced further to ~10 nm or
less as the volume fraction of triple points increases sharply with grain refinement [30]. With the help
of improved processing techniques, it was possible to develop artefact free nanocrystalline Fe-Cr based
alloys with the grain size of less than 10 nm [45,46]. Further investigations, comparing the effect of
such fine grain size (<10 nm) on corrosion behaviour of Fe-Cr alloys will be reported in the subsequent
publications.

4. CONCLUSIONS
Nanocrystalline and microcrystalline Fe20Cr alloys were successfully prepared by ball milling
followed by annealing, compaction and sintering. The passivation behaviour of nc and mc Fe20Cr
alloys as tested in the two solutions using potentiodynamic polarization test established that grain
refinement (to the nanometer scale) led to substantial improvement in the passivation behaviour, and
that the pitting resistance was also substantially improved.
The enhanced passivation behaviour and pitting resistance of nanocrystalline Fe20Cr alloy
were attributed to the formation of a passive surface film richer in Cr. This Cr enrichment of the
passive film formed upon the nanocrystalline alloy surface in the two solutionps was confirmed using
XPS and SIMS analysis. Some possible mechanisms of Cr enrichment of the passive film formed on
the nanocrystalline alloy were proposed.
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