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Abstract

The electrochemical properties of the passive film formed on surface-modified 301 stainless steel (SS) were examined in the
present study. After surface treatment, the passive film analysis was carried out via X-ray photoelectron spectroscopy (XPS)
technique, while the surface microstructure of the samples was examined by scanning electron microscope analysis. With
Cr 2p, Fe 2p, O 1s, Ni 2p, and C 1s as the principal spectra in the passive film, the Cr 2p spectrum shows two major peaks
at 574.3 eV and 583.8 eV corresponding to Cr 2p;,, (Cr in the metallic state) and Cr 2p, 5, respectively. The Fe 2p spectrum
has two major peaks of 707.1 and 720.1 eV corresponding to Fe 2p;,, (Fe in metallic state) and Fe 2p,,, peaks, respectively,
while the binding energies of 853.3 and 875.1 eV for the Ni 2p spectrum correspond to nickel in the metallic state. The XPS
spectra revealed a higher percentage of Cr in the passive film of the treated 301 SS when compared with other elements.
From the polarization results, the treated 301 SS possessed a lower corrosion current density of 1.401 mA/cm? and higher

corrosion potential of — 0.085 V.

Introduction

After surface modification, the study on the passive film
analysis and general corrosion property of stainless steels
is presently receiving wide attention for many engineering
applications. To a large extent, characterizing the passive
layers formed on steel type 301 steel goes a long way in
determining its corrosion resistance performance which
will compliments its inherent properties (high hardness and
strength). Moreover, these properties can be enhanced via
surface treatments or modifications [1-3] under the right
atmospheric conditions and with appropriate processing
parameters.

Several methods of surface modifications such as ultra-
sonic peening, surface mechanical attrition treatment
(SMAT), and many more [1, 4-6], have been adopted in the
past to enhance the surface properties of metallic materials.
Compared to other forms of surface modification such as
machining, heat treatments, coatings, or electrodepositions
[7-12], SMAT has been recognized as an important tool
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for generating nanocrystalline layers on the material surface
and refining the microstructure to nanoscale level, thereby
significantly improving the overall properties without affect-
ing the original composition of the material. Over the years,
the SMAT system has been successfully applied to different
materials systems including Al, Ti, Co, Fe, Cu, Mg, stainless
steels, and many more [13—18]. The positive feedbacks on
stainless steels from previous studies coupled with the fact
that the material’s inherent properties are not often tampered
with necessitated the choice of SMAT as the surface modi-
fication method in the present study.

The methods of surface nanocrystallization adopted
could influence the corrosion resistance of materials to a
large extent [19-26]. For instance, surface treatment by
equal channel angular processing (ECAP) has been shown to
enhance the corrosion resistance of nanocrystalline 304 steel
[27], while the corrosion resistance of 409 steel decreased
after surface treatment by SMAT at various processing times
following the increase in microstrain during treatment [15].
This indicates that the corrosion properties largely depend
on the nature and type of surface treatments, processing
parameters, environmental conditions, etc. [28-31].

The present study characterizes the passive film formed
on steel type 301 after mechanical deformation via SMAT
and determine its aftermath corrosion properties. The sur-
face microstructure of the untreated and treated samples was
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characterized by scanning electron microscope (SEM). The
corrosion resistance behaviour was studied by polarization
tests and electrochemical impedance spectroscopy (EIS) analy-
sis. The elemental composition of the passive film formed after
surface mechanical treatment was characterized by the X-ray
photoelectron spectroscopy (XPS) technique.

Experimental

Materials

A commercial steel type 301 was used in the present study
with a chemical composition of (wt%) Cr: 18.00; Ni: 10.00;

C: 0.15; Mn: 2.00; Si: 1.00; S: 0.03; P: 0.05; Fe: bal. The
sample subjected to SMAT on both surfaces was treated for

300 s. The SMAT process has been explained in detail in
previous studies [4, 19, 32-34]. The morphology of both
samples were observed by a Scanning Electron Microscope
(FEI Quanta 450 FEG SEM). The composition of the pas-
sive layer obtained after treatment was studied using X-ray
photoelectron spectroscopy (XPS PHIS082, Japan), with an
initial photon energy of 1486.6 eV.

Corrosion tests

The corrosion behaviour of the untreated and treated sam-
ples was investigated by electrochemical tests carried out
in 0.6 M NaCl solution using Thales Z3.04 USB electro-
chemical workstation (Germany). Th corrosion tests were
carried out adopting the conventional three-electrode cell
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Fig.2 XPS analysis of both untreated and treated 301 SS samples: a
Cr 2p core-level spectra and b XPS survey spectra

system with silver/silver chloride as the reference electrode,
platinum as the counter electrode, and the samples as the
working electrode. After the open circuit potential (OCP),
potentiodynamic polarization test was carried out to meas-
ure the corrosion potential (E_.,,) and corrosion current
density (i.,,,) of the untreated and treated samples. The test
was completed at a scan rate of 1 mV/s, in the potential
range from — 0.1 to+0.12 V. The electrochemical imped-
ance spectroscopy (EIS) study was utilized to compare the
impedance behaviour difference between the untreated and
treated samples, over the frequencies range from 100 mHz to
100 kHz with an amplitude of 10 mV. The electrochemical
studies were repeated three times and the EIS parameters
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with equivalent circuit models were determined from the
Nyquist plot after fitting the data using EIS spectrum ana-
lyzer software.

Results and discussions

The XPS spectra of Cr 2p, Fe 2p, O 1s, Ni 2p, and C 1s of
the passive films formed on the treated 301 steel are shown
in Fig. la—e, respectively. In Fig. 1, similar peaks located at
the same binding energy were observed for both untreated
(designated by the black curves) and treated 301 steel (des-
ignated by the blue curves); however, a higher intensity was
obtained for the treated sample. For the high-resolution XPS
spectrum of Cr (Fig. 1a), two peaks are seen at 574.3 eV and
583.8 eV corresponding to Cr 2p;,, and Cr 2p, ,, respectively
[35-37] with the difference of 9.5 eV between the peaks.
However, the Cr 2p;,, peak can be related to chromium
(Cr) in the metallic state. The Fe 2p spectrum (Fig. 1b)
shows two main peaks at 707.1 and 720.1 eV which can be
ascribed to Fe 2p;,, and Fe 2p, ,, respectively [38, 39], with
13.1 eV apart the peaks. The Fe 2p;,, peak can likewise be
ascribed to iron (Fe) in the metallic state. The O 1s spectrum
(Fig. 1c) is centred at 531.5 eV [40] which is related to oxy-
gen vacancies, while the Ni 2p spectrum (Fig. 1d) shows two
major peaks at 853.3 and 875.1 eV which can be attributed
to nickel (Ni) metal [41, 42], with 21.8 eV separating the
peaks.

Moreover, an additional small peak at binding energy of
872 eV in Fig. 1d is a shakeup satellite of Ni2p,,, peak.
Meanwhile, the C 1s spectrum (Fig. le) is centred at
284.8 eV. As indicated in Fig. 2, the Cr 2p core-level spec-
tra revealed a higher signal (Fig. 2a) and the XPS survey
spectra (Fig. 2b) for the treated sample compared with the
untreated sample.

The treated sample exhibited an increase in Cr content
when compared to the untreated sample. Five main peaks
located at 853.3, 707.1, 531.5, 574.3, and 284.8 eV relat-
ing to Ni 2p, Fe 2p, O 1s, Cr 2p, and C 1s, respectively, can
be seen (Fig. 2b). Figure 3a—d shows the potentiodynamic
polarization curves, Nyquist plot, impedance plot and phase
angle plots for the untreated and treated 301 steel sample in
0.6 M NaCl solution. The corrosion current density (i..,,)
and potential (E_,,,) values were obtained from the polari-
zation curves through the Tafel extrapolation method. As
indicated in Fig. 3a, compared to the untreated sample with
the corrosion current density value of 2.778 mA/cm?, the
treated sample exhibited a reduced corrosion density value
of 1.401 mA/cm?. Likewise, the untreated sample possessed
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an £ value of — 0.095 V, whereas a higher corrosion
potential of — 0.085 V was obtained for the treated sample,
hence an improvement in corrosion resistance. These obser-
vations show the positive influence of surface treatment by
SMAT on the corrosion behaviour of 301 SS.

As revealed in the EIS analysis, the larger diameter of
capacitive semicircle for the treated sample (Fig. 3b) indicates
the formation of more dense passive films on the sample sur-
face, hence an improved corrosion resistance for the treated
samples. The improved corrosion resistance is also substanti-
ated by the increase in the impedance (Fig. 3c) and phase angle

(Fig. 3d) for the treated sample. After surface treatment, the
corrosion resistance of the untreated and treated samples was
compared in 0.6 M NaCl aqueous solution. The SEM micro-
graph revealed a better corrosion resistance for the treated
sample (Fig. 4b) as compared to the untreated sample (Fig. 4a).

The passive film is characterized with Cr 2p, Fe 2p, O 1s,
Ni 2p, C 1s as the principal elements. In general, the impact of
surface mechanical treatment largely depends on the process-
ing time, nature and type of materials, the materials of the ball
used, the quantity and size of the balls, as well as the power
voltage [21-27].
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Fig.4 SEM images of untreated and treated 301 SS samples, after
polarization in sodium chloride solution: a untreated and b treated

Conclusion

The passive films formed on the surface of 301 SS after
surface treatment were characterized via X-ray photoelec-
tron spectroscopy (XPS) technique, polarization studies,
EIS analysis, and scanning electron microscopy (SEM)
analysis. The elemental composition of the passive film
characterized by XPS technique revealed the presence of
Cr, Fe, O, Ni, C as the main elements in the passive film
for both samples, with a higher level of Cr content in the
treated sample as compared with that of the untreated one.
The Cr 2p spectrum shows two major peaks at 574.3 eV
and 583.8 eV corresponding to Cr 2p;;,, and Cr 2p,,,,
respectively. For the high-resolution XPS spectrum of
Fe, two peaks are seen at 707.1 and 720.1 eV which can
be ascribed to Fe 2p;,, and Fe 2p,,,, respectively, while
the Ni 2p spectrum shows two main peaks at 853.3 and
875.1 eV which can be linked to Ni 2p;,, and Ni 2p,,,
respectively. The C 1s and O Is spectra are centred at
284.8 and 531.5 eV, respectively. The electrochemical
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tests revealed that the treated 301 SS possessed a corro-
sion potential of — 0.085 V and a corrosion current density
of 1.401 mA/cm?.,
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