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A B S T R A C T

The impact of different industrial surface treatments, such as electropolishing and micro-undulation, on the
mechanical and corrosion properties of cold-rolled 316L stainless steel has been investigated. The nature of the
passive layers created by the three surface finishes led not only to chemical differences as determined by XPS
analysis, but also to dissimilar roughness and mechanical response as shown by surface topography and na-
noindentation analysis, respectively. The industrial surface treatments appeared to improve the protective anti-
corrosion properties of the stainless steel as shown by electrochemical impedance analysis. Differences in re-
passivation abilities were demonstrated through cyclic voltammetry and were discussed in terms of chemical
profiles in the passive layer as determined from XPS. Finally, considering the passive layer as a semiconductor
material, it is shown that Mott-Schottky plots are in good agreement with the chemical profile of the passive
layers.

1. Introduction

The development of stainless steels dates to the end of 19th and the
beginning of 20th centuries. Since then, new compositions and pro-
cessing technologies have been evolving, improving their final prop-
erties. Nowadays, stainless steels are extensively produced (about
50.7 million metric tons in 2018) [1] for usage in several industries
such as pharmaceutical, biomedical, automobile, aeronautical, food,
building, etc. Their attractiveness is related to their high strength and
principally to their outstanding corrosion resistance, which results from
the presence of passive layers formed on their surface.

Although passive films are spontaneously formed upon exposure to
the atmosphere, stainless steels generally pass through different surface
treatments to improve their performance under service. Typical treat-
ments can be classified into chemical, electrochemical and severe
plastic deformation (SPD) processes. Among common chemical pro-
cesses there are pickling, which consists in the removal of oxides to
create a clean metallic surface for self-passivation, and passivation,
which consists in a chemical bath that promotes the formation of the
passive layers with superior properties [2,3]. Concerning the electro-
chemical treatments, electropolishing is one of the widely used proce-
dures, which triggers preferential dissolution reactions in an

appropriate solution upon the application of anodic currents [3,4]. SPD
processes are considered as metal forming techniques, involving heavy
straining under high pressure that modifies the microstructure, e.g.
surface mechanical attrition (SMAT), shot peening, etc. [5,6]. In gen-
eral, chemical and electrochemical treatments are principally applied to
improve the corrosion resistance of stainless steel [4] and SPD processes
to enhance physical, mechanical and chemical properties [5]. The
chemistry of the passive films of stainless steels is definitely affected by
these surface treatments, e.g., preferential dissolution of some elements
during electropolishing; leading to a different mechanical response of
the film and to particular corrosion resistance properties [4,7].

Apart from the corrosion resistance enhancement produced by the
mentioned treatments, another important feature is the modification of
surface roughness. Particularly, electropolishing is broadly used in
stainless steels to reduce their roughness, giving a brilliant and shiny
aspect to the surface, desired in many applications such as semi-
conductors and esthetic and cleaning purposes [4,8]. Roughness is a
key parameter that directly affects the material performance. In the
case of stainless steels the surface roughness has a strong effect on the
corrosion behavior [9–11]. For instance, Hilbert et al. [10] found an
improvement in the corrosion resistance of 316 stainless steel against
disinfecting agents and NaCl, while reducing surface roughness by
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mechanical polishing and electropolishing. Additionally, micro-
structural changes in stainless steels produced by surface treatments
could modify their corrosion, mechanical and tribocorrosion responses
[12–14]. Chen et al. [13] found a remarkable increase in the inter-
granular corrosion resistance of 304 stainless steel by creating a high-
density twinned microstructure. Moreover, Bagherifard et al. [14] stu-
died grain refinement produced by shot peening of 316L, which also
modified the roughness, wettability and induced work hardening of the
material surface.

Moreover, surface topography could affect the tribological response
of these materials as well as their tribocorrosion behavior [15–17]. In
this direction, this work is a first attempt to investigate the properties of
316L stainless steels (316LSS) surfaces treated by a recently developed
technology (micro-undulation [18]) which produces a particular topo-
graphy. Micro-undulated surfaces are claimed to present superior tri-
bocorrosion behavior, particularly in systems susceptible to wear-cor-
rosion solicitations. This surface treatment has shown interest to the
food, agriculture and pharmaceutical industries, in applications where
the transportation of suspensions presenting solutes of various types
(granulates, powders, grains, flour, animal feed, etc.) are needed.

By considering the importance of surface treatments applied to
stainless steels and their relevance in their resulting performance under
service, this work evaluated the microstructural, chemical, mechanical
and corrosion properties of 316L stainless steels with three different
industrial surface finishes, namely: passivation, electropolishing-passi-
vation and mechanochemical-electropolishing-passivation (micro-un-
dulation).

Corrosion investigations were performed in NaCl media, since the
interested industries (food, agriculture and pharmaceutical) report that
chloride-based salts present either in the transported products or in the
disinfecting agents eventually remain attached to the stainless steels
walls, contributing for the initiation of localized corrosion processes.
The achieved outcomes showed that industrial surface treatments in-
deed strongly modify the behavior of 316 LSS presenting the same
nominal composition.

2. Materials and methods

2.1. Materials

The studied materials were 316L stainless steel plates produced by
Aperam (France) undergoing different industrial surface treatments
performed by Packo Inox (Belgium). The nomenclature employed to
designate the three distinct treated surfaces is the following:

- SSO: passivation (followed by water rinsing). This sample was
considered as the reference surface.

- SSEP: electropolishing process (bath temperature = 65 °C; current
densities between 20 and 40 A/dm2) followed by passivation.

- SSM: micro-undulation followed by electropolishing and passiva-
tion. The micro-undulation technology is a mechanochemical pro-
cedure that consists in the combination of severe plastic deforma-
tion process and acidic etching. The aim of this procedure is to
produce a micro-roughness topography, which is later locally re-
duced in a controlled way (via electropolishing) to achieve the
micro-undulated character. This technology is employed for appli-
cations in which tribocorrosion resistance is required [18].

Initially, all surfaces presented a 2B surface finish (cold rolling,
annealing, pickling and light skin cold rolling; which is the most
common cold rolled finishing in the industry [19,20]) prior to receiving
the complementary treatments described above. It is important to em-
phasize that the authors do not have full access to the technical details
of surface treatments due to industrial confidentiality agreements.

The composition of the specimens, as determined by X-ray fluores-
cence (S1 TURBOSD, Bruker, USA) in duplicate, is presented in Table 1.

No relevant chemical difference existed between SSO, SSEP and SSM.

2.2. Optical microscopy and scanning electron microscopy (SEM)

The treated surfaces were primarily observed by optical microscopy
(Hirox 3D Digital Microscope, France) and then subjected to SEM
analysis (Hitachi S-520, Japan). Prior to SEM observations, the surfaces
were heated up at approximately 50 °C and then etched with glyceregia
during 5 to 10 s (3 parts of glycerol, 3 parts of HCl and 1 part of HNO3).
Complementary SEM observations were performed after corrosion
testing by employing a Hitachi SU8020 microscope (Japan).

2.3. X-ray photoelectron spectroscopy (XPS) analysis

XPS depth profile analysis was carried out on a Phi Versa Probe
5000 system (resolution 0.1 eV) using an Al Kα (1486.6 eV) radiation as
the excitation source. The spectra were recorded in constant analyzer
transmission mode and an estimated error of 0.1 eV was assumed for all
measurements. The measurements were carried out employing an Al X-
Ray source with spot size of 200 μm (50 W). The pulverization energy
was equal to 500 V and thickness calibration was achieved on SiO2/Si
wafer, allowing the depth analysis to be converted from the sputtering
time. Quantitative analysis was accomplished by determining the ele-
mental peak areas, following a Shirley background subtraction. Survey
spectra were recorded using 2187.85 eV pass energy with a 0.5 eV step
and high-resolution XPS survey spectra were recorded using 29.5 eV
pass energy with a 0.2 eV step. All spectra were corrected for the
transmission function of the spectrometer.

2.4. Surface morphology characterization

The surface topography of the 316LSS plates was studied by contact
and optical profilometry. Contact profilometry was performed using a
Tencor (KLA-Tencor, USA). Five profiles of 8 mm length were measured
in each sample with a spacing of 1 mm to calculate the roughness and
waviness parameters of the samples. Optical profilometry was per-
formed in a Veeco NT-9300 (Brucker, USA) to obtain a 3D measurement
of the surface topography (~1 × 1 mm2).

2.5. Mechanical characterization

The mechanical characterization of the stainless steel plates was
performed by means of nanoindentation tests performed on the top
surfaces, carried out in a Nano Indenter® XP (MTS Systems Corporation,
USA) with a Berkovich diamond tip. The continuous stiffness mea-
surement (CSM) mode was chosen for a continuous measurement of
hardness and elastic modulus with penetration depth (h). The calibra-
tion of the diamond tip was performed on a fused silica sample using
the CSM mode. The tests conditions were maximum penetration depth
(hmax) 2000 nm, strain rate 0.05 s−1, frequency 45 Hz and harmonic
displacement 2 nm. At least 10 tests were performed for repeatability
purposes.

2.6. Electrochemical characterization

All electrochemical tests were performed in 0.5 M NaCl electrolyte

Table 1
Composition (wt%) of the 316LSS samples presenting different surface treat-
ments (0.02–0.03% C).

Fe Cr Ni Mo Cu Mn Si

SSO 69.40 17.30 10.05 2.23 0.45 0.30 0.21
SSEP 69.35 17.30 10.02 2.23 0.46 0.30 0.21
SSM 69.35 17.25 10.08 2.24 0.47 0.35 0.22
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by employing 316LSS coupons ultrasonically degreased in acetone
(10 min). The potentiostat used was the AMETEK Parstat 2273
(Powersuite® software). The electrochemical cell comprised the stain-
less steels as working electrodes (~7.1 cm2 of exposed area), an Ag/
AgCl/KClsat (+197 mV/SHE) as reference electrode (RE) and a pla-
tinum coil as auxiliary electrode. All tests were conducted inside a
Faraday cage and were repeated at least twice. In order to avoid sub-
stantial alteration of the treated surfaces, no cathodic step for electro-
chemical reduction of air-formed passive films was undertaken.

2.6.1. Polarization curves
Potentiodynamic polarization curves were obtained starting from

the cathodic branch up to the anodic branch, from −600 mV to about
+800 mV, at a scan rate of 0.5 mVs−1. The OCP was monitored for
30 min prior to starting the test. In addition, anodic cyclic voltammetry
experiments were carried out on specimens immersed for 30 min and
for 58 days. In these experiments, one first forward sweep (starting
from the OCP up to +650 mV) was followed by a back sweep (down to
the OCP ± 50 mV) and a second forward sweep (up to +650 mV),
using a scan rate of 0.5 mVs–1.

Potentiostatic polarization testing was also performed by applying
an anodic potential of +0.8 V for 15 min (with the aim of promoting
stable pitting growth).

2.6.2. Electrochemical impedance spectroscopy
Electrochemical Impedance Spectroscopy (EIS) testing was peri-

odically applied to the treated surfaces immersed during 57 days of
immersion. A 10 mV RMS amplitude signal voltage (vs OCP) was em-
ployed, with frequencies varying between 100 kHz to 10 mHz
(10 points/decade in logarithmic scale). Prior to EIS measurements, the
OCP was followed for 30 min. Each individual impedance scan took
about 15 min to be completed. An electrical equivalent circuit (de-
scribed in the Results topic) was proposed to simulate the behavior of
the passive layers present on the 316LSS surfaces.

Finally, a Mott-Schottky approach was employed to analyze the
semiconducting properties of the oxide films presented on the 316LSS
treated surfaces. The validity of such analysis relies on the assumption
that the capacitance of the space charge layer is much smaller than that
of the double layer. Hence, the capacitance determined is mainly from
the contribution of the space charge layer [21]. EIS measurements were
successively performed from −450 mV to +400 mV at a fixed fre-
quency of 1 kHz [21–25] and using a potential step of 50 mV [26–28].
The scan rate of 50 mV/step was employed in order to avoid changes in
the passive film [25]. One entire experiment was recorded under
15 min of immersion. The capacitance was calculated from EIS data
according to Eq. (1), where ω is the angular frequency, Z″ is the ima-
ginary part of impedance and |Z| is the impedance modulus [29]. Re-
producibility of EIS results was asserted in duplicate tests.

=
′

′

C Z
ω |Z|2 (1)

3. Results and discussion

3.1. Microstructural characterization

Preliminary optical microscopy inspection was performed
(Fig. 1(a)) on the stainless steel samples. The main observations were
the clear cold rolling marks on the SSO surface, the well-finished sur-
face of SSEP and the particular topography of SSM provided by the
micro-undulation treatment. The cold rolling marks on SSO were no
longer visible on the SSEP and SSM samples after the applied surface
treatments (electropolishing and micro-undulation). With the aim of
further analyzing the microstructural features of the surfaces, the
samples were etched and observed by SEM (Fig. 1(b)). Working under
secondary electron mode, relevant microstructural differences were

revealed.
First, SSO exhibited a grain-like microstructure, as typically ob-

tained after pickling followed by a light skin pass cold rolling stage
(steps performed to obtain the surface finish 2B [10,20,30,31]. The
same microstructure was observed without the SEM sample preparation
protocol. Regarding the sample subjected to electropolishing process
(SSEP), its surface showed a grain-like microstructure presenting
twinned grains, which is characteristic of austenitic stainless steels such
as the 316L. This microstructural modification was most likely related
to the intrinsic removal of the material by preferential electrolytic
dissolution during electropolishing [4]. This microstructure was also
observed without application of the sample preparation steps, although
features were easier to highlight after etching.

With respect to SSM, it presented a completely dissimilar micro-
structure yet: the grains showed an important degree of twinning and
twin interactions (Fig. 1(b)). These microstructural changes were cre-
ated by the micro-undulation process. As a result of mechanical mod-
ification processes, such as surface mechanical attrition or shot peening,
intensive plastic deformation was introduced due to the particles im-
pacting the surface under specific conditions [6,13,14,32]. In general,
these processes produce grain refinement and nanostructuration of the
surface [6,13,14]. Although the authors could not publish all details of
the industrial micro-undulation procedure (due to confidentially
agreements), we confirm that the SSM surface was subjected to an SPD
process as part of the applied mechanochemical treatment.

3.2. Chemical characterization

XPS depth profile analysis was performed from the top surface of the
stainless steels down to about 20 nm depth. Fig. 2 displays the achieved
distributions of Fe, O, Mo, Ni, Cr (at.%) for SSO (a), SSEP (b) and SSM
(c). The thickness of a passive layer might be estimated by considering
that it approximately corresponds to the depth of the half-maximum O
signal [33,34]. Although this definition is approximate, it suggested
that thicknesses of the passive films were similar, lying somewhere
between 3 and 5 nm and certainly not exceeding 10 nm (proportions of
Fe were excessively high beyond this depth). Fig. 2(d), (e) and (f) shows
the element ratios of Cr/Fe, Ni/Fe and Mo/Fe respectively from the
external surface down to 10 nm. Relevant information could be high-
lighted from these fraction representations of the main alloying ele-
ments of 316L. First, the Cr/Fe ratio (d) was significantly higher for
SSM and SSEP in comparison to SSO. The proportion of Cr was parti-
cularly high on the top surface of SSM. The electropolishing process
(SSEP and SSM) is known for preferentially removing iron, leading to a
superficial enrichment in chromium [35–37]; in agreement with the
obtained results. Additionally, the Ni/Fe evolution (e) stated that the Ni
proportion from the passive layer of SSO and SSEP were significantly
higher than for SSM. This fact indicated that the micro-undulation
process was responsible for a strong selective dissolution of Ni from the
surface, probably related to the acidic etching step. Furthermore, the
clearly higher proportion of Mo (f) observed for SSM might be re-
sponsible for improving the pitting resistance [38–41].

Most importantly, this elemental profile analysis pointed out to an
expected enhancement of the anti-corrosion properties of SSEP and
SSM, as the passivation and repassivation abilities of stainless steels are
mainly related to the Cr content [42,43]. According to Luo et al. [25], a
certain Cr/Fe value ratio is a necessary condition for maintaining the
repassivity of stainless steels.

3.3. Surface morphology characterization

In order to assess the surface topography features of the stainless
steel plates, surface profiles obtained by means of contact profilometry
measurements were evaluated with the Mountains®7 software (Digital
Surf, France) according to the procedure described in the ISO 4287
standard. Prior to the parameters' computation, the nominal form was
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subtracted from each profile (using a 2nd degree polynomial). The
achieved results are summarized in Table 2, where two typical ampli-
tude parameters for roughness and waviness profiles respectively are
presented. In Table 2 Ra is the arithmetic mean deviation of the assessed
roughness profile, and Rt corresponds to the total height of the rough-
ness profile while Wa and Wt are the equivalent parameters measured
on the waviness profile [44]. Whereas the roughness is often related to
surface irregularities inherent to the production process, the waviness
arises from vibrations, work deflections and strains in the material.

The results displayed in Table 2 indicate that all three surfaces
present Ra roughness in the nanometric scale. However, clear differ-
ences among the different surfaces can be observed. First, the electro-
polishing process reduced the Ra and Rt values of SSO by approximately
40% and 50%, respectively, while the waviness parameters (Wa andWt)
remained quite similar compared with SSO. Secondly, the micro-un-
dulation process affected both roughness and waviness, leading to im-
portant modifications of the surface topography (Ra passing from ~0.10
to ~0.97 μm; Wa from 0.064 to 0.240 μm). A representative profile
obtained for each sample is showed in Fig. 3, revealing the contrast
between the surfaces.

Moreover, these differences between the surface topographies of the
three samples were confirmed by optical profilometry (Fig. 4). These
surface characterization analyses highlighted the smoothness of the
SSEP surface as well as the accentuated peak-to-valley topography of
SSM.

3.4. Mechanical characterization

Generally, around the indentation imprint, two deformation modes
could occur: sink-in and pile-up. Sink-in arises when the material is
displaced downwards underneath the indenter. Conversely, pile-up in-
volves an upward displacement of the material during indentation.
Then, according to the prevailing deformation mode, the contact area
involved in the estimation of the mechanical properties varies [45]. The
deformation mode depends on the EIT/Y ratio (being Y the yield
strength) and on the strain hardening coefficient. Typically, pile-up
increases in materials with large EIT/Y and little or no capacity for work
hardening, because work-hardening ability inhibits pile-up formation,
as the material adjacent to the indenter hardens during deformation
and constrains the upward flow [46].

Sink-in was expected as the predominant deformation mode for SSO
and SSEP, since 316L stainless steels typically present high strain
hardening exponent and high EIT/Y ratio in the annealed state [46,47].
On the contrary, the SSM surface was expected to be primarily de-
formed by pile-up, since plastic deformation introduced during the
fabrication process is likely to diminish the strain hardening exponent
as previously found by Wu et al. [47] after applying a similar surface
treatment.

To confirm this first analysis, the residual imprints were in-
vestigated by optical profilometry. Then, according to the surrounding
deformation (Fig. 5), sink-in was considered as the main deformation
mode and the Oliver and Pharr method [46] was used for calculations
concerning the SSO and SSEP samples. Conversely, for the SSM sample,

Fig. 1. (a) Optical microscopy images of the 316L stainless steel plates with the three surface treatments: SSO, SSEP and SSM. (b) SEM images in secondary electrons
mode from the microstructure of 316LSS plates (SSO, SSEP, SSM). Surfaces were etched with glyceregia prior to observations according to the sample preparation
protocol.
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pile-up was observed and the Loubet et al. [48,49] method was then
applied. The corresponding values of the hardness (HIT) and the elastic
modulus (EIT) computed from CSM from nanoindentation tests [46]
considering the previous observations are summarized in Table 3. The
given values were averaged for displacements between 1500 nm and
2000 nm to avoid data affected by passive films.

The obtained elastic modulus values (Table 3) were similar, re-
gardless the surface treatment, as anticipated because it is an intrinsic
material property and should not be modified with the applied surface
treatments. In contrast, hardness is modified by these treatments, the
value calculated for the SSM sample was significantly higher. This in-
crease was likely related to the extensive plastic deformation induced
by the micro-undulation process [12,14], which produced micro-
structural changes at the surface, such as twinning (Fig. 1(b)).

Fig. 6 shows a representative example at the beginning of the load-
displacement curves obtained by means of nanoindentation tests for
each of the three samples. A sudden increase of penetration at constant
load during the loading part of the curve, called pop-in, was observed in
all SSEP curves, nonetheless, this phenomenon was absent in the two
other samples (SSO and SSM). Pop-in events could be either attributed
to dislocation nucleation and multiplication, to the fracture of an oxide
film or material (brittle materials), or to phase transformations [50,51].
The pop-in phenomenon was registered for SSEP at an average pene-
tration depth of 6.9 ± 1.7 nm and a corresponding average load of
13.7 ± 4.5 μN.

In the case of SSEP, pop-in events were related to the through film

fracture of the passive layer, as already reported by other authors
[34,51]. During indentation, elastoplastic deformation of the film/
substrate system occurs. Therefore, tensile stresses are generated and
promote film cracking [34,51]. The mechanical response of the film
(fracture behavior and strength) is modified by the microstructure and
the chemical composition; usually the film strength is related to the
fracture load identified in a pop-in event on the loading curve [7,34].

Fig. 2. XPS depth profiling of Fe, O, Mo, Ni and Cr (at.%) obtained from the top surface down to 20 nm of the 316L treated surfaces: (a) SSO; (b) SSEP; (c) SSM.
Dashed lines represent the estimated positions of passive film/substrate interfaces. XPS profiling data in the form of elemental ratio of: (d) Cr/Fe, (e) Ni/Fe and (f)
Mo/Fe.

Table 2
Surface morphology parameters obtained for the 316 LSS plates by contact
profilometry analysis.

Rt (μm) Ra (μm) Wt (μm) Wa (μm)

SSO 2.39 ± 0.52 0.10 ± 0.01 0.56 ± 0.31 0.064 ± 0.015
SSEP 1.12 ± 0.59 0.064 ± 0.008 0.55 ± 0.19 0.073 ± 0.009
SSM 6.57 ± 0.73 0.97 ± 0.12 1.16 ± 0.19 0.240 ± 0.018

Fig. 3. Typical topography profiles of SSO, SSEP and SSM: (a) roughness and
(b) waviness. The z and x axes represent the profile amplitude and length, re-
spectively.
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Some authors agree that the strength of the passive layer increases with
the increase of chromium in the top layer [34,50]. Hence, the absence
of pop-in events in the load-displacement curves of the SSO and SSM
samples suggests dissimilar structures and chemical compositions (e.g.
crystalline, epitaxial growth [7]) of the passive film generated by the
three surfaces finish processes. Accordingly, the passive films of SSO
and SSM might fracture by small cracks relieving the stresses, even-
tually presenting imperceptible discontinuities on the load-displace-
ment curves instead of large pop-in events as proposed by Yassar et al.
[7] who found that the composition of the passive film modifies its
microstructure thus altering the mechanical response.

3.5. Electrochemical characterization

3.5.1. Corrosion characterization
The corrosion behavior of the 316LSS samples was firstly assessed

by means of potentiodynamic polarization method in 0.5 M NaCl
electrolyte. The obtained results systematically showed that no con-
siderable difference existed regarding the corrosion properties of the
different surface treatments under potentiodynamic polarization.

For instance, Fig. 7 shows that while minor differences existed be-
tween the OCP of the different surfaces, their pitting potential Epit was
quite similar, being around +400 mV Vs RE. Additionally, all sub-
strates presented quite similar passivation ranges with extensions of
about 500 mV. Although in principle the electropolished and the micro-
undulated surfaces were expected to present superior corrosion prop-
erties in comparison to the reference substrate, the outcomes pointed to
no significant differences. With respect to the cathodic branch, it could
be seen that all surfaces also presented the same behavior: a cathodic
process limited by oxygen diffusion down to about−600 mV Vs RE and
the activation of water reduction reaction at more negative potentials.
The similar overall corrosion behavior achieved for the three surface
finishes is reflective of their induced passivated state achieved in-
dustrially by a chemical passivation step.

Next, Electrochemical Impedance Spectroscopy was applied with
the aim of depicting possible differences in the electrochemical re-
sponse of the three types of surfaces exposed to 0.5 M NaCl.

The obtained EIS spectra were almost coincident for all substrates.
Fig. 8(a) shows the EIS curves obtained immediately after potential
stabilization; namely, 30 min after immersion. The impedance response
comprised two indistinguishable time constants (TC) located at medium
to lower frequencies and respectively related to the properties of the
passive layer and of the electrical double layer. As an approximation to
express the impedance properties of the passive oxide films, the su-
perimposed relaxation processes were described by a unique time
constant comprising a resistance in parallel to a capacitance (the con-
tribution from the double layer could only be fully sensed at lower
frequencies that are impracticable to be attained in practice).

The resistance of the oxide Rox and the capacitance of the oxide Cox

could be fitted by the electrical equivalent circuit showed in Fig. 8(a).
The evolution of Rox and Cox as a function of time up to 57 days of
immersion are presented in Fig. 8(b) and Fig. 8(c), respectively. The Cox

was calculated from the constant phase element CPEox employed in the
fitting for accounting the non-ideal behavior of the capacitor (Eq. (2))
[52]. Here, ωmax was considered to be 0.01 Hz, as it was the frequency
at which the imaginary impedance reached a maximum for the re-
spective TC. Fig. 8(d) displays the evolution of the n parameter, which
is a mathematical artifice that allows the correlation of the fitted CPE to
the capacitance (Eq. (2)). The n parameter is usually associated to the
surface heterogeneity.

=
−nC CPE(ω )max

1 (2)

The evolution of Rox (Fig. 8(b)) shows that no significant differences
existed between the resistances of the three types of passive layer under
investigation. Nonetheless, one might argue that the Rox from SSEP, and
particularly the one from SSM, were slightly higher and more stable

Fig. 4. Surface topography of 316L stainless steel plates obtained by optical
profilometry.

Fig. 5. Imprint profiles of the three surfaces SSO, SSEP and SSM obtained by
means of optical profilometry measurements, revealing pile-up formation in the
SSM sample. The tests were performed at a maximum penetration depth of 7 μm
for better observation of the imprint.

L.B. Coelho, et al. Surface & Coatings Technology 382 (2020) 125175

6



over time than the Rox from SSO. The slight decrease in resistance de-
picted for SSO after 18 days suggested the relative inferior protective
properties of its passive layer not subjected to electropolishing proce-
dures.

Fig. 8(c) shows that the capacitive response was considerably higher
for SSO than for SSM. As the capacitance is directly proportional to the
active surface area, the SSM sample, which undoubtedly presented the
roughest surface (Table 2) was expected to exhibit the highest Cox va-
lues. Despite the likely greater real surface area of SSM, the higher
charge accumulation detected for SSO suggested the poorer anti-cor-
rosion properties of this substrate. Concerning the SSEP sample, re-
gardless of its relatively smoother surface (Table 2) and consequently
lower area available for electrochemical reactions, it presented a Cox

evolution virtually identical to the one achieved for SSM. Once again,

this fact pointed out to the outstanding corrosion resistance of the
passive film formed on the micro-undulated surface. The inspection of
the n parameter evolution (Fig. 8(d)) reinforced the idea of the elec-
tropolished surface as the closest one to an ideal capacitor (n values
around 0.95), while the passive layer of SSO seemed to be the most
heterogeneous one (n values around 0.90).

Seeking at further assessing the protective properties of the dis-
similar passive films formed, samples were subjected to anodic cyclic
voltammetry (CV) tests in 0.5 M NaCl. Considering that no difference
between the anodic branches was verified under traditional potentio-
dynamic polarization (Fig. 7), the CV approach here employed aimed at
testing the repassivation ability of the passive layers, besides their
passivation properties (Epit, passivation range). Fig. 9 shows the cyclic
voltammetry curves obtained for the three types of samples after
58 days of exposure to 0.5 M NaCl.

It could be seen that after 58 days, the repassivation ability of SSO
was considerably worse than the other two specimens. Indeed, not only
the current density (j) of SSO was the highest one achieved after pas-
sivity breakdown (group of arrows 2), but it also remained considerably
higher than the current density values of SSEP and SSM during the back
scan (arrows 3 and 4). Finally, during the second positive-going scan
(arrows 5 and 6), the j values measured for SSO remained extremely
high, indicating the poor repassivation ability of this surface.
Concerning the SSEP and SSM samples, these behaved relatively similar
from the first forward sweep up to the starting of the second one (ar-
rows 1 to 5). During the final anodic sweep, although j values were
relatively higher than the ones measured during the first anodic sweep,
they were still significantly lower than those computed during the back
scan. These results clearly demonstrated that the SSEP and SSM systems
could repassivate to some extent, although passive layers formed in-
operando in NaCl solution were less protective than those of the ori-
ginal treated surfaces. Yet, during the second forward scan (arrows 6), a
vertiginous increase of j was observed for SSEP from about +0.10 V,
while the anodic response of SSM remained relatively steady up to
potentials as high as ~+0.44 V.

In order to better illustrate the results achieved by CV tests, Table 4
presents the following parameters extracted from the curves obtained
during the first (1) and second (2) anodic sweeps: corrosion potential
(Ecorr), critical pitting potential (Ec), passivity range (ΔE = Ec – Ecorr)
and current density at E = +650 mV (j-650). Ec was defined as the
potential in which the current presented a sharp and stable increase.

These outcomes demonstrated the enhanced anti-corrosion behavior
of SSM when tested under conditions allowing repassivation phe-
nomena. It is worth mentioning that the same CV approach was applied
to the three substrates after 30 min of immersion but resulting curves
were rather undistinguishable (results not presented). Therefore, al-
though presenting virtually identical protective properties at short
immersion times, such as presented in Fig. 7, the corrosion behavior of
the treated surfaces tended to evolve differently upon immersion
(Fig. 9), which corroborates the dissimilar evolutions of the Rox curves
observed as a function of time (Fig. 8(b)).

Moreover, relevant differences in the morphology of pitting were
depicted for the 316 LSS samples subjected to anodic potentiostatic
polarization at +0.8 V (15 min) in 0.5 M NaCl. The SEM micrographs
presented in Fig. 10 show that pitting on the SSO surface comprised a
high amount of relatively small pits (diameter below 100 μm). Alter-
natively, the pitting process on SSEP consisted of larger (diameter about
200 μm) yet less numerous pits. It appears that the nucleation rate was
minor for the smoothest surface (SSEP). In the case of SSO, the mi-
crostructure (Fig. 1(b)) might have contributed to the limited pitting
growth observed in this case. Indeed, individual pits of different sizes
seemed to have grown through grain boundaries without necessarily
leading to pitting coalescence. Conversely, the pitting growth rate
seemed higher for SSEP in comparison to the other surfaces. The pitting
morphology of the SSM surface presented intermediate features be-
tween the other two, yet closer to the SSEP behavior.

Table 3
Elastic modulus and hardness obtained by nanoindentation tests. Considering
sink-in deformation for SSO and SSEP and pile-up deformation for SSM.

EIT (GPa) HIT (GPa)

SSO 198 ± 11 2.1 ± 0.2
SSEP 189 ± 10 2.1 ± 0.1
SSM 197 ± 9 3.6 ± 0.2

Fig. 6. Initial loading part of load-displacement curves of nanoindentation on
316L stainless steel performed on different surface treatments: SSO, SSEP, SSM.
The only sample showing a pop-in event is the SSEP.

Fig. 7. Potentiodynamic polarization curves obtained in 0.01 M NaCl electro-
lyte for the different 316LSS surfaces (SSO, SSEP, SSM).
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Most importantly, the pitting process developed on SSO yielded pits
of considerable deepness. On the contrary, the pits observed for SSEP
and SSM were considerably smoother and seemed to be relatively
shallower. These distinct morphological features of pitting correlated
well with the distinct passivation behavior highlighted by the CV

analysis carried out on the three surfaces (Fig. 9).

3.5.2. Mott-Schottky analysis
Despite the important role that microstructure might have played on

the pitting and repassivation behavior of 316LSS specimens, the
chemistry of the passive layers should also be considered. Concerning
stainless steels, the kinetics of repassivation has been reported to be
particularly dependent on presence of alloying elements [53]. Thereby,
Mott-Schottky method was applied to correlate the semiconductor
properties of the treated surfaces to the composition of the passive
layers determined by XPS analysis [23]. Fig. 11 exhibits Mott-Schottky
plots measured by sweeping in the positive direction starting from
−0.45 V up to +0.40 V (Vs Ag/AgCl/KClsat) in 0.5 M NaCl. It was
decided to avoid excessively high anodic/cathodic overpotentials, as
these could lead to eventual modifications of the industrially treated
surfaces [24,25].

Based on the point defect model [54,55], the passive oxide film can
be considered as a semiconductor material. Hence, according to the
electron band theory [22], linear regions on the Mott-Schottky plots
represent variations of the width of the space charge layer of the oxide
films on the surfaces. When the number of electrons in the conduction
band is higher than the number of holes in the valence band, the ma-
terial can be considered as n-type semiconductor; when the opposite
situation is true, it consists of a p-type semiconductor.

From −0.45 V to ~+0.3 V, the passive films of all specimens
clearly behaved as n-type semiconductors, which was translated by the

Fig. 8. (a) EIS Bode plot obtained for the 316LSS samples after 30 min of exposure to 0.5 M NaCl. The impedance magnitude and the phase angle are displayed on left
and right sides of the diagram, respectively. The presented Equivalent Electrical Circuit was used to fit the impedance data. Re: electrolyte resistance; Rox and CPEox
are the resistance and the parameter associated with the capacitive properties of the passive oxide film, respectively. (b, c, d) Evolution of EIS fitted parameters
obtained from duplicate experiments: Rox (b), Cox (c) and n (d).

Fig. 9. Anodic cyclic voltammetry curves of the different 316L treated surfaces
(SSO, SSEP, SSM) obtained in 0.5 M NaCl solution after 58 days of immersion.
The distinct scans are indicated by arrows: 1 and 2 (first forward sweep); 3 and
4 (back sweep); 5 and 6 (second forward sweep).
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positive slopes of the curves. At the potential range corresponding to
the samples' OCPs, between −0.20 and –0.05 V (Fig. 7), apparent
changes in the slopes were observed. This reflected the increasingly
higher oxidation reactions that started to trigger the dissolution of
particular phases and the renewal of oxides, thus changing the overall
electronic character of the surfaces [56]. The origin of the two slopes
obtained for passive films formed on stainless steels in the anodic do-
main appears to be the subject of debate [57]. Turning potentials were
depicted at around +0.30 V, highlighting the change in behavior from
n-type to p-type for all surfaces [21]. This phenomenon was caused by
intense degradation of the passive films and the concomitant formation
of oxide phases presenting different compositions/structures. As sum-
marized by Luo et al. [25], such appearance of second donor level
might be due to an in-homogeneous donor distribution in passive film
and/or to the existence of existing two donor levels in the band gap.

The following Mott-Schottky analysis aimed at identifying the
electronic properties of the industrially formed passive films and not
those of oxide layers formed upon corrosion. Therefore, in what fol-
lows, interpretations considered only the region comprised below the
OCP potentials (lower than −0.05 V).

By comparing the curves' slopes, it was possible to infer that SSEP
presented the lowest donor density (highest slope) while SSO presented
the highest donor density (lowest slope). From specialized literature on
the correlation of composition with semiconductor properties of passive
films [22,58–60], Fe and Mo-based oxides might equally behave as n-
type or p-type semiconductors depending on the type of oxide com-
pound. However, Cr and Ni pure oxides (Cr2O3 and NiO) are invariable
referred as presenting p-type properties [24].

Therefore, by plotting the atomic fraction of Cr + Ni as determined
by XPS analysis (Fig. 11(b)), it was observed that SSEP had the highest
fraction of elements forming oxides presenting p-type behavior, while
SSO showed the lowest fraction of elements demonstrating this char-
acter. It is important to emphasize that this hypothesis holds true only if
one considers the first ~4 nm from the top surfaces; which corresponds
well with the estimated thicknesses of the passive films (Fig. 2).

As the treated surfaces certainly comprise oxides presenting both n-
type and p-type behaviors, one might consider that the determined n-
type behaviors in fact derived from greater overall contributions of
donors with respect to acceptors. Therefore, as SSEP presented the
lowest donor density, consequently, it also presented the lowest pro-
portion in n-type compounds and likely the highest proportion in p-type
compounds. Conversely, SSO exhibited the highest donor density and
thus the lowest proportion in p-type compounds. Interestingly, these
interpretations from the cathodic branch of the Mott-Schottky plots
(Fig. 11(a)) were in good agreement with the XPS profiling of the
passive layers displayed in Fig. 11(b) (combined proportion of elements
contributing for p-type behavior). For instance, the fact that SSM pre-
sented an intermediate contribution from p-type compounds is likely
the result of its high Cr content combined with its low Ni content.

4. Conclusions

This study showed that the electropolishing and micro-undulation
procedures significantly impact the superficial properties of cold-rolled
316L stainless steel. The surface treatments here addressed were re-
sponsible for changing topographical features and also the

Table 4
Electrochemical parameters obtained by anodic cyclic voltammetry curves of the different 316L treated surfaces (SSO, SSEP, SSM) obtained in 0.5 M NaCl solution
after 58 days of immersion.

Parameter Ecorr-1 (V) Ec-1 (V) ΔE-1 (μA/cm2) j-650-1 (μA/cm2) Ecorr-2 (V) Ec-2 (V) ΔE-2 (μA/cm2) j-650-2 (μA/cm2)

SSO 0.118 0.359 0.241 9286 0.098 – – 11,747
SSEP 0.038 0.413 0.375 1388 −0.003 0.082 0.085 1581
SSM 0.075 0.404 0.329 1950 −0.002 0.420 0.422 4048

Fig. 10. SEM secondary electron images of the 316L surfaces after 15 min of anodic potentiostatic polarization at +0.8 V in 0.5 M NaCl. (a) SSO; (b) SSEP; (c) SSM.
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microstructure/chemistry of the near-surface zones (at least 10 nm
down from the top-surfaces).

The most obvious alteration was the reduced roughness of SSEP
samples and the increased roughness/waviness parameters of SSM.
Furthermore, as demonstrated by nanoindentation, the micro-un-
dulated surface demonstrated superior hardness in comparison to the
others. The enhanced mechanical response of SSM corresponded to the
extensive plastic deformation evidenced by the microstructure (twin-
ning). The uniformity of the passive film of SSEP was confirmed by its
fracture behavior, as pop-in events were systematically observed
(around 6 nm) in the load-displacement curves, indicating through-thin
film fracture of the oxide layer. This response was attributed to the
combination of the composition and microstructural features observed
on the electropolished surface.

Concerning the corrosion behavior tested in 0.5 M NaCl, first, the
passive films related to SSEP and SSM showed relatively superior pro-
tective properties in comparison to SSO, as illustrated by the evolution
of fitted parameters from electrochemical impedance spectroscopy
analysis. Moreover, the anodic cyclic voltammetry study highlighted
the enhanced repassivation ability of SSEP and particularly of SSM in
comparison to the reference surface. These findings were corroborated
by the pitting morphology of specimens that were let to corrode under
potentiostatic anodic polarization. As indicated by the XPS analysis, the
improvement of the anti-corrosion properties of SSEP and SSM was
most likely related to the enrichment of their passive films in Cr, and Cr
and Mo, respectively. Finally, Mott-Schottky analysis correlated the
composition of the passive layers and their semiconductor character.
For instance, SSEP simultaneously presented the lowest donor density
and the highest proportion of elements (Cr and Ni) contributing for p-
type behavior.

The interesting combination of high surface hardness with enhanced
corrosion resistance determined for SSM might explain the superior
behavior of the micro-undulated surface in tribocorrosion applications,
as claimed by industrial users of this surface finish technology.
However, future studies should assess the performance of the treated
surfaces under tribocorrosion solicitations close to the ones en-
countered in real applications.
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