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The interaction between the uniaxial stress loading and the corrosion behavior of the surgical ISO 5832-1
stainless steel is addressed in the present work. Specimens were subject to uniaxial tensile and compressive
stress at two different deformation levels (15 and 30%). The effect of the different loading modes and
deformation levels on the residual stresses was investigated by x-ray diffraction. The composition of the
passive films formed on each sample was assessed by x-ray photoelectron spectroscopy (XPS). The cor-
rosion behavior was studied by electrochemical impedance spectroscopy and potentiodynamic polarization
in phosphate-buffered solution at 37 °C. The semiconducting character of the passive films was determined
by the Mott-Schottky approach. Our findings point to a positive effect of compressive loading on the
corrosion resistance of the steel. The passive current density (i;as) decreased for the strained samples,
especially for that subject to 15% compressive deformation for which i, was 63% lower than for the as-
received steel. The passive film formed at this condition presented strong Cr,0; enrichment, according to
XPS results. Moreover, the compressive stresses favored the formation of a passive film with fewer defects,
decreasing the donors density. The results are discussed based on the correlation between residual stresses,
passive film composition and its electronic properties.

Keywords Mott-Schottky, passive film composition, plastic
deformation, residual stresses, surface chemistry,

surgical stainless steel

1. Introduction

Cold work is recognized as a critical aspect of the
electrochemical behavior of austenitic stainless steels (Ref 1,
2). It is reported that plastic deformation strongly affects the
dissolution rate of several metallic alloys (Ref 3, 4). The
passive film of stainless steels is modified by the applied
stresses, giving rise to increasing pitting susceptibility as a
result of multiplied defects such as dislocations, enhancing the
surface reactivity and also on residual stresses arising from
deformation steps during mechanical processing (Ref 5-7). In
fact, Accharyya et al. (Ref 8) have shown that surface stresses
are responsible for increasing the reactivity of deformed 304
stainless steel samples, promoting localized corrosion spots.

Regiane Cristina Ferreira dos Santos and
Renato Altobelli Antunes, Centro de Engenharia, Modelagem e
Ciéncias Sociais Aplicadas (CECS), Universidade Federal do ABC
(UFABC), Santo André, SP 09210-580, Brazil, William Naville,
Fundag@o Educacional Ignaciana — FEI, Sdo Bernardo do Campo, SP,
Brazil; and Nelson Batista de Lima and Isolda Costa, Centro de
Ciéncia e Tecnologia de Materiais (CCTM) — Instituto de Pesquisas
Energéticas e Nucleares (IPEN/CNEN-SP), Sdo Paulo, SP, Brazil.
Contact e-mail: renato.antunes@ufabc.edu.br.

Journal of Materials Engineering and Performance

Navarov et al. (Ref 9) studied the effect of tensile stress on
the passive film breakdown and repassivation of the AISI 304
stainless steel. They observed that the tensile stresses decreased
the electrochemical potential up to 200 mV. The potential
decrease was associated with the areas of internal residual
stresses that led to heterogeneous potential distribution in the
passive film and accelerated dissolution rate. Notwithstanding,
there is still an intense debate about the effect of cold
deformation on the corrosion resistance of stainless steels.
For instance, Jinlong and Luo (Ref 10) investigated the effect of
pre-tensile stresses on the stability of the passive film formed
on AISI 304 stainless steel. They focused their research on the
sensitization behavior of deformed samples and how chromium
depleted regions were formed depending on the deformation
level to which the stainless steel samples were subjected. The
main findings of the experimental investigation were centered
in the existence of a critical deformation level of only 10% for
the tensile stress leading to increased corrosion susceptibility.
From 20% up to 40% of deformation, there was a decrease of
the degree of sensitization that was ascribed to an increase of
chromium diffusivity, leading to desensitization when the
deformed samples were heat-treated at an annealing tempera-
ture of 575 °C for 5 h. The critical chloride concentration for
passive film rupture was found to decrease with the tensile
stress level by Yang and Luo (Ref 11). It is reported that
chromium diffusion is enhanced by the cold work of austenitic
stainless steels, making the passive film less stable in chloride-
containing solutions due to facilitated sensitization (Ref 12).
Feng et al. (Ref 13) have shown that the composition of the
passive film on the AISI 304 was modified by different
deformation levels, especially with respect to oxidized iron
species. Moreover, the doping density in the passive film was
also dependent on the deformation level, increasing with the
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strain percentage, thus rendering the oxide film more defective,
conductive and prone to corrosion.

Surgical stainless steels have also been the target of several
studies devoted to scrutinizing the role of cold work on the
corrosion resistance and its correlation with passive film
composition and semiconducting character. For instance,
Ramirez et al. (Ref 14, 15) have reported an increase of the
pitting corrosion susceptibility of the ISO 5832-1 stainless steel
subjected to thickness reductions of up to 70% by cold rolling.
The density of point defects in the passive film was associated
with the observed pitting corrosion behavior in phosphate-
buffered solution at 37 °C. Similarly, Jinlong et al. (Ref 16)
have shown that the doping density in the passive film of a
316L-type surgical stainless steel was affected by prior
deformation produced by tensile tests, giving rise to a more
defective oxide film which was more prone to corrosion
deterioration in a borate buffer solution. Talha et al. (Ref 17), in
turn, reported increase in the corrosion resistance of a high-
nitrogen surgical austenitic stainless steel in Hanks’ solution at
37 °C after 20% cold work with respect to the pristine sample
(0% cold work). Based on the findings of other authors (Ref 18-
20), they hypothesized that the chromium content of the passive
film was enhanced by cold work, improving the corrosion
resistance.

Residual stresses are of utmost importance to the corrosion
behavior of austenitic stainless steels (Ref 21, 22). It is well-
propelled that several manufacturing processes generate surface
stress levels that cannot be neglected if one considers corrosion
failures of engineering alloys such as stress corrosion cracking
or fatigue corrosion (Ref 23-25). According to Takakuwa and
Soyama (Ref 26), compressive stresses are likely to improve
the corrosion resistance of stainless steels whereas tensile
residual stresses are often related to facilitated crack nucleation
and growth, contributing to decreased reliability of structural
components.

In one hand, individual aspects of passive film composition,
residual stresses, cold work and the corrosion resistance of
surgical stainless steels can be found in the current literature
(Ref 27-29). Nonetheless, the interplay between all these
aspects and also the semiconducting properties of the passive
film is not deeply explored. For instance, some authors study
the correlation between cold work, passive film composition
and corrosion resistance but do not measure the surface residual
stresses (Ref 12, 13, 19, 27, 28). Other reports focus on the
correlation between residual stresses or cold work and the
electrochemical behavior of stainless steels, but do not evaluate
the passive film composition or its electronic properties (Ref 2,
5,9, 10, 22-24, 26). Yet, if one considers biomedical stainless
steels, study of such correlation is even scarcer. Few examples
of specific information are found in (Ref 14-17). However, the
correlation between residual stresses, passive film composition,
corrosion behavior and semiconducting properties of the
passive film is not studied.

In this scenario, the main contribution of the present work is
to fill this gap by investigating the effect of different tensile and
compressive uniaxial stress levels on the passive film compo-
sition, density of point defects, residual stresses and corrosion
resistance of the ISO 5832-1 surgical stainless steel. Under-
standing of this complex interaction can drive the development
of optimized surgical stainless steels by controlling the stress
levels during stress-based manufacturing steps  of
implantable devices. This work is an initial step toward this
important research field.
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2. Materials and Methods

2.1 Material and Sample Preparation

The material used in this work was the ISO 5832-1
austenitic stainless steel (ASS) provided as 15.87 mm diameter
bars in the solution-treatment condition by Villares Metals,
Brazil. Pre-strained specimens were obtained after uniaxial
tensile and compressive tests. The specimens for the mechan-
ical tests were machined from the original bar, based on the
ASTM E-8 and ASTM E-9 recommendations for the tensile
and compressive tests, respectively.

Engineering strain levels were defined as 15 and 30% for
both tensile and compressive specimens, controlled by longi-
tudinal and transverse strain gages. The tests were conducted at
room temperature in an MTS 810 machine at a crosshead speed
of 10 mm min~'. The as-received material was used as a
reference for the 0% strain level.

Pre-strained specimens were obtained from the gauge length
for the subsequent characterization techniques. The specimens
(1 cm-length) were cut in a linear precision saw machine using
diamond wafering blade and refrigeration with cutting fluid
coolant. Then, the surface preparation was carried out by
mechanical grinding with waterproof silicon carbide papers and
polishing with diamond paste up to 1 pm.

2.2 Characterization

Residual stresses were measured by x-ray diffraction in a
Rigaku DMAX Rint 2000 instrument operating with Cu-Ko
radiation source (wavelength 0.154 nm). The measurements
were made along the tangential direction with respect to the
applied stresses during tensile and compressive tests. The
stresses were determined based on the sin?yy method in the {1 1
1} crystallographic planes at 20 = 43°. Microstructural char-
acterization of the as-received and strained samples was carried
out by confocal laser scanning microscopy (CLSM), using a
Olympus, LEXT OLS4100 instrument. The samples were
electrolytically etched in oxalic acid solution (10 wt.%) at a
constant current density of 1 A cm™2 for 90 s, controlled by a
D.C. power supply (Maisen MP3003D). A stainless steel plate
was used as the cathode.

X-ray photoelectron spectroscopy (XPS) analysis was
carried out in a Thermo VG K-alpha® spectrometer (Al-Koi,
1486.6 e¢V). The x-ray spot size was 400 um. The pressure in
the analysis chamber was approximately 107’ Pa. High-
resolution spectra were obtained in the Fe2ps,, Cr2psjp,
Mo3d, Ni2ps, and Ols regions. Peak fitting was carried out
in the Avantage™ software using the Smart algorithm with a
mixture of Lorentzian-Gaussian functions. The binding energy
scale was calibrated with respect to the Cls peak (adventitious
carbon) at 284.8 eV. Depth profiling experiments were also
conducted to assess the concentration of each element through
the thickness of the passive film by exposing the surface of
each sample to a high energy flux of argon ions. The sputtering
rate was estimated as 3 nm min .

The corrosion behavior was studied by electrochemical
impedance spectroscopy (EIS) and potentiodynamic polariza-
tion. Firstly, the working electrodes were prepared by connect-
ing a copper wire to the rear surface of the specimen using a
conductive colloidal silver paste to promote electrical contact.
Next, the specimens were embedded in cold curing epoxy resin.
After complete curing, surface preparation was performed by
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mechanical grinding with waterproof silicon carbide papers,
followed by polishing with diamond paste up to grit 1 pm. The
electrochemical tests were conducted in a phosphate buffer
saline (PBS) solution (pH = 7.2) at 37 °C using a poten-
tiostat/galvanostat Autolab M101 A conventional three-elec-
trode cell setup was employed with a platinum wire as the
auxiliary electrode and Ag/AgCl as reference. Initially, the
specimens remained immersed for 24 h to ensure a steady-state
condition. After that, EIS measurements were made at the open
circuit potential (OCP), in the frequency range from 100 kHz to
10 mHz, amplitude of the sinusoidal perturbation of £ 10 mV
(rms) and an acquisition rate of 10 points per decade.
Afterward, potentiodynamic polarization curves were obtained
by sweeping the potential from — 300 mV with respect to the
OCP up to + 1.0 Vag/agci at a scanning rate of 1 mV s~1. After
polarization, the surfaces were observed by confocal laser
scanning microscopy (Olympus, LEXT OLS4100).

The Mott-Schottky approach was employed to determine
the semiconducting character and point defects density of the
passive films formed on the ISO 5832-1 samples in the as-
received and strained conditions. The experiments were
conducted based on the same experimental setup described
in the previous paragraph for the EIS and potentiodynamic
polarization tests. Mott-Schottky plots were obtained at a
fixed frequency of 1 kHz. The specimens were polarized in
the cathodic direction at 50 mV successive steps from 500
mVg/agct Up to — 1000 mVg/a0ci- The dopants concentra-
tion was determined from the linear slopes of the 1/C? versus
E plots using the well-known Mott-Schottky equations (Eq 1
and 2). In these equations, C is the electrode capacitance, E is
the applied potential, & is the vacuum permittivity
(60 = 8.85 x 107! F/em), ¢ is the dielectric constant of the
oxide film (12 for both the iron and chromium oxides), ¢ is
the electron charge (1.6 x 107" C), Epg is the flat band
potential, k is the Boltzmann constant and 7 is the absolute
temperature (Ref 30). Ny and Np are the acceptors and donors
densities for a p-type and n-type semiconducting behavior,
respectively.

1 2 g AT Eq 1)
C2 e-gp-e-Nap B q

1 2 kT

—=—"  (E—Ep-—— Eq 2
C? 8-80~€-ND( B e) (Eq2)

3. Results

3.1 Microstructural Characterization and Residual Stresses

CLSM micrographs of the as-received and strained samples
are shown in Fig. 1. The micrographs were acquired in the
longitudinal direction with respect to the applied stresses (same
direction where the residual stresses were measured). The as-
received microstructure (Fig. 1a) consists of small-sized
austenitic grains, typical of biomedical austenitic stainless
steels. After deformation, no significant microstructural alter-
ations were observed for the strained samples (Fig. 1b-e).

The specimens subjected to tensile and compressive uniaxial
deformations were tested with respect to the residual stresses
developed at their surfaces. Residual stresses were measured by
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XRD along with the longitudinal axis with respect to the
applied stresses. The results are shown in Fig. 2.

It is seen that the residual stresses generated by the uniaxial
tensile tests are tensile in nature and increased with the
deformation level. As expected, compressive residual stresses
were generated at the samples exposed to the compressive tests.
The nature of residual stresses is often linked to the corrosion
response of metallic materials. In this respect, the role of
surface stresses on the electrochemical behavior of strained
stainless steel is central. The anodic reactivity upon immersion
in chloride aqueous solutions is reported to be affected by
mechanical straining (Ref 5). Compositional aspects of the
passive film and its interaction with the generation and
diffusion of point defects (oxygen vacancies, cation vacancies)
must be taken into account to explain the effect of residual
stresses on the corrosion behavior. Next sections deal with this
subject.

3.2 XPS Analysis

3.2.1 Surface Chemical States. Figure 3 shows the XPS
high-resolution spectra in the Cr2ps., Fe2ps/, Ni2ps,, Mo3d
and Ols regions for the passive film naturally formed on the
surface of the as-received sample. The Cr2p;3, spectrum was
fitted considering metallic chromium (Cr% and Cr’* com-
pounds (Cr,O3; and Cr(OH);). The binding energies are in
accordance with other published reports on the passive film
composition of stainless steels (Ref 31, 32). Chromium oxide
displays a typical multiplet splitting (Ref 33). Deconvolution of
the iron spectrum in the Fe2ps,, region showed the presence of
five different states: metallic iron, Fe;0y4, FeO, Fe,O3;, FeOOH
and also a high-energy surface peak of the Fe®" valence state.
Grosvenor et al. (Ref 34) give a detailed explanation for the
origin of this peak. According to them, it is likely to be due to
difference between the crystal field energy of Fe*" ions in the
surface and in the bulk material. Peak fitting of the nickel
spectrum revealed the presence of metallic nickel and NiO and
a small satellite peak at higher binding energies, as reported by
other authors (Ref 35). The metallic component is the most
intense one. It is frequently reported that, as a consequence of
the lower oxidation tendency of nickel when compared to iron
and chromium, the signal of the metallic state is high in the
nickel spectrum of passive films formed on austenitic stainless
steels (Ref 36). The presence of the metallic component is often
associated with the photoelectrons emanating from the substrate
(Ref 37). The Mo3d spectrum shows three doublets due to the
presence of metallic molybdenum, Mo*" and Mo®" species in
good agreement with the literature (Ref 38). In the Ols region,
the spectrum was fitted considering two components associated
with oxides (0?") and hydroxides (OH "), as commonly found
in the passive films of stainless steels (Ref 39). O*~ bonds
predominate over OH ™, indicating the passive film of the as-
received sample is mainly composed of oxide species.

Some differences are noticeable in the high-resolution
spectra of the deformed samples with respect to the as-received
material. The XPS Cr2ps/», Fe2psn, Ni2psn, Mo3d and Ols
core levels are shown in Fig. 4 for the 15%T sample. The
spectra for the other deformed samples (not shown) present the
same compounds. At a first glance, therefore, the different
deformation levels or modes did not affect the surface chemical
states of the passive film in a significant way, since the same
compounds were found either for the samples subject to tensile
or compressive deformation at 15 and 30% levels.

Volume 30(4) April 2021—2693



Fig. 1 CLSM micrographs of the NBR ISO 5832-1 stainless steel samples: (a) As-received; (b) 15%T; (c) 30%T; (d) 15%C; (e) 30%C

The same compounds found in the as-received sample
(Fig. 3a) were present in the Cr2p;/, region of the 15%T sample
(Fig. 4a), metallic chromium (Cr’), Cr,O5 and Cr(OH);. The
relative concentration of the metallic component is higher than
for the as-received alloy, thus suggesting the passive film is
thinner. The same finding was observed for the other deformed
samples. A similar situation applies for the Fe2p;,, region. The
oxidized iron compounds of the 15%T sample are the same of
those found in the spectrum of the as-received steel (Fe,Os3,

2694—Volume 30(4) April 2021

Fe;0., FeO and FeOOH), showing a mixture of Fe** and Fe®*
species. Metallic iron appears at a higher relative fraction in the
spectra of the deformed alloys. The high-energy surface peak of
Fe** was not found in the spectra of the deformed samples,
suggesting that the difference of the crystal field energy of the
Fe’" ions in the surface and in the bulk material was not
sustained when the alloy was mechanically deformed. The
Ni2ps/, spectrum of the deformed samples (Fig. 4c) presents
Ni(OH), as an additional compound when compared to the as-
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Fig. 2 Residual stresses of the NBR ISO 5832-1 samples at
different loading modes and deformation levels

received samples. Its absence on the surface of the as-received
alloy suggests it is less hydrated with respect to the deformed
samples.

In order to confirm this hypothesis, the Ols spectra of the
deformed samples were also deconvoluted, as shown in Fig. 4e
for the 15%T sample. O~ and OH~ bonds are the major
components, as also found in the as-received surface. However,
adsorbed water (H;O,qs) is also present as a higher binding
energy component at relative concentration of approximately
13%, thus revealing the most hydrated nature of the passive
film formed on the mechanically strained samples.

The Mo3d spectrum of the T15% sample (Fig. 4d) exhibits
the presence of metallic molybdenum (Mo°) and a mixture of
two oxidized species, Mo?" and Mo*" whereas Mo®" was not
found. That is the main difference between the spectra of the
deformed and as-received samples in the Mo3d region. Mo®"
species are reported to be a minor part of the passive films on
Mo-containing stainless steels (Ref 40), along with Mo*" and
Mo®" compounds. The absence of Mo®" on the deformed
samples suggests the passive film formed after mechanical
straining is in a less oxidized state which is probably associated
with the more intense hydrated nature when compared to the as-
received steel.

3.2.2 Depth Profiles. XPS depth profile of the passive
films formed on the different NBR ISO 5832-1 samples is
shown in Fig. 5. The as-received sample (Fig. 5a) presents
higher oxygen concentration than for the metallic elements at
the initial time. For all deformed samples, by contrast, iron
concentration suppresses that of oxygen at the initial time,
revealing the more oxidized nature of the passive film of the
pristine surface when compared to the mechanically stressed
samples.

As the passive film is removed, oxygen concentration
greatly drops off and reaches near zero after 1200 s for the as-
received sample. This sharp decrease of the oxygen concentra-
tion occurs faster for the deformed samples, suggesting its
passive film is thinner. The higher signal of the metallic species
observed in their high-resolution spectra (Fig. 4) is probably
associated with this feature.

Iron is the most abundant metallic element in the passive
film of all samples, since it is the major element of the steel
composition and it is easily oxidized (Ref 41). As the passive
film is removed, its content gradually increases, reaching an
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approximately stable plateau after the initial sputtering cycles,
remaining mainly unchanged up to the end of the experiment.
Such stable plateau of the iron concentration is reached after
longer sputtering times for the pristine surface, likely due to its
thicker passive layer, as also pointed by the variation of the
oxygen concentration.

The chromium concentration is lower at the surface for all
samples and increases with the sputtering time, indicating it is
enriched in the inner part of the passive film. This effect
mirrored that reported by other authors (Ref 42). It is also
remarkable that its concentration is higher on the surface of the
deformed samples when compared to the as-received one,
suggesting the passive film stability could be enhanced by the
previous mechanical straining step.

It is frequently reported that nickel is not associated with the
passive film stability of stainless steels, being a small fraction
of the oxide layer (Ref 43, 44). The relative high nickel
concentrations observed in the depth profiles of all samples are
likely due to two effects: the relative strong signal of the
metallic component, as observed in the high-resolution spectra
shown in Fig. 3(d) and 4(d) and also the thin nature of the
passive films, giving rise to a relevant contribution of the
substrate to the detected photoelectrons.

Molybdenum is practically absent in the initial time for the
pristine surface (as-received sample, Fig. 5a), being detected in
the inner parts of the passive film. By contrast, although it is the
minor component, it is present at higher concentrations in the
outer part of the passive films formed on the mechanically
stressed samples. It is not possible to notice significant differ-
ences between the molybdenum contents of the outer and inner
parts, in spite of a slight enrichment after the first sputtering cycle.
Molybdenum, in spite of its relatively low concentration in the
passive film of austenitic stainless steels, exerts a strong influence
in the pitting corrosion ability. It is well-known that Mo species in
the outer part of the passive film enhance the formation of the
passivating Cr,O3 compound, thus enabling the formation of
more stable passive film against the growth of stable corrosion
pits (Ref45). The molybdenum enrichment in the outer part of the
passive films of the deformed samples is, therefore, a primary
indication of its possible beneficial effect to improving their
corrosion resistance.

Additional evidences on the different compositions of the
passive films of the as-received and deformed samples can be
observed based on the Cr/Fe, Mo/Fe and Ni/Fe ratios calculated
from the depth profiles shown in Fig. 5. The results are
displayed in Fig. 6.

The Cr/Fe ratio (Fig. 6a) is higher for the deformed samples,
especially in the inner part of the passive films, as indicated by
its remarkable increase after the first sputtering cycle whereas
its ascending trend is not as marked for the as-received surface.
The Mo/Fe ratio, in turn, presents an opposite trend (Fig. 6b).
In spite of its ascending trend with the sputtering time, which
resembles that of the Cr/Fe ratio, the increase rate is less
marked for the deformed samples. Furthermore, the surface of
the deformed samples is much more enriched in Mo than the
pristine surface. Notwithstanding, this situation does not hold
for the inner part of the passive films. As seen in Fig. 6(b), the
Mo concentration is rather similar either for the as-received or
deformed samples after the first sputtering cycle. The Ni/Fe
ratio follows a similar trend. It is higher for the deformed
samples at the initial time but, after the first sputtering cycles it
is not possible to observe significant differences between its
value for the as-received and deformed samples.
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3.3 Electrochemical Tests

3.3.1 Corrosion Behavior. Before EIS measurements,
the open circuit potential (OCP) of the as-received and strained
NBR ISO 5832-1 samples was monitored with the immersion
time in PBS solution at 37 °C. The results are shown in Fig. 7.
There is a general ascending trend of the OCP in the beginning
of the monitoring period for all samples which is typically
associated with the thickening of passive films in aqueous
electrolytes (Ref 46). After 600 s, the potential tends to
stabilize. It is noticeable that the OCP of the strained samples

2696—Volume 30(4) April 2021

was shifted to more anodic values, suggesting an ennoblement
of the passive film after deformation, either of tensile or
compressive nature.

The EIS response of the as-received and strained NBR ISO
5832-1 samples was assessed after 24 h of immersion in PBS
solution at 37 °C. Nyquist plots are shown in Fig. 8. The plots
present one single capacitive loop that is little depressed in the
low-frequency domain. This behavior is typical of surgical
stainless steels in simulated biological fluids (Ref 47, 48), being
associated with the high stability of the passive film (Ref 49).
The diameter of the capacitive loop is related to the charge
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transfer resistance of the electrode/electrolyte interface and can
be used to qualitatively express its corrosion resistance (Ref 50,
51). In this respect, the results point to a slight increase of the
corrosion resistance of the NBR ISO 5832-1 stainless steel after
deformation. In the strained state, either tensile or compressive,
the capacitive loop diameter increased when compared to the
as-received sample.

Potentiodynamic polarization curves of the as-received and
strained NBR ISO 5832-1 samples after 24 h of immersion time
in PBS solution at 37 °C are displayed in Fig. 9. The values of
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corrosion potential £, were determined from these curves. All
samples present a typical passive response as denoted by the
wide potential range where the current density remains
approximately constant with the applied potential, above Eq.
In this case, the anodic dissolution rate can be related to the
passive current density (iyass). In the present work, the values of
ipass Were considered at the middle of the passive range, as also
adopted by other authors (Ref 52). It was not possible to
observe a breakdown potential in the polarization curves shown
in Fig. 9. The steep increase of the current density right above
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1.0 Vag/agcr is rather related to the oxygen evolution reaction
than to the onset of stable pit propagation. The passive range
was, therefore, considered as the difference between the
potential at which the steep increase of the current density
started and E.,. These values are shown in Table 1, along with
Ipass and Egqp values.

The corrosion potential was little affected by deformation, as
denoted by the small variation of E.,, of the strained samples
when compared to the as-received condition. All polarization
curves are typically passive, independently of the deformation
mode. The anodic current densities remained relative
stable throughout a wide passive range. The transpassive

2698—Volume 30(4) April 2021

region occurs at similar potentials for all samples, just above
+1.0 Vagagct, which is likely to be due to the oxygen evolution
reaction. The passive ranges are wide and were not significantly
affected by deformation. The most striking feature is the
decrease of the anodic dissolution rate of the strained samples
with respect to the as-received alloy. As seen in Table 1, the
value of i, decreased after deformation, especially for the
15%C sample. This result is in accordance with the Nyquist
plots shown in Fig. 8, indicating slower corrosion kinetics for
the 15%C condition.

Figure 10 shows CLSM micrographs of the as-received and
strained samples, after the potentiodynamic polarization tests.
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Fig. 7 Variation of the OCP of the as-received and strained NBR
ISO 5832-1 samples with the immersion time in PBS solution at
37 °C

The corrosion morphology is typically characterized by the
presence of small pits on the polarized samples. The number of
pits is especially high in the as-received steel, as shown in
Fig. 10(a). The samples subject to compressive residual stresses
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Fig. 8 Nyquist plots of the as-received and strained NBR ISO
5832-1 samples after 24 h of immersion time in PBS solution at
37 °C

displays fewer pits when compared to the 15%T (Fig. 10c) and
30%T (Fig. 10e) samples, especially the 15%C sample
(Fig. 10b), giving additional evidence of its superior corrosion
resistance.
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Fig. 9 Potentiodynamic polarization curves of the as-received and
strained NBR ISO 5832-1 samples after 24 h of immersion time in
PBS solution at 37 °C

Table 1. Corrosion parameters determined from the
potentiodynamic polarization curves shown in Fig. 9

ipasss NA/ Passive range, mV, E oy MV,ygy

Sample cm2 AgCl AgCl

As-re- 15.1 1362 — 278

ceived

15% T 8.5 1330 — 269
30% T 8.1 1401 — 287
15% C 5.6 1387 — 279
30% C 9.5 1384 — 260

3.3.2 Semiconducting Character of the Passive Films.
The semiconducting character of the passive films is important
to the corrosion resistance of metallic materials, since it is
related to the electronic properties and transport of ions through
the oxide layer. Mott-Schottky plots of the as-received and
strained NBR ISO 5832-1 samples after 24 h of immersion time
in PBS solution at 37 °C are shown in Fig. 11. Acceptors (Na)
and donors (Np) concentrations were determined from the
linear portions of these plots. The results are displayed in
Table 2. Np values are obtained from the positive slopes
whereas N, are determined from the negative slopes.

From Fig. 11, the duplex character of the passive films
formed on the as-received and strained samples is evident. The
negative slopes are typical of p-type semiconducting behavior,
being associated with compounds such as Cr,Os, FeO, MoO,
and NiO for which the main charge carriers are cation vacancies
(Ref 53, 54). At the more negative potentials, the Mott-
Schottky plots change to a positive slope, indicating the
transition to n-type semiconducting character (Ref 55). Oxygen
vacancies and cation interstitials are the point defects that
endow the passive film with n-type behavior typical of FeOOH
and MoOj3 (Ref 53, 54). These species were identified by XPS,
as shown in section 3.2.1.

According to Eq 1 and 2, the doping densities are inversely
proportional to the slopes of the linear portions of the Mott-
Schottky plots. There was, therefore, an obvious increase of the
slopes of the linear portions for the deformed samples which
are sharper for the samples subject to compressive stresses. As
a consequence, as shown in Table 2, the charge carrier
concentrations are higher in the passive film of the as-received

2700—Volume 30(4) April 2021

sample when compared to the deformed ones. Moreover, the
passive films formed under uniaxial compression present fewer
defects than those formed under uniaxial tension.

4. Discussion

Cold work of the ISO 5832-1 surgical stainless steel subject
to uniaxial tensile or compressive stresses promoted different
electrochemical responses, depending on the nature of the
uniaxial stress. As depicted in section 3.1, mechanical straining
generated stresses whose signal and intensity were measured by
x-ray diffraction. Correlation between corrosion of metallic
materials and surface residual stresses has been investigated by
several authors. For instance, Liu et al. (Ref 56) have found that
compressive stresses increased the resistance to passive film
rupture in an aluminum-copper alloy, thus reducing its
susceptibility to localized corrosion. Peyre et al. (Ref 57) have
reached a similar conclusion regarding the effect of compres-
sive stresses on the corrosion resistance of 316L stainless steel.
The results obtained in the present work point to the same
direction.

In fact, the amount of deformation imparted by cold work is
recognized to affect the corrosion resistance of austenitic
stainless steels. Mudali et al. (Ref 58) observed an increase of
the pitting corrosion resistance of 316L stainless steels up to
20% thickness reduction by cold rolling. As suggested by the
authors such beneficial effect of plastic deformation would arise
from an enhanced stability of the passive film derived from
surface diffusion that compensates eventual deleterious effects
of increased crystalline defects such as mechanical twins. The
composition of the passive film was not determined, though.

Another important aspect of the benefits of compressive
stresses to decreasing pitting corrosion susceptibility of stain-
less steels was investigated by Vignal et al. (Ref 59). They
associated an increase of the corrosion resistance when surface
residual stresses on 316L stainless steel samples subject
mechanical loading were of a compressive nature. In contrast,
tensile stresses present an opposite effect. According to the
results, tensile stresses led to the formation of additional point
defects in the passive film, increasing its conductivity and,
therefore, its susceptibility to pitting corrosion. Hence, it can be
argued that there is an undeniable correlation between the
nature of the surface stresses and the semiconducting properties
of the passive films on stainless steels. It is also possible to
hypothesize that, upon considering the validity of such
correlation, passive film composition must play a critical role
in this scenario. Vignal et al. (Ref 59) recognize the importance
of this issue to understand the interaction between the stress
state and the corrosion resistance of stainless steels, since the
conductivity of the oxide layer depends on its chemical
composition. Nonetheless, detailed assessment of passive film
composition is not provided.

In the light of the scenario depicted above, it is obvious that
passive film composition must be fully known to enable a deep
understanding on the complex interplay between deformation,
residual stresses, electronic properties of the passive film and
corrosion resistance of austenitic stainless steels. By taking into
account the results shown in Fig. 6, the most relevant
compositional differences between the samples were observed
for the Cr/Fe ratios of the passive films whereas Mo/Fe and Ni/
Fe ratios were similar for all samples. Therefore, it is
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Fig. 11 Mott-Schottky plots of the as-received and strained NBR
ISO 5832-1 samples after 24 h of immersion time in PBS solution at
37 °C

reasonable to assume that chromium species should present the
most important influence on the electrochemical properties of
the NBR ISO 5832-1 stainless steel samples. With the aim of
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Table 2. Concentrations of charge carriers in the passive
films of the as-received and strained NBR ISO 5832-1
samples after 24 h of immersion time in PBS solution at
37 °C

Sample Ny, 10 em™3 Np, 10 em™3
As-received 0.82 1.14
15% T 0.21 0.41
30% T 0.07 0.18
15% C 0.04 0.14
30% C 0.01 0.04

elucidating these aspects in the context of the present work, we
have deconvoluted the XPS spectra in the Cr 2ps3,, region for
selected sputtering times during depth profiling experiments.
According to the literature (Ref 41, 60), the passive film
thickness is considered to be related to the 50% value of the
maximum of oxygen amplitude in the XPS depth profiling
results. From Fig. 5, oxygen concentration decreases more than
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50% after 300 s sputtering for all samples. As a consequence,
the spectra were deconvoluted up to a sputtering time of 300 s,
as it should give the most relevant information about the
passive film composition for all samples. The relative concen-
trations of chromium compounds were calculated from these
spectra. The results are displayed in Fig. 12. As the main
constituent of the alloy composition, iron is also an important
part of the passive film of austenitic stainless steels. Hence, we
have also deconvoluted the XPS spectra in the Fe 2p;/, region
at the same selected sputtering times. The relative fractions of
iron compounds were calculated, and the results are displayed
in Fig. 13.
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Figure 12a gives unequivocal evidence that Cr** species are
depressed in the inner regions of the passive film on the as-
received sample. Metallic chromium, in turn, greatly increased
with the sputtering time, indicating a rapid removal of the
passivating Cr(OH); and Cr,0O5 oxidized species. Conversely,
the strained samples presented a distinct distribution of
chromium compounds through the thickness of the passive
film. As seen in Fig. 12(b), the relative concentration of Cr,O3
at the surface (0 s) is much higher for the 15%C sample than for
the as-received sample. Moreover, the inner layers of the
passive film are enriched with Cr,03, reaching a maximum at
150 s and the relative concentration of metallic chromium
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Fig. 12 Relative concentration of chromium species in the passive films of the NBR ISO 5832-1 samples as determined from deconvolution of

XPS spectra at selected sputtering times: (a) As-received; (b) 15%C; (c) 15%T; (d) 30%C; (e) 30%T
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spectra at selected sputtering times: (a) As-received; (b) 15%C; (c) 15%T; (d) 30%C; (e) 30%T

remained low up to 300 s with respect to the unstrained
condition. Hence, it is suggested that the chromium hydroxide-
rich passive layer of the as-received sample was more easily
removed, leading to the observed rapid rise of the metallic
chromium concentration as the substrate is more easily reached
by the incident x-ray beam. He et al. (Ref 61) highlighted the
effect of stress in the passive film composition of austenitic
stainless steels with regard to the conversion of chromium
hydroxide to chromium oxide and how the protective character
of the oxide layer is affected by such transformation.
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Chromium hydroxide is the primarily formed at the surface
and is partially converted to Cr,O3 by a de-hydration reaction.
As the density of chromium hydroxide is lower than that of
Cr,03, a dense passive layer is expected to form at the interface
between passive film and substrate, thus enhancing its corro-
sion protection ability. Moreover, this reaction leads to marked
volumetric shrinkage of the oxide layer due to the different
densities of hydroxide and oxide species that is favored when
the material is subject to compressive stresses. Tensile stresses,
in turn, would not favor such conversion. The improvement of
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the corrosion resistance of the 15%C sample observed in the
potentiodynamic polarization curves shown in Fig. 9 could
derive from such effect, due to the Cr,O5 enrichment experi-
enced by the passive film under the compressive stress field.
Notwithstanding, by increasing the amount of compressive
stress to 30%, the corrosion resistance was not further
improved, as also shown in section 3.3.1. This could be due
to the fact that the residual compressive stresses were not
intensified when the compressive deformation was raised to
30% (Fig. 2), thus not rendering the passive film enriched with
Cr,03; when compared to the 15%C condition. In fact, the
relative amount of Cr,O; in the passive film of the 30%C
sample (Fig. 12d) is apparently lower than that of the 15%C
sample (Fig. 12b). Similarly, Cr,O5 enrichment of the passive
films of the samples subject to tensile tests was not as marked
as that of the 15%C. Figure 12(c) (15%T) and (e) (30%T)
points to an enrichment of Cr,O5 with respect to the as-received
sample, but it does not surpass the amount of chromium oxides
in the oxide layer of the 15%C sample.

By examining the results exhibited in Fig. 13, one major
difference between the as-received and the strained samples is
related to the relative concentration of the iron oxidized species
at the surface (0 s). As clearly indicated in Fig. 13(a), the
fraction of oxidized species (Fe;O4, FeO, Fe,O5 and FeOOH at
the surface of the as-received alloy surpasses that on the
strained samples, either for those subject to tensile or com-
pressive stresses. Moreover, while Fe,O3 and FeO predominate
on the as-received sample, Fe;O4 is the main compound on all
strained samples. Indeed, magnetite predominates not only on
the very first surface but also over the whole sputtering range
for the strained samples, as observed in Fig. 13(b) to (e),
although the main difference with respect to the as-received
condition resides on the non-sputtered surface (0 s). For longer
sputtering times, magnetite is the major oxidized iron com-
pound within the passive layer for all samples. The less
corrosion protective FeOOH (Ref 62) did not present signif-
icant compositional differences for any sample.

In spite of being a major part of the passive film, iron
compounds are not expected to critically influence its corrosion
resistance, as chromium species are the main passivating agents
(Ref 61). In fact, our results did not permit to observe a clear
correlation between the stress state, the relative concentration of
iron compounds in the passive film and the corrosion resistance
of the NBR ISO 5832-1 stainless steel samples. Notwithstand-
ing, one important aspect of the passive film stability is related
to the ratio between Cr,O5 and the less protective iron oxides/
hydroxides at the surface and through the thickness of the oxide
layer. By calculating such ratio (Cr,Os/Fe,yiq) for the same
selected sputtering times, additional differences between the
composition of the passive films formed on the as-received and
strained samples can be more clearly evaluated. These results
are, therefore, displayed in Fig. 14.

From Fig. 14, it is clear that iron compounds are the major
constituents of the passive films on all samples. Furthermore,
there is a strong Cr,Oz enrichment in the inner parts of the
passive films of all strained samples with respect to the as-
received alloy. Such enrichment is remarkable for the 15%C
sample, as seen at the sputtering time of 150 s for which the
Cr,03/Fe,;q ratio reached its maximum value. In one hand, the
compressive stress can be considered to enhance chromium
diffusion through the passive film, thus enabling the Cr,O;
enrichment. As a consequence, the corrosion resistance was
improved, as seen in section 3.3.1. However, further increasing
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Fig. 14 Ratio between Cr,O; and oxidized iron species in the
passive films of the NBR ISO 5832-1 samples obtained from XPS
depth profiles at selected sputtering times

the amount of deformation under compression to 30% (30%C)
did not led to a corresponding increase of the Cr,Osz/Feqyiq
ratio. Tensile stresses (15%T and 30%T) have also shown
Cr,05 enrichment with respect to the as-received sample, but it
was not as marked as that of the 15%C sample.

The semiconducting properties of the passive film are also
affected by its composition, giving rise to strict interdepen-
dence with the corrosion resistance. It is, therefore, important to
assess the correlation between the stress state, passive film
composition and the concentration of point defects determined
from the Mott-Schottky plots (section 3.3.2). The point defect
model (PDM) assumes that oxygen vacancies and cations
interstitials act as n-type dopants whereas p-type behavior is
related to predominance of cation vacancies as the main
dopants (Ref 63). The dominant donors in the passive films are
considered to be oxygen vacancies (Ref 55). As highlighted by
Zhang et al. (Ref 64), upon increasing the concentration of
oxygen vacancies the passive film becomes more defective,
thus disrupting its stability. Cr’" ions are reported to have
preferential affinity by oxygen atoms, repairing the passive film
and help maintaining high corrosion resistance (Ref 65).
According to the literature, the donor density can be envisaged
as a measure of the affinity of the passive film for chloride ions,
being correlated with the pitting corrosion resistance (Ref 66).
Increasing the concentration of point defects with n-type
semiconductivity should decrease the stability of the passive
film.

Although the influence of the stress level on the concentra-
tions of donors (Np) and acceptors (N,) is not so obvious from
Table 2, the increased Np value of the as-received condition
when compared to the strained samples is clear. Moreover,
there is an increasing trend of the donor density for the
specimens subject to tension tests when compared to the
compressed samples at the same strain level. In the light of the
PDM, these results could indicate two important aspects.
Firstly, deformation unequivocally affected the -electronic
properties of the passive film which is much likely related to
the passive film composition, as denoted by the Cr,O;
enrichment with respect to the oxidized iron species (Fig. 14)
that are mainly of n-type character, such as Fe;04, Fe,O3 and
FeOOH (Ref 67). As a consequence, the corrosion resistance of
the deformed samples depended on both the passive film
composition and electronic properties of the passive film which
are both influenced by the stress state. Secondly, this scenario
seems to be affected by the nature of the surface residual
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stresses, tensile or compressive. Tensile stresses did not favor
the formation of the passivating Cr,O3; compound as much as
the compressive ones, especially for those deformed at 15%.
The increase of n-type defects concentration was also triggered
by the tensile stresses with respect to the compressed samples.
As a consequence, susceptibility to corrosion due to the more
defective passive film is expected. Indeed, the results of the
electrochemical tests confirm such expectation, revealing the
improved corrosion resistance of the 15%C condition for which
the passive film was the most enriched with Cr,O3 and with low
concentration of n-type point defects. Whichever the factor that
predominates, our results confirm that there is an interaction
between uniaxial stress loading, passive film composition,
corrosion resistance and electronic properties of the passive
film is on the NBR ISO 5832-1 samples. Compression strain
seems to be an interesting route to tailor the surface properties
of the steel toward enhanced passive film stability.

5. Conclusions

Uniaxial stress loading affected the corrosion behavior of
the NBR ISO 5832-1 stainless steel. A complex interaction
between stress state, chemical composition and electronic
properties of the passive film could be realized. The main
conclusions are given as follows:

(a) The sample with the most intense compressive residual
stresses (15%C) displayed the lowest passive current
density and concentration of electron donors, indicating
its slower corrosion kinetics and high passive film stabil-
ity when compared to the as-received steel and samples
with tensile residual stresses.

(b) XPS analysis showed that the compressed samples were
more enriched with the passivating Cr,O; compound
when compared to the samples with surface tensile stres-
ses. Compressive stresses triggered the formation of
Cr,05, improving the passive film stability.

(c) The stress state did not influence the composition of the
passive film with respect to Fe, Mo and Ni species. As
a consequence, the corrosion resistance was not signifi-
cantly affected by these species. Its main effect was re-
lated to Cr,O; enrichment that was triggered for the
compressed samples.
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