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ASTM F-139 surgical stainless steel was subjected to annealing treatments at 700 �C for different times.
The effect of annealing on the chemical composition of the passive film was evaluated by x-ray photo-
electron spectroscopy. The correlation of the surface chemistry with the corrosion behavior and semi-
conducting properties of the passive film was also investigated. Potentiodynamic polarization tests were
conducted in phosphate-buffered solution at 37�C. The semiconducting character of the passive film was
assessed by the Mott–Schottky approach. The microstructure of the annealed samples was characterized by
optical microscopy. The grain size increased after annealing, but the differences between each annealing
condition were not significant and could not be associated with the corrosion behavior of the annealed
samples. The corrosion resistance was improved depending on the heat treatment condition due to com-
positional changes of the passive film upon annealing. The best corrosion properties were observed after
annealing for 8 h which was ascribed to Cr2O3, MoO3 and FeO enrichment in the passive film.

Keywords annealing treatments, corrosion, Mott–Schottky,
surface chemistry

1. Introduction

Austenitic stainless steels are commonly employed as
biomedical devices especially for temporary applications such
as plates and screws during fracture healing (Ref 1, 2). The
surgical grade ASTM F-139 is the standard material for this
usage owing to its adequate set of attributes relying on its
mechanical strength, reasonable corrosion resistance, ease of
manufacturing and low cost (Ref 3-5). It is, though, well known
that it is prone to pitting corrosion in chloride-containing
electrolytes such as the body fluid (Ref 6, 7). Stress corrosion
cracking and corrosion fatigue of surgical stainless steels are
often associated with the nucleation and growth of pits (Ref 8-
10). It is, therefore, important to decrease its pitting corrosion
susceptibility in order to reduce the risk of premature failures.

Annealing treatments can affect the corrosion resistance of
stainless steels. Microstructural changes originated from the
heat treatments are closely related to the corrosion properties.
Deng et al. (Ref 11) investigated the effect of annealing
treatments on the pitting corrosion resistance of a super duplex
stainless steel. Complex microstructural transformations can be

triggered by annealing, such as the formation of sigma phase
and chromium nitrides. Pit nucleation sites were, therefore,
dependent on the annealing temperature related to the formation
of such new phases. Tan et al. (Ref 12) have also found that
annealing of super duplex stainless steel has markedly affected
its pitting corrosion behavior due to microstructural transfor-
mations and also the contents of passivating elements such as
chromium and molybdenum dissolved in the crystalline phases.
Grain growth is another important feature arising from
annealing. Aghuy et al. (Ref 13) reported that grain refinement
of the austenitic 304L grade decreased metastable pit frequency
by improving the stability of the passive film. By contrast, the
probability of stable pit growth increased and pitting potential
was little affected by grain refinement. Bitondo et al. (Ref 14),
in turn, have found that annealing treatments of ferritic stainless
steel grade 444 did not affect the grain size and distribution of
inclusions. As a consequence, the corrosion resistance was not
influenced by annealing.

The aforementioned effects of annealing on the corrosion
properties of stainless steels allow one to hypothesize that it
could be advantageously explored as a mean to improve the
stability of the passive film by properly controlling its
composition and/or the grain size of the treated material. These
effects are not deeply known for surgical stainless steels. A
great concern would arise from grain growth as the fatigue
resistance is enhanced for refined microstructures. One further
question arises from this scenario regarding the possible
influence of annealing on the diffusivity of point defects
through the passive film, its semiconductive character and
doping density. Such aspects are also reported to deeply affect
the corrosion behavior of stainless steels (Ref 15, 16) and can
be assessed by the well-known Mott–Schottky approach (Ref
17, 18).

The aim of the present work was to investigate the effect of
annealing treatments on the surface chemistry, semiconducting
properties of the passive film and the corrosion behavior of the
ASTM F-139 surgical stainless steel. This steel was chosen
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Table 1 Samples description

Sample Description Temperature, �C Time, h

AR As-received … …
SA Solution-annealed 1050 1
A-1h Solution annealing at 1050�C followed by annealing 700 1
A-8h Solution annealing at 1050�C followed by annealing 700 8
A-24h Solution annealing at 1050�C followed by annealing 700 24

Fig. 1 Optical micrographs showing the microstructures of the: (a) AR; (b) SA; (c) A-1h; (d) A-8h; (e) A-24h
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based on its widespread use as surgical implants in the form of
sheet and strips. X-ray photoelectron spectroscopy (XPS) was
employed to assess the surface chemical composition of as-
received and annealed samples. The corrosion properties were
evaluated by potentiodynamic polarization. The Mott–Schottky
approach was employed to assess the semiconductive proper-
ties of the passive film.

2. Materials and Methods

2.1 Material and Heat Treatments

The ASTM F-139 stainless steel plate (thickness of 2 mm)
used in the present work was purchased from Acnis (Brazil).
Small rectangular pieces with approximate dimensions of

0.70 cm 9 1.0 cm were cut from the original plate using a
silicon carbide blade in a conventional cutoff machine.

Solution annealing was carried out in a tubular furnace
under argon atmosphere at 1050 �C for 1 h, followed by water
quenching. The solution-annealed specimens were, next, sub-
ject to annealing at 700 �C for 1 h, 8 h and 24 h, followed by
natural cooling outside the furnace. Sample designation is
shown in Table 1.

2.2 Electrochemical Tests

Firstly, a copper wire was connected to one face of the
specimens using a colloidal silver paste to promote electrical
contact. Next, this set was embedded in cold-curing epoxy
resin. After complete curing, the specimens were wet ground
using silicon carbide (SiC) papers up to grit 2400. All tests
were carried out in an Autolab M101 potentiostat/galvanostat
using a conventional three-electrode cell setup with the ASTM
F-139 specimens as the working electrodes, a platinum wire as
the counter electrode and Ag/AgCl as reference. The tests were
conducted in a phosphate-buffered solution (NaCl 82 g L�1,
Na2HPO4 10.5 g L�1, NaH2PO4ÆH2O 3.55 g L�1) at 37 �C.
Samples remained immersed for 24 h before the tests to ensure
a steady state condition.

One set of experiments consisted an initial monitoring
period of the open-circuit potential (OCP) for 1 h. Next, the
specimens were subjected to potentiodynamic polarization at a

Table 2 Grain sizes of the AR and heat-treated samples

Sample Grain size, lm

AR 24 ± 5
SA 51 ± 10
A-1h 53 ± 4
A-8h 63 ± 4
A-24h 65 ± 8

Fig. 2 XPS Cr2p3/2 spectra of the ASTM F-139 stainless steel samples: (a) A-1h; (b) SA; (c) AR; (d) A-8h; and (e) A-24h
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sweep rate of 1 mV s�1 starting at � 300 mV versus the OCP
up to + 1.0 VAg/AgCl. At least three different specimens were
tested for each sample. The corrosion morphology after
potentiodynamic polarization was examined by confocal laser
scanning microscopy (CLSM, Olympus LEXT OLS4100).

Another set of experiments was conducted to evaluate the
semiconducting properties of the passive film by the Mott–
Schottky approach. In this case, the OCP was monitored for
600 s. Next, Mott–Schottky plots (1/C2 vs. E) were acquired at
a fixed frequency of 1 kHz in the potential range from
0.5 VAg/AgCl up to � 1.0 VAg/AgCl with a step of 25 mV in
cathodic direction. The classic Mott–Schottky equation (Eq 1,
p-type and Eq 2, n-type semiconductors) was employed to
determine the acceptors (NA) and donors (ND) density of the
passive film, assuming that the electrode capacitance is equal to
the space charge capacitance at sufficiently high frequencies. In
these equations, E is the applied potential, C is the space charge
capacitance, k is the Boltzmann constant, T is the absolute
temperature, e is electron charge (1.6 9 10�19 C), EFB is the
flat band potential, e = 12 is the dielectric constant of the oxide
film (Ref 19) and e0 is the vacuum permittivity
(8.85 9 10�14 F/cm). The charge carrier densities (NA and
ND) are determined from the slopes of the 1/C2 vs. E plots. A
positive slope is related to n-type semiconducting behavior,
whereas a negative slope denotes a p-type behavior. According
to the literature, the passive films of stainless steels have a

typical duplex character showing p-type and n-type responses
depending on the potential range (Ref 20-22):

1
C2 ¼ � 2

e � e0 � e � NA
E � EFB � kT

e

� �
ðEq 1Þ

1
C2

¼ � 2
e � e0 � e � ND

E � EFB � kT
e

� �
ðEq 2Þ

2.3 Microstructural Characterization

The microstructure of the AR and heat-treated samples was
characterized by optical microscopy (Olympus LEXT
OLS4100 confocal laser scanning microscope). The specimens
were ground using SiC waterproof papers up to grit 2400,
followed by mechanical polishing with diamond paste up to
1 lm. Electrolytic etching was, then, carried out in an oxalic
acid solution (10 wt.%) at room temperature. The specimen was
connected at the anode of a DC power supply. A stainless steel
plate was used as cathode. The specimen was etched at
1 mA cm�2 for 90 s, according to the procedure described in
ASTM A262-15. Next, the etched specimen was carefully
removed from the electrolytic solution using stainless steel
tweezers, washed with deionized water and dried using a heat
gun. The grain size was determined based on ASTM E112-13.

Fig. 3 XPS Fe 2p3/2 core levels of the ASTM F-139 stainless steel samples: (a) A-1h; (b) SA; (c) AR; (d) A-8h; and (e) A-24h
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2.4 XPS Analysis

XPS analyses were conducted in a Thermo VG K-alpha+

spectrometer using Al-ka radiation source (1486.6 eV) and a
spot size of 400 lm. Core levels for Fe 2p, Cr 2p, Ni 2p, Mo 3d
and O 1s were fitted using a mixture of Gaussian–Lorentzian
functions in the Avantage� software and Smart algorithm for
background subtraction. The binding energies were calibrated
with respect to the C 1s peak at 284.8 eV (adventitious carbon).
The pressure in the analysis chamber was approximately 10�7

Pa. Depth profile experiments were also conducted to assess the
chemical composition of the passive film through its thickness.
In this case, the surface was etched by medium-energy argon
ions (Ar+) until the passive film is removed.

3. Results

3.1 Microstructural Characterization

Figure 1 shows optical micrographs of the AR and heat-
treated samples. A typical austenite microstructure with
observable twins is recognized for all samples. The most
striking feature is related to the grain size. The AR condition is
the most refined one which is a must-attend feature of the
ASTM F-139 standard in order to achieve high mechanical

strength and suitable fatigue properties for biomedical applica-
tions. The SA and annealed materials microstructures presented
a marked grain growth when compared to the AR condition.
The grain sizes were determined based on ASTM E112-13. The
results are displayed in Table 2. As can be seen, grain size
increased more than 100% for the treated samples. If one
considers the standard deviations, it is not possible to observe a
significant effect of the annealing time on the grain size.

3.2 Chemical Composition of the Passive Film

3.2.1 XPS Core Levels. The chemical composition of the
passive film was assessed by XPS analysis. High-resolution
spectra were acquired for the Cr 2p3/2, Fe 2p3/2, Ni 2p3/2, Mo 3d
and O 1s core levels. Figure 2 shows the Cr 2p3/2 high-
resolution spectra for the AR and heat-treated samples. The
spectra were fitted considering three different components,
independently of the heat treatment condition. Metallic
chromium (Cr0) was detected at approximately 574 eV. The
component at intermediate energies was assigned to Cr2O3,
whereas Cr(OH)3 appears at the highest binding energy. The
positions of such species are in good agreement with other
published data (Ref 23-25). The signal of metallic chromium
was detected with a higher intensity on the surface of the AR
sample. After heat treatment, it was still observed but at lower

Fig. 4 XPS high-resolution spectra of the ASTM F-139 stainless steel samples in the Ni 2p3/2 region: (a) A-1h; (b) SA; (c) AR; (d) A-8h; and
(e) A-24h
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concentrations. The signal of the metallic species is associated
with the steel substrate, as observed by other authors (Ref 26,
27). The main chromium species in the passive films are,
therefore, Cr2O3 and Cr(OH)3.

Iron was the other main constituent of the passive films on
the ASTM F-139 samples. The iron species were assessed from
Fe 2p core levels in the Fe 2p3/2 region, as shown in Fig. 3. Iron
is present in five different chemical states. Metallic iron (Fe0)
appears as the lowest binding energy species. A mixture of Fe2+

and Fe3+ species is present in the passive film. Fe3O4, FeO,
Fe2O3 and FeOOH were observed, in good agreement with the
literature (Ref 28-30). These compounds are the main oxidized
iron species for all samples, AR and heat treated. Moreover, a
strong Fe2+ satellite peak is seen in the spectra of the heat-
treated samples. It appears at approximately 715 eV, as
reported by other authors (Ref 31, 32). The intensity of
metallic iron signal decreased after heat treatment. This effect
was more accentuated for the samples annealed at 700 �C after
being solution-annealed at 1050 �C for 1 h. For these samples,
the main oxidized iron species are FeOOH and Fe2O3.
According to Zhang et al. (Ref 25), the stability of the passive
film increases with the Fe3+/Fe2+ ratio. It is, therefore, plausible
to hypothesize that annealing at 700 �C could be beneficial to
the protective character of the passive film of the ASTM F-139
samples, since it promoted an increase in the FeOOH and
Fe2O3 (Fe

3+ species) concentrations in the film. Additionally, it

is reported that Fe3+ species enhance the n-type character of the
oxide film, whereas Fe2+ are associated with p-type semicon-
ducting behavior (Ref 33). As a consequence, the semicon-
ducting character of the passive film may also be affected by
the heat treatments which, in turn, may also influence its
corrosion protection ability. These aspects will be discussed in
the next sections.

Figure 4 shows the XPS high-resolution spectra in the Ni
2p3/2 region for the AR and heat-treated samples. In the AR
condition, nickel exists primarily in the metallic state, as shown
in Fig. 4(c). Only a weak NiO peak is observed. The same
finding could be perceived in the SA sample, as shown in
Fig. 4(b). By contrast, nickel hydroxide was unequivocally
found as a third component in the spectra of the annealed
samples (A-1h, A-8h and A-24h). Notwithstanding, in spite of
the increase in fraction oxidized species, metallic nickel (Ni0) is
also the predominant constituent on the surface of the annealed
samples. The peak positions are in good agreement with the
literature (Ref 34, 35). The high concentration of the metallic
species can be ascribed to the low oxygen affinity of nickel
with respect to chromium and iron (Ref 36).

The Mo 3d core levels are shown in Fig. 5. The superpo-
sition of Mo species in the Mo 3d5/2 and Mo 3d3/2 levels is
known to make deconvolution of Mo spectra a hard task,
especially when the atomic concentrations of these species are
low in the passive film, as is often reported (Ref 37, 38).

Fig. 5 XPS high-resolution spectra of the ASTM F-139 stainless steel samples in the Mo3d region: (a) A-1h; (b) SA; (c) AR; (d) A-8h; and (e)
A-24h
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Notwithstanding, our data allowed clearly identifying different
Mo species. The naturally formed passive film on the surface of
the AR sample (Fig. 5c) presents Mo4+ (MoO2) and Mo6+

species (MoO3) along with detection of the metallic state. For
all heat-treated samples, the same compounds were found. Peak
positions are in good agreement with other published data (Ref
39-41).

O 1s spectra of ASTM F-139 stainless steel in the AR and
heat-treated conditions are displayed in Fig. 6. The spectra
were split into three components. Oxide species are related to
O2� bonds at approximately 530 eV. Hydroxides (OH� bonds)
appear at intermediate frequencies near 531 eV, whereas bound
water was found as the highest binding energy component at
533 eV. Similar results were reported by other authors for the
passive films on 316L-type stainless steels (Ref 42-44). Oxide
species predominate over hydroxides after annealing (samples
A-1h, A-8h and A-24h). Moreover, it is noteworthy that the
passive film becomes less hydrated for the heat-treated samples
when compared to the material in the as-received condition
(AR), as indicated by the lower intensity of the peak associated
with adsorbed water.

3.2.2 Depth Profile Experiments. The constitution of the
passive films formed on the ASTM F-139 stainless steel in the
AR and heat-treated conditions was further assessed by depth

profile experiments through the thickness of surface oxides.
The results are shown in Fig. 7.

The main elements that constitute the ASTM F-139 stainless
steel are detected in the passive films of all samples. The nickel
and molybdenum signals are very low in the beginning of the
experiment, increasing through the thickness of the passive
layer until reaching a roughly constant concentration as it is
removed by exposure to the argon ions flux. It is interesting to
note that the AR condition is richer in iron species than the
heat-treated samples in the first cycle. Iron is more easily
oxidized than Cr, Ni and Mo, being the major constituent of the
passive film for all samples, as observed by other authors (Ref
45). The concentrations of all species follow a similar trend,
independently of the heat treatment condition. Chromium is
enriched in the inner part of the passive film with respect to the
surface. Nickel and molybdenum present the same trend.

In order to achieve a more detailed picture of the compo-
sition of the passive films and eventual differences arising from
the heat treatments, the Cr/Fe and Mo/Fe ratios of all samples
were calculated from the depth profile data. The results are
shown in Fig. 8.

The Cr/Fe ratio of the heat-treated samples is higher than
that of the naturally formed passive film in the AR surface,
especially from 40 s up to 200 s. It is not possible, though, to

Fig. 6 XPS high-resolution spectra of the ASTM F-139 stainless steel samples in the O 1s region: (a) A-1h; (b) SA; (c) AR; (d) A-8h; and (e)
A-24h
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observe significant differences between them, especially for the
annealed samples (A-1h, A-8h and A-24h). Mo/Fe ratio shows
a marked difference between the AR and heat-treated samples
throughout the whole sputtering range. Indeed, it is noteworthy
that the Mo concentration is negligible at the initial step for the
AR condition and is lower than the treated surfaces over the
whole experiment. In spite of the similarity of the Mo/Fe ratio
between the heat-treated samples, it is slightly higher for the A-
1h and A-8h conditions, indicating a passive film richer in Mo
when compared to the other samples.

3.3 Electrochemical Tests

3.3.1 Potentiodynamic Polarization. Figure 9 shows the
potentiodynamic polarization curves for the AR and heat-
treated ASTM F-139 stainless steel samples. The results were
obtained after 1 h of immersion in PBS solution at 37 �C. The
values of corrosion potential (Ecorr), passive current density
(ipass), breakdown potential (Eb) and passive range (DE = Eb

Ecorr) were determined from these curves. The values of ipass
were determined at the middle of the passive range. The data
are shown in Table 3.

The lowest ipass was obtained for the sample annealed for
8 h, indicating its slower dissolution kinetics when compared to

the other samples. Additionally, it also presents the highest
value of breakdown potential (Eb) and widest passive range
(DE), revealing reduced pitting corrosion susceptibility. Its
corrosion potential (Ecorr) is shifted in the anodic direction with
respect to the as-received alloy and the other heat-treated
conditions, confirming the more stable character of its passive
film. A similar trend was observed for the A-1h. However, the
shift of Ecorr into the anodic direction was not as marked as that
of A-8h and the passive range was only slightly extended when
compared to the as-received condition.

There was also an increase of the passive range for the
sample A-24h in comparison with the as-received condition.
However, it was much smaller than was observed for the A-8h
sample. Notwithstanding, the Eb value of the A-24h is lower
than that of the AR and its Ecorr is shifted to a more negative
value, suggesting its passive film is not as stable as that
obtained for the sample annealed for 8 h. Solution annealing, in
turn, seems to have only little influence on the corrosion
properties and stability of the passive film of the ASTM F-139
stainless steel, since the values of Ecorr, Eb and DE are little
altered with respect to the as-received alloy.

The corrosion morphology of the AR and heat-treated
samples after potentiodynamic polarization was examined

Fig. 7 XPS depth profiles of the ASTM F-139 stainless steel: (a) AR; (b) SA; (c) A-1h; (d) A-8h; (e) A-24h
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using CLSM. The micrographs are displayed in Fig. 10. Pits
were clearly visible in the AR (Fig. 10a) and A-24h (Fig. 10e)
samples. Smaller pits appeared in the solution-annealed sample
(Fig. 10b). Fewer pits were observed in the A-1h sample
(Fig. 10c). As the A-8h condition presented the highest pitting
corrosion resistance, only very small pits were found, as
pointed by the circle in Fig. 10(d).

3.3.2 Semiconducting Properties of the Passive
Film. Further insights into the understanding of the effect
of the heat treatments on the passive film stability of the ASTM
F-139 stainless steel were provided by the Mott–Schottky plots
shown in Fig. 11. The results were obtained after immersion in
PBS solution at 37 �C for 1 h. The acceptors (NA) and donors
(ND) densities were determined from the linear portions of these
plots based on Eq. 1 and 2, respectively. The data are shown in
Table 4.

Independently of the heat treatment condition, all the
samples presented a duplex character, as denoted by the
positive slopes for potentials below � 0.13 VAg/AgCl and
negative slopes above it. The negative slopes are associated
with a typical p-type semiconducting behavior for which the
main defects are cation vacancies (Ref 46). The positive slopes
indicate an n-type semiconducting character which is due to the
predominance of defects such as cation interstitials and oxygen
vacancies in the passive film (Ref 47). The point defect model
(PDM) (Ref 48) postulates that chloride ions are likely to
occupy the oxygen vacancies in the passive film. This
absorption process is autocatalytic, enabling an enhancement
in the flux of cation vacancies into the interface between the
metal substrate and the passive film. The cation vacancies are
annihilated by the metal ions released during oxidation.
Accumulation of cation vacancies is expected at the passive
film if this reaction is slow, leading to its condensation and,
consequently, forming voids that make the passive layer thinner
and less protective against dissolution (Ref 49). It is, therefore,
expected that passive films with higher donor densities (ND)
would be more prone to pitting corrosion (Ref 50). High
density of point defects implies in a high conductive passive
film (Ref 51), affecting its corrosion protection ability.

The data shown in Table 4 clearly indicate that the passive
film formed on the surface of the A-8h sample presents few
defects which is consistent with the high pitting corrosion
resistance observed in the potentiodynamic polarization curves
(Fig. 9). The AR and A-24h samples, in turn, presented the
highest NA and ND values. The low stability of the passive
films formed on these samples can be associated with their high
densities of point defects (oxygen vacancies, cation interstitials
and cation vacancies).

4. Discussion

The corrosion resistance of the ASTM F-139 stainless steel
was affected by the heat treatment condition, as depicted in
section 3.3.1. The microstructures of the heat-treated samples
were characterized, and an increase in the grain size was
observed (section 3.1). Such grain growth should be considered
for actual applications of the ASTM F-139 with regard to its
possible effect in its mechanical properties. According to
ASTM F-139 requirements, the material should present an
average grain size of 63.5 lm (ASTM grain size number 5) or

Fig. 8 (a) Cr/Fe and (b) Mo/Fe ratios obtained from the XPS depth
profile experiments

Fig. 9 Potentiodynamic polarization curves of the AR and heat-
treated ASTM F-139 stainless steel samples after immersion in PBS
solution for 1 h at 37 �C

Table 3 Electrochemical parameters determined from
the potentiodynamic polarization curves shown in Fig. 9

Sample
ipass,

lA cm22
Ecorr,

mVAg/AgCl

Ep,
mVAg/AgCl

DE,
mV

AR 1.10 � 202 138 340
SA 0.79 � 204 141 345
A-1h 0.44 � 180 176 356
A-8h 0.39 � 158 390 548
A-24h 1.78 � 245 120 365
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finer. In this respect, even the longest annealing treatment
(24 h) yielded a microstructure within the limits of the standard
and should not prevent its use for possible control of the
passive film composition. It is important to realize that, in spite
of a general increasing trend of the grain size with the annealing
time, it was not possible to observe significant differences
between the grain sizes of the samples, if one considers the
standard deviations, as shown in Table 2. The corrosion
behavior should be, therefore, controlled by other factors. In

order to clarify this issue, the surface chemistry and semicon-
ducting properties of the passive films were assessed.

At a first glance, the surface chemistry of the passive film
was not significantly influenced by the heat treatment condi-
tion, since its chemical composition was not altered, according
to the XPS high-resolution spectra shown in section 3.2.1.
Independently of the annealing time, the same species were
found in the passive films which were mainly composed of a
mixture of chromium and iron oxides and hydroxides with

Fig. 10 Optical micrographs of the AR and heat-treated ASTM F-139 stainless steel samples after potentiodynamic polarization: (a) AR; (b)
SA; (c) A-1h; (d) A-8h; (e) A-24h
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minor fractions of nickel oxide and hydroxide and molybde-
num oxides. The main differences were observed for the nickel
and molybdenum species. Whereas nickel oxide was the only
oxidized nickel species on the AR and SA samples, the
annealed samples presented also nickel hydroxide on its surface
layer. The only oxidized molybdenum species in the passive
film of the AR sample was MoO2, while all heat-treated
samples presented also Mo6+ species in the passive film
(MoO3). None of these characteristics, though, can be corre-
lated with the corrosion properties described in section 3.3.2.

The depth profiles (section 3.2.2), in turn, indicated notice-
able compositional differences between the samples, especially
with respect to the Mo/Fe ratio that was higher for the A-1h and
A-8h. It is important, therefore, to assess the depth profile
results with more detail in order to obtain additional informa-
tion on the chemical composition of the passive film through its
thickness. With this idea borne in mind, peak deconvolution of
the Cr 2p3/2, Mo3d and Fe 2p3/2 spectra was undertaken for
selected sputtering times up to 100 s for which the passive film
of all samples was mostly removed, as suggested by the depth
profile shown in Fig. 7.

Figure 12 displays the relative concentration of the
chromium species in the passive films of the AR and heat-
treated ASTM F-139 stainless steel samples for selected
sputtering times during XPS depth profile analysis. Some
interesting features can be highlighted from these data.
Chromium hydroxide (Cr(OH)3) is the main oxidized chro-
mium species on the surface (sputtering time at 0 s) of the
naturally formed passive film on the AR sample (Fig. 12a),
whereas chromium oxide (Cr2O3) predominates on the heat-
treated samples at the same time. Moreover, Cr2O3 is enriched
in the passive film of the A-8h sample (Fig. 12d) up to 100 s
when compared to the other heat-treated samples. Chromium
hydroxide is reported to present a lower protective character
than chromium oxide, making the passive film stainless steels
less stable in chloride-containing electrolytes (Ref 52, 53). The
high pitting corrosion resistance of the A-8h sample (Fig. 9)
could be due to its Cr2O3-rich passive film, whereas the higher
pitting susceptibility of the AR condition would be related to its
Cr(OH)3-rich film. It is important to realize, though, that the
concentrations of Cr(OH)3 and Cr2O3 are not remarkably
different for the A-8h and A-24h (Fig. 12e) samples, but their
localized corrosion resistance is quite different as shown in
Table 3.

Hence, it is likely that other factors may influence the pitting
corrosion behavior of the heat-treated material. In addition to
chromium, molybdenum plays also a central role in the passive
film stability of stainless steels (Ref 54). We have, therefore,
deconvoluted the Mo3d peaks of the AR and heat-treated
samples for selected sputtering times. The relative concentra-
tions of the molybdenum species are shown in Fig. 13. The
surface of the passive films (at 0 s) is richer in MoO3 species
for the A-8h sample (Fig. 13d) when compared to the other
samples. Similar contents of MoO2 and MoO3 were found for
the annealed samples for longer sputtering times. These species
are often reported to be part of the passive films of stainless
steels, which are associated with their corrosion resistance (Ref
54, 55).

In fact, several authors (Ref 24, 56) have found that
molybdenum does not present a significant effect on the
composition of the passive films of stainless steels. Its major
effect is centered in its ionic selectivity when present on the
outer part of the passive film where it can act as an electron

acceptor, enhancing the formation of Cr2O3 by creating more
oxygen vacancies in the inner part of the passive layer (Ref 57).
This effect is mainly due to Mo6+ species that are preferentially
concentrated in the outer part of the passive film (Ref 58). Our
results also point to this direction, since MoO3 signal is higher
at the surface and disappears after 40 s for all annealed
samples. Since the MoO3 signal is more intense in the outer
part of the passive film of the A-8h sample, it is likely that it
could more effectively enhance the stability of the passive film
against pitting corrosion, by enhancing the formation of an
enriched Cr2O3 layer. This would support the findings of the
potentiodynamic polarization tests described in section 3.3.1.

Additional support to the above-discussed effects of the
chromium and molybdenum species in the passive film
composition and corrosion stability can be provided by the
analysis of the Fe 2p3/2 spectra at selected sputtering times
during the XPS depth profile experiments. The results are
shown in Fig. 14. The hydrated nature of the passive film is
related to the presence of hydroxide species, such as FeOOH
which are reported to form porous, non-protective layers
against corrosion (Ref 59). These species are likely to be
encountered in the outer part of the passive film. Indeed, our
results indicate that FeOOH was only found in the outer part of
the passive films of the heat-treated samples, whereas it spread
through the passive film thickness only for the as-received
material (Fig. 14a). The only two samples for which the
FeOOH species is completely removed after only 20 s of
sputtering (1 cycle) were the A-1h and A-8h, indicating it is
only present at the outer part of the passive films. As the
sputtering time increases, iron oxides predominate and become
the unique oxidized iron species, such as Fe3O4, FeO and
Fe2O3 for all heat-treated samples. The A-8h sample shows
another distinct aspect that is not found in the other heat-treated
samples. Its FeO concentration is high from 20 s up to 100 s of
sputtering, remaining rather homogeneous throughout the
thickness of the passive film and overcoming all other samples.
According to the literature (Ref 60, 61), Fe2+ oxides are more
corrosion resistant than Fe3+-based ones. It is expected,
therefore, that passive films rich in FeO should present higher
resistance to pitting corrosion. In this regard, the passive film
stability of the A-8h sample would be favored, since it
presented high concentration and homogeneous distribution of
FeO throughout its thickness (Fig. 14d).

The detailed assessment of the XPS depth profiling data
gave important information about the relationship between the
chemical composition of the passive films formed on the AR

Fig. 11 Mott–Schottky plots of the AR and heat-treated samples
after 1 h of immersion in PBS solution at 37 �C
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and heat-treated samples and its corrosion resistance. The
passive film of the A-8h is enriched with MoO3, Cr2O3 and
FeO which is considered to be the main responsible for its high
corrosion stability when compared to the other samples. As
well established in the literature, the semiconducting properties
of the passive film are also intimately related to its pitting
corrosion susceptibility (Ref 62).

As shown in Fig. 11 (section 3.3.2), the passive films of all
samples presented two linear portions, revealing its duplex

character which is associated the transition from n-type
(positive slope) to p-type (negative) semiconducting behavior.
It is well documented that Cr2O3 behaves as a p-type
semiconductor, whereas iron oxides/hydroxides present n-type
behavior (Ref 63, 64). Moreover, MoO3 is reported to behave
as n-type semiconductor, whereas MoO2 presents a p-type
character (Ref 65). Both species, although in minor concentra-
tions when compared to Fe and Cr compounds, were detected
on the surface films of the AR and heat-treated samples. In this
respect, the mixed composition of the passive films of all
samples as determined by XPS analyses is likely to be
responsible for the duplex semiconducting behavior. The p-
type behavior is associated with an excess of cation vacancies
or depletion of metal cations. The n-type character arises from
cation transport promoted by interstitial diffusion or anion
diffusion through the passive film into the metal/electrolyte
interface (Ref 63).

According to Ningshen et al. (Ref 63), the dopants of
passive films are the point defects themselves. Thus, lower
values of doping densities, either acceptors (NA) or donors
(ND), are related to an increasing resistance to pitting corrosion
due to the less defective nature of the oxide layer. Conversely,
when NA and ND are high, the passive film presents a marked

Fig. 12 Relative concentration of the chromium species in the passive films of the ASTM F-139 stainless steel samples obtained by peak
deconvolution of the XPS spectra at selected sputtering times: (a) AR; (b) SA; (c) A-1h; (d) A-8h; and (e) A-24 h

Table 4 Acceptors (NA) and donors (ND) densities
determined from the Mott–Schottky plots shown in
Fig. 11

Sample NA (1016 3 cm23) ND (1016 3 cm23)

AR 4.87 5.52
SA 1.72 5.51
A-1h 1.98 6.50
A-8h 1.91 3.38
A-24h 4.50 6.25
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disordered character that hampers its corrosion protective
ability (Ref 66). It is important to realize, hence, that the low
NA and ND values of the A-8h sample (Table 4) reflect the
formation of a passive film with fewer point defects and less
disordered structure. As a consequence, the transport of
chloride ions from the electrolyte would be less effective than
for the other samples, thus leading to an increase in the pitting
corrosion resistance.

Our results unequivocally show that the composition,
electronic properties and corrosion resistance of the passive
films formed on the ASTM F-139 stainless steel are correlated
and depended on the heat treatment condition. One should not
rule out its influence on the pitting corrosion susceptibility of

the devices manufactured from this material. Specific condi-
tions can be tailored to obtain optimized corrosion resistance.

5. Conclusions

The grain size of the ASTM F-139 stainless steel samples
increased after heat treatment but was not significantly affected
by the annealing condition. Its effect on the corrosion resistance
of the alloy was considered to be negligible. The composition
of the passive film, in turn, was affected by the heat treatment
condition. The results obtained by XPS revealed enrichment in

Fig. 13 Relative concentration of the molybdenum species in the passive films of the ASTM F-139 stainless steel samples obtained by peak
deconvolution of the XPS spectra at selected sputtering times: (a) AR; (b) SA; (c) A-1h; (d) A-8h; and (e) A-24h
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Cr2O3, MoO3 and FeO for the passive film obtained after an 8-h
annealing period. Furthermore, the electronic properties of the
passive films were also dependent on the heat treatment
procedure. Annealing for 8 h promoted the formation of a less
disordered oxide film. As a consequence of the compositional
changes and alterations of the semiconducting properties of the
passive films, the pitting corrosion susceptibility was decreased
for the samples annealed for 8 h which presented a wide
passive range and high breakdown potential.
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