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A B S T R A C T

In this study, we report on a combined microscopic, analytical and electrochemical characterization of the
nanoscopic passive layer on a tungsten‑molybdenum-containing super duplex stainless steel. We used scanning
transmission electron microscopy/energy dispersive X-ray spectroscopy, scanning Kelvin probe force micro-
scopy, scanning tunneling spectroscopy, and Mott–Schottky electrochemical impedance spectroscopy analysis to
correlate the local chemical composition and electronic properties of passive layers on austenite and ferrite
phases. The passive layer on the ferrite phase contains a higher amount of Mo, W, and Cr, which accommodates a
higher nobility of ferrite and a higher local energy of the band gap compared to those on the austenite. The two
aforementioned phases exhibit a different composition and semi-conductive properties of their passive layers
leading to dissimilar local corrosion susceptibility. These findings are of pivotal importance in further studies of
austenite and ferrite phase resolved corrosion resistance of duplex stainless steel demanding a dedicated alloying
strategy.

1. Introduction

The microstructure of duplex stainless steel (DSS), which consists of
austenite and ferrite phases in roughly equal proportion, accommodates
outstanding mechanical properties as well as generally superior corro-
sion resistance compared to conventional grades of stainless steel [1,2].
However, coexistence of austenite and ferrite with alloying elements at
dissimilar levels may result in heterogeneous corrosion of DSS in ex-
tremely harsh environments. In general, in corrosive environments like
chloride-containing solutions, especially at elevated temperature, aus-
tenite is more prone to localized corrosion attack (i.e. pitting corrosion)
compared to ferrite [3,4]. Additionally, the austenite phase often shows
a higher dissolution rate than ferrite in acidic solutions like H2SO4
where a galvanic coupling is also expected [5]. This behavior can be
linked to the different bulk chemical composition of the two phases,
promoting passive layers with different corrosion properties on auste-
nite and ferrite [2,6].

The high corrosion resistance of DSS is generally attributed to the

semi-conductive properties of the surface passive film. In fact, the semi-
conductivity of the passive film plays a critical role in the film break-
down process, which is mainly controlled by ionic and electronic mo-
bility processes [7,8]. The semi-conductive properties of the passive
film can be modified by adding alloying elements at different levels to
the bulk, although the effect of other factors like solution chemistry and
pH, pre-treatment and mechanical history of alloy cannot be ruled out
[1]. As is recently reported, compared to chromium and molybdenum,
tungsten can provide DSS with a higher passive film stability and re-
passivation kinetics [1]. Nevertheless, the extent to which tungsten can
contribute to enhancement of the passive layer properties is limited by
several factors including economical restrictions and its adverse im-
pacts on mechanical properties of DSS [9]. The enhanced corrosion
performance of DSS upon addition of tungsten is correlated to the
prevention of anion attack and cation ejection due to the formation of
tungsten trioxide (WO3) in the passive film [10]. Furthermore, tungsten
anions (WO4−2) are reported to act as an inhibitor in the electrolyte
inside pits or crevice [9,10]. Therefore, it is expected that the passive
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films on ferrite and austenite phases within DSS exhibit variations in
their corrosion resistance, as they comprise tungsten at different level.

For a ternary Fe-Cr-Ni stainless steel, the cross section of passive
layer can be divided into inner and outer regions, in terms of chemical
composition [1,3,11]. Line profile analysis by scanning transmission
electron microscopy equipped with energy dispersive X-ray spectro-
scopy (STEM/EDS) have revealed nickel accumulation at the inner side
of the passive layer (i.e. passive layer/matrix interface) where a chro-
mium depleted-zone is observable. Furthermore, chromium has been
detected at higher concentration in the inner region of the passive layer
than in the outer region whereas it is opposite for iron [3]. However, in
the new generation of super DSS which comprise more alloying ele-
ments and coexistence of multiple phases, the microstructure and
chemical composition of passive layer on each phase might be more
complex than those on simple alloys. Therefore, a combination of dif-
ferent characterization techniques is required to assess the structure,
chemical composition, and electronic properties of the passive layer on
each phase. A major analytical challenge is to measure the extent and
distribution at which minor alloying elements like tungsten and mo-
lybdenum incorporate into the oxide layer.

To this point, many works have been devoted to studying the pas-
sivity and selective dissolution of different phases in DSS and a variety
of techniques have been utilized for characterization of microstructure,
chemical composition, electronic properties, as well as corrosion pro-
tection properties of passive layer on DSS. For instance, Femina et al.
used electrochemical scanning tunneling microscopy (ECSTM) [12] and
scanning Auger electron spectroscopy (SAES) [13] to resolve local
electrochemical events occurring at the phase/grain boundary regions
in different DSSs with various chemical compositions. They found that
partitioning of alloying elements, e.g. Mo and Cr in the ferrite phase
and Ni and N in the austenite phase, in the higher alloyed DSSs results
in homogeneous dissolution of the two phases in DSS, by strengthening
the initially weak sites of ferrite adjacent to austenite. They observed
such composition gradients across the boundary of the two phases
which extends to a few micrometers. Guo et al. [14] used atomic force
microscopy (AFM) to determine the local electron work function of
phases in DSS and concluded that the different properties of ferrite and
austenite in DSS, such as adhesive force or modulus, are intrinsically
related to their electron work function. However, caution should be
used in the interpretation of local Volta potential results obtained by
SKPFM, as the measured values in air are not always correlated with the
real corrosion potentials in aqueous solutions [15]. They also used
magnetic force microscopy (MFM) [16] to properly identify different
phases in electropolished DSS and used current sensing atomic force
microscopy (CSAFM) [7] to determine the electrical properties of the
passive film on DSS, before and after passivation. Their results in-
dicated that conductivity of the passive layer on both ferrite and aus-
tenite phases decreases as the passive film thickens, and correlated this
trend to the change of the chemical composition of the passive film as it
grows. Scanning electrochemical microscopy (SECM) was used by de
Assis et al. [17] to address the preferential dissolution of ferrite in DSS.
Cheng et al. [1], on the other hand, used SECM and observed that the
galvanic effect beneficially affects the passivity of the film on both
phases in DSS. Jin et al. developed a test system by combining litho-
graphy and electrochemical microcapillary cell [18] to acquire local
electrochemical properties on DSS with micrometer lateral resolution
and proposed that the corrosion resistance in DSS decreases in the order
austenite> austenite/ferrite interface> ferrite. Örnek et al. [19] and
Sathirachinda et al. [20] used scanning Kelvin probe force microscopy
(SKPFM) to study the changes of nobility of ferrite and austenite in DSS
after different heat treatments. Based on their observations long ageing
treatment results in the reduction of the nobility of all phases, with the
biggest detrimental impact on ferrite. The effect of annealing and cold
rolling on the nobility of phases in DSS [21] and the influence of hy-
drogen charging on the pitting corrosion of DSS [22] was also studied
using SKPFM. It was noted that upon hydrogen charging in DSS, low

potential areas emerge mainly at the ferrite/austenite boundary or in-
side the ferrite phase. These low potential areas are preferential sites for
nucleation of pitting corrosion. Yao et al. studied the passive film on
DSS using photoelectrochemical techniques, angular resolved X-ray
photoelectron spectroscopy (AR-XPS), and Mott-Schottky analysis and
determined the semiconducting properties of the passive film at dif-
ferent applied potentials in an alkaline borate buffer solution [23].
They identified both n-type and p-type semiconducting characteristics
in the passive layer formed at different potentials, pointing toward a
double layer structure for the passive film on DSS. In a recent work by
Gardin et al. [24] XPS and time of flight secondary ion mass spectro-
scopy (ToF-SIMS) 3D chemical mapping were coupled to compare the
native oxide and electrochemically formed passive film on austenite
and ferrite in DSS. They clearly showed that the condition in which the
passive layer on DSS is formed affects the distribution of alloying ele-
ments in ferrite and austenite phases.

In this work, we utilize a combination of SKPFM, scanning tunneling
spectroscopy (STS), STEM/EDS, and Mott-Schottky electrochemical
impedance spectroscopy (MS-EIS) to get new insights into the role of
alloying elements in the bulk of adjacent ferrite and austenite phases in
a super DSS on the chemical composition, nobility, and charge carrier
properties of their respective passive layers. For this purpose, S39274
super duplex stainless steel was selected, as this alloy consists of aus-
tenite and ferrite phases next to one another, with dissimilar content of
alloying elements like chromium, nickel, molybdenum, nitrogen and
tungsten. The Volta potential is regarded as a measure of the electrical
properties of metal or semi-conductor surfaces, including oxides or
passive films that are formed in air, electrolyte, or under applied po-
tential, and represents the relative nobility of different constituents
within heterogeneous materials [19,25]. In fact, the Volta potential is
sensitive to any kind of chemical variations, structural changes, or
surface defects and can be used to unravel the electrochemical activities
indirectly, especially in prediction of corrosion behavior
[15,19,26–28]. Complementary STS and MS-EIS analysis allows de-
termining the semiconducting properties of passive layer, whereas
STEM/EDS provides information on local microstructure and chemical
composition variations in the bulk ferrite and austenite phases as well
as their passive layers, yet unreported in prior literature.

2. Experimental details

The specimens were cut out of a pipe sheet of UNS S39274 super
duplex stainless steel (Nipon steel & Sumitomo metal company) with a
thickness of 5mm and surface area of 1.5 cm2. The chemical compo-
sition of S39274 super DSS was measured by a spark atomic emission
spectrometer (Spectro M8) according to ASTM E1086 [29], and the
nominal composition is provided in Table 1, together with the chemical
composition of individual austenite and ferrite phases, which are de-
termined by integrating the elemental line profiles measured by EDS.
The samples were wet polished to a mirror-like finish according to
ASTM E3-11 [30], using successive grades of SiC papers up to 3000 grit
followed by a final polishing step with alumina slurry-impregnated
polishing cloth. After polishing, the samples were rinsed with ethanol
followed by hot air blow drying. All scanning probe microscopy mea-
surements were performed on the polished specimens, without any

Table 1
Main alloying elements in UNS S39274 super DSS and in individual ferrite and
austenite phases (wt%).

Element Ni Cr Mo W N Fe and other minor alloying
elements

Super DSS 5.94 24.51 3.49 2.58 0.25 Bal.
Ferrite 3.81 27.45 4.78 2.88 0.04 Bal.
Austenite 7.21 24.23 3.16 1.58 0.46 Bal.
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prior electrochemical treatments. SKPFM and STS analysis were carried
out on samples with a native passive layer, to characterize the relative
surface Volta potential distribution and electronic property of ferrite
and austenite phases. For this purpose, automatically interchangeable
measuring heads were used which were integrated into the Solver Next
SPM (AFM-STM) instrument. The relative Volta potential mappings
were performed in a dynamic lift-up mode at a scan frequency rate of
0.3 Hz, a pixel resolution of 512× 512, at 27 °C and a relative humidity
of 28%. AFM tip during mapping was n-type antimony-doped silicon
pyramid single crystal with a conductive PtIr (10 nm) coating and a Cr
adhesive layer (2.5 nm). STS measurements were carried out with a
sharpened Pt tip by the cut-and-pull technique [31] at about 60° angle
with special cutting scissors. The distance between tip and sample was
fixed by applying a constant bias voltage of 1 V and a set point current
of 0.4 nA. The normalized differential conductance spectra were col-
lected from the tunneling currents in the scanning voltage range of
−0.5 V to +0.5 V. In order to achieve better counting statistics, the STS
measurements were performed multiple times and the results were
averaged on individual ferrite and austenite phases. To enhance the
thickness of the passive film on the samples for TEM characterizations,
a mirror-like polished bulk sample was immersed in 45% HNO3 solu-
tion for 24 h. To detect the passive film thickness and alloying element
distribution in both ferrite and austenite phases, TEM analysis in a Titan
Cs-corrected 300 kV TEM facility equipped with an EDS detector (Ox-
ford instrument) was performed. The cross-sectional thin specimens
were obtained from the grain-boundary regions where both austenite
and ferrite phases are included, using a Helios G4 FEI focused ion beam
(FIB) and lift-out procedure [32]. For the electrochemical measure-
ments, a Vertex.One.EIS Ivium potentiostat instrument was used with a
saturated calomel electrode (SCE, +245 vs. SHE) and a platinum plate
as the reference and counter electrodes, respectively. The Mott-
Schottky EIS measurements were performed in a 3.5%wt NaCl solution
at 1 to 1000Hz frequency range in 10 frequency steps and in the po-
tential range of −1 to 1.1 V vs. SCE, with an amplitude value of± 10
mV. Accuracy of the Mott-Schottky EIS analysis was confirmed by
modeling the individual EIS spectra at selected potentials, which could
be fitted with a constant phase element (CPE) having n close to 1. Prior
to the Mott-Schottky EIS measurements, the working electrodes were
immersed in the 3.5%wt NaCl corrosive solution for 1 h, to enable the
steady state open circuit potential (OCP) condition to establish.

3. Results and discussion

To determine the impact of alloying elements on nobility and semi-
conductive properties of ferrite and austenite phases, we obtained
SKPFM distribution maps of S39274 super DSS over a 60× 60 μm2 area
as shown in Fig. 1a. The lower Volta potential in this map (darker re-
gions) corresponds to the austenite phase whereas the ferrite phase
possesses the higher Volta potential values (lighter regions) confirming
the observations in Ref. [7, 8]. As listed in Table 1, austenite and ferrite
have different contents of alloying elements. It is obvious that the en-
richment of tungsten, chromium, and molybdenum in ferrite phases has
a more positive effect on the work functions than enrichment of nickel
and nitrogen in the austenite phase [7,33]. Therefore, according to
SKPFM results, ferrite is expected to be more noble than austenite and
as such a lower electrochemical activity is expected for the ferrite
phase, which is in line with prior works [2–5]. For quantitative ana-
lysis, the Volta potential distribution is presented as a histogram in
Fig. 1b and it is de-convoluted into two peaks using the multimodal
Gaussian distribution analysis, according to Eq. (1) [28]:

= x µY 1 exp. 2( )

2

2

2
(1)

where Y represents the counts number, σ is the standard deviation, and
μ is the mean Volta potential value. Based on the extracted parameters

from SKPFM image using histogram analysis the ferrite phase (nobler
component) shows a higher mean Volta potential value (~101mV) as
compared to austenite islands (~65mV). This potential difference be-
tween the austenite and ferrite phases (ΔV=36mV) can explain the
occurrence of localized corrosion attacks at grain boundaries toward
austenite phase, as was reported in [9,21]. Additionally, the austenite
phase exhibits a higher standard deviation value (std=~21.0mV, re-
sulting in a wider peak in Fig. 1b) than ferrite phase (std=~11.5mV),
which can be attributed to higher compositional heterogeneities within
the austenite phase [34], a phenomenon which has recently been ob-
served using high resolution EDS line profile analysis [35]. Never-
theless, a quantitative measure of such heterogeneity can be realized
using statistical approaches like histogram analysis, as shown in Fig. 1b.
Fig. 1c schematically illustrates the spatial frequency distribution of the
measured Volta potentials superimposed on the 3D Volta potential map.
Detailed information on Volta potential distribution can be obtained by
power spectral density (PSD) analysis of SKPFM data; as shown in
Fig. 1d. The PSD plot, calculated by the following equation, correlates
the Volta potential components to their spatial distribution [36]:

=PSD(f) lim 1
A

z(r) exp( 2 if. r)dr
A A

2

(2)

where z(r) represents the Volta potential data of the surface area, A is
the surface area of the measuring field, r is the position vector, and f is
the spatial frequency vector in the x− y plane, as shown in Fig. 1c. Low
and high frequency oscillations in this figure schematically demonstrate
the correlation concept of Volta potential and spatial frequencies on
ferrite and austenite phases. In the PSD graph (Fig. 1d), the lowest
spatial frequencies with high Volta potential are related to ferrite and
the highest spatial frequencies with the low Volta potential correspond
to austenite phase.

As mentioned earlier, the semi-conductivity is a crucial factor af-
fecting the charge carrier characteristics of the passive layer. To further
explore the macroscopic semi-conducting characteristics of passive film
on super DSS in contact with a corrosive solution, we performed Mott-
Schottky EIS analysis using the following equation [23,37]:

+ = ±
C C eN A

E E kT
e

1 1 2
H SC d or a

fb2 2
0 ( )

2 (3)

where CSC represents the space charge capacitance, CH is the capaci-
tance of the Helmholtz double layer, E is the applied potential, A is the
sample area, ε is the dielectric constant of the passive film, ε0 is the
vacuum permittivity (8.854×10−12 F.m−1), e is the electron charge,
N(d or A) is the number of the donor or acceptor defects, Efb is the flat
band potential, and k and T are Boltzmann constant and the absolute
temperature, respectively. As the dielectric constant of a material is
dependent on its chemical composition, passive layers with different
chemical composition will have different dielectric constants. However,
determining the exact dielectric constant for a thin layer is not trivial.
Therefore, we have used a constant ε in our calculations (ε=12) ac-
cording to Hakiki et al. [38]. In the potential range of −0.6 to −0.4 V
vs. SCE (i.e. flat bond potential) the capacitance of the Helmholtz
double layer is ~44–55 μF.cm−2, consistent with earlier studies [39].
For highly doped semiconductors, a significant part of the potential
difference at the semiconductor/electrolyte interface extends to the
Helmholtz layer in the solution and therefore the CH contribution
should not be neglected [40–43]. Furthermore, due to the high density
of the defects in the passive layer (vide infra), voltage dependence of
the film thickness, and the effect of surface states and adsorption
events, Mott-Schottky EIS analysis can only serve as a semi-quantitative
method [23]. In Fig. 1e we have plotted C−2 against E. A positive slope
in this plot indicates an n-type charge carrier behavior, whereas the
opposite reflects a p-type semi-conductor [1,44]. As is depicted in
Fig. 1e, the charge carrier property of the passive film on super DSS
transforms from a p-type semi-conductor (region I) to an n-type semi-
conductor (region II) when the potential passes −0.5 V vs. SCE. As will
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be discussed in the following, the passive layers with p-type and n-type
characteristics correspond to the inner and outer layers of the passive
film, respectively, which is in agreement with the earlier studies on
similar systems [42,43,45–48]. Between 0.3 V and 0.8 V vs. SCE (region
III), the p-type behavior of the passive film is probably due to the in-
creased concentration of the cation vacancies [23]. Beyond 0.8 V vs.
SCE (region IV), the passive layer shows an n-type behavior due to the
dissolution of chromium oxide. At this potential range, iron is the
dominating component of the barrier film [23]. Changes in the semi-
conducting characteristics of the passive layer from p-type to n-type
(i.e. region I to II) are accompanied by a slight decrease in the number
of defects (from Na=23.1020 cm−3 to Nd= 20.1020 cm−3).

Lanuzzi et al., suggested that tungsten containing DSS in contact
with a saline solution directly forms WO3, which is responsible for the
improved localized corrosion resistance of DSS [9]. Furthermore,
tungsten promotes the stability of molybdenum, chromium, and iron
and consequently contributes to the stability of the passive film [10].

Since the content of alloying elements within coexisting ferrite and
austenite phases is different (Table 1), the passive layers on individual
phases are expected to possess dissimilar chemical compositions. To
assess this presumption, (S)TEM/EDS examinations were carried out to
microstructurally and chemically characterize the passive films grown
on austenite and ferrite phases. Fig. 2a shows a high angle annular dark
filed STEM (HAADF-STEM) image of the passive film around a ferrite/
austenite interface. The inset in Fig. 2 (zoomed-in image) clearly shows
the contrast between the bulk and oxide passive layer. No variation in
passive layers thickness is observed, despite the fact that a thicker layer
of passive film is expected generally to form on ferrite phase [11].
Nevertheless, galvanic activities between ferrite and austenite in a

chloride-free solution might accelerate the growth of the passive film on
austenite, whereby an identical thickness of both phases is oxidized.
According to the HAADF-STEM image, the passive layer thickness is
approximately 6.5 nm. Fig. 2b and c show the high resolution TEM
images of austenite (left) and ferrite (right) phases. The atomic ar-
rangement of crystalline bulk ferrite and austenite phases in these fig-
ures is noticeably distinguishable from the fully amorphous passive
layer. In contrast, Zhang et al. observed partially crystalline structure or
nano crystals at the interface between the bulk phase and the passive
layer [4].

Fig. 3a represents the STEM image and EDS mapping results along
the austenite/ferrite boundary on super DSS. The EDS elemental maps
demonstrate the higher content of nickel and nitrogen in the austenite
phase and higher amount of chromium, molybdenum, and tungsten in
ferrite (phase stabilizer) [9,13]. It is worth noting however, as was
mentioned earlier, the effect of passive layer formation condition on the
distribution of the alloying elements should not be neglected [24]. To
better demonstrate the distribution of tungsten and molybdenum
within the passive layer, their EDS maps were superimposed on the
STEM image, as shown in Fig. 3b. This figure clearly shows that mo-
lybdenum is rather distributed within the inner passive layer whereas
tungsten is spread over the whole layer. EDS line profile in Fig. 3c re-
veals the elemental distribution within the passive film along the aus-
tenite/ferrite interface (denoted with line I in Fig. 2). Comparing the
EDS maps in Fig. 3a and the elemental profile along line I, a qualitative
correlation can be drawn; the alloying elements are incorporated into
the passive layer depending on their levels in the bulk state. Never-
theless, the content ratio of alloying elements in bulk and in the passive
layer of the corresponding phase is clearly different.

Fig. 1. (a) Volta potential distribution over austenite and ferrite phases in super DSS, (b) Histogram representation of the Volta potential distribution, (c) Schematic
depiction of correlation between the Volta potential distribution and spatial frequency for surface constituents, (d) PSD profile of the Volta potential distribution on
super DSS sample, (e) Mott-Schottky EIS analysis of super DSS sample in the 3.5% NaCl corrosive solution.
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Elemental depth profiles in Fig. 3d and e demonstrate the elemental
distribution in the passive film from surface toward bulk along the line
II and line III in Fig. 2, respectively. In the case of austenite phase, the
alloying elements are mainly accommodated within the inner part of
the passive film. Specifically, nickel has accumulated in the matrix,
close to the passive film, where a slight chromium depletion is detect-
able. Interestingly, nitrogen is also found within the entire passive
layer. An enrichment of iron in the outer part of the passive film is
clearly observed in ferrite phase, a phenomenon which is less pro-
nounced in austenite phase. The distribution pattern of chromium,
tungsten, molybdenum, and nickel seems to be similar to that in the
austenite phase. The passive layers on austenite and ferrite phases can
be divided into inner and outer regions accordingly. This is in con-
formity with the Mott-Schottky EIS results from which different semi-
conductive properties for inner and outer parts of the passive layer were
discussed. The results unravel that the local composition brings about
different charge carrier properties. Overall, based on the elemental
distribution within the passive layer, the formation of chromium
oxides/nitrides in the inner passive layer with p-type semiconducting
characteristics is plausible. Nitrogen presence in the outer layer might
lead to the formation of iron and tungsten oxides/nitrides, which pos-
sibly provide self-healing properties for the passive layer as recently
proposed procedure by Wang et al. [49].

Based on the earlier Mott-Schottky EIS results and EDS analysis on
individual phases, we conclude that the p-type behavior in the inner

part of passive film, which is related to more and effective presence of
tungsten and molybdenum in this region, is more pronounced for the
ferrite phase compared to that for austenite phase. These observations
can also explain the improved integrity of the passive film on this
phase, as reported in the previous study [9,21].

To further correlate relative Volta potential, Na and Nd in Mott-
Schottky EIS, and chemical composition of individual phases on super
DSS, we conducted complementary STS measurements. In STS analysis,
a bias voltage is applied between a conductive tip and the sample
surface to generate a tunneling current flowing across a potential bar-
rier [28]. When the tunneling gap between the tip and the sample
surface is small and the applied bias voltage is low, the correlation of
the tunneling current (I) to the gap distance (S) can be defined as fol-
lows [50]:

I V
S

e A S1/2

(4)

where Φ is the work function, V is applied bias voltage, and constant A
equals 1.025 (eV)−1/2. Mechehoud et al. showed that the band gap
values measured by STS are comparable to those extracted from pho-
toelectrochemical evaluations [51]. For a constant S, the total tunneling
current has a direct correlation with the number of surface defects on
the sample surface [52,53]. Therefore, the dI/dV vs. V curve can be
used as a representative for the local semi-conductive characteristic of
the passive film on individual phases. As aforementioned, the passive

Fig. 2. (a) HAADF-STEM image showing austenite and ferrite phase. The specimen was fabricated using FIB and lift-out technique around the austenite/ferrite grain
boundary region. The passive layer is formed by immersing a mirror-like polished bulk sample in 45% HNO3 solution for 24 h. Inset a shows a zoomed-in image of the
sample with a passive layer of ca. 6.5 nm thick on top; interestingly no thickness variation is observed comparatively over austenite and ferrite. (b) and (c) show high
resolution TEM images of austenite (left) and ferrite (right) phase. The amorphous passive layer is readily distinguishable from the crystalline bulk.
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films on ferrite and austenite phases have different chemical composi-
tions and consequently dissimilar work functions. To further evaluate
this phenomenon, the dI/dV vs. V curves for austenite and ferrite are
provided in Fig. 4a and b, respectively. In these figures, the local con-
duction band potential (Ec) and local valence band potential (Ev) can be
determined by selection of the first sharp rise of dI/dV where the ne-
gative and positive values represent, in their respected order, the oc-
cupied and unoccupied electron density states [53]. Therefore, ΔV
(Ec− Ev) can be correlated to the local surface electronic gap energy
(Eg) of the corresponding passive films. Fig. 4 demonstrates that the

ferrite phase has a larger local surface electronic gap energy (Eg
~0.46 eV) than austenite phase (Eg ~0.20 eV). The higher Eg on ferrite
phase in comparison with that on the austenite is attributed generally to
the positive role of chromium and molybdenum [7]. Furthermore, the
presence of tungsten can promote the stability of the passive film. It has
been shown, by Marcus et al. [53] and Greiner et al. [54], that the
global band gap energy of WO3, with n-type semi-conductor character
and cubic simple structure, is in the range of 2.5 to 3.2 eV. Nevertheless,
due to the local sensitivity and defects influence, the local band gap
potentials values measured by STS are lower than the global band gaps

Fig. 3. (a) STEM image and EDS elemental maps, showing the distribution of alloying elements in austenite and ferrite. (b) Tungsten (top) and molybdenum (bottom)
map superimposed on the STEM image to better show the element distribution within the passive layer. (c) Distribution of alloying elements in the passive film across
the austenite/ferrite boundary (marked with line I in Fig. 2). The composition of passive layer is distinctly different from that in the bulk for both ferrite and austenite
phases (Table 1). Cross sectional elemental profiles in (d) austenite (along line II in Fig. 2) and (e) ferrite (along line II in Fig. 2). As the border between the inner and
outer passive layer is not sharp, the schematically shown passive layer is not divided into two sections.

Fig. 4. STS results showing the differential conductance spectra (dI/dV vs. V) on (a) ferrite and (b) austenite phases. All the experiments were performed on air-
formed passive film at 27 °C and relative humidity of 28% ± 1. For better counting statistics, multiple STS measurements were performed on each phase and
different colors represent different runs. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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which are reported for bulk oxides [52]. Based on the EDS profiles
formation of other tungsten oxides and more specifically the tungsten
nitrides is also expected in the passive layer, on both phases. Formation
of these oxides also affects the band gap energy in the passive layer.
Based on our results, the impact of tungsten on modification of the
semi-conductive properties (expected to improve corrosion resistance)
of the passive film is more pronounced for the ferrite phase.

Overall, the results obtained in the present study (SKPFM, STEM-
EDS and STS) indicate that tungsten is enhancing passive layer integrity
on ferrite phase whereas the austenite still needs improvement, by
adding other effective alloying elements, in terms of corrosion prop-
erties. The synergy between additional alloying elements in this regard
is also an important factor. As previously observed by Olsson [55],
nitrogen and molybdenum interaction near the passive layer region in
DSS enhances the protective properties of the passive layer, in-
dependent of the underlying phase. Similarly, Kim et al. investigated
the synergism between iron dissolution and molybdenum formation
due to the substitution of tungsten in SS [10]. The beneficial effect of
tungsten on the pitting and crevice corrosion resistance of DSS was
further assessed by Haugan et al. [9]. Furthermore, Liou et al. sys-
tematically explored the synergistic effect of alloying elements on the
cracking sensitivity and ductility of DSS [56]. According to these stu-
dies, in the design of DSS alloys with improved corrosion or mechanical
properties, the synergistic effect of additional alloying elements should
also be considered. Although designing the alloys for specific corrosion
or mechanical performance is beyond the scopes of this manuscript, a
thorough characterization of the passive layers on individual phases,
such as the research performed in this study, is crucial for exploration of
the synergistic effects of the alloying elements on the overall perfor-
mance of the alloy. Besides, assessing the impact of passive layers with
different properties on individual phases in DSS on their corrosion
protection efficiency, requires further local electrochemical measure-
ments which is ongoing in our groups.

4. Conclusions

A comprehensive study was conducted on a super DSS (S39274) in
order to investigate the role of alloying elements in passive layer
properties on individual ferrite and austenite phases. Mott-Schottky EIS
analysis confirmed that the passive film on super DSS is composed of a
p-type inner layer and an n-type outer layer. The contribution of
tungsten and molybdenum, as minor alloying elements, to passive layer
buildup was studied and their presence in the passive layer was directly
evidenced by STEM/EDS analysis. A slight chromium depletion and
considerable nickel accumulation was detected in the inner layer of the
passive film at the metal/oxide interface. It was shown that the passive
layer formed on the ferrite phase contains more molybdenum, tungsten,
and chromium which provide ferrite with a higher nobility than the
austenite phase. Finally, the STS examinations measured higher local
energy of the band gap for the air-formed passive layer on ferrite
compared to that on the austenite phase. A combination of the findings
herein can be used to explain dissimilar corrosion properties of the
austenite and ferrite in super DSS (S39274).
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