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A B S T R A C T

Passive films on duplex stainless steels are heterogeneous, with properties depending on the two-phase micro-
structure. Accordingly, the interaction of chloride ions with the passive films on either of the two phases ought to
vary. These issues have been investigated by some indirect methods, not sufficiently nor directly corroborated by
experimental evidence. Using aberration-corrected transmission electron microscopy, we simultaneously in-
vestigate the films on the ferrite and austenite phase near the phase boundary, as well as the film evolution in
chloride-containing media. This study provides some virtual experimental insights into the features of chloride
attack on the passive film of duplex alloys.

1. Introduction

Duplex stainless steels (DSSs) are highly important engineering
materials, due to their generally high corrosion resistance combined
with high strength and moderate cost. The superior corrosion resistance
is attributable to the nanometer-thick passive films on these alloys. The
nature of the passive film strongly depends on the chemistry of the
underlying matrix. Duplex stainless steels have a two-phase micro-
structure consisting of ferrite and austenite [1]. The four essential al-
loying elements (Cr, Mo, Ni and N) are not uniformly distributed be-
tween the two phases, with Cr and Mo partitioned to the ferrite phase,
and Ni and N to the austenite phase [1–5]. As a result, the nature of the
passive films on these two phases is expected to be different. Actually,
this issue has been extensively studied by means of Auger electron
spectroscopy (AES) [1,3,6–8], X-ray photoelectron spectroscopy (XPS)
[3,9–11] and second ion mass spectroscopy (SIMS) [8], and the general
consensus is that the passive films on these two phases have varied
chemical compositions and/or thicknesses.

The equilibrium thickness actually is closely related to the growth
dynamics of the passive film and highly dependent on the diffusion of
the reactive species in the oxide film [12], alongside the movement of
the film/matrix (f/m) interface. Any differences in thickness strongly
imply differences in the corresponding growth dynamics of the passive
films, and for duplex stainless steels would result in a distinctive region

at the ferrite/austenite interface, different from the bulk of either
phase. Precisely, the passive film on DSS has a heterogeneous nature,
consisting of the passive films on the austenite and ferrite as well as on
the boundary region. Therefore, precise characterization of the com-
position and structure of the extremely thin passive film near the aus-
tenite/ferrite boundary is key to deciphering the nature of the passive
film on DSS. Evidently, techniques based strictly on indirect spectro-
scopy may be insufficient to guarantee precision and accuracy of the
obtained information. Furthermore, it is worthwhile to note that in
most of the previous studies, the DSS specimens were usually chemical
or electrochemically etched in order to make the two phases distin-
guishable [7,8,13–15]. Such etching pretreatment could inevitably alter
the composition of the phase boundary zone, such that any observations
or deductions on the nature of the passive film may be far removed
from the real situation.

The interaction of chloride ions with the passive films on the two
phases of the DSS should as well be different. Indeed, Vignal et al. [8]
reported that detection of chloride ions in the passive films on both the
ferrite and austenite phases after long-term aging in chloride-containing
solutions, with chloride preferentially absorbed in the austenite passive
film. There is however no doubt that more precise and accurate as-
sessment of the nature of interactions between the passive film of DSS
and chloride ions requires determination of chloride ion distribution in
the passive films on the two phases, as well as the evolution of the
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passive films.
Transmission electron microscopy (TEM) technique is of great ad-

vantages in resolving the issues correlated to the early-stage corrosion.
We have employed this advanced TEM technique to investigate some
issues of the pitting initiation as well as the passive film breakdown
[16–26]. In our recent work, we successfully unraveled passive film
evolution, from the metal surface to the metal/film interface, on aus-
tenitic alloys in chloride-containing media [25]. In the present work,
using aberration-corrected transmission electron microscopy (Cs-cor-
rected TEM) and a fast and precise super X-ray energy-dispersive
spectrometer (Super-XEDS) analysis with four detectors, we simulta-
neously investigate the films on the ferrite and austenite phase and near
the phase boundary, as well as the evolution of the passive film in
chloride-containing media. This study provides some virtual experi-
mental insights into the features of chloride ion attack on the passive
film on duplex alloys.

2. Experimental

2.1. Duplex alloy preparation and characterization

The FeCr22Mo3Ni13 duplex alloy was used as matrix on which the
passive film was formed for the study. The thermal gradient directional
solidification method was used to grow the duplex alloy.

2.2. Passive film formation

The duplex alloy rod was cut into cuboid-shaped test specimens of

dimensions 1.3× 2.2×1.5mm, with one surface perpendicular to the
axis direction (near [001] direction). The specimens were ground using
silicon carbide papers and then polished electrochemically at -20 ℃ in
HClO4 (10 vol. %) + ethyl alcohol (90 vol. %) at 20˜23 V, to remove the
deformed layer and obtain the smooth surface. The specimens were
subsequently sealed with thread sealing tape and olefin resin to be the
electrodes for subsequent passivation treatments with (001) plane as
future observing surface.

An AUTOLAB PGSTAT302 N electrochemical workstation and a
traditional three-electrode system were used in electrochemical ex-
periments. The working electrode was the FeCr22Mo3Ni13 duplex alloy,
Pt was used as counter electrode and SCE (saturated with KCl) as re-
ference electrode. Potentiodynamic polarization measurements were
performed at a scan rate of 0.33mV/s, in aerated 0.5 molL−1 H2SO4

and 0.5 mol L−1 H2SO4 + 0.25mol L−1NaCl electrolytes respectively.

2.3. TEM specimen preparation and technology

The cross-sectional TEM specimen was prepared by the conven-
tional method. The passivated surfaces of two samples were bonded
face-to-face, then thinned by grinding using variant grit silicon carbide
papers up to 20 μm, polished with diamond paste, and finally thinned
by ion-milling. The HAADF-STEM images were obtained by aberration-
corrected transmission electron microscopy (Titan Cubed 60–300 kV
microscope (FEI) fitted with a high-brightness field-emission gun (X-
FEG), double Cs corrector from CEOS, and a monochromator operating
at 300 kV).

In order to ensure formation of damage-free films during sample

Fig. 1. Characterization of the FeCr22Mo3Ni13 duplex alloy parallel to the growth direction. (a) Metallographic images showing ferritic phase (δ) with darker contrast
dispersed in the austenite phase (γ) matrix with brighter contrast. (b) EBSD map showing the varied orientations in γ phase and almost identical orientations in δ
phase. (c) XRD analysis showing that the duplex alloy is composed of the austenite (γ) and ferritic phases (δ). The peaks labeled by (1) correspond to γ phase and
those labeled by (2) correspond to δ phase.
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preparation, the surfaces were not touched at all during sealing, pas-
sivating, rinsing and unsealing stages. Also, care was taken to avoid
slipping during face-to-face bonding of the passivated surfaces. After
the cross-sectional specimen was thinned by grinding, we directly
performed the ion-milling without the dimpling step in order to further
avoid mechanical damage.

3. Results and discussion

The microstructure characteristics of the duplex alloy as illustrated
in Fig. 1 shows the presence of austenite and ferrite phases (Fig. 1a,b).
Metallographic images of representative morphologies of the duplex
alloy (Fig. 1a) shows the ferrite phase (δ) with darker contrast dispersed
in the austenite phase (γ) matrix (with brighter contrast). Electron
backscattered diffraction (EBSD) analysis indicates that the δ phase has
an almost identical orientation, whereas the γ phase has varied or-
ientations (Fig. 1c).

Potentiodynamic polarization measurements (Fig. 2) were per-
formed firstly in aerated 0.5 molL−1 H2SO4 and 0.5 molL−1 H2SO4 +
0.25molL−1NaCl electrolytes respectively, in order to determine a
suitable passivation potential (400mV / SCE was selected to be the
passive film formation potential) in the passive region for the po-
tentiostatic passivation process. The specimen was depolarized at
-1.2 V/SCE for 30 s before potentiostatic passivation, in order to pre-
clude formation of the native air-formed oxide layer. Then the potential
was then stepped to 400mV/SCE and maintained for 20min at this
potential to allow passive film formation.

Fig. 3a is the high angle annular dark field scanning transmission
electron microscopic (HAADF-STEM) image of the passive film formed
in 0.5 mol/L H2SO4 electrolyte. The passive film continuously covers
the austenite (γ) and ferrite (δ) phase, but has a step-like unevenness at
the γ/δ boundary region, with amplitude close to 7 nm between the

film/δ and film/γ interfaces. Careful analysis of the γ/δ boundary re-
gions in a large number of passive films, showed the step-like un-
evenness to be prevalent, with the interface of film/γ always lower than
that of film/δ. The uneven step might result from the electrochemical
polishing or from variations in the growth rate of the films on the two
phases. In order to clarify this, the air-formed oxide film was similarly
investigated and the HAADF-STEM image shown in Fig. 3b reveals a
very small step with amplitude of about 1.5 nm. The small step in the
air-formed oxide implies that it does not originate from the electro-
chemical polishing pretreatment. Actually, the film growth process in
an electrolyte involves transport of both dissolved metal ions from the
matrix and oxygen in solution through the barrier layer, thus causing
the metal/film interface to move towards the metal matrix side. The
fact that the film/γ interface is always lower than the film/δ interface
strongly implies that the passive film on the austenite has more pro-
nounced ions transport rate and thus higher film growth rate than that
on the ferrite phase. In tandem, the passive film on the austenite phase
has a thicker equilibrium thickness (Fig. 3, about 4.5 nm to the auste-
nite phase and 3.4 nm to the ferrite phase) since the equilibrium
thickness is highly dependent on the diffusion of the reactive species in
the oxide film [12].

It is noteworthy that, in chloride-free electrolyte (Fig. 3a), the film/
matrix interface is well defined and straight, and the film has a
homogeneous contrast in the HAADF imaging mode. In contrast, from
the passive film formed in chloride-containing H2SO4 solution (Fig. 4) it
is clear that the previously well-defined and straight interface in
chloride-free solution has become indistinct. This is indisputably a
consequence of chloride ion attack. Interestingly, the evolution of the
films on the two phases is different. It is the outermost surface of the
passive film on the ferrite phase that becomes undulating (labeled by
the white arrows in Fig. 4b). On the other hand, the film/γ interface
becomes indistinct for the austenite phase (labeled by the purple arrows
in Fig. 4c). This indicates that the chloride attack sites on the films
differ for the austenite and ferrite phases.

By means of Super-X EDS mapping experiments (Fig. 5), we suc-
cessfully obtained the evolution of the passive films, including the
composition and the distribution of elemental Cl in the passive film. For
the film formed in 0.5mol/L H2SO4, Fig. 5a shows the element maps of
Cr, O, Mo, Ni, and Fe. For the film formed in 0.5mol/L
H2SO4+0.3mol/L NaCl electrolytes, Fig. 5b shows the chloride map
together with Cr, O, Mo, Fe, and Ni. It is seen that chloride ions are
incorporated into the passive films on both phases. Interestingly, Cl ions
are mainly concentrated within the outer layer of the film on the ferrite
phase, but penetrate the bulk of the film on the austenite phase. The
findings from both the HAADF-STEM image and the Super-X EDS
mapping show clearly that chloride ions attack the passive films on the
two phases by different means, predominantly attacking the outer layer
of the film on the ferrite phase, while attacking the interface of the
film/γ on the austenite phase. Evidently, the passive film on the aus-
tenite, with more pronounced ions transport rate deduced from the
finding of the step-like unevenness at the γ/δ boundary region, is also
favorable to the chloride transportation. Actually, migration and dif-
fusion processes of chloride ions within passive films have been

Fig. 2. Potentiodynamic polarization curve of FeCr22Mo3Ni13 duplex alloy in
0.5 mol/L H2SO4 and 0.5 mol/L H2SO4+0.3mol/L NaCl electrolytes.

Fig. 3. Different growth rates of the passive
films on the γ phase and δ phase. (a) HAADF-
STEM image showing a passive film anodically
formed in 0.5 mol/L H2SO4 electrolyte with
step-like interface. The amplitude between the
metal/film interfaces of the γ and δ phases is
about 7 nm. (b) HAADF-STEM image showing a
natural passive film formed in air, with re-
markably reduced step amplitude.
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considered to be closely correlated to the nature of passive film, such as
compactness, defects (grain/phase boundary) [27–29], electronic
properties (type/concentration of charge carriers) [30–32], etc. In our
previous work on the austenite single crystal alloy, we directly observed
atomic scale accumulation of chloride ions at the metal/film interface
and the induced interfacial undulations [25], and proposed that the
connected and traversed paths along the interface between nanocrystals
and the amorphous zone in passive film provide ready paths for
chloride ion transport. The strong implication is that full amorphization
has greater tendency to resist localized attack due to the absence of the
ready path (grain boundaries) for outward migration of cations or

inward migration of anions [29,33–35]. Cr is known as an ‘amorphi-
zation’ element, which could transform the passive film from well-de-
fined spinel of iron to amorphous of Fe-Cr alloy when the Cr content
was higher than 12% [12,33,36,37]. Furthermore, an increase in Cr
content would increase the tendency to form glassy oxide films [35].
Element Cr is known to be partitioned to the ferrite phase of DSS. Ac-
cordingly, its passive film probably has more amorphous tendency, and
the migration and diffusion of chloride ions within it would be more
difficult than within that of the austenite.

Interestingly, although chloride ions are apt to penetrate the passive
film on the austenite, a distinct concentration at the film/γ interface, as

Fig. 4. Chloride attack on the passive film of
FeCr22Mo3Ni13 duplex alloy. (a) Low-magnifi-
cation HAADF-STEM image showing the pas-
sive film anodically formed in 0.5 mol/L H2SO4

+ 0.3mol/L NaCl electrolytes. (b) Zoom-in
image near the triple interface of δ/γ/film in
(a) showing an undulating external film surface
on the δ phase (labeled by white arrows), and a
relatively smooth external surface on the γ
phase. (c) Zoom-in image shows a larger view
near the triple interface, wherein a blurred
film/γ interface comprising of some dots with

slightly darker contrast can be seen (labeled by purple arrows) (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).

Fig. 5. Super-X EDS mapping showing chloride ions incorporated in the passive film and inducing composition evolution in the passive film. Element maps of the film
formed in 0.5 mol/L H2SO4 (a) and 0.5 mol/L H2SO4+0.3mol/L NaCl electrolytes (b) at 0.4 V/SCE for 30min.

B. Zhang, et al. Corrosion Science 154 (2019) 123–128

126



that of the FeCr15Ni15 single crystal in our previous work [25], did not
occur here. This implies that, compared with the passive film anodically
formed on the Mo-free Fe-Cr-Ni austenitic alloy, chloride ions trans-
portation is greatly retarded within the passive film on the Mo-con-
taining austenite phase of DSS. It has long been known that Mo is a
typical element which improves the pitting corrosion resistance in
steels [38–43]. Much of evidence and hypotheses on the ways through
which Mo improve the resistance to chloride pitting can be mainly
classified into two groups: one is Mo enrichment [39,41,44–46] and the
other is Mo absent in the passive film [47–49]. In case of enrichment,
Mo is considered to modify the composition and structure of the passive
film to impede adsorption of Cl− onto the passive film surface as well as
retard transportation of Cl− within the passive film, by thickening of
the passive film [39,50], converting the ion selectivity of the passive
film [40,45], eliminating the active surface sites [39,44,47,51], stabi-
lizing Cr oxides [39], and enhancing the growth of a totally amorphous
passive film [40,52]. In case of Mo absence in passive films, Mo is
proposed to retard the corrosion process by the adsorption of MoO4

2-

[46,53,54].
According to Super-X EDS mapping (Fig. 5), the passive film, formed

in the chloride-free electrolyte, is a Cr-rich oxide film (Cr map in
Fig. 5a). Meanwhile, the Mo map features the strong noise signal im-
plies that Mo is absent in the passive film. By contrast, in the chloride-
containing electrolyte, the previous Cr-rich oxide film transforms to a
thicker Mo-rich passive film (Mo map and Cr map in Fig. 5b). The film
thickness ranged from 3˜5 nm in H2SO4 electrolyte, and from 10˜12 nm
in H2SO4+ NaCl electrolyte. Mo is mainly enriched in the exterior re-
gion of the passive film. Actually, many previous studies showed that
molybdenum tends to become enriched in the surface as Mo (IV) or/and
Mo (VI) for the Mo-bearing stainless steels in acid chloride-containing
media [40,46]. Meanwhile, the formation of Cr oxide is retarded to
some extent [49]. The Mo(VI) oxide is usually claimed to have an im-
proved stability [39,40] and thus is more resistant to chloride attack.
Based on the EDS mapping results, it is strongly implied that the en-
richment of Mo in the passive film is closely correlated to the interac-
tion between chloride and Mo-containing matrix. Indeed, in almost all
the previous studies where Mo was found to be enriched in the passive
film, the used solution in which passive film was formed is chloride-
containing. It is proposed that Cl− ions could extract Mo from the
matrix into electrolyte by forming soluble MoClx complex. Then, the
MoClx is further oxidized to be Mo oxide and enriched in the outer
region of the passive film. In previous work [40,46], some researchers
detected Mo3+ identical with MoCl3 near the film/solution interface by
XPS in the initially formed passive film. With an increase of the passi-
vating time, Mo3+ was found to be disappeared, and Mo4+ and Mo6+

tend to appear in the outer region of the passive film. This also indicates
that Cl- is prerequisite for Mo participation in the passive film. In other
words, the defense function of element Mo would be activated only
when the aggressive ions appears.

4. Conclusion

Using spherical aberration-corrected transmission electron micro-
scopy, we have directly visualized the passive film on the γ/δ boundary
region in duplex alloy as well as its evolution as induced by chloride
from the out-of-plane direction. The passive film continuously covers
the γ and δ phase but has a step-like unevenness at the γ/δ boundary.
The passive film on the austenite has a more pronounced growth rate
yielding the lower interface. Our experimental results suggest that the
chloride ion attack mechanisms differ from austenite to ferrite phase,
attacking the outmost surface of the passive film on ferrite (δ) phase
and the interface of passive film/austenite phase. Based on the Super-X
EDS analysis, aging in chloride-containing solution induces a thicker
Mo-rich passive film from the original Cr-rich passive film.
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