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The precipitation of a fine Cu-rich phase dispersedly distributed in the austenitic matrix can impart the novel
properties of Super 304H SS. However, the contributions have not been well understood due to the difficulty
encountered in obtaining precise experimental information on the corrosion events introduced by the nano-sized
Cu-rich precipitates. In this work, we have applied TEM and clarified the dissolution occurred in Cu-rich phase
and the dissolution-induced evolution in structure and chemistry on the surface. This work enabled us glean

atomic scale insights on the effect of the Cu-rich phase on the corrosion behavior of the Super 304H SS.

1. Introduction

Super 304H stainless steel (Super 304H SS), newly developed by the
addition of alloying elements Cu, Nb and N on the basis of 18Cr-8Ni
stainless steel [1-4], is being widely used in ultra-super critical fossil
boilers because of its superior high temperature strength [5], oxidation
resistance and steam corrosion resistance [6]. The mechanical proper-
ties of Super 304H SS have been extensively investigated [7-13].
However, the data available on the corrosion behavior is limited
[14,15]. Indeed, investigating the role of the alloying elements on the
improved corrosion resistance is key to clearer understanding of the
corrosion behavior of the Super 304H SS [15]. The element Nb is a
strong carbide and nitride former, which has been recognized to have
the capacity to inhibit the formation of Cr-rich M53Ce carbides at grain
boundaries and thus decrease the risk of IGC (intergranular corrosion)
[16-18]. It is worth noting that the main features of Super 304H SS
derive from the presence of the alloying element Cu, which induces
precipitation of fine Cu-rich phases dispersedly distributed in the aus-
tenitic matrix [3]. Usually, the nanoscale Cu-rich precipitated phases
have a cube-on-cube orientation relationship with the austenite matrix
[19,20], which offer added precipitation hardening [3,21]. However, in
terms of corrosion performance, the contribution of Cu to the superior
corrosion resistant properties of Super 304H SS has not been well un-
derstood, due essentially to paucity of precise experimental information
on modifications to the initial corrosion process, as induced by the

nano-sized Cu-rich precipitates.

The effects of copper-alloying in corrosion resistance of stainless
steels have been presented in numerous publications [22-33]. Usually,
the addition of copper to ferritic, austenitic or duplex steels improves
the resistance to uniform corrosion in sulfuric acid [23-26], whereas
shows positive [27-30] or negative effects to the local corrosion
[31-33]. The effect of the alloying element copper has been implied to
be ascribed to the alteration in the microstructure and its dissolution as
well as re-deposition process. Actually, Cu has long been recognized as
a mysterious alloying element. For example, Cu oversaturation in an-
tibacterial stainless steels yields Cu in form of either a solid solution
and/or a nanoscale Cu-rich phase, which have the key role in the an-
tibacterial action [34]. The design is mainly based on the mechanism
that elemental Cu in either form can slowly dissolve into the electrolyte
from the stainless steel. Such preferential dissolution of Cu in form of
Cu-rich phases is also a key feature of the initial corrosion stage.

For the traditional 304 austenitic stainless steel, great efforts have
been put in towards understanding the effects of the non-metallic in-
clusions and precipitates on the corrosion behaviors for a long time
[35,36]. By extension then, the novel properties of Super 304H SS must
be partly ascribed to the Cu-rich phase, which indeed constitutes the
main structural difference.

In the present work, we have applied TEM technique to identify the
role of elemental Cu on the corrosion behavior of Super 304H SS, via
tracking the evolution in structure and chemistry of the Cu-rich phase
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as well as the solid-solution Cu at various stages of the corrosion pro-
cess.

2. Experimental procedure

The Super 304H austenitic stainless steel (Super 304H SS) with
nominal composition of Fe-0.1C-18Cr-9.3Ni-0.4Nb-0.2Si-0.8Mn-0.1N-
3Cu was chosen in this study. The as-cast alloy were solution treated at
1200 °C for 2 h and then aged at 650 °C in air for 5000 h.

2.1. TEM specimen preparation

The steel was sliced into pieces with the thickness of 300 um. The
steel piece was ground using silicon carbide papers to 80 pm and then
was die-cut in disks with diameter of 3 mm. The samples were ground
using variant grit silicon carbide papers, polished with diamond paste
to 20 um finish, and finally thinned by ion-milling. After the first round
of TEM observations, the specimens were plasma-cleaned and then
immersed in the 3.5wt% NaCl solution at room temperature for
30 min. The TEM specimens in the immersion tests were cleaned in
distilled water, dried, plasma-cleaned and then transferred into the
TEM for further investigation.

The cross-sectional TEM specimen was prepared by the conven-
tional method. Two surfaces of two samples were bonded face-to-face
and then thinned by grinding, dimpling and ion-milling.

2.2. HAADF-STEM imaging

A Tecnai G2 F30 TEM, equipped with a high-angle-angular-dark-
field (HAADF) detector and X-ray dispersive spectrometer (EDS) sys-
tems, was used for recording the evolution process of the copper-rich
phase precipitates. An aberration-corrected TEM (Titan®™ G2 60-300
microscope fitted with a high brightness field emission source, a
monochromator, and a double Cs correctors from CEOS) was operated
at 300kV for high resolution TEM (HRTEM) and high resolution
HAADF scanning transmission microscope (HR-HAADF-STEM) ima-
ging. Before EDS and HR-STEM work, the TEM specimens were treated
in a Fischione plasma cleaner for 8 min with a H,/O, plasma recipe for
removing the surface contamination.

2.3. Electrochemical experiments

A traditional three-electrode system was used in electrochemical
experiments. The working electrode was the stainless steel specimen, a
platinum foil was the counter electrode and a saturated calomel elec-
trode (SCE) is the reference electrode. AUTOLAB PGSTAT302N elec-
trochemical workstation was used in potentiodynamic polarization
measurements, at a scan rate 0.33 mV/s. The tested solution of 3.5 wt%
NaCl electrolytes was maintained at room temperature. Before elec-
trochemical measurements, the Super 304H SS ingot was cut into
lem X lem X 0.3 cm slices, which were then ground using various grit
silicon carbide papers and polished with diamond paste to 20 um finish,
washed by distilled water, and degrease with acetone. The specimens
were sealed with thread sealing tape and olefin resin.

3. Results and discussion
3.1. Microstructure of Super 304H SS

Fig. la—c is the HAADF-STEM image combined with EDS mapping
analysis showing the type and distribution of the fine precipitates. A
large number of precipitated particles are found at twin boundaries,
large-angle grain boundaries and at the interior of the grains, wherein
the precipitates at the twin boundaries feature a few tens of nanometers
in size and they have a higher density compared with the interior of
grains. In contrast, the precipitates at the large-angle grain boundaries
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decreases remarkably in density and they have relatively larger size.
EDS mapping analysis indicates that the fine precipitates can be clas-
sified into Cu- (major) and Nb-containing (minor) phases. Meanwhile,
larger Cr-rich precipitates (Fig. 1c) are also found at grain boundary
with a few hundreds of nanometers. Combined the high resolution
HAADF-STEM imaging with the Fourier transform, the precipitates are
identified to be fcc-structured Cu-rich phase and NbC (Fig. 1d), which
have been reported in some previous work [20]. Due to aging at the
sensitization temperature 650 °C, some relatively larger chromium-rich
carbides (M,3Cg) with a few hundreds of nanometer scale are identified
to precipitate at grain boundaries (Fig. 1e). Size distributions of the Cu-
rich phase are obtained statistically from 120 particles located at twin-
boundaries and at the interior of grains (seen in Fig. 2), most of which
are in the range of 15-45 nm.

3.2. Corrosion behavior of Super 304H SS

The frequently-used electrochemical polarization measurements
were firstly performed on the Super 304H SS in order to characterize
the fundamental corrosion behavior. When the specimen was immersed
in the 3.5 wt% NaCl electrolyte, the open circuit potential (OCP) was
observed to shift dramatically to the positive direction with the am-
plitude of about 200 mV (Fig. 3), implying that some initial corrosion
events occurred at this stage yielding a possibly enhanced corrosion
resistance after immersion in the chloride-containing electrolyte. For
further clarification, the potential dynamic polarization curves were
recorded for the specimens immediately after immersion into the
electrolyte and again after 1 h of immersion in the 3.5% NacCl electro-
lyte. Some typical potentiodynamic polarization curves are shown in
Fig. 4a, it is seen that all the pre-immersed samples feature a noble shift
of the OCP and a great decrease in the passive current density, which is
indeed a unique and abnormal phenomenon since chloride usually
decreases the stability of the passive film yielding the increase of the
passive current density. The effect of long-term immersion on the pit-
ting potential (Ey;) was also evaluated and the pitting potential data is
generally scattered. Many samples were tested including free-immersed
and pre-immersed samples (Fig. 4a). The distributions of Ep; values
were plotted as illuminated in Fig. 4b. Cumulative probability shown in
the vertical was calculated by a mean rank method: P.,, = i/(N + 1),
where Py, is the cumulative probability of measured pitting potential
(Epiv), iis the order in the total number N (i = 1, 2, 3, ..., N). In Fig. 4b,
it is indicated that the Ep; is not altered evidently by pre-immersion.

Some corrosion events are expected to occur, leading to an evolu-
tion in structure and surface state which eventually yields the observed
alteration in corrosion behavior of the Super 304H SS. Without doubt,
the nanometer dimensions of the dispersed Cu-rich phases means that
experimental evidence must necessarily be acquired at the sub-nano
scale, in order to clarify the expected evolution in structure and surface
state, which determine the corrosion behavior of the Super 304H SS.

3.3. Evolution in structure and chemistry of the Cu-rich phase with
corrosion

HAADF-STEM images and EDS mapping analysis of specimens be-
fore and after immersion in NaCl electrolyte are shown in Fig. 5. Fig. 5a
is the HAADF-STEM image showing the distribution of Cu-rich phase
particles in the austenitic matrix after long time aging. The Cu-rich
phase is sphere and of nanometer dimensions. The incoherent HAADF-
STEM images from high-angle scattered electrons yields strong atomic
number (Z) contrast [37], in response to the local variability of che-
mical composition and/or thickness contribution of the different spe-
cies. So the local dissolution should lead to a darker contrast in such a
mode. After the first round of TEM observations, the specimens were re-
immersed in the 3.5% NaCl media for 30 min, retrieved, cleaned and
then subjected to another round of TEM observations.

The obtained images (shown in Fig. 5h) revealed that some original
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Fig. 1. Identification of the precipitates in the Super 304H SS. (a) HAADF-STEM images and EDS mapping analysis showing the distribution and composition of precipitates at a twin
boundary. The elemental maps underneath the HAADF-STEM image are acquired in the rectangular area. (b—c) HAADF-STEM images and EDS mapping analysis showing the distribution
and composition of precipitates at the large-angle grain boundaries. The elemental maps underneath each HAADF-STEM image correspond to the composition information in the marked
area across the grain boundary. (d) High-resolution HAADF-STEM images viewed along [001]copper and [001]yawrix//[001]xpc showing the coexistence of Cu-rich precipitate and NbC
embedded in the matrix. The inset is FFT image showing the orientation relationships (OR). (e) High-resolution HAADF-STEM images viewed along [1-10]crasce//[1-10]coppers
[1-10]pawrix Zone-axis. The inset is FFT image for phase identification. It is seen that the Cu-rich phase, NbC, Cr,3Cs and matrix display the cube-on-cube crystallographic OR. The white
dotted line shows the interface of Cr23C6 with matrix and Cu-rich phase, and the red dotted line outlines the interface of Cu-rich phase/matrix. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)

bright-contrast Cu-rich particles had become darker, implying that the
Cu-rich phase had been dissolved. Meanwhile, some Cu-rich particles
remain unattacked (labeled by white arrows). It is also seen that the
small pits left by the dissolution of Cu-rich phase show varied degrees of
darker contrast, lightly darker (labeled by green arrows) and deeply
darker (labeled by blue arrows). EDS mapping analysis was performed
on the settled zone within the white rectangle as marked in Fig. 5a and
Fig. 5h (including two Cu-rich particles), focusing on the chemistry
evolution before (Fig. 5c—g) and after (Fig. 5j-n) immersion. A com-
parison of Figs. 5g and 5n reveals that the two Cu-rich particles have
undergo complete dissolution, yielding the almost homogeneous con-
trast of alloying copper in map of Cu. Interestingly, the imperceptible
evolution of the other elements can be followed alongside the dissolu-
tion of Cu-rich phase. The two particles display different contrast,
where particle 1 shows relative darker contrast and particle 2 brighter
contrast (Fig. 5b). Correspondingly, particle 1 has darker Cu map and
particle 2 has brighter Cu map (Fig. 5g). This indicates the varied

copper content ascribed to the heterogeneous compositions between
particles or different depth contributions of the two particles, alter-
natively. For the particle 1, the contrasts of the Cr (Fig. 5k) and Fe
(Fig. 51) maps is evidently enhanced compared to the pristine maps
(Fig. 5d and e), indicating that the relative contents of Cr and Fe in-
creased with Cu-rich particle dissolution. For the particle 2, the contrast
evolution of the Cr and Fe maps are very different from that of particle
1. The dark spots representing the maps of Cr (Fig. 5k) and Fe (Fig. 51)
are bordered by a ring with brighter contrast. Indeed, such character is
more obvious in the Fe map. Similarly, Fig. 5j shows the dark spots on
the O map to be also bordered, though only lightly in particle 1 and
thickly in particle 2, which implies that the oxide products formed
around the border with dissolution of the Cu-rich phase. The combined
features of the maps of elements Fe, Cr and O, suggest that the oxide
product is likely to be Fe-Cr-containing oxide. In order to clarify this,
we superimposed the O map on the Cr (Fig. 5o0-r) as well as Fe
(Fig. 5s-v) maps, while varying the opacity, in order to obtain
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interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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composite graphs. The ring enriched in O exactly overlaps with the Cr
and Fe rings confirming formation of Fe-Cr-containing oxide.

Usually, the varied degree of darker contrast of particles after cor-
rosion (Fig. 5h) implies the Cu-rich particles underwent varied degrees
of dissolution. Whereas, it is noteworthy that the Cu-rich particles are a
few tens of nanometers, and the thickness of the thin zone (shown in
Fig. 5 performed EDS mapping) was estimated to be about 50-100 nm
through EELS technique, which yields that most of the Cu-rich particles
might fail to penetrate the thin zone of the TEM specimen from top to
bottom surface. Therefore, the morphology image in Fig. 5a re-
presenting the projections (like that illustrated in Fig. 6a) of the sphere
Cu-rich phase would include four types of locations in the matrix, as
shown in Fig. 6. If the particle is buried in the matrix as illustrated in
Fig. 6b I, the particle would not be dissolved preferentially in the initial
stage; if the particle is rooted in the matrix deeply (Fig. 6b II), the outer
boarder zone (shadow filled) would be covered by the matrix yielding
to an preferential dissolution at the center. Moreover, the beneath
matrix is relatively thinner and thus contributes minor to the EDS sig-
nals; if the particle is embedded shallowly in the top surface (Fig. 6b
I11), the whole projection plane would totally be exposed to the surface
and dissolved preferentially. The contribution of the beneath matrix to
the EDS signals would be enhanced; if the particle penetrate the top and
bottom surface of the thin zone of the TEM specimen (Fig. 6b IV), the
matrix (major origins of elements Fe and Cr in EDS) would not con-
tribute to the EDS signals yielding to a darker contrast of Fe and Cr and
brighter contrast of Cu in the EDS maps. In another words, the varied
contrast as well as evolution in contrast between particle 1 and 2
(Fig. 5), as aforementioned, can be ascribed to the different locations in
the matrix, other than to the heterogeneous compositions between
particles.

To further rationalize the above phenomena and interpretation, EDS
line-scanning was performed on the other two adjacent Cu-rich parti-
cles (particle 3 and 4) within the red box as marked in Fig. 5a and h,
which behave almost identical evolution with the particle 1 and 2. The
EDS line-scanning spectroscopy is shown in Fig. 7. The major con-
stituent of the stainless steel matrix is Fe, with Cr and Ni as alloying
elements and trace amounts of Cu. As shown in Fig. 7a and ¢, compared
with the matrix zone, the counts of element Cu dramatically increased
and that of Fe, Cr and Ni decreased corresponding to Cu-rich phase
particles. It has been reported that Cr, Fe, and Ni are slightly rejected
from the Cu-enriched particle after long time aging [38]. Element O has
a similar distribution trend going from the matrix to the Cu-rich phase,
which means that the Cu-rich phase is not covered by an oxide film
(passive film), rendering it more susceptible to preferential dissolution.
At the Cu-rich phase/matrix interface, there exists a transition zone of a
few nanometers, where the counts of elements Fe, Cr and Ni decreases
and that of Cu increases gradually; until at the central zone, where the
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&

Fig. 5. Preferential dissolution of the Cu-rich phase
induced evolution in local chemistry: (a) HAADF-
STEM image showing nanometer Cu-rich phase par-
ticles with brighter contrast dispersedly distributed
in the matrix. (b) Zoom-in image of the zone en-
closed within the white box in (a), showing two Cu-
rich particles. (c-g) EDS mapping analysis focusing
on the two particles, (h) The same area as that in (a)
after immersion in 3.5wt% NaCl for 30 min.
Preferential dissolution occurred in the Cu-rich
phase particles, (i) The same two particles as that in
(b) yield darker contrast after dissolution (j~n) EDS
mapping analysis focusing on the evolution in
chemistry of the two particles. (o-r) Composite
graphs obtained by superimposing the O map (red)
on the Cr map (green) with variant opacity of 10%
(0), 30% (p), 50% (q) and 100% (r). (s-v) The
composite image obtained by superimposing the O
map (red) on the Fe map (yellow) with variant
opacity of 10% (s), 30% (t), 50% (u) and 100% (V).
The ring enriched in O just overlapped with the ring
of Cr and Fe. (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 6. Schematic maps illustrating the TEM sampling. (a) A
particle with diameter of d. (b) Four types of locations of the
Cu-rich particle in the matrix corresponding to the thin zone
of a TEM specimen.

Underneath Exposed
the matrix
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Fig. 8. (a) A HAADF-STEM image showing a Cu-rich particle located the outmost boundary site adjacent to the hole of the TEM specimen. (b) EDS line-scanning analysis across the
particle along the white line in (a), wherein the specimen thickness is thin enough yielding the Cu-rich particle penetrate the top and bottom surface of the thin zone. In this case, the
thickness at the central area of the Cu-rich particle should be identical.

Cu counts reaches the maximum value and correspondingly that of Fe, dramatically to zero after corrosion (comparing Fig. 7c and 7d) in-
Cr and Ni is down to the minimum. The transition zone and the higher dicating that the two Cu-rich particles have dissolved completely. The
Cu counts at the center zone might result from the depth difference Fe counts increase after corrosion for particle 3 implying the pristine
from the boarder to the center of the spherical cap (case as shown in higher Fe counts are contributed by the beneath matrix. Namely, the

Fig. 6b III). A particle located the outmost boundary site adjacent the particle 3 is embedded shallowly in the top surface (like that shown in
hole of the TEM specimen was selected for the EDS line-scanning Fig. 6b III) and the particle 4 penetrates the top and bottom surface

analysis, where the location of the Cu-rich particle corresponds to the (like that shown in Fig. 6b IV). The O counts increased after corrosion,
illustration shown in Fig. 5b IV. In this case, the thickness at the central which implies that the oxidation process occurred along with the dis-
area of the Cu-rich particle should be identical. Correspondingly, we solution. For the particle 3, the O counts increase evidently corre-
did observe the disappearance of the bulge in the copper-line (Fig. 8), sponding to the whole particle with more enhanced counts at the
which further confirmed that the thickness contribution on the EDS boundary site, in tandem with the EDS mapping results (Fig. 5j). Ac-
signals was nonnegligible and the copper content in single particle was cordingly, it is postulated that the Cu-rich phase particle is not covered
almost homogeneous. A comparison of particle 3 and 4 reveals that by a passive film, and is preferentially dissolved at the initial corrosion
particle 4 has relatively higher Cu counts and approximate zero counts stage. With dissolution, the matrix beneath would be exposed and
of Fe, whereas particle 3 has relatively lower Cu counts and higher oxidized to form a layer of oxide film yielding to the increase of O
counts of Fe, as shown in Fig. 7c. After immersion, Cu counts dropped counts in the EDS spectroscopy. For the particle 4, the O counts did not
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3 min 3 min T 30min

Fig. 9. Dissolution of the Cu-rich phase induced continuous evolution in local chemistry with varied immersion time: (a) HAADF-STEM image showing nanometer Cu-rich phase particles
with brighter contrast dispersedly distributed in the matrix. (b) The same area as that in (a) after immersion in 3.5 wt% NaCl for 3 min. (c-f) Zoom-in image of the same zone enclosed
within the white box in (a), showing four Cu-rich particles, and EDS maps with varied immersion times of 3 min, 8 min and 30 min.

Fig. 10. Structural evolution with various degree of
dissolution at the atomic scale: (a) High resolution
HAADF-STEM image along the [110] direction
showing the Cu-rich particle well orientated with the
matrix. The inset is a zoom-in image of the zone
enclosed within the white box in (a). The Cu-rich
phase has a cube-on-cube crystallographic orienta-
tion with the Matrix. The (111) plane spacing of the
Cu-rich phase and the matrix is approximately 2.1 A.
(b) High resolution HAADF-STEM image along the
[110] direction showing the Cu-rich phase after
slight dissolution. (c) Zoom-in image of the zone
enclosed in square in (b) showing that the center
zone had become amorphous due to dissolution, the
immediate adjacent zone became the transition re-
gion wherein lattice fringes are still obvious. (d)
High resolution HAADF-STEM image along the [110]
direction showing the Cu-rich phase after severe
dissolution. A spinel oxide ring was formed.

Crystal region
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about 5 nm. (b) EDS line-scanning analysis along the orange line in (a). Ni and Cu enrichment is seen beneath the oxide film. (¢) HAADF-STEM image of the sectional specimen of the
Super 304 H SS after an immersion of 30 min in 3.5% NaCl electrolyte. (d) EDS line-scanning analysis along the orange line in (c). The Ni-enrichment below the oxide film remains
identified, whereas the Cu-enrichment has disappeared after immersion. Insets in (a) and (c) are the zoom-in images of the area covering the zone marked by the green dish line. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

increase as anticipated, except for the outermost dark ring, which is
also in tandem with the EDS mapping results (Fig. 5j). This character is
believed to result from the penetrated location type (like that shown in
Fig. 6b IV) of the particle 4 yielding a hole at the center with the dis-
solution.

A series of HAADF-STEM images and EDS maps (Fig. 9) were ob-
tained showing the evolution in structure and compositions of a given
site (containing four Cu-rich particles) with varied immersion times of
3 min, 8 min and 30 min. From the Cu maps, particle 1 and 2 were
dissolved completely, particle 3 was unattacked and particle 4 was
dissolved partially after 3 min; further immersing to 8 min, particle 4
continued to be dissolved and particle 3 also was dissolved partially; to
30 min, particle 3 continued to be dissolved and particle 4 was ex-
hausted. Correspondingly, a brighter ring got to appear on O map of
particles 1 and 2 (completely dissolved) after 3 min immersion,
whereas the ring around particle 4 (partially dissolved) was not evident
and no ring appeared around particle 3 (undissolved); at 30 min,
brighter rings around all the four particles became distinct, which in-
disputably implies that the oxidation process occurred along with the
dissolution of the Cu-rich particles. From the series maps of Fe, it is seen
that the contrast corresponding to particles 1 and 2 was enhanced at
3 min with the two particles dissolving completely; with further

immersion to 8 min and 30 min, the contrast of Fe corresponding to the
sites of particles 1 and 2 did not become darker any longer, which
implies that the “tiny pits” left by the dissolution of nano-scaled Cu-rich
particles didn’t extend further into the steel matrix. The same phe-
nomenon was also found even in the samples immersed for 24 h (not
shown here). Evidently, unlike the well-known sulfide inclusion, the
Cu-rich particles dissolve preferentially at the initial corrosion stage,
but the dissolution would not play the fatal role to the corrosion re-
sistance of the Super 304H SS.

A series of high resolution images were obtained at various stages of
dissolution, which enable us track the structural evolution in the cor-
rosion initiation and propagation process of the Cu-rich phase. Fig. 10a
is the high resolution HAADF-STEM image along [110] zone axis,
showing good orientation relationship between the Cu-rich phase and
the matrix. After slight dissolution (partially dissolved), as shown in
Fig. 10b-c, the Cu-rich particle started to show three regions: an
amorphous region located at the center, a transition region immediately
next to the center, wherein lattice fringes are still obvious, and a crystal
region in the outer ring, which implies that the dissolution of the Cu-
rich particle initiates at the center zone and then further propagates
outwards. When the Cu-rich particle was dissolved completely as shown
in Fig. 10d, interestingly, a well-defined novel crystal ring with darker
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Fig. 12. HAADF-STEM imaging combined with EDS
mapping analysis illustrating the evolution of the
solid-solution state copper with corrosion: (a)
HAADF-STEM image of the sectional specimen of the
Super 304 H SS and EDS maps of the zone enclosed
with the orange box. (b) HAADF-STEM image of the
sectional specimen after an immersion of 30 min in
3.5% NaCl electrolyte, and the EDS maps correspond
to the area enclosed with the white box. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)

contrast and width of about 5 nm was formed. This ring, which corre-
sponds to the ring in particle 2 (Fig. 5i) and particle 4 (Fig. 7b), has
spinel structure (Fig. 10d insersted) and was determined to be FeCr,0,.

Evidently, the Cu-rich phase particle is not covered by a passive film
and is preferentially dissolved at the initial corrosion stage. In other
words, the passive film is disconnected by the dispersed Cu-rich parti-
cles at the nano-meter scale. With dissolution of Cu-rich phase, the
beneath matrix would be oxidized to form amorphous oxide film and a
spinel FeCr,0,4 oxide ring is formed at the boundary, which is a passive
film-like oxide in composition and structure. A spinel-like structure of
the passive film on pure iron has been studied and confirmed by XRD
[39], EXAFS [40-42] and STM techniques [43]. The extensive STM
investigations indicated that the crystallinity of the passive film is
highly dependent on the Cr content [44-47]. When the Cr content in
the alloy was higher than 12%, the passive film would partially transit
from well-defined spinel to partially amorphous. Mitrovic-Scepanovic
et al. reported the existence of the spinel FeCr,O, structure in the
passive film on Fe-26Cr alloy [48]. As a result, the pristine disconnected
passive film by the Cu-rich phase becomes more continuous when the
Cu-rich phase particles are dissolved, which indisputably yields the
improved stability of the passive film featured by the greatly noble shift
in the OCP (Fig. 3). and the remarkable decrease in the passive current
density (Fig. 4a).

3.4. Evolution of the solid-solution Cu with corrosion

In addition to the Cu-rich phase, another existing mode of alloying
Cu is solid-solution state Cu in the matrix. Fig. 11 is the HAADF-STEM
image and EDS line-scanning analysis of the sectional specimen,
showing the distribution of the alloying element Cu before (Fig. 11a)
and after immersion (Fig. 11c¢) in NaCl electrolyte. In Fig. 11a, the strip
(marked by the green dish line) with darker contrast is the air-formed
oxide film with thickness of about 5 nm. The EDS line-scanning analysis
along the orange line was performed and the compositions are shown in
Fig. 11b. It is seen that the Ni counts has a slight increase corresponding
to the 1-2 nm depth immediately beneath the oxide film implying an
enrichment of the element nickel. This was also extensively reported in
the previous work [49-52]. Analogously, Cu enrichment below the
oxide film is also indicated by the small peak in the Cu-K line. The EDS
line-scanning spectroscopy obtained after an immersion of 30 min in
NaCl electrolyte reveals that the Ni-enrichment below the oxide film
remains unchanged, whereas the Cu-enrichment disappears, as shown
in Fig. 11d. The same results are also confirmed by the EDS mapping
analysis, as shown in Fig. 12. This implies that the solid-solution state
Cu is enriched in the matrix immediately beneath the oxide film and is
dissolved through the film when contacting the electrolyte.
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4. Conclusion

With the application of HAADF-STEM imaging combined with EDS
analysis, we have clarified the effect of the Cu-rich phase and solid-
solution state copper on the corrosion behavior of the Super 304H SS
through monitoring the structural and compositional evolutions with
the corrosion process. The Cu-rich phase particle is preferentially dis-
solved at the initial corrosion stage. The “tiny pits” left by the dis-
solution of nano-scaled Cu-rich particles are oxidized and bordered by a
newly formed spinel FeCr,0, oxide ring, yielding the dissolution not to
extend further into the steel matrix. The solid-solution state copper is
enriched in the matrix immediately beneath the oxide film and is dis-
solved through the film when contacting the electrolyte.
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