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Abstract: Pitting corrosion of passive metals is a classic issue in corrosion field. Over the past decades, the mechanism of
pitting corrosion has attracted corrosion community striving to study. However, the mechanism at the pitting initiation stage is
still controversy, due to the difficulty encountered in obtaining precise experimental information with enough spatial resolu-
tion. Using transmission electron microscopy, we focus on the structure of matrix and the nature of passive film, which are
closely related to pitting initiation. This work clarifies the structural origins of the pitting initiation and unmasks the mecha-
nism of chloride-induced passivity breakdown. At the pitting initiation stage, the heterogeneous corrosion activity of inclu-
sions/second phase in matrix, and the preferential attack of the passive film are originated from the atomic-scale structural

defects. This work enriches, improves and even modifies the classical understanding on the pitting initiation mechanism.
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Fig. 1 In situ ex-environment TEM observation showing the localization of inhomogeneous dissolution of MnS in a stainless steel'®?; (a) an
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HAADF image showing an MnS inclusion section, in which several nano-particles embedded in MnS are arrowed and labelled; (b) the

same section as that in (a) but suffering the corrosion in 1 mol/L NaCl solution for 45 min, the localized dissolution of MnS happened

around the particles; (c¢) zoom-in images of the nano-particles in (a) labelled with I~V; (d) zoom-in images of the local dissolution

around the nano-particles in (b), the activity of these oxide particles catalyzing the MnS dissolution is various; (e) dissolution mode

visualized by digitizing the contrast in the experimental images in (d) ; (f) identification of an octahedron by means of large-angle tilting

experiments and 3D tomography, the octahedron is enclosed by eight triangles labelled with I~ VIII, respectively
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Fig. 2 Identification of the nano-particles and composition analysis on a nano-particle, around which MnS dissolution occurs in the presence of salt

water 2} ; (a) bright-field TEM image in which some particles embedded in MnS medium; (b, ¢) EDPs of the nano-particle indicates an
fee lattice; (d) an HAADF-STEM image showing a pit in MnS around a particle; (e) EDS results of a scan made along the red line in
(d), the pit contributes little to MnS signals, which provide a clear imprint of MnS dissolution. The nano-particle is mainly composed of

Mn, Cr, and O. Combining the fcc lattice and the octahedron shape, the nano-particle is identified to be the spinel MnCr, 0,

HERL BRI 5 R IRLGT (S1) BREE LT 8 B 5 e B ) oo ®
WA, BESERIA AR AE T B ALSEAY R R TE R orn
T APRIR) R AL, Jf I bR A 00
(P 1h, 11 1e) o MnS Je% 5 30 9 MOS0 1L
AR TP T A A2 BOR I, MaCr, O, S AL By NE=C —on U
BRI R AN T A% MnS B b s i Bp- . — &
BRTEEA, AR AT IR MnS 19 7 1 i

WAFERE FI025E (1 10) . g — RIS —
THRBSEARAGEYE, S UL oS dol s e WL =

+ 3 ¥ 40H@d)  States

Yok TR BAT LA 8 B 1R M ANR AR AE ;. MR,
ARG PR AR\ TR I LSS 115 S (151 3) . X
— R g 7 AN 5 B S AT ) MnS I 2 B 07 AR
T EAIESE AN B LR A DA TR SE R 9734
KRR BT REE, RS ASE NI AT
g st TR RUER 2RI E R

MnS 5 H A B A SER RPN T R i, N
MnS HAT B LA PR A7 DA T A1 kg o BRI A A 0 S
T HERAT) A A 5 A A5 5 ) B/ — 20 ) ol L £ o Tt e
SE o JeIRP SR TR (41K RUE A9 A AL 2% A 7S |
AT /NG A FL L, S MnS BE i BRI T AR AR Y
271, T MnS AR LG T H -5 A LRy S, 14 Al
VIRl R A RS A TS e, A Al
YAk N ATEREHE MnS i it A RE ) EAFTE 22 5%

2H:Og 2H:O@  2HO@  2H:0q)

K13 MnCr, O, /\TH A [R5 1S5 R B0 (111) 17 L % A W 4 s i
MES R (55— AT L (a) Cr TBR LK R YR H
(R Cr-0 £k, 5 Cr Z R TARSBAIN)ZE S 0) 5 (b)Mn JC
RARZRE (B P Mo-Cr £8, 5 Mn ZE SRR N)ZE N
0); (¢)0 FTTRA AR (7 0-Mn 1 0-Cr BiFh, B0
ZLRARABAIPNZE S Mn A1 Cr) 5 (d) IR REAE 4 Fl 31 /Y
R AR G

Fig. 3 Energy profiles of the oxygen reduction reaction (ORR) on four

different (111) surface atomic configurations with variant terminal
1ayers[23] . (a) structure models of Cr-terminated octahedron;
(b) Mn-terminated octahedron; (c¢) O-terminated octahedron
(including O-Mn and O-Cr, different by the inner layer adjacent
to the O-terminated layer); (d) energy profiles of the ORR on
four different (111) surface atomic configurations. It is seen that

the reaction happens easily on the surface with metal terminations
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Fig. 4 In-situ ex-environment TEM observations showing that the localized dissolution of MnS in a stainless steel preferentially initiated at the

[24]. (a) an HAADF-STEM image of a MnS section, which shows a homogeneous contrast without any visible

dislocation emergences
precipitates inside; (b) the same MnS as that in (a) but suffered 1 h immersion in 1 mol/L NaCl solution; (c¢) a 3D visualized image
of dissolution topography, digitizing from the contrast of the image in (b); (d~f) bright field TEM images taken under g=(200) , g=
(-220) and g=(020) two-beam conditions, respectively, showing the dissolution taking place at both the edge and screw dislocation

emergences; (g) an HRTEM image of the core structure of {110} <110> dislocation, whose burgers vector is (a/2) [ =1-10]; (h) the

standard electrode potential (SEP) variations around the dislocation
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Fig. 5

An HAADF image showing a section of MnS inclusion after localized dissolution(a) (2> 2], EDS line scan analysis along the red line

in (a) indicating the white circle is Cu-enriched (b) ; An HAADF image showing a section of MnS inclusion with a MnCr, O, particle

in(c) ; Analysis of the composition evolution in MnS with variant immersion durations in 0. 05 mol/L CuSO, solution(d~f): (d)

EDS profile of line scan along the red line in (a); (e) EDS analysis on the sample experienced immersion in CuSO, solution for

10 min; (f) EDS analysis on the sample experienced immersion in CuSO, solution for 20 min
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FTE 0.5 mol/L NaCl W P i S MU SR SEM IR . (o) ARG AYFIAFES, (d) A (e) 7328 7E 0. 005 mol/L CuSO, &
AP 10 min A1 1 h AYRE S,

Chemical treatment in CuSO, solution dramatically improves the pitting resistance of 316F stainless steel ) ; (a) the distribution of pitting
potential of 316F stainless steel before and after treatment for various periods in 0. 005 mol/L CuSO, solutions; (b) the distribution of E
values of the samples treated in CuSO, solution with various concentrations for 1 h; (c¢~e) typical SEM images of pits in the samples with va-

rious treatment state; (c) untreated sample, (d) sample with 10 min and (e) sample with 1 h treatment in 0. 005 mol/L CuSO, solution

. 200m
010 | ey m—
S MBI UV A AR AR ARSI AT (9 ALy Cuy Mg GK ORI T2 . () S-AL CuMg MR FAFIBIEE1R 5 (b) #E 0. 5 mol/L NaCl
FERHL 15 min JFAEARTEREIR; (o~ 0) DORFRARE . (¢) TEM WS Q SR B A& ZEREMA, (d) 5 RS R I SRR,
FELE AL TS FRAl, (e) EDS Z3-HraRBIBURAAL & Al, Cu Al Mn 3X 3 #ioCER, (f) TEM m4rHHERPIBR h 25T 36° 1
AR, AORITORL AT bR o B DR T YRR FRA 9 T URAE SO RLAH Al Cuy Mg AHs (g) Aly Cu, Mng AHE TEM B1354%; (h)4 4>
Al Cu, Mg BRI o Alyy Cu, Mng AL & AIE S B9AE SRR )2 . AT AR R )2 (1, 1) BBIEAR ST J2 (0, 1V)
TEM observation showing the local dissolution of S phase at the Aly,Cu,Mn; nano-particles'**) ; (a) an HAADF-STEM image showing an S par-
ticle embedded with some nano-particles; (b) the same particle as that in (a) but suffering an immersion in 0. 5 mol/L NaCl for 15 min; (c~
f) identification of the nano-particle: according to the bright-field TEM image (¢), EDP (d), EDS analysis (e) and HRTEM image (f), the
nano-particle is identified to be an approximant of a decagonal quasicrystal Al,;Cu,Mny; (g) bright-field TEM image in which four nanoparticles
embedded in an S phase are arrowed; (h) zoom-in images of the nano-particles in (g). Multiple twins are present in these nanoparticles and

they are distinguished in two types of configuration: parallel shaped twin plates (I and II) and prism-shaped twin plates (III and IV)
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Fig. 8  Atomic origin of the heterogeneous dissolution activity of the Al,,Cu,Mn; particles : (a) HAADF image showing an S phase par-

ticle in which some Al,,Cu,Mnj; particles dissolve severely ( marked with black arrows) and the S phase, even the Al matrix, also
dissolves locally, while the other four particles labeled as I, II, III and IV have no change. The specimen was immersed in 0. 5 mol/L
NaCl for 25 min; (b) bright-field TEM image corresponding to (a) ; (¢) zoom-in TEM images of the particles I, II, Il and IV; (d)
HAADF-STEM image along the [ 010] axis showing an Al,,Cu,Mn; particle pre-immersed for about 8 min in 0. 5 mol/L NaCl electro-
lyte. Slight dissolution occurs adjacent to the bright curled streak and a few dissolution sites with darker contrast encircled by the bright
curled streak are obvious; (e, f, h, i) EELS mapping analysis focusing on the four spots enclosed within the box in (d) , the darker
spots are depleted in the elements Al, Mn, Cu and enriched in element O, while the brighter rings are enriched in Cu; (g) magnified

image corresponding to the boxed area in (d), highlighting the lattice and the hexagonal subunits beneath the corroded sites
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Interface between the nanocrystals and the amorphous zone pro-
(a) HR-

TEM images along the [ 001 ] axis of the austenitic matrix

vides a favorable channel for chloride ion diffusion! 82’ :

showing that the passive film is mainly amorphous with some
nano-crystals, a series of HRTEM images obtained from variant
orientations and locations indicate that the nano-crystals feature
face-centered cubic structure; (b) HRTEM image along [ 001 ]
axis showing three fine crystals within the passive film; (c) en-
ergy barriers to C1™ diffusion from one oxygen vacancy to a neigh-
boring one in the three zones. Representative schematic diagram
of the diffusion paths in c-Fe; 0, is inserted. The diffusion barrier

is lowest at the interface region

Matrix

& 10

Fig. 10

AT B I8 4% 1l Ak B 10 8 3% I 0 A o AP (a)
0.5 mol/L H,S0,H1 640 mV / SHE F1H {7444k 30 min; (b)
7£0. 5 mol/L H,S0,+ 0.3 mol/L NaCl 1 640 mV / SHE &
L7 fAE 30 min, (¢) JE4E 0.5 mol/L H,S0,H' 640 mV / SHE
TMEALAEEAL 30 min, SRR EIETRTOINA NaCl #5

Super-X EDS mappings showing chloride ion incorporated in

and penetrating the passive film and accumulating at the
matrix/passive film interface % ; (a) element maps of the film
formed in 0. 5 mol/L H, SO, electrolyte at 640 mV / SHE for
30 min; (b) 0.5 mol/L H,S0,+0.3 mol/L NaCl electrolyte
at 640 mV / SHE for 30 min; (c¢) passivated in 0.5 mol/L
H,S0, electrolyte at 640 mV / SHE for 30 min with subsequent

addition of NaCl

B 11

Fig. 11

CI™ PR S 8O/ AL B R R R 1) . (a, D)TR
HAR[001] B [110] il iy TEM /&5 53 FH4%, G4k Ik 16
0.5 mol/L H,SO M P AR AE (110) 2 (001) i 15 (c) Y
FEARL001] 4 TEM =23 BHR, BEALIE N TE 0.3 mol/L
NaCl + 0.5 mol/L H,SO, ¥ H/EKFE (110) i b5 (d)#F
SLAR[ 110 HF I TEM 20 915, SRS SE7E 0.5 mol/L
H, SO W WPIE I, S8R VA A NaCliE R
Chloride-induced undulations at the metal/passive film inter-
face!®?); (a, b) HRTEM images along the [001] and [ 110]
axes of the austenitic matrix showing the passive film grown on
(110) and (001) planes of FeCrs Nis single crystal in
0.5 mol/L H, SO, electrolyte, revealing a sharp and straight
interface, even at the atomic scale; (¢) HRTEM image along
[001] axis showing the passive film grown on (110) plane in
0. 3 mol/L NaCl+0. 5 mol/L H, SO, electrolyte, revealing an
indistinct and substantially undulating interface; (d) HRTEM
image along [ 110] axis showing the passive film initially grown
in 0.5 mol/L H,S0, electrolyte for 30 min with subsequent ad-
dition of NaCl into the H, SO, electrolyte, the interface is as

well indistinct and substantially undulating
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Fig. 12 LADIA simulation results showing the strain state in the matrix side near the metal/passive film interface

(82, (a) high resolution

HAADF-STEM image along the [001] direction of the austenitic matrix showing the passive film on (110) of FeCr sNi,ssingle crystal

in 0.5 mol/L H,SO,, the interface is sharp and straight at the atomic scale; (b) LADIA simulation map based on (a), which shows

no evidence of lattice expansion and associated tension; (c) high resolution HAADF-STEM image along the ¢ axis showing a passive

film formed in 0.5 mol/L H,S0,+0. 3 mol/L NaCl electrolyte, with corresponding undulating interface; (d) LADIA simulating map

based on (c), revealing obvious lattice expansion, with associated induced tension; (e~g) schematic maps illustrating the direction

(red line) along which local expansion/contraction of next-neighbor atom column distances is modulated; straight interface formed in

chloride-free electrolyte reveals no signs of lattice distortion on the matrix side (e) , undulating interface formed in chloride-containing

electrolyte shows clear evidence of strain-induced lattice expansion (f), three-dimensional schematic map (g) illustrating the strain

state along the viewing direction (a pair of dashed arrows) is equivalent to that as shown in (f); (h) EDS composition analysis in the

passive film and below the interface at a depth where lattice expansion is measured
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Fig. 13 Schematic maps illustrating interface evolution in the absence and presence of chloride ions!®2) | the film growth process involves trans-

port of both injected metal ions from the matrix and oxygen in solution through the barrier layer, causing the metal/film interface to move
towards the metal matrix side: (a) in chloride-free (0.5 mol/L H,S0,) electrolyte, the austenitic matrix experienced selective dissolu-
tion of metal ions (major Fe) in a somewhat homogeneous manner, yielding a straight Me/BL interface at the atomic scale; (b) in chlo-
ride-containing (0.5 mol/L H, SO, +0.3 mol/L NaCl) electrolyte, the tendency of chloride ions to be preferentially adsorbed at
defective sites yields non-homogeneous adsorption on the bare metal surface. High chloride ion concentration would induce faster dissolu-
tion of Fe, which leads to inhomogeneous interface-movement rates, hence differences in passive film growth rates. Such a process yields
a passive film with an irregular and undulating Me/BL interface; (¢) when chloride ions attack the as-grown passive film, chloride ions
only get to certain interfacial locations by heterogeneously penetrating the as-grown film along the connected path provided by the inter-
faces between nanocrystals and the amorphous zone. This gives rise to an undulating interface; (d) chloride-induced large roughening at

the metal/passive film interface; (e) an enlargement of the area marked with a rectangular in (d)
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