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a b s t r a c t

This article reviews the multiscale nature of stress corrosion cracking (SCC) observed by high-resolution
characterizations in austenite stainless steels and Ni-base superalloys in light water reactors (including
boiling water reactors, pressurized water reactors, and supercritical water reactors) with related opin-
ions. A new statistical summary and comparison of observed degradation phenomena at different length
scales is included. The intrinsic causes of this multiscale nature of SCC are discussed based on existing
evidence and related opinions, ranging from materials theory to practical processing technologies.
Questions of interest are then discussed to improve bottom-up understanding of the intrinsic causes.
Last, a multiscale modeling and simulation methodology is proposed as a promising interdisciplinary
solution to understand the intrinsic causes of the multiscale nature of SCC in light water reactors, based
on a review of related supporting application evidence.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Background

The stress corrosion cracking (SCC) of austenitic stainless steels
or Ni-base alloys in light water reactors (LWRs) has been a cause of
service failure and has consequently attracted continuous research
efforts to determine the failure mechanisms involved. In-
vestigations include a combination of autoclave acceleration tests,
high-resolution characterization, theoretic analysis, and modeling
and simulation.

In the conventional approach of integrated acceleration teste
characterizationetheory, typical works have systematically applied
high-resolution characterization using focused ion beamescanning
electron microscope, analytical transmission electron microscopy,
atom-probe tomography, secondary ion mass spectroscopy, 3-D
tomography, micromechanical testing, and digital image correla-
tion. These methods can provide multiscale (from the micrometer
to the nanometer) understanding of the widely accepted SCC
mechanisms such as the film-rupture model, hydrogen-related
mechanisms, and the internal oxidation mechanism [1e3]. Aided
by these state-of-the-art high-resolution characterization
by Elsevier Korea LLC. This is an
techniques, SCC in LWRs has been determined to include degra-
dation phenomena at different length scales, involving surface or
intergranular (IG) corrosion/oxidation, the fracture of oxides, grain
boundary (GB) migration, elemental segregation, and dislocations
sliding around the crack tip and on the crack flanks. Accordingly,
research efforts have shifted from analyzing microstructural
changes to analysis of the local chemistry and elasticity or plasticity
of the crack-tip region [1,4]. However, in situ characterization (e.g.,
in situ transmission electronmicroscopy) is still highly restricted by
the physical and chemical conditions of the autoclave acceleration
tests, and consequently, the evidence obtained by characterization
mainly reflects the final states of the local sites of interest, rather
than the temporal and spatial evolution of the entire material
failure process. As a result, a unified SCC mechanism that can ac-
count for all the multiscale nature of SCC is still needed to provide a
more bottom-up understanding of their intrinsic causes.

At the same time, cutting-edge multiparadigms and multiscale
modeling and simulation have helped to directly reveal multiscale
physical or chemical failure processes. These include, for example,
the relationship of the electron transfer behavior or the erratic
motion of individual atoms at the Ångstr€om scale to the rupturing
of ionic bonds of the molecular template at nanoscale; to the
deformation behavior of structural defects at mesoscale (between
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Table 1
Operation conditions of light water reactors (LWRs).

LWRs type Coolants type Distinction between subcritical water
and supercritical water

Inlet and outlet
temperature (�C)

Operation
pressure (MPa)

pH (room
temperature)

References

Boiling water reactor (BWR) Subcritical
water

280�C < temperature <374 �C
7 MPa < pressure <22.05 MPa

280~288 7e8 6.1e8.1 [9]
Pressurized water reactor (PWR) 290~320 15e16 6.9e7.4 [10]
Supercritical water reactor (SCWR) Supercritical

water
Temperature > 374�C
pressure >22.05 MPa

280~620 25 ~7 [11,12]
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nanoscale and microscale); and to the deformation and fracture
behavior of the bulk at macroscale [5e8].

In light of this, the multiscale nature of SCC (mainly in the form
of IG SCC) of austenitic stainless steels or Ni-base superalloys in the
LWRs conditions, as classified in Table 1 [9e12], and in the context
of existing opinions was reviewed and summarized. The potential
intrinsic causes of the multiscale nature of SCC are discussed, while
questions of interest are correspondingly raised regarding the po-
tential mechanisms. Finally, multiparadigms and multiscale
modeling and simulation are reviewed in terms of their related
application to multiscale failure analysis and then a promising
interdisciplinary solution is proposed for investigating the multi-
scale nature of SCC in the LWRs.
2. The multiscale nature of SCC

2.1. Surface corrosion and fracture of corrosion products

Although the chemical compositions of susceptible alloys are
commonly modified to provide better anticorrosion performance,
surface corrosion and the fracture of duplex corrosion products still
frequently occur in materials exposed to high-temperature
water and act as points of initiation of SCC failure, as illustrated
in Figs. 1 and 2 [13,14]. Based on a review of surface corrosion and
the fracture of corrosion products, some key common features that
occur at different length scales are statistically summarized and are
compared in Table 2 [2,13e35]. The results show the following:

(1) At nanoscale (in terms of thickness), the duplex corrosion
products on the surfaces of the sampled austenitic alloys are
composed of a rough and porous outer oxide layer and a
continuous and dense inner oxide layer. The outer oxide layer
features a mixture of sparse coarse-grained particles and
fine-grained faced particles, whereas the inner oxide layer
has uniformly fine grains.

(2) In the rough and porous outer oxide layer, nanoscale
ironenickel (FeeNi) or ironechromium (FeeCr and Fe-rich)
Fig. 1. The cross-sectional TEM of the nanoscale duplex surface oxides formed on STS 316 s
surface oxide film. (B) Enlargement of the crack within the film. (C) Diffraction pattern with
fine-grained spinels [14] (Reprinted with permission from Taylor & Francis).
PWR, pressurized water reactor; TEM, transmission electron microscopy.
M3O4 (M means Ni, Cr, Fe atoms) spinels were character-
ized as the major oxide phases for STS 304, STS 304L, STS 316,
and STS 316L, whereas nanoscale Ni-rich spinels or (Fe-rich
spinel and NiO) mixtures comprised the major oxide phases
for Alloy 600, Alloy 625, Alloy 690, and Alloy 690 TT (ther-
mally treated).

(3) In the continuous and dense inner oxide layer, nanoscale
CreFe (Cr-rich)M3O4 spinels were characterized as themajor
oxide phases for STS 304, STS 304L, STS 316, and STS 316L,
whereas nanoscale [Cr2O3 and CreNi (Cr-rich) M3O4 spinels]
mixtures were the major oxide phases for Alloy 600, Alloy
625, Alloy 690, and Alloy 690 TT, along with penetrative CrO
for Alloy 600 and Alloy 690 [36]. This inner oxide layer can
initially act as a protective film for the matrix. As demon-
strated, however,when therewas not enough Cr from theGBs
in Alloy 600 and Alloy 690 to replenish and repair the surface
Cr2O3 or Cr-rich spinel layers during the successive rupture,
this brittle film was fractured by the tensile strain [2,27,37].
Such brittle fracture of the continuous and dense inner oxide
layer was also found in the STS 316 sample; a typical example
is shown in Fig.1 [14]. The role of tensile strainwas specifically
confirmed by finite element analysis [38].
2.2. IG corrosion and fracture of corrosion products

As a key transition stage from the initial surface corrosion to the
initiation of SCC, IG corrosion and cracking contribute to the mul-
tiscale nature of SCC. A review of the changes in local chemistry and
crack-tip elasticity or plasticity in this stage are summarized and
compared in Table 3 [2,14,21,27,39e56]. The following were
determined:

(1) At nanoscale (in terms of thickness), the duplex IG
corrosion products in all of the sampled austenite alloys
are composed of a continuous and dense inner oxide layer,
penetrating double crack flanks, and discrete and porous
ample exposed to a PWR at 320�C for 500 h. (A) Cross-sectional morphology of duplex
spots from outer coarse-grained spinels. (D) Diffraction pattern with spots from inner



Fig. 2. The mesoscale elements segregation of Cr, Fe, and Ni atoms by EDS within the duplex surface oxide film and the subsurface regions and phase map by EBSD occurred in
thermomechanicaleprocessed STS 316L sample exposed to a SCWR with 150 ppb dissolved O2 at 600�C and 25 MPa for 1,000 h (red-austenite and spinels phases, green-magnetite
phase, blue-hematite phase). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) [13] (Reprinted with
permission from Elsevier).
EBSD, electron backscatter diffraction; EDS, energy dispersive X-ray spectroscopy; SCWR, supercritical water reactor.

Table 2
Statistical comparison in surface corrosion behavior of austenite alloys in simulated LWRs.

Base
materials

Outer rough and porous
oxide layer

Inner continuous and
dense oxide layer

Test conditions References

Major oxide phases Major oxide phases

STS 304 (Ni0.2Fe0.8)(Fe0.95Cr0.05)2O4. (Ni0.2Fe0.8)(Cr0.7Fe0.3)2O4. PWR at 260�C for 1,000, 2,000, 5,000, 8,000, and 10,000 h. [15]
Fe-rich spinels. Cr-rich spinels. PWR at 360�C for 1,500 h. [16]
Fe3O4. FeeCr spinels. SCWR at 400�C, 450�C, 500�C, and 550�C. [17]

STS 304L Fe(Cr/Ni)2O4 spinels. Cr-rich spinels. PWR and SCWR at 340�C and 400�C for 500 h. [18]
Fe-rich oxides and
Fe-Ni spinels.

NieCr spinels. SCWR at 450�C, 500�C, 550�C, and 600�C and 25 MPa for 1,680 h. [19]

STS 316 Fe3O4. Cr-rich spinels. PWR at 320�C for 500 h. [14]
Fe3O4 and Fe2O3. Cr2O3 and Fe-rich spinels. SCWR at 350�C, 400�C, 450�C, and 500�C and 24 MPa for 250 h. [20]

STS 316L Ni0.75Fe2.25O4. (Cr2O3þFeCr2O4) and Fe3O4. PWR at 350�C for 2,000 h. [21]
Fe3O4. FeeCr spinels. SCWR from 400�C to 550�C. [17]
Fe3O4. Cr2O3 and FeCr2O4 spinels. SCWR at 600�C and 25 MPa for 100, 300, and 1,000 h. [13]

Alloy 600 (Ni0.9Fe0.1)(Fe0.85Cr0.15)2O4. (Ni0.7Fe0.3)(Fe0.3Cr0.7)2O4. PWR at 260�C for 1,000, 2,000, 5,000, 8,000, and 10,000 h. [22]
Ni-Fe spinels. Cr-rich spinels. PWR at 320�C for 120 and 500 h. [23]
Ni-rich spinels. PWR at 320�C for 1,000 h. [24]
NiO and Ni-Cr spinels. Cr-rich oxides. PWR at 325�C. [25]
NiFe2O4 and Ni(Cr, Fe)2O4. FeCr2O4 spinels and Cr2O3. PWR at 288�C and 338�C for 500, 1,000, 2,000, 3,000, 4,000, and 5,000 h. [26]
NiO. SCWR at 360�C for 2,000 h, 390�C for 400 h, or 400�C for 250 h. [2,27]

Alloy 625 (Ni0.9Fe0.1)(Fe0.9Cr0.1)2O4. (Ni0.7Fe0.3)(Fe0.2Cr0.8)2O4. PWR at 260�C for 1,000, 2,000, 5,000, and 10,000 h. [28]
Ni(OH)2 and NiO. Cr2O3 and NiCr2O4. SCWR at 400�C, 450�C, and 500�C for 250 h. [29]
Ni(Cr, Fe)2O4 spinels. Ni(Cr, Fe)2O4 spinels

and Cr2O3.
SCWR at 400�C and 600�C and 24.8 MPa for 100, 300, and 1,000 h. [30]

Alloy 690 (Ni, Fe)Fe2O4 and (Ni, Fe)
(Fe, Cr)2O4 spinels.

NiO. High-temperature water at 290�C and 10 MPa for 400 h. [31]

Ni(1-z)Fe(2þz)O4. Ni(1-x)FexCr2O4. PWR at 325�C and 15.5 MPa for 406 h. [32]
NiO and NiFe2O4 spinels. Cr2O3. SCWR at 360�C for 2,000 h, 390�C for 400 h, or 400�C for 250 h. [2,27]
NiO and Fe-Ni spinels. NiO and Cr-rich oxides. SCWR at 400�C, 450�C, 500�C, and 550�C. [17]
NiO or NiFe2O4 spinels,
NiO and Ni(OH)2.

Cr2O3 and NiCr2O4 spinels. SCWR at 450�C and 550�C and 25 MPa for 500 h. [33]

Alloy 690 TT Fe-rich spinels and NiO. Ni-rich oxides. PWR at 325�C and 15 MPa for 720 h. [34]
Fe-rich oxide. Cr-rich oxide. SCWR at 500�C and 25 MPa for 500 h. [35]

LWR, light water reactor; PWR, pressurized water reactor; SCWR, supercritical water reactor; TT, thermally treated.
CrO, chromium (II) oxide; Cr2O3, chromium (III) oxide; Fe, iron; FeCr2O4, iron (II) chromite; Fe3O4, iron (II, III) oxide; NiCr2O4, chromium nickel oxide; NiFe2O4, nickel ferrite or
nickel iron oxide; NiO, nickel (II) oxide; Ni(OH)2, nickel (II) hydroxide.
For more details of water chemistry or processing conditions, please refer to the original articles.
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outer oxides, filling the open cracks. A typical example of a
5% cold-worked (CWed) STS 304 sample is shown in Fig. 3
[42].

(2) In the discrete outer oxides, nanoscale Fe-rich M3O4 spinels
were found to be the major oxide phases for STS 304, STS
304L, STS 316, and STS 316L, whereas nanoscale NiO was
determined to be the major oxide phase for Alloy 600, Alloy
600 TT or SA (solution annealed), Alloy 690, and Alloy
690 MA (mill annealed).
(3) In the continuous inneroxides, nanoscale Cr-richM3O4 spinels
were identifiedas themajoroxide phase for STS304, STS 304L,
STS 316, andSTS 316L,whereasnanoscale Cr2O3was themajor
oxide phase for Alloy 600, Alloy 600 TT or SA, Alloy 690, and
Alloy 690 MA. In addition, such Cr-rich oxides were not pro-
duced on common IG carbides but were always around these
carbides [57] and tended to concentrate ahead of the crack tip,
as shown in Fig. 4 for 10% or 20% CWed STS 304 samples
[42] and Fig. 5 for a 20% prestrained Alloy 690 sample [2].
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(4) The IG cracking is consequently regarded to be the result
of, first, the decrease in yield strength of the GB regions,
which were oxidized [12] or corroded [58,59], or the
reduction in the tensile strength or shear strength and
cohesive energy of the GB regions, which were embrittled
by segregated S element [60e62] and secondly, by the
strain-induced brittle fracture of the nanoscale continuous
inner Cr-rich oxides or the interface between the brittle Cr-
Table 3
Statistical comparison in IG corrosion behavior of austenite alloys in simulated LWRs.

Base materials Major oxide phases GB elements segregation Microplastic deforma

STS 304 Fe1-xNixCr2O4 spinels
or Cr-rich oxides;

Ni enrichment and Cr
depletion ahead of
GB oxides.Inner Cr-rich and

outer Fe-rich spinels.
Oxidized deformatio
intersecting crack su

STS 304 and
STS 304L

FeCr2O4 and Fe3O4

and Cr2O3.
Oxidized deformatio
intersecting crack su
Strain-localized defo
bands with ~100 nm
band in crack-tip oxi

Inner Cr-rich spinels. Cr-enrichment in the
crack-tip oxides.

Oxidized shear band
intersecting crack tip

STS 316 Inner Cr-rich spinels
and outer Fe3O4.

Unilateral Ni enrichment
ahead of GB oxides.

Inner Cr-rich and
outer Fe-rich spinels.

GB migration.

Oxidized twin bands
shear bands intersec
crack surfaces or craSTS 316 and

STS 316L
Inner Cr-rich and
outer Fe-rich spinels;

Alloy 600 Cr2O3 and NiO. Cr-enrichment and
fine porosities
in crack-tip oxides.

Fine porosity in the o
ahead of crack tip.

Unilateral GB Cr depletion
and Ni enrichment ahead
of crack-tip oxides.

Fine porosity in the o
ahead of crack tip.

Cr-rich oxides. Fine porosity in the o
ahead of crack tip.
Oxidized deformatio
intersecting the bulk
from the surfaces.

Cr2O3.

Cr2O3 and NiO. Cr-enrichment and
fine porosities
in crack-tip oxides.
Unilateral GB Cr depletion
and Ni enrichment ahead
of crack-tip oxides.

Cr-rich oxides. Fine porosity in the o
ahead of crack tip;
GB migration.

Alloy 600
(TT or SA)

Cr-rich oxides.

Unilateral GB Cr depletion
and Ni enrichment before
IG cracking.

Alloy 690 Inner Cr2O3 and
outer NiO.

Unilateral GB Cr depletion
ahead of crack-tip oxides.

GB migration.

Alloy 690 MA GB migration.

Fine porosity in the o
ahead of crack tip.

3-D, 3-dimensional; APT, atom-probe tomography; ATEM, analytical transmission electron
diffraction; EDS, energy dispersive X-ray spectroscopy; FIB-SEM, focused ion beamescan
reactor; MA, mill annealed; PWR, pressurized water reactor; SA, solution annealed; SEM
treated.
Cr, chromium; CrO, chromium (II) oxide; Cr2O3, chromium (III) oxide; Fe, iron; FeCr2O4,
For more details of water chemistry or processing conditions, please refer to the origina
rich oxides and the ductile alloy bulk. Typical elastic shear
strains and elastic normal strains around the crack tip were
observed in the mesoscale in the 5%, 10%, and 20% CWed
STS 304 samples [63].

The fracture of brittle Cr-rich oxides is consistent with the
classic internal oxidation mechanism [1,57,64] and is supported
by both the nanoscale fracture bands within the Cr-rich oxides
tion Test conditions Characterization tools References

PWR at 360�C for
1,500 h with 20% CW.

APT, ATEM
with EDS.

[39]

n bands
rfaces.

PWR at 320�C for 666 h
with 5, 10, or 20% CW.

APT, ATEM with EDS,
FIB 3-D slicing,
NanoSIMS.

[40e42]

n bands
rfaces;
rmation
fracture
des.

BWR at 288�C and
8.4 or 8.5 MPa.

APT, ATEM with EDS. [43]

s
s.

BWR at 288�C for 5000
or 5900 h with 20% CW.

[44]

PWR at 320�C for 500 h. ATEM with EDS. [14]

PWR at 360�C for 720 h
with 20% CW.

APT, ATEM with EDS,
TKD or t-EBSD.

[45,46]

PWR at 360�C for 700 h
with 20% CW and PWR
at 345�C for 1500 h.

and
ting
ck tips.

BWR at 250e290 �C
for many years.

ATEM with EDS,
NanoSIMS.

[47]

BWR at 288 �C for 5000
or 5900 h with 20% CW.

APT, ATEM with EDS. [44]

xides PWR at 330 �C for
many years.

ATEM with EDS,
NanoSIMS.

[47]

PWR. ATEM with EDS. [48]
xides [49]

xides

n bands

PWR steam at 400 �C for
500 h or at 500 �C for
66 h with 15% CW.

ATEM with EDS,
FIB 3-D slicing.

[50]

PWR at 325 �C and
15.86 MPa for 3600 h.

ATEM with EDS. [51]

PWR at 330 �C and 15
MPa for 1538 and 11,358 h.

[52]

xides PWR at 325�C for 500 h. APT, ATEM with
EDS.

[53]

PWR steam at 480 �C
and 0.1 MPa for 120 h.

ATEM with EDS. [54]

H2 steam at 480 �C
and 0.1 MPa for 120 h.

Scanning transmission
electron microscope-electron
backscatter diffraction
(STEM-EDS).

[55]

SCWR at 360 �C for 2000 h,
390 �C for 400 h, or 400 �C
for 250 h with 20% prestrain.

ATEM with EDS,
SEM.

[2,27]

PWR. ATEM with EDS. [51]
PWR at 360 �C for 1000 h
with 20 or 26% CW.

[21]

xides PWR at 320 �C for 21,838 h
and 360 �C for 20,653 h
with 20% CW.

SEM. [56]

microscopy; BWR, boilingwater reactor; CW, coldwork; EBSD, electron backscatter
ning electron microscope; GB, grain boundary; IG, intergranular; LWR, light water
, scanning electron microscope; SCWR, supercritical water reactor; TT, thermally

iron (II) chromite; Fe3O4, iron (II, III) oxide; NiO, nickel (II) oxide.
l articles.



Fig. 3. The nanoscale IG corrosion of a 5% CWed STS 304 sample exposed to a PWR
(500 ppm B, 2 ppm Li, 30 cc-STP/kg-H2O dissolved H2) at 320�C for 666 h. (A) The high
angle annular dark field (HAADF) image of the duplex IG oxides, including the inner
dense Cr-rich spinel layer and the outer Fe-rich spinel layer. (B) The 3-D reconstruction
of the topological structure of the duplex oxides in the HAADF image [42] (Reprinted
with permission from Elsevier).
CW, cold work; GB, grain boundary; IG, intergranular; PWR, pressurized water reactor.

Fig. 4. The 3D reconstruction of the topological structure of the nanoscale duplex IG
oxides, including the inner dense Cr-rich spinel layer and the outer Fe-rich spinel layer
within (A) 10% or (B) 20% CWed STS 304 samples exposed to PWR (500 ppm B, 2 ppm
Li, 30 cc-STP/kg-H2O dissolved H2) at 320 �C for 666 h (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this
article.) [42] (Reprinted with permission from Elsevier).
CW, cold work; IG, intergranular; PWR, pressurized water reactor

Fig. 5. The 5 keV FIB-SEM cross section of the nanoscale IG corrosion and cracking in a
20% prestrained Alloy 690 sample strained in hydrogenated subcritical water at 360�C
to 7% at 5 � 10�8 s�1 [2] (Reprinted with permission from Springer).
FIB-SEM, focused ion beam-scanning electron microscope; IG, intergranular.
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ahead of the crack tip in the STS 304L sample, as shown in Fig. 6
[43], and by the fine porosity in the oxides ahead of the crack tip
in Alloy 600 samples [47,49,50,53] and Alloy 690 TT samples
[56]. The latter fracture of the interface between the brittle Cr-
rich oxides and the ductile alloy bulk, as shown in Fig. 7A, has
been newly reported by Dugdale et al [57] and is typically con-
trary to David E.J. Armstrong's finding, shown in Fig. 7B, which
instead agrees with the classic internal oxidation mechanism
[1,64,65].

(5) Near the IG crack edge flank, nanoscale (in terms of
displacement) GB migrationwas reported, as shown in Fig. 5,
except for STS 304 and STS 304L [2,21,46,53]. Furthermore,
this GB migration in supercritical water reactor (SCWR)
appeared more dominant in Alloy 600 SA than in Alloy
600 TT [66]. Ahead of the crack tip, Cr-rich oxides, nanoscale
unilateral Cr depletion, and Ni enrichment (in other words,
elemental segregation) were all found along the GB. Typical
examples are shown in Fig. 8 of 20% prestrained Alloy 690
sample [2] and in Fig. 9. The so-called unilateral Cr depletion
means that Cr depletion occurs exclusively on one side of the
GB plane, instead of both sides, as shown in Fig. 9 [67].
This elemental segregation, also found in the subsurface region
before IG cracking [13,55], as shown in Figs. 2 and 10, is conse-
quently regarded to result from the nanoscale short-circuit diffu-
sion of Cr atoms through GB or dislocation cores to the crack tip and
surface regions [68,69] and from the subsequent selective Cr-
involved oxidation around the crack tip and surface regions.
Furthermore, because the Cr atom has a faster short-circuit diffu-
sion, the original GBs migrate preferentially into one of two
neighboring grains, leaving in their wake a unilateral Cr-depleted,
Ni-rich zone [67]. Given this, the GB migration during the IG
corrosion which features the GB Cr depletion is specifically termed
diffusion-induced GB migration [67,70e72].

The qualitative driving force for this short-circuit diffusion of
Cr atoms should be the composition gradient of Cr atoms between
the unoxidized GB region with higher Cr concentration and the
surface region with lower Cr concentration for the surface or IG
oxidation in Fig. 10 [55] or between the GB region without Cr
depletion (~5.4 at.% Cr in Nie5Cr binary alloy) and that with Cr
depletion (e.g., < 0.05 at.% Cr 100 nm ahead of the IG Cr-rich
oxide, or ~0.9 at.% Cr ~2 mm or ~9 mm ahead of IG Cr-rich oxide
as shown in Fig. 11 [67]).

(6) The mesoscale plastic deformation bands produced by cold
work (CW) were found to be preferentially oxidized, inter-
secting the crack surfaces or the crack-tip regions, as illus-
trated by the 20% CWed STS 304 samples in Fig. 12,
[42e44,47,63,73]. Such preferential oxidation of the defor-
mation bands was presumed to result from both the
increased reactivity of the bulk alloy due to the enhanced
strain energy (e.g., the higher dislocation density in the twin
deformation bands in the 5% CWed STS 304 sample as shown
in Fig. 13 [42]) and the increased diffusivity of O by short-
circuit diffusion within the deformation-induced disloca-
tion cores [58].

3. Discussion

3.1. Intrinsic causes of the multiscale nature of SCC

The observed multiscale nature of SCC argues that the SCC of
austenite alloys in high-temperature water is produced by interac-
tion between the corrosion of ductile alloys and the cracking of
brittle corrosion products (also known as brittle oxides) via the
following fourqualitative steps, as schematically described in Fig.14.

� Step 1: Surface or IG corrosion, from Figs. 14A to 14 B:

Duplex surface oxides and an IG Cr-rich oxide monolayer are
produced during surface and IG corrosion (also found in Figs.1, 2, and
10). This is accompanied by the generation of a tensile or shear
stress/strain field between the surface oxides and the subsurface



Fig. 6. The cross-sectional ATEM of the nanoscale intergranular SCC crack tip and the fracture bands in the crack-tip oxide in a 5% precracked compact tension (CT) STS 304L sample
(with heat treatment at 650�C for 100 h þ air cooling þ 620�C for 100 h þ air cooling) exposed to a BWR (>20 ppm dissolved O2) at 288�C and 8.4 MPa [43] (Reprinted with
permission from Elsevier).
ATEM, analytical transmission electron microscopy; BWR, boiling water reactor; SCC, stress corrosion cracking.
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alloy bulk and by elemental segregation (Cr depletion and Ni
enrichment) produced in the subsurface or GB regions (also found in
Figs. 2, 9e11) [1,2,13,14,27,55,63,67]. In addition, the yield or tensile
strength of the oxidized or corroded GB regions is reduced [12,59].

� Step 2: Cracking of the surface oxides and further IG corrosion,
from Figs. 14B to 14C:

With stress concentration, dislocations slip in the ductile alloy
bulk and induce tensile or shear strain, which cracks the brittle
surface oxides (also found in Fig. 1) [1,2,14,27,63]. In the meanwhile,
IG corrosion progresses by Cr-involved oxidation and produces the
inner dense oxide layer of Cr-rich oxides (also found in Figs. 3, 4, 5,
7A, and 8) [2,42,57].

� Step 3: Cracking of IG oxides and further IG corrosion, from
Figs. 14C to 14D:

Dislocations slip around the IG oxides and again induce tensile
or shear strain, which cracks the IG brittle Cr-rich layer, or the
interface between the Cr-rich oxides and the alloy bulk (also found
in Figs. 3e5, 7, and 8) [1,2,42,57,63,65]. During such cracking of the
IG Cr-rich oxides, diffusion-induced GB migration occurs (also
found in Fig. 5) [2,67]. Meanwhile, IG corrosion progresses both by
the initial Cr-involved diffusioneoxidation reaction that produces
the inner dense oxide layer and by the subsequent Fe- or Ni-
involved corrosion/oxidation that produces the outer rough oxide
layer (also found in Figs. 3, 4, and 8) [2,27,42,55]. Further elemental
segregation continues because of further IG corrosion/oxidation.
Fig. 7. 3-D reconstruction. (A) Intergranular cracking (blue) through the interface (blue) bet
PWR (2.75 ppm dissolved H2, 500 ppm B and 2 ppm Li) at 360�C for 2,700 h [57]. (B) Intergra
(30 kPa hydrogen partial pressure) at 325�C for 4,500 h [65] (For interpretation of the refe
article.) (Reprinted with permission from Elsevier).
� Step 4: Crack-tip corrosion and cracking of crack-tip oxides, from
Figs. 14D to 14E:

Crack-tip Cr-involved oxidationpreferentially occurs in high-energy
structural defects such as the high-angle GBs and deformation bands
withhigh-densitydislocations (or strainenergy) (also found inFigs. 5, 8,
9, and 12) [2,42,67]. Then the crack-tip brittle Cr-rich oxides refracture
via the coalescence of microvoids under the tensile or shear strain
producedby thedislocation slipping [43,47,49,50,53,56].Meanwhile, IG
corrosion progresses further, as described in Step 3.

Considering these four qualitative steps, the intrinsic causes of
themultiscale nature of SCC in austenite alloys in high-temperature
water can be discussed.

� Corrosion/oxidation mechanism:

The mechanism of surface or IG corrosion/oxidation was
confirmed to be consistent in the temperature range of boiling
water reactor, pressurized water reactor, and supercritical water
reactor, and its oxidation rate reasonably increases with increasing
operating temperature [2,27]. The duplex surface or IG oxides tend
to support the dissolutioneprecipitation mechanism for the outer
Fe- or Ni-rich M3O4 spinels and the diffusioneoxidation mecha-
nism for the inner Cr2O3 or CrO or NiO.

The dissolution mechanism involves the electrochemistry-
induced selective dissolution of metal atoms into the high-
temperature water and the production of relatively more Fe2þ,
Fe3þ, Ni2þ by Equation (1) in Table 4, where M indicates Fe or Ni
[33]. This process has been termed electrochemical corrosion, and
ween Cr-rich oxide (yellow) and alloy bulk (semitransparent) in Alloy 600 exposed to a
nular cracking (blue) through the Cr-rich oxides (yellow) in Alloy 600 exposed to a PWR
rences to color in this figure legend, the reader is referred to the Web version of this



Fig. 8. (A) The 5 keV FIB-SEM cross section of the nanoscale intergranular corrosion and cracking in a 20% prestrained Alloy 690 sample strained in hydrogenated supercritical water
at 400�C to 7% at 5 � 10�8 s�1 with the corresponding scanning Auger microscopy maps highlighting (B) The metallic composition of duplex intergranular oxides, which include the
inner Cr-rich oxide layer and the outer Ni-rich oxide layer (mainly NiO). (C) The presence of oxygen and the elements segregation beyond the crack tip [2] (Reprinted with
permission from Springer).
FIB-SEM, focused ion beam-scanning electron microscope; GB, grain boundary.

Fig. 9. TEM image. (A) Underfocused brightfield TEM image of the terminal region of intergranular oxidation with the production of Cr2O3. (B) Conventional darkfield TEM image of
the terminal region of intergranular oxidation with the production of Cr2O3. (C-F) scanning transmission electron microscope-electron backscatter diffraction (STEMeEDS)
elemental maps of the same grain boundary reveal localized partitioning of Cr to the oxidized region and depletion of Cr from the surrounding grain boundaries in a Ni-5Cr binary
alloy exposed to PWR (1000 appm B, 2 appm LiOH) at 360 �C for 1000 h. Note that the STEMeEDS maps in (C-F) are rotated counterclockwise by ~70� relative to panels (A) and (B).
[67] (Reprinted with permission from Elsevier).
PWR, pressurized water reactor; TEM, transmission electron microscopy.
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it can be verified by evaluating the amount of weight loss, the
anodic polarization curves, or the electrochemical corrosion po-
tential [74e76].

The precipitation mechanism refers to the precipitation of metal
hydroxides Fe(OH)2 or Ni(OH)2 back onto the surfaces and the
production of the outer M3O4 spinels oxides listed in Table 2, such
as Fe3O4 and FeNi2O4 for Fe-base alloys and NiFe2O4 for Ni-base
alloys by Equations (2e3) in Table 4 [33]. The source of the Cr3þ

in the inner FeCr2O4 or NiCr2O4 may be from the original surface
passive film of Cr2O3 or the inner subsurface Cr2O3, newly produced
by the diffusioneoxidation reaction. The reactive molecular dy-
namics simulation using the ReaxFF interatomic potential indicated
the formation of Cr-OH, when load-free Cr2O3 was exposed to
high-temperature water ranging from 526.85�C to 1726.85�C
[77,78]. Furthermore, the reported thermodynamic stability of
oxides in the order Cr2O3 > FeCr2O4 > NiCr2O4 >
NiFe2O4 > NiO may imply possible reactions by Equations (4e5) in
Table 4, which may result in the observed IG Cr-rich spinels e.g.,
NiCr2O4 and FeCr2O4 [33,79,80].

NiO can be produced by the diffusioneoxidation mechanism
[81], whereas FeO has not been directly observed and may be from
an isolated surface Fe3O4 (FeO$Fe2O3) particle, which is often
observed in the early stage of surface corrosion. This selective
dissolution can also be correlated with the appearance of micro-
scale porous features on the outer oxide layer, which does not
provide further protection against corrosion. The precipitation may



Fig. 10. Scanning transmission electron microscope-high angle annular dark field image and corresponding STEM-EDS spectrum images of an oxidized high-angle grain boundary
in Alloy 600 TT exposed to H2 steam at 480�C for 120 h, with subsurface or grain boundary elements segregation (Cr depletion, Fe depletion, and Ni enrichment) before inter-
granular cracking [55] (Reprinted with permission from Elsevier).
TT, thermally treated.
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be a random or anisotropic process, and this is supported by the
jagged cross section of the outer oxide layer shown in Fig. 2. The
interface between the outer Fe- or Ni-rich oxides and inner Cr-rich
oxides was found to match the original alloy surface before being
corroded [17]. This phenomenon may be balanced by the faster
diffusion (and thus the faster dissolutioneprecipitation) of Fe ions
in the spinel oxide (Fe3þ>Fe2þ>Ni2þ>Cr3þ) [17,41] and the Cr
atom's larger susceptibility to oxidation, which is discussed in the
following section by the standard reduction potential [82], and the
preferential thermodynamic stability of Cr2O3 [33].

The diffusioneoxidation mechanism means the surface or GB
oxidation of Cr or Ni atoms (namely, the production of Cr2O3 or CrO
or NiO) via three consecutive processes: (i) the diffusion of an
oxidizer (O2- and O atom from O2, H2O, or H2O2) onto the original
surface passive film (Cr-rich oxide); (ii) diffusion through the pas-
sive film; and (iii) oxidation at the surface oxideealloy interface or
at the GB region [83]. The diffusion can be accelerated by short-
circuit paths, such as the GBs and CW-induced deformation
bands, which have more vacancies and dislocations. This process is
called short-circuit diffusion. The short-circuit diffusion indicates
not only the inward diffusion of oxidizing species, e.g., O2- and O
atoms, but also the outward diffusion of metal atoms via GB or
dislocation cores [17,31,33,36,79,80]. In addition to the obvious O
profile, the diffusioneoxidation mechanism can also be supported
by the frequently observed subsurface or GB Cr depletion
[2,13,27,55], as shown in Figs. 2, 8, and 10, as well as the oxidation
scale for different dislocation densities or GB types or implanted
cavities [42,51,84,85].

For both the outer Fe- or Ni-rich oxides, which are produced by
the dissolutioneprecipitation mechanism, and the inner Cr-rich
oxides, which are produced by the diffusioneoxidation mecha-
nism, the corrosion/oxidation activity can occur in a sequence such
as Cr2þ > Cr3þ > Fe2þ > Ni2þ > Fe3þ according to the corresponding
standard reduction potential: e0.913 V (Cr2þ) < e0.744 V
(Cr3þ) < e0.447 V (Fe2þ) < e0.257 V (Ni2þ) < e0.037 V (Fe3þ) [82].
The common IG Cr depletion can also be induced by the GB diffu-
sion of the Cr atom because it has lower activation energy than that
of Fe or Ni atoms in the vacancy diffusion mechanism. A compari-
son is shown in Table 5 [86]. The protective surface Cr2O3 film that
appears before surface cracking, or the penetrative CrO in Alloy 600
and Alloy 690, can be produced by this diffusioneoxidation
mechanism [2,27,36].

� Short-circuit diffusion and diffusion-induced GB migration

As confirmed by the Cr-involved diffusioneoxidation reaction
and IG Cr depletion shown in Figs. 5, 8, 10, and 12, the short-circuit
diffusion of Cr or O atomsmainly refers to the GB or dislocation pipe
diffusion of Cr or O atoms and features a higher diffusivity, in the
following order: Ds > Dhgb > Dlgb z Dud > Ddd > Dl, where Ds, Dhgb,
Dlgb, Dud, Ddd, and Dl represent the diffusivity on the surface, high-
angle GBs, low-angle GBs, undissociated dislocation, dissociated
dislocation, and lattice, respectively [68,87]. Because they are
sources or sinks of vacancies, the GB core and the dislocation pipe
core can provide more free space for diffusion, and therefore
require lower diffusion activation energy. Aided by these structural
paths, both the vacancy diffusion mechanism and the interstitial
diffusion mechanism can be the short-circuit mechanisms for GB
diffusion, whereas the vacancyeinterstitial pair mechanism is the
mechanism for dislocation pipe diffusion.

Recent modeling work has reported that the vacancy diffusion
mechanism is dominant for the GB diffusion of Cr or Fe atoms in Fe-
Cr-Ni austenite alloys under the simultaneous thermal and irradia-
tion conditions of LWRs, whereas for the Ni atom, the interstitial
diffusion mechanism is highly competitive with the vacancy diffu-
sion mechanism under the same conditions [88]. The diffusion of O
atoms in the Ni bulk was also reported to be a vacancyeinterstitial
(O) pair mechanism [81].

Diffusion in the
P

5 [001] tilt GB with a tilt angle of 36.9� in
body-centered cubic Fe shown in Fig. 15A is a typical example of GB
diffusion. It can occur by the following three possible mechanisms:
(i) By vacancy diffusion mechanism, a vacancy inserted at site B,
marked by the left arrows, preferentially jumps among sites A, B, C,
and D rather than into the sites E, F, and G, which are farther away
from the GB midplane; (ii) By interstitial diffusion mechanism, the
diffusion atom at site B, marked by the middle arrow, can jump into
the interstitial site I, therefore creating a GB interstitial and a GB
vacancy; (iii) By ring mechanism, marked by the right arrows, that
can involve both the interstitial mechanism from atom B to inter-
stitial I and the vacancy mechanism from atom B0 to vacancy B [68].



Fig. 11. 1-D concentration profiles of Cr atom from APT analysis across the grain
boundary (red line) and Cr-depleted zone 100 nm or ~2 mm or ~ 9 mm ahead of
intergranular oxidation front in a Nie5Cr binary alloy exposed to a PWR
(1,000 ppm B, 2 ppm LiOH) at 360�C for 1,000 h. Error bars indicate one standard
deviation from the counting statistics [67]. (Reprinted with permission from Elsevier).
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
APT, atom-probe tomography; PWR, pressurized water reactor.

Fig. 12. (A) The SEM SE image of the mesoscale preferentially oxidized twin
deformation bands (darker contrast on the top grain) intersecting the crack surfaces
of a 20% cold-worked STS 304 sample exposed to a PWR (500 ppm B, 2 ppm Li, 30
cc-STP/kg-H2O dissolved H2) at 320�C for 666 h. (B) The corresponding 3-D
reconstruction model showing the volume of the open crack (dark or blue) and the
oxidized twin deformation bands (light or green), together with one of the original
slices (For interpretation of the references to color/colour in this figure legend, the
reader is referred to the Web version of this article.) [42] (Reprinted with
permission from Elsevier).
PWR, pressurized water reactor; SEM, scanning electron microscopy.

Fig. 13. The 3-D reconstruction model of a mesoscale IG crack with the mesoscale twin
deformation bands with higher dislocation density intersecting the crack-tip regions in
a 5% CWed STS 304 sample exposed to a PWR (500 ppm B, 2 ppm Li, 30 cc-STP/kg-H2O
dissolved H2) at 320�C for 666 h [42] (Reprinted with permission from Elsevier).
CW, cold work; GB, grain boundary; IG, intergranular; PWR, pressurized water reactor.

X. Liu et al. / Nuclear Engineering and Technology 50 (2018) 1e17 9
Furthermore, the binding energy of the vacancy or interstitial in the
GB core is site dependent. The binding energy of a vacancy can be
e1.9, e40, e8.7, and e17 kJ/mol for sites A, B (B0), C, and D (D0),
respectively, in Fig. 15A. It is much smaller than the 130 kJ/mol
calculated to be the formation energy of a vacancy in the lattice. The
binding energies of the interstitial are e211, e211, e139, and e234,
-355 kJ/mol for sites A, B (B0), C, and D (D0), respectively. It is also
much smaller than the 458 kJ/mol that was calculated to be the
formation energy of the interstitial in the lattice [68,71].
More site-to-site comparisons of vacancy formation energy can
be found in the review [89].

The dislocation pipe diffusion mechanism was applied to the
diffusion in the dislocation core. The dislocation core is defined as
the last line of filled sites in the inserted plane of an edge disloca-
tion, together with the line of vacant sites into which that plane
would grow by negative climb. In this dislocation core, shown as a
dotted pipe in Fig. 15B, an interstitial is defined as an atom in a row
of vacant sites, whereas a vacancy is defined as a vacant site in a line
of atoms. Dislocation pipe diffusion takes place when an interstitial
atom recombines with a vacancy rather than the one
created simultaneously with it, or when net motion occurs for a
vacancyeinterstitial pair between the creation and annihilation of
the vacancyeinterstitial pair [90]. Considering the thermal-
activation or site (or defect path)-dependent nature of diffusion
[91e93], and therefore the temperature-accelerated corrosion/
oxidation ability of supercritical water [2,27,33,94], more analysis is
still needed on how the diffusivity or the activation energy of Cr or
O atoms affects the mechanism of Cr depletion or IG corrosion. This
is particularly important when the operating temperature is
increased fromboiling water reactor to pressurizedwater reactor to
SCWR conditions and with the interaction of manufacturing-
induced defect types or density. More representative mathemat-
ical or simulation-assisted discussions on the GB or dislocation pipe
diffusion beyond SCC can be found in reviews [95e97].

Diffusion-induced GBmigration has already been reviewed [98],
although the authors only discuss one classic model for diffusion-
induced GB migration [68,71]. As shown in Fig. 15C, a pure edge
dislocation is inserted in a tilt GB core with a tilt angle of 36.9�and a
core width of l. When this GB dislocation absorbs a vacancy that is
produced during the unequal GB diffusion, it will climb upward by
distance s. Three atoms, shown in black, are removed from crystal
lattice 2, and two of them are added to crystal lattice 1. In this
manner, crystal 1 grows at the expense of crystal 2, one vacancy is
occupied by the lower single atom, and this is how diffusion-
induced GB migration occurs.

Recent works have also reported GB migration produced by
dislocation emission and accumulationwithin the GB core [99,100].
The propagating dislocations mainly refer to the frequently
observed dislocations emitting and propagating around the IG
crack tip [101,102]. In SCC, however, the GB migration is more
complicated because of the oxidation- or cracking-induced lattice
distortion. The interaction of propagating dislocations and the



Fig. 14. A proposed qualitative SCC initiation and propagation mechanism of austenite alloys in the high-temperature water based on local topological nature, including the
following. (A) The conceptual cross section of as-received austenite alloys with a surface Cr-rich passive film formed in the air. (B) The surface or intergranular (IG) corrosion and
elements segregation in subsurface or grain boundary regions. (C) The fracture of duplex surface corrosion products and further IG corrosion. (D) The fracture of IG corrosion
products and further IG corrosion. (E) The further crack-tip corrosion and subsequent cracking of crack-tip corrosion products and further IG corrosion.
SCC, stress corrosion cracking.
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Table 5
Comparison of activation energy (in kJ/mol) for diffusion of alloying elements in Ni
via vacancy diffusion mechanism in four representative paths [86] (reprinted with
permission from American Chemical Society).

Diffusion paths Diffusing species in Ni alloys

Cr Fe Ni

(111) surface 53.06 75.26 88.77
S ¼ 9/(221) <110> symmetric

tilt grain boundary
8.68 27.99 33.77

S ¼ 3/(111) <110> symmetric
tilt grain boundary

58.86 86.84 95.52

Bulk 78.15 91.67 104.2

Table 4
One reported dissolutioneprecipitation mechanism for surface corrosion [33].

Equations Number of equations

M þ 2H2O/M2þ þ 2OH� þ 2Hþ þ 2e 1
NiðOHÞ2 þ 2FeðOHÞ2/NiFe2O4 þ 2H2Oþ H2 2
2NiðOHÞ2 þ FeðOHÞ2/FeNi2O4 þ 2H2Oþ H2 3
NiOþ Cr2O3/NiCr2O4 4
FeOþ Cr2O3/FeCr2O4 5
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short-circuit diffusion of Cr or O atoms during IG corrosion and
cracking are hereby considered to be cocontributors to the GB
migration. However, dynamic proof of such interactions with O
atoms during the complicated IG corrosion and cracking is still
lacking.

� Aspect 3 Crack initiation and propagation mechanism:

Just as illustrated in Figs. 1, 3e8, 12, and 13, with the occurrence
of surface or IG corrosion and the subsequent reduction in yield or
tensile or shear strength, and the fracture toughness of the
corroded or oxidized parts of interest, surface or IG cracking occurs
by a multiscale brittle fracture of the Cr-rich oxides or of the
interface between the Cr-rich oxides and alloy bulk. This is gener-
ated by the tensile or shear strain within or around the brittle ox-
ides [2,12,14,27,37,38,42,55,57e62,65,103,104,106]. This multiscale
fracture process may first start with the rupture of ionic bonds in
the oxide molecular templates, from Ångstr€om scale to nanoscale,
like the transgranular cleavage fracture on the {111} planes in Si
[103,107,108]. Second, it may be induced by the accumulation of
ruptured bonds and the coalescence of microvoids at mesoscale
(also known as the formation of IG microcracks) [109] and the
formation of crack bridges between neighbor IG microcracks, as
shown in Fig.16 [110]. Finally, it may occur due to the fracture of the
continuum corrosion film at microscale as a result of the further
coalescence of microcracks and the destruction of crack bridges
ahead of a propagating mother crack [111,112].

Furthermore, in the second stage, the multiscale fracture pro-
cess features not only a change from the brittle cleavage in the first
stage to the dislocation-facilitated slip failure of the crack-tip
oxide but also a reduction in potential energy or tensile stress. This
has been typically observed in the SCC of strained Al2O3 slab [113].

In the last stage, the crack interactions during crack propagation
were confirmed using a combination of qualitative digital image
correlation and quantitative phase field calculation [114]. The dy-
namic fracture instabilities of a highly strained crack tip in brittle
materials are governed by hyperelasticity at a critical length scale
for the energy flux near the crack tip at nanoscale and can increase
the roughening of the fracture surfaces [111,115]. However, the
current discussion about the cracking path, either through the Cr-
rich oxides or through the interface of Cr-rich oxides and alloy
bulk shown in Fig. 7, implies a more complicated cracking activity
which interacts with the on-going corrosion/oxidation activity
under different water chemistry conditions.

The tensile or shear strain that cracks the brittle oxides ahead
of a crack tip, as schematically shown in Figs. 14 and 17, is pre-
sumed to be caused by dislocation emission and propagation via
slipping, climbing, or dissociation behavior in the notched ductile
bulk, locally around the brittle oxides and where there is stress
concentration [101,105]. The stress concentration in the local
ductile bulk can be caused by both the intrinsic corrosion activ-
ities on the surface [38] and within the GBs with different
structures [55] and by the application of processing loads. For
example, it can occur with (i) welding (e.g., 30e60% residual stress
in the weld metal of STS 304 pipe with overloaded heat input
[116,117]; 40e50% residual strains in the weld metal, ~20% in
unmixed and partially melted zones, ~15% in the heat-affected
zone of Alloy 152, Alloy 52, and Alloy 52i weld metals, and 8e10%
in the bulk of Alloy 690 [118]; and 5e25% residual strains in the
interface between Alloy 152 weld metal and Alloy 52M weld
metal [119]). It has also been reported for (ii) CW (e.g., a higher
strain density and increased hardness and hence, higher IG SCC
crack growth rate in Alloy 690 plate, tubing, and bar materials by
~17% or more CW [120,121]; high-density transgranular cracks
nucleating from surface-corroded TiN stringers and propagating
into the 26% cold-rolled Alloy 690 matrix [36]). It is also known
for (iii) electrical discharge machining (e.g., a high positive cor-
relation between the initiation rate of SCC and residual stress on
STS 316 surfaces [122]).

On the other hand, for CWed Alloy 690 materials, both the
before-CW high-temperature annealing at 1100�C followed by
water quench and the post-CW recovery annealing at 700�C for 1
hour followed by air cooling can decrease the IG SCC crack growth
rate by decreasing the localized GB stress/strain that is produced by
the intrinsic IG carbide precipitates or the applied CW
[120,121,123e125]. However, owing to limited reports about effects
of interactions (or trade-offs) between warm work and CW on IG
SCC susceptibility, more systematic heat-to-heat warm work is
needed to modify the GB characteristics. This is of critical impor-
tance for practically inhibiting IG SCC susceptibility [123,124].

3.2. Questions of interest about the intrinsic causes of the
multiscale nature of SCC

Considering the state of research on the intrinsic causes of the
multiscale nature of SCC, as discussed previously, there is still a
need for an analysis of the temporal and spatial evolution of the
multiscale SCC phenomena at different time and length scales.
Questions of interest include the following:

(1) With respect to the mechanism of corrosion of a nanoscale
surface or GB or crack tip, as shown in Figs. 1e10, 12, and 13,
the nanoscale dissolutioneprecipitation reactions should be
dynamically visualized, involving mechanism-related evi-
dence such as the selective dissolution of the metal ions or
atoms, the nanoscale precipitation of the metal hydroxides,
and the electrons transfer at Ångstr€om scale.

(2) Regarding the mesoscale subsurface or GB elemental
segregation (mainly the GB Cr depletion), coupled with the
Cr-involved diffusioneoxidation, shown in Figs. 3e10, and
the preferential oxidation of deformation bands, shown in
Fig. 12, the nanoscale short-circuit diffusion of Cr and O
atoms in the dislocations of different density and GBs with
different structures and chemical composition should be
dynamically visualized to understand the mechanisms
behind such changes in local chemistry. This includes



Fig. 15. Atomic models. (A) Atomic model for short-circuit diffusion in
P

5 [001] tilt grain boundary (q ¼ 36.9�) in bcc iron, calculated by molecular statics and dynamics. The ratio of
the scale used in the drawing is [130]:[310]:[001] ¼ 1:1:5 [68] (Reprinted with permission from Springer). (B) Atomic model for short-circuit diffusion in a pure edge dislocation
pipe in simple cubic lattice by vacancyeinterstitial pair mechanism [90] (Reprinted with permission from Elsevier). (C) Atomic model for diffusion-induced grain boundary (GB)
migration of

P
5 [001] tilt grain boundary (q ¼ 36.9�) in bcc iron when a GB dislocation climbs upward by a distance s (per lattice plane parallel to paper) [68,71] (Reprinted with

permission from Springer). DSC, displacement shift complete.

Fig. 16. Combined use of diffraction contrast tomography (DCT) and computed tomography (CT) data to identify crack-bridging grain boundary structure during an intergranular
SCC of STS 302 wire (sensitized by solution anneal-treatment at 1,050�C for 30 min and then aged at 650�C for 60 min) exposed to acidified solution of potassium tetrathionate
(K2S4O6), where (A) Intergranular cracks obtained from CT data are shown in black, at the final step before sample failure, and compared with DCT data of 3-D grain shapes. (B) 2-D
section of the grain boundaries, identified by DCT, compared with the crack path identified by CT. A crack bridge is indicated [110] (Reprinted with permission from The American
Association for the Advancement of Science).
SCC, stress corrosion cracking.
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mechanism-related evidence such as temperature- or stress-
or defect-densitye or defect-typeedependent diffusivity
and diffusion trajectory and activation energy barrier.

(3) With respect to nanoscale GB migration during the IG
corrosion and cracking, shown in Fig. 5, the nanoscale stress-
dependent dislocation dynamics or interactions along the
corroded/oxidized GBs with different structures and chemi-
cal composition should be dynamically visualized to under-
stand the mechanism of diffusion-induced GB migration.

(4) With respect to the strain-induced fracture of the surface or
IG or crack-tip oxides, the nanoscale stress-dependent
dislocation dynamics or interactions in the unoxidized
alloy that bulk around the brittle oxides, as schematically
shown in Figs. 13, 14, and 17, should be dynamically visual-
ized to further understand the strain profile and distribution
within or around the brittle oxides. Furthermore, the
rupturing of ionic bonds of oxide molecule templates at
nanoscale, the accumulation of ruptured bonds and the
coalescence of microvoids at the mesoscale (in other words,
the formation of microcracks), and the fracture of brittle
oxide film at microscale on the alloy bulk by the formation
and coalescence of microcracks ahead of a propagating



Fig. 17. Schematic process of strain-induced fracture of crack-tip brittle oxides after the
dislocations slip in the ductile bulk around the brittle oxides.
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mother crack should be dynamically visualized under
different stress/strain and chemistry conditions. This would
contribute to a multiscale understanding of crack initiation
and propagation mechanisms.

Last, the hyperelasticity-dependent dynamic fracture in-
stabilities of a highly strained crack tip in the brittle oxides should
be dynamically visualized and quantitatively analyzed to determine
a critical length scale for the energy flux near the crack tip during
crack propagation.
3.3. Additional approaches to determine the intrinsic causes of the
multiscale nature of SCC

Multiscale questions call for multiscale solutions. Multi-
paradigms and multiscale modeling and simulation have been
Fig. 18. Conceptual framework of the multiscale and multiparadigm modeling and simulat
octahedral site to another by passing through an intermediate tetrahedral site where it enc
with permission from the American Association for the Advancement of Science). (B) A sing
zinc (green-C, white-H, black-Zn, red-O) [148] (Reprinted with permission from the Amer
ellipse) colored by the centrosymmetry parameter at 10,000 ps with different hydrogen (H)
Elsevier). (D) A mesoscale crack (white) propagates in a microstructure (black net) [165] (Re
thin film on a ductile substrate by finite element analysis (FEA) at microscale [169] (Reprint
figure legend, the reader is referred to the Web version of this article.)
DFT, density functional theory; MCM, Monte Carlo method; MD, molecular dynamics; QC,
designed to imitate the temporal and spatial evolution of materials
failure [5,126e128], and therefore can be hierarchically proposed as
a multiscale solution to investigate the intrinsic causes of the
observed multiscale nature of SCC.

(1) Ab initio quantum mechanics (QM) and quantum
chemistry calculations at Ångstr€om scale based on the den-
sity functional theory or Monte Carlo method, as illustrated
in Fig. 18A, could quantitatively describe the kinetic electron
transfer, formation energy of vacancy or interstitial defects,
the ionization potential during the dissolutioneprecipitation
or diffusioneoxidation reactions, and the activation energy
barrier for short-circuit diffusion [86,128e136].

(2) Reactive molecular dynamics simulation at nanoscale can be
conducted based on reactive force fields such as the popular
ReaxFF potential [137,138], charge-optimized many-body
potential [139], embedded-ion method potential [140], reac-
tive empirical bond order potential [141], adaptive intermo-
lecular reactive empirical bond-order potential [142],
electrostatic potentials [143], and Tersoff potential [144], as
illustrated in Fig. 18B. These are capable of capturing the
rupturing of ionic bonds and the formation of ionic bonds (or
the changing positions of ions or atoms) during the complex
chemical reactions, with QM accuracy and lower computa-
tional cost. This would enable the dissolutioneprecipitation
or diffusioneoxidation reactions during surface or IG
corrosion and the strain-induced rupture of ionic bonds of
surface or IG or crack-tip brittle oxides, to be directly under-
stood in relation to measurements such as the temperature-
or stress-dependent reactive or cracking rate, crack-limiting
speed, crack-tip instabilities, and orientation-dependent
cleavage fracture path [59,62,111,138,145e148].

(3) The nonreactive molecular dynamics simulation at nano-
scale, as illustrated in Fig. 18C, can physically describe the
ion [5] with their applications including the following. (A) Li (green) moves from one
ounters strong repulsion from a nearby transition-metal cation (blue) [131] (Reprinted
le atomic layer deposition simulation depicts the double oxygen abstraction by diethyl
ican Chemical Society). (C) Dislocation (green) activity during crack propagation (red
atom coverage at the primary grain boundary [149] (Reprinted with permission from
printed with permission from Elsevier). (E) The principal stress distribution in a brittle
ed with permission from Elsevier) (For interpretation of the references to color in this

quantum chemistry; QM, quantum mechanics.
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atomistic motion behavior and the hyperelasticity of a crack
tip in strained brittle oxides and can help explain the nano-
scale dislocation dynamics or interactions, and therefore the
diffusion-induced GB migration and dynamical fracture in-
stabilities, using evidence such as the defect-density level
and stress/strain/energy flow profiles [101,111,115,149,150].

(4) Ab initio QM and quantum chemistry calculations and reac-
tive or nonreactive molecular dynamics simulations can all
provide insight into the short-circuit diffusion of metal
atoms and O atoms in the GB or dislocation cores using data
on diffusion trajectory, diffusivity, diffusion flux, and activa-
tion energy barriers. The simulation of atomistic diffusion
can provide nanoscale insights into elemental segregation,
the diffusion-induced GB migration, and short-circuit diffu-
sion/oxidation within the GBs and deformation bands
[62,81,83,145,151e158];

(5) Mesoscale simulations, as illustrated in Fig. 18C, can provide
insight into nonlocal features during deformation and dy-
namic failure and link the atomistic simulation at nanoscale
to the continuum finite element analysis at microscale [159].
The coupling of multiscale simulations similar to those in
Fig. 18 can hierarchically clarify local features. These include
ionic bond formation or rupture, atomistic diffusion, and
dislocation dynamics or interactions at nanoscale, as illus-
trated in Figs. 18Ae18C; nonlocal features such as the accu-
mulation of ruptured bonds and the evolution of defects at
mesoscale, as illustrated in Fig. 18D (for example, GB
migration, the interaction of defects, the strain field config-
uration ahead of a crack tip, the crack-tip propagation,
autonomous crack growth, and interaction among multiple
microcracks [110,160e168]); and the fracture of thin brittle
film at microscale on the ductile alloy bulk [38,169,170], as
illustrated in Fig. 18E.

4. Conclusions

High-resolution characterizations have demonstrated that the
SCC in austenite alloys in LWRs is due to multiscale interactive
processes involving the corrosion of ductile alloys and the cracking
of brittle oxides. The surface or IG corrosion of alloys involves the
multiscale nature of SCC, such as nanoscale dissolutione
precipitation oxidation and diffusioneoxidation, mesoscale
elemental segregation (Cr depletion and Ni enrichment), and GB
migration. The latter two processes are induced by the nanoscale
short-circuit diffusion of metal or O atoms. The surface or IG
cracking of brittle Cr-rich oxides, or at the interface between the Cr-
rich oxides and alloy bulk, has been shown to result from the
reduction in yield or tensile or shear strength of parts of interest,
which have been corroded or oxidized on the surface or in GB re-
gions and deformation bands. These can be described as strain-
induced multiscale fracture processes, involving the coalescence
of microvoids (or the formation of microcracks and crack bridges)
at mesoscale, and the final fracture of continuum passive film at
microscale by the further coalescence of microcracks and the
destruction of crack bridges ahead of a propagating mother crack.
Such multiscale cracking procedure also implies the rupture of
ionic bonds in molecular oxides, occurring from the Ångstr€om scale
to the nanoscale. All the multiscale nature of SCC in LWRs seems to
be related to co-contributions from the film-rupture model and the
internal oxidation mechanism.

The tensile or shear strain that cracks the brittle oxides is caused
by dislocation emissions and propagation in the notched ductile
bulk with stress concentration. This local stress concentration can
be produced on one hand by the intrinsic corrosion activity but is
mostly caused by processing loads, like improper dissimilar
welding, a CW of 15% or more, and electrical discharge machining.
On the other hand, it can be reduced by warm works, such as
before-CW high-temperature annealing at 1100�C, followed by
water quench and a post-CW recovery annealing at 700�C for 1
hour, followed by air cooling. Regarding the role of manufacturing
processes in inhibiting the SCC susceptibility, there is still a need for
more heat-to-heat experimental investigations on the trade-off
between recovery warm work and CW in modifying the GB
characteristics.

To gain a better bottom-up understanding of the intrinsic causes
of the multiscale nature of SCC, more studies on the temporal and
spatial evolution of local chemistry and microstructure need to be
performed. Specifically, these should focus on the dis-
solutioneprecipitation reactions for the electrochemistry corrosion
mechanism; the short-circuit diffusion of Cr, Ni, and O atoms for
elemental segregation or the diffusioneoxidation mechanism; the
dislocation dynamics or interactions within oxidized GB regions for
the diffusion-induced GB migration mechanism; and the rupture of
ionic bonds in Cr-rich oxidemolecular templates from the Ångstr€om
scale to nanoscale for the multiscale cracking mechanism. From this
point of view, employing multiparadigms and multiscale modeling
and simulation, in synchrony with high-resolution characteriza-
tions, is a promising interdisciplinarymethodology that can advance
understanding of the multiscale nature of SCC in LWRs.
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