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Abstract

The microstructural features of intergranular irradiation-assisted stress corro-
sion crack tips from a redeemed neutron-irradiated flux thimble tube (60 dpa)
have been investigated using focused-ion beam analysis and (scanning) trans-
mission electron microscopy. The current work presents a close examination of
the deformation field and oxide assembly associated with intergranular crack-
ing, in addition to the analysis of radiation-induced segregation at leading grain
boundaries. Evidence of stress induced martensitic transformation extending
from the crack tips is presented. Intergranular crack arrest is demonstrated
on the account of the external tensile stress orientation, and as a consequence
of MnS inclusion particles segregating close to the fractured grain boundary.
Exclusive observations of grain boundary oxidation prior to the cracking are
presented, which is in full-agreement with the internal oxidation model.

Keywords: TASCC, 316SS, neutron-irradiation, flux thimble tube, (S)TEM,
FIB, internal oxidation,

1. Introduction

Nuclear reactor power plant (NPP) internal components experience material
property changes during service operation due to a complex interaction of sev-
eral material degradation phenomena [1, 2, 3, 4, 5]. This degradation includes
changes in the material microstructure and microchemistry under irradiated
conditions, which can ultimately lead to intergranular irradiation assisted stress
corrosion cracking (IASCC) [6, 7, 8, 9, 10]. The prime example of TASCC is
the cracking of baffle to former bolts (BFBs), which has been observed for the
first time in 1989 in French NPPs. Since then, similar trends of progressive
BEFB cracking have been observed in other NPPs, including those in the USA,
Japan, and Belgium. The susceptibility to cracking is considered to evolve as
a consequence of correlating in-service reactor conditions, and is therefore lim-
iting the integrity of NPP operations after extended periods of operation. The
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factors that ultimately lead to intergranular failure primarily include the aspect
of external stresses on susceptible materials subjected to a corrosive environ-
ment while under the influence of intense neutron-irradiation. IASCC envelops
a complex interplay between common elements such as stress, material composi-
tion, temperature, and water chemistry. Contemporary investigations have led
to a more in-depth focus on the interdependencies between underlying correlat-
ing mechanisms related to IASCC, rather than indicating a single responsible
failure mechanism for the observed failures.

To investigate the phenomenon of intergranular SCC (IGSCC), a substantial
amount of research has been devoted to the microstructural and microchemical
evolution of structural component materials subjected to neutron-irradiation.
Irradiated stainless steels primarily experience radiation damage as consequence
of atomic displacement, which may lead to radiation-induced changes in the
microstructure. Typical nucleation of defect clusters entail the formation of
dislocation and Frank loops, black spots, precipitates, and voids [11]. In sub-
stantial concentrations, these defects cause a significant change in the material’s
mechanical and fracture properties, which can be ultimately associated with
a strong increase in TASCC susceptibility. Concurrent with radiation-induced
hardening and embrittlement, key potential contributors to intergranular failure
entail radiation-induced segregation (RIS) [12, 4, 13, 14] at leading grain bound-
aries and plastic strain-localization [15, 16] in correspondence to the cracking
mechanism. The former implicates the preferential segregation or depletion of
structural and solute elements at grain boundaries and other microstructural
sinks. Bruemmer et al. [12, 4] illustrated a strong correlation between a low
grain boundary Cr-content and increased IGSCC susceptibility, while the influ-
ence of minor elements may additionally increase the crack growth rates [14].
However, Busby et al. [13] has called into question the role of RIS by comparing
proton-irradiated and post-irradiation specimens, illustrating that RIS of any
one element cannot be solely responsible for intergranular failure. On the other
hand, strain localization describes how plastic strain is restricted into narrow
discontinuous clear channels, often terminating at the grain boundary. Such
clear channels arise from the annihilation of the aforementioned defect clusters
and provide a preferential path for subsequent dislocation motion to occur. In-
teraction of these dislocations may exert a localized increase in stress at the
grain boundary. This can be linked to both grain boundary separation [15] and
sliding [16] when caused by dislocation channels and common dislocation slip,
respectively. However, clear channels are not commonly observed in high dpa
stainless steels, which casts some doubt upon their relevance for IASCC crack-
ing in heavily irradiated materials.

Clearly, despite a lot of effort, no consensual interpretation for IASCC failure
has yet been agreed upon. To that end, it is imperative to inquire more about
the physical and chemical characteristics of crack initiation in susceptible ma-
terials. Though, as operating with irradiated materials is both difficult and
expensive, little microscopical studies on neutron-irradiated cracks have been
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presented so far [17, 18, 19, 20, 21]. The emerging picture from available obser-
vations does suggest that intergranular oxide penetration enhances the cracking
susceptibility under tensile stress [10], a factor which is strongly tied to the
localized deformation close to the crack tip [22, 23]. Lozano-Perez et al. [24]
showed that fast-diffusion paths, for instance along microstructural defects such
as deformation bands and heavily dislocated structures, accelerate the oxida-
tion process that may embrittle the boundary setting up to the requirements
for cracking. Typically, the penetrating oxide is comprised of both a chromite
spinel with secondary magnetite precipitates occurring within the crack open-
ings [25]. Cr-depletion may on the one hand facilitate interstitial oxygen trans-
port along the grain boundary to set the stage for embrittlement [26], while
on the other hand produce a chromium-depleted spinel oxide which may be
prone to cracking due to its low chromium content [10]. Metallic Ni-enrichment
ahead of oxidized crack tips has been attributed to either de-alloying [27], or
to the higher diffusivity of other structural elements in the corrosion processes
[28, 29]. Martensitic transformations have been observed in finite-volumes adja-
cent to the crack and fracture surfaces which were likely produced during crack
propagation and not due to prior cold-work [17, 30, 31, 32]. Amongst the pos-
sible orientation relationships between face-centered cubic (fcc) y-austenite and
body-centered cubic (bce) o'-martensite [33], typically the Kurdjumov-Sachs
(K-S) [34] and Nishiyama-Wasserman (N-W) [35] relationships are widely re-
ported. Microstructural observations typically report the nucleation of inter-
mediate hexagonal-close packed (hcp) e-martensite in ways of indirect transfor-
mation to bec martensite laths [36, 31], although direct transformation from
the parent austenite phase has been observed on similar accounts [32]. Af-
ter nucleation, transformed martensite laths may severely contribute to local
hardening and strain-localization by impeding on the dislocation glide in the
retained austenite phase [36, 37]. On that account, it should be considered that
deformation-induced phase transformations close to the crack tip may act as
key contributors to intergranular crack propagation.

This work lies in the continuation of the framework set out by Bosch et al. [38],
wherein over 80 O-ring specimens were readily cut from a neutron-irradiated
316 stainless steel (SS316) flux thimble tube retrieved from the commercial
Tihange PWR NPP reactor in Belgium. Subsequent O-ring compression tests
led to an increased understanding of the mechanisms related to IASCC [38,
39]. Additional microscopical analysis of radiation-induced defect structures
was performed in relation to post-irradiation annealing experiments on similar
type of O-rings [40]. In continuation of this framework, a methodology was
developed for the extraction and microstructural analysis of IASCC crack tips
using focused ion beam (FIB) analysis and transmission electron microscopy
(TEM). Such investigations are considered to be very challenging due to the
large intergranular branching nature observed at highly irradiated materials.
Still, the current study presents the analysis of one particular 60 dpa neutron-
irradiated O-ring that illustrated clear intergranular failure characteristics. The
aim of this work is three-fold: (i) to illustrate a working FIB methodology
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for crack tip extraction, (ii) to identify microstructural features that can be
related to crack initiation and propagation by performing a detailed study of
the crack and crack tip morphology, and (iii) to provide additional data to help
elucidate on existing cracking mechanisms. This work additionally supports the
development of a predictive methodology of TASCC cracking, and for baffle bolt
cracking in particular.

2. Materials and methods

2.1. Sample preparation

In recent times, a 316L cold-worked stainless steel flux thimble tube was decom-
missioned from the Belgian PWR NPP Tihange 2, which remained operational
for about 25 years. Tab. 1 illustrates the 316L material composition, which
is comparable to the ASTM specification standards and to other flux thimble
tube materials reported within the framework of the international IASCC com-
mittee program [41]. The tube was cut along its length to create many O-ring
specimens of various dosage profiles dependent on where they were extracted
from the tube. These O-rings were machined so that any additional crack ini-
tiation sites were removed, while still preserving the original in-service reactor
oxide layer. Thereafter, constant load SCC tests were performed in a hot cell
autoclave, equipped with a tensile loading unit, capable of simulating a PWR
environment at 320 °C. The testing procedure and experimental results have
been outlined in detail by Bosch et al. [38].

For the purpose of this study, a 60 dpa irradiated O-ring that failed into five
majorly connected pieces post constant load testing was selected for microscop-
ical analysis, see Fig. 1. The O-ring received the generic name TTO-1-053 and
its testing parameters are presented in Tab. 2 and reference [38]. The spec-
imen was chosen in view of the fact that both primary fracture surfaces post
testing exhibited a full intergranular fracturing mode under scanning electron

Table 1: Chemical composition of Tihange thimble tube O-ring specimens made from 316L
cold-worked (20% CW level) stainless steel.
Fe Ni Cr Mo S P Si Mn Co C
Comp Bal. 12.8 17.0 2.68 0.009 0.022 0.53 1.79 0.07 0.044
(wt. %)

Table 2: TTO-1-053 SCC test matrix of autoclave test conditions simulating PWR atmo-
sphere at 320 °C.

Specimen  Length Water chemistry Dose oy Stress  Time-to-
(mm) (dpa) (MPa) (MPa) failure
()
2 ppm Li
TTO-1-053  10.425 1000 ppm B 60 1000 392 1910

30 cm?®/kg Hy
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Figure 1: TTO-1-053 sample preparation. (A) Intact O-ring specimen prior to constant
load testing. (B) O-ring post constant load compression testing. Indications of the loading
points and traversal cut along the middle of the specimen are depicted. (C) Second cut of the
remaining piece, close to the primary fracture surface. (D) Secondary electron SEM view of
the fracture surface illustrating the full intergranular mode. (E) Backscattered electron SEM
view in edge-on orientation illustrating the extent of branched cracking from the inner surface.

microscopy (SEM) investigation. Additionally, a substantially branched crack-
ing appearance on the O-ring’s outer surface was observed. The intergranular
cracking nature is demonstrated in cross-sectional and edge-on orientation for
the largest piece, see Figs. 1D-E respectively. Backscattered secondary elec-
tron (BSE) imaging provides excellent channeling contrast for the visualization
of the individual grains which are of the order of several square micrometers.
Interestingly, cracks with lengths well beyond the typical grain size may de-
velop equally on the outer as well as on the inner surface of the bulk material.
Crack initiation on the inner surface could not be fully excluded, in particular
at the regions where high von Mises stress associated to the applied load are
present. The latter remains remarkable due to the fact that the inner surface
of the thimble tube has been oxidized considerably less while being in contact
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with the outside environment (air; 320 °C) rather than PWR atmosphere for
the outer surface.

Ultimately, a single piece with a full intergranular fracture surface was retained
for further investigation, considering that its fracture surface closely resembled
an TASCC-like fracture appearance which clearly did not correspond to any of
the overload fractures near the external loading points. In order to reduce the
sample activity to reasonable instrument threshold values, the piece was cut
according to the specific cutting scheme presented in Figs. 1B and 1C. The
final cut was performed in parallel to the fracture surface at a distance of about
0.8 mm. The remaining piece was slightly polished from both sides while still
preserving the branched TASCC cracks on the fracture surface, see Fig. 2A.

2.2. FIB analysis

Tensile
stress
direction

MnS

[}
Primary fracture#
surface /(poli?he

o | det | magB | HV WD
ETD | 300 x | 10.00 kV | 6.8 mm SCK CEN Scios

Figure 2: TTO-1-053 FIB specimen preparation from the same primary fracture surface
shown in Fig. 1D. (A) Overview of the intergranular fracture surface post cutting operations.
(B-E) Backscattered electron (BSE) images of electron-transparent IASCC crack embedded
TEM lamellae. (E) FEI’s OptiTilt low voltage BSE image demonstrating the leading grain
boundary structure. The orientation of compression test autoclave loading unit imposed
tensile stress direction is perpendicular towards the lamella surface orientation.

Several IASCC cracks were prepared according to the standard in-situ lift-out
technique using the Thermo Scientific Scios DualBeam FIB-SEM. The lift-out
procedure for crack extraction was performed in cross-sectional orientation, and
has already been demonstrated for the extraction of SCC cracks in duplex ma-
terials in one of our previous studies [42]. Lamellae with embedded crack tips
were extracted from the bulk specimen and mounted on a copper TEM support
grid. Consecutive ion milling steps over a range of various tilt angles, centered
around the ion-beam direction on either side of the lamella, ensure a precise and
controlled thinning operation in order to create an electron-transparent TEM
specimen at the final stages of operation. The ion current is successively re-
duced after repeated milling iterations between the range of 1 nA down to 0.25
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nA. Final low energy cleaning operations at voltages and currents of 5 keV and
0.048 nA, respectively, were applied to remove any Ga™ ion implantation within
the remaining specimen volume.

Tab. 3 presents a total of eight intergranular TASCC cracks readily prepared for
microstructural analysis, several of which are depicted in Fig. 2. Interestingly,
whereas some cracks may arrest in the bulk or at a later confirmed inclusion
particle, other cracks may extend deep down or branch off at a grain bound-
ary triple junction. In relation to the tensile stress direction resulting from
the compression testing, it was apparent that all cracks preferably propagated
in cleavage mode orientation. Therefore, in the case of tensile stress normal
to the cracking plane, the cracks did not come close to full arrest along their
oxidized grain boundary. Under these circumstances, cracks extending further
than the appropriate TEM lamella size of around 20 um could not be fully ex-
tracted due to geometrical reasons. As such, those fractures were generally not
retained for further TEM investigation. In addition, certain lamellae may show
signs of extended curtaining [43, 44] due to local aggregated ion milling as a
consequence of changes in the material crystal structure, composition, and or
irregular topography. Productive steps to minimize the curtaining effect may
include FIB-assisted deposition to level the milling surface before the thinning
operation starts. However, for the purpose of preserving the initial crack mor-

Table 3: s
Index  Extracted Macro- Remarks
crack tip scopic
(Y/N) stress ori-
entation
vs. crack
tip orien-
tation
Lo1 Y // Crack arrested at an intergranular MnS inclu-
sion particle.
L02* N 1 Unarrested crack propagating straight along ox-
idized grain boundary.
L03 Y // Oxidized grain boundaries featuring a crack tip
extending from one triple junction.
L04* N 4 Unarrested crack branching from oxidized triple
Jjunction.
L05 Y // Arrested crack propagating straight along oxi-
dized grain boundary.
L06 Y // Arrested crack tip extending from heavily cor-
roded grain boundary.
Lo7* N 1 Unarrested crack propagating straight along ox-
idized grain boundary.
L08 Y // and L Two arrested crack tips, one cleavage crack il-

lustrating multiple branch points and another
shearing crack arrested at a triple junction.
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phology to the fullest extent, specifically the beam conditions and milling rate
were controlled in order to mediate the damage at the final stages of thinning.
As a result, certain specimens may be left intentionally thicker to preserve the
full integrity of the crack, leaving the final (S)TEM sample thickness varying
between 150 — 250 nm.

2.3. (S)TEM analysis

Conventional and analytical TEM characterization of IASCC crack tips was
carried out using the 300 kV JEOL 3010 scanning (S)TEM, equipped with a
LaBg electron gun and an Oxford Instrument EDS link spectrometer with a
corresponding Si(Li) detector. Selected area electron diffraction (SAED) bright
(BF-) and centralized dark-field (DF-) TEM imaging were performed in order
to characterize the crack morphology, surrounding microstructure, and the ox-
idized grain boundaries in front of the crack tips. In order to characterize the
nanograined oxide, a combination of both rotationally averaging and integrat-
ing the corresponding diffraction pattern was employed. This method generates
a unique signal from which the interplanar d-ratios can be compared to liter-
ature values in order to uniquely characterize the structure. Spot-diffraction
patterns encountered within this research were confirmed through the simu-
lation software CrystalDiffract®: a powder diffraction program from Crystal-
Maker Software Ltd, www.crystalmaker.com. Additionally, energy dispersive
X-ray spectroscopy (EDS) was performed in combination with diffraction pat-
tern analysis to provide a local chemical composition of the phase structures.
The EDS spot analyses were carried out using the smallest attainable spot size,
which is estimated to be about 25 nm upon sample infringement. Furthermore,
Fresnel underfocus contrast imaging was employed to reveal porous structures
and salient fracture bands at the crack tip. Localized fast Fourier transformed
(FFT) high-resolution TEM (HR-TEM) diffractograms were utilized to provide
additional information regarding the crystallographic structure and largest lat-
tice spacings of the oxide structure. Specifically, this approach applies well for
the unique determination of the metal-oxide to oxide phase structures at the
crack tip, crack flanks and external oxide surface.

Scanning transmission electron microscopy (STEM) high-angle annular dark
field (HAADF) Z-contrast imaging delivers image contrast that scales accord-
ing to thickness and average atomic number (I oc Z2) of the specimen, thus
providing local chemically-sensitive information of the region of interest. To
that end, additional STEM-HAADF imaging of crack tips and leading crack tip
grain boundaries were acquired using the aberration-corrected X-FEG Thermo
Fisher X-Ant-EM STEM instrument. Spectral maps and line scans were ac-
quired to characterize the local segregation and depletion of structural and mi-
nor elements in view of RIS and corrosion processes at the crack tip.
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3. Results and discussion

All TASCC cracks extracted from the in-service thimble tube O-ring specimen
feature a branched crack morphology characterized by a completely converged
crack front and a fully oxidized intergranular fracture surface. Most tips show
similar characteristics in terms of morphology and surrounding microstructure.
Oxide-filled cracks taper down towards the advanced crack tip, accompanied by
strong deformation fields on either side of the grain boundary. General distinc-
tive characteristics include the extensive nature of branching of the intergran-
ular crack morphology, a multi-layered internal oxidation film along the crack
flanks, and the presence of long-running microstructural deformation bands ex-
tending from the crack flanks towards adjacent grain boundaries. Martensitic
laths have been observed adjacent to the crack and leading grain boundary.
The oxide structure consists of a primary oxide along the external surfaces and
within the crack flanks, while a sparsely precipitated large-grained secondary
oxide was observed solely in wide open crack regions some distance away from
the actual tip. All investigated cracks exhibit grain boundary oxidation prior to
the tip, which gives strong arguments in favor of the internal oxidation mecha-
nism [45, 46, 26, 8, 47] relevant for IASCC.

3.1. Intergranular ozxidation

8.1.1. Owverview of grain boundary cracking

The extent of intergranular oxidation for a typical IASCC crack branch leading
up to a grain boundary triple junction is shown in Fig. 3A. The crack path
is characterized by an extensive but brittle branching nature and remains fully
developed within the intergranular oxide. The crack mainly follows the metal-
oxide interface, as demonstrated in Fig. 3B. Presumably, the applied external
stress caused the crack to propagate alongside its weakest interface i.e. strained
metal-oxygen bonds, which are inherently more chemically active and thus more
prone to cracking than non-strained bonds. Additionally, it is important to ex-
press the significance of the three-dimensional aspect of the crack morphology.
Certain sections of the crack may subside and/or re-emerge within perspective
of the lamella. In addition to the straight cracking nature of the interface,
which is followed by an often jagged crack path within the intergranular oxide,
these signs are interpreted as a form of brittle crack propagation within the
intergranular oxide. Fig. 3C emphasizes on the formation of multiple crack
initiation sites within the dense oxidized triple junction. Under closer inspec-
tion, these initiation sites may nucleate into numerous brittle microcracks which
are formed mostly parallel to the main intergranular crack propagation direc-
tion. While under the influence of the external load, these microcracks coalesce
into the formation of a fully developed crack front. This observation strongly
agrees with the global crack morphology of the main branch. It is believed that
the formation of microcracks is of importance to the crack initiation process [39].
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Figure 3: TTO-1-053 L03 (A) BF-TEM overview of a main IASCC branch leading up
to a completely oxidized grain boundary triple junction. (B) Magnified view of the metal-
oxide interface cracking. (C) Representation of the strong crack branching nature within
the intergranular oxide. The darker contrast bands represent intentionally thicker strokes of
material that are left behind during the process of FIB-milling in order to mitigate the strong
curtaining effect underneath the oxidized triple junction.

3.1.2. Oxide characterization

Additional demonstration of an IASCC crack propagating along the metal-oxide
interface is presented in the BF-TEM and DF-TEM overview images presented
in Figs. 4A-B. From the DF-TEM view of the intergranular oxide, it is again
apparent that the crack favorably propagates alongside the metal-oxide inter-
face, leaving one particular side of the crack flank progressively more oxidized
than the other. Its intergranular oxide structure has been examined through
diffraction- and EDS-analyzes, see Figs. 4C-E. The attained phase structures
are representative for all other intergranular IASCC cracks assessed in this re-
search. From the results, it can be concluded that there is a separation between
two different oxides. The entire oxide assembly is constituted of a primary
nano-grained crystallite chromium-oxide enriched with a strong iron-rich sig-
nal, and a coarse-grained secondary oxide revealing mainly signals of iron and

10



305

310

315

320

325

]
~a,
(Fe.C),0;
Crack flanks

Preferential
~——> metal-oxide

cracking

L

05pm :
H o — 3022\ 5 tm

Figure 4: TTO-1-053 L06 (A) BF-TEM and (B) DF-TEM of an IASCC crack imaged from
an intergranular oxide reflection. Respectively, the (C,E) diffraction patterns and (D,F) EDS
spectra of the corresponding chromite spinel (Fe,Cr)304 and the magnetite deposit (Fe,Ni)3O4
oxides are depicted. The strong Cu-signal originates from the TEM grid holder.

Crack surface

nickel. Whereas the chromium-rich oxide is homogeneously found around the
crack flanks and crack tip, the secondary iron-rich oxide remains sparsely precip-
itated along the crack flank merely within wide open crack regions. Considering
the sole observations of the iron-rich oxide deposits, it is reasoned that this oxide
is the resultant of bulk dissolution processes and is consequently precipitated at
accessible crack regions exposed to the environment [25].

The most plausible structure corresponding to the main oxide component along
the crack flanks is found to be chromite spinel (Fe,Cr)304 with a known lattice
parameter of 0.8378 nm [48]. The result is supported by the observed ring-
like diffraction pattern originating from the nano-grained structure, featuring a
spinel fce-centering with an experimentally obtained lattice constant of 0.8339
nm, see Fig. 4C. Furthermore, given the strong Cr- and Fe-signals in the cor-
responding EDS spectrum of Fig. 4D, other candidate oxide structures such as
Cry03 which has been experimentally observed in stainless steels under BWR,
environments [49], may be disregarded. Regarding the secondary oxide, the EDS
signal demonstrates a sole iron-rich oxide with slight traces of Ni. Therefore,
the single reasonable candidate structure is the nickel-bearing magnetite spinel
oxide (Fej_,,Ni,)304, likewise featuring an fec lattice with a lattice constant
of 0.8338 nm [50], see Figs. 4E-F. The iron-nickel ratio may vary between Fe2
- Ni (x = 0.33) to Fe2.6 - Ni0.4 (x =~ 0.13) without reasonable change in the
lattice structure. This change may be related to the local alloy composition,
the oxygen diffusion and metal dissolution rates. The oxide compositions are
in complete agreement with previous observations regarding SCC cracking in
stainless steels [25, 29].

11
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Figure 5: TTO-1-053 L03 (A) BF-TEM imaged IASCC intergranular crack propagating along
an oxidized grain boundary, also seen in Fig. 2C. (B) Corresponding DF-TEM from an inner
oxide reflection. (C) BF-TEM crack tip extending from the triple junction illustrating the
presence of deformation twinning at the crack tip. (D) Corresponding DF-TEM illustrating
the extent of intergranular oxide penetration in front of the crack tip. (E) BF-TEM underfocus
Fresnel contrast image of the same crack tip from edge-on orientation. (F) HR-TEM of the
oxide near the crack tip seen in (C), with a reduced FFT diffractogram as an inset matching
the largest d-spacings of the chromite.

TASCC crack tips were either observed extending from beyond branched oxi-

dized triple junctions, or at the end of converged intergranular cracks, see Figs.
5A-B and 6A respectively. Most crack tips showed similar characteristics in

12



335

340

345

350

355

360

rain boundary g —

Figure 6: TTO-1-053 L08 (A) BF-TEM, and (B) corresponding DF-TEM of the integral
chromite oxide, of an TASCC crack tip propagating along an oxidized grain boundary.

terms of morphology and surrounding microstructure. Oxide-filled grain bound-
aries taper down towards the advanced crack tip, often accompanied by strong
deformation fields on either side of the grain boundary. Extensive deforma-
tion structures such as deformation-induced twins are visible when the adjacent
grain boundary is tilted in suitable orientation, see Fig. 5C. Distinctive features
include the oxide intrusion from the leading grain boundary facing the crack tip
towards one of the neighboring grains, and the preferential cracking of the oxide
along the metal-oxide interface.

Intergranular oxide penetration in front of the crack tip was consistently ob-
served by performing SAED imaging of the crack tip oxide, see Figs. 5D and
6B. This oxide ingress may span distances of hundreds of nm’s in front of the
propagating crack tip. Several tips additionally showed porous structures within
this leading crack tip oxide. Consequently, further investigation was performed
from edge-on orientation using near-field Fresnel contrast imaging. Fig. 5E
illustrates the porosity of the intergranular oxide which can be clearly seen ad-
jacent to the crack flanks and leading crack tip edges near the metal interface.
In front of the crack tip, noticeable fine fracture bands may be observed that
represent the formation of brittle microcracks within the oxide-filled regions.
These fracture bands propagate straight to the furthest intergranular oxide tip.
HR-TEM examination of the oxide structure in front of the crack tip revealed
that the leading crack tip oxide matches the previously found chromite observed
along the crack flanks, see Fig. 5F. The inset FFT diffractogram illustrates re-
flections that match the largest lattice spacings of said chromite along the crack
flanks.

3.8. Microstructural features
8.8.1. Crack deformation field

Two representative examples of BF-TEM imaged IASCC cracks are displayed
in Figs. 7A and 4A. In analyzing the deformed microstructure, long-running
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Figure 7:  TTO-1-053 L05 (A) BF-TEM overview of a typical intergranular IASCC crack
extending into the bulk. (B,C) BF-TEM deformation structures identified as deformation
band and twin bands, respectively. (D) Corresponding DF-TEM, and (E) diffraction pattern
of the deformation twin bands.

parallel deformation bands may be observed extending from the crack flanks
and tip towards nearing grain boundaries, see Figs. 7B-C. Analysis of these
deformation structures was performed through SAED imaging. When tilted
into suitable orientation, it was observed that certain bands extending from
the crack flanks could not be related to twinning while others that extended
from the crack tip typically showed twin-related streak diffraction patterns, see
Figs. 7B and 7C-E respectively. Consequently, these deformation structures
were identified as general deformation and deformation twin bands accordingly.

Consistent with previous studies [21, 51], the observations of these linear de-
fects are seemingly related to the crack initiation and propagation along the
grain boundary. Deformation bands accumulate a high number of dislocations
along specified crystallographic planes of the crystal lattice, and may nucleate
as a result of increased external stresses induced by the crack propagation. To
that respect, the deformation bands are frequently observed adjacent to the
crack flanks. At the same time, the density of deformation twin bands gen-
erally increases closer towards the propagating intergranular crack. Similarly,
this suggests the nucleation of deformation twins as a consequence of the crack
propagation. However, it should be noted that an increased stress concentra-
tion caused by the twin-grain boundary interaction assists intergranular failure
prior to crack formation [51]. In other words, deformation twins intercepted
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by a grain boundary can act as preferential crack initiation sites and serve as
to facilitate crack propagation. Apart from the extending deformation twins,
an additional characteristic to consider is also the pile-up of dislocations at the
leading grain boundary, see Fig. 7C. Especially in highly irradiated materials
where defects play a significant role, dislocation build-up may produce addi-
tional internal stresses due to slip interaction with the grain boundary. This
stress interaction can also be regarded as a prelude to intergranular failure, and
acts as a consequence of grain boundary sliding due to dislocation absorption
in front of the leading crack tip [52].

8.8.2. Martensitic transformation

(B)
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channels —

Microstructural
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CiB=137

8071/ | 51m
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Figure 8: TTO-1-053 L06 (A) BF-TEM overview of the microstructure alongside a crack.
(B) DF-TEM of microstructural twins extending from the crack flanks. (C) Corresponding
diffraction pattern of twinned structure. (D) Magnified BF-TEM of stress-induced martensitic
laths. (E) DF-TEM of laths extending from the crack tip. (F) Corresponding martensitic
diffraction pattern illustrating the bce-nature of the stress-induced o/-martensite from a [011]
Zone-axis.

Interestingly, aside to typical intergranular crack, notable microstructural defect
structures can be observed. On the one hand, Figs. 4A-C depict the formation of
microstructural twin systems and their corresponding low-symmetry diffraction
pattern. On the other hand, thick deformation laths are occasionally present
both within the bulk matrix and extending from the crack tip into the grain
interior, see Figs. 8D and 8E-F respectively. Closer inspection of these laths
was performed through SAED imaging. Fig. 8F indicates that the thick laths
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Figure 9: TTO-1-053 L05 (A) BF-TEM and (B) corresponding DF-TEM of martensitic laths
extending across the grain close to the crack initiation. (C) Corresponding diffraction pattern
of the martensitic laths. (D) Analyzed diffraction pattern matching the Nishiyama-Wasserman
orientation relationship between fcc - austenite and bec a’-martensite.

do not show a twin-related diffraction pattern. Rather, it is conceivable that the
lattice locally transformed from the parent austenitic fcc nature towards a bec
centering, suggested by the altered interplanar ratios indicated in the diffraction
pattern. In that sense, the microstructure sustained a structural transforma-
tion to a lattice that correlates well with deformation-induced o'-martensite.
Such martensitic laths were commonly observed throughout this work, extend-
ing from the crack flanks and leading grain boundaries, propagating across the
grain away from the propagating crack.

Other instances of martensitic phase transformation are displayed in Figs. 9 and
10. Thick laths are formed across the grain and intersect on either side of the
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Figure 10: TTO-1-053 L05 (A) BF-TEM and (B,C) corresponding DF-TEM with associ-
ated diffraction pattern of a-martensite extending from the leading grain boundary in [111]«
zone-axis orientation. (D,E) Retained vy-austenite located at martensite interfaces with asso-
ciated diffraction pattern. (F) Analyzed diffraction pattern matching the Kurdjumov-Sachs
orientation relationship between fcc - austenite and bcc a’-martensite.

grain boundary, see Fig. 9A. The following martensitic transformation occurs
in close vicinity of the crack initiation point at the specimen surface. Suggested
by the darker contrast regions at the grain boundary, dislocation pile-up in-
between the intersections of the martensite with the grain boundary is present.
The latter may suggest an impeding dislocation motion which may well induce
local stress at the grain boundary. The additional reflections that appear in
the diffraction pattern illustrated in Fig. 9C closely match the well-known
Nishiyama-Wasserman (N-W) orientation relationship [33, 35] between fcc -
austenite and bee of/-martensite. Correspondingly, this shows that deformation-
induced martensite nucleates along the close-packed crystallographic planes of
austenite since both phases appear parallel in the zone-axis diffraction pattern:

{111}, || {011}, (Nishiyama — Wasserman, F'ig.9D)
< 011 >,]|< 100 >

Displayed in Fig. 10A-B, similar martensitic lath structures are unmistakably
observed extending from the propagating crack tip and leading grain bound-
ary. Once again, the high density of dislocation regions in-between the parent
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austenite phase at the grain boundary seem to be a reoccurring characteristic.
SAED imaging confirms the [111] bce nature of the martensite in Fig. 10C.
However, in this instance, it is apparent from the corresponding DF-TEM view
that an additional phase structure is present. As shown in Figs. 10F, analysis
of the complementary diffraction pattern reveals the presence of an additional
[100]a/-martensitic lath accompanied by reflections corresponding to thin re-
tained austenite. As depicted in Fig. 10D using the (111)~y reflection, the fcc
austenite phase is located at the interfaces of the martensitic transformation.
Considering one martensitic crystal at a time, Fig. 10F demonstrates the pre-
viously observed N-W orientation relationship between [011], || [100],/ and the
Kurdjumov-Sachs (K-S) orientation relationship between [011]., || [111],,. Con-
sidering that the N-W and K-S orientation relationships are related by 5.26°
rotation, it is not surprising to observe both relationships together [53].

{111}, || {011}, (Kurdjumov — Sachs, Fig.10F)
<110 >, [|< 111 >4

In the case of austenitic steels, plastic deformation generally occurs either
through the classic dislocation motion or through stringent lattice translations
such as deformation-induced twinning and phase transformations. The com-
petition is considered largely to be a thermodynamical driven process which is
dependent on the material properties. The observation of martensite in close
vicinity to intergranular crack at high-temperature water conditions is a remark-
able feature in the sense that such phase transformations are more commonly
reported at and below room temperatures [36]. However, in agreement with
the literature, Bruemmer et al. [17] reported possible martensite formation
consistent with their microstructural findings of intergranular cracks in SS304
and SS316 exposed to simulated BWR environments. Karlsen et al. [30] ob-
served the indirect formation of a’-martensite through the intermediate hcp
e-martensite in strained SUS304 exposed to a simulated PWR environment. In
that context, the nucleation of martensite has been largely attributed to the
loss of nickel as an austenitic stabilizator in the matrix as a consequence of RIS
at the grain boundaries. In the current case, a’-martensitic laths were primar-
ily observed extending from the crack tip and leading grain boundary without
evidence for the intermediary hcp e-martensite. It is unlikely that the observed
martensite formation is related to initial cold-work or as an artefact of the spec-
imen preparation. Rather, it is reasoned that its formation is associated with
large lattice deformations inherent to the crack propagation, a process which
is stress-assisted at the crack tip. From this perspective, other studies pointed
out the stress-assisted dependency of bee phase-transformations [54, 55, 56], an
aspect that is under the current circumstances relevant close to crack initiation
and propagation. After nucleation, the finite-volumes of martensite may sig-
nificantly affect the bulk mechanical properties. Martensitic transformation is
known to impede on the dislocation motion which can imply a localized increase
in hardening. Figs. 9A and 10A clearly illustrate substantial regions of highly
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dislocated structures in-between the intersections of the martensitic laths with
the grain boundaries. The following can be linked to the lack of dislocation
glide and the inadequate strain to nearby slip planes. In that sense, martensitic
transformation may cause an effective increase in strain-hardening that can lead
to an increased cracking susceptibility [30, 37].

8.4. Intrinsic causes of crack arrest

8.4.1. MnS inclusion particles
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Figure 11: TTO-1-053 LO1 (A) BF-TEM of an intergranular IASCC crack arrested at a (B)
EDS-confirmed MnS inclusion particle in close vicinity to the grain boundary. (C) BF-TEM
of the crack tip illustrating a heavy deformation field in close vicinity to the particle. (D)
DF-TEM displaying the intergranular oxide deflection away from the grain boundary towards
the inclusion particle.

Fig. 11A depicts an overview of an TASCC crack that has clearly arrested at an

19



480

485

490

495

500

505

510

515

520

intergranular inclusion particle. Close consideration of the chemical structure of
the inclusion particle is presented by the corresponding EDS spectrum in Fig.
11B. The spectrum exhibits strong peaks which can be assigned to Mn, S and
Cu. As aresult, the particle is further referred to as being a MnS inclusion parti-
cle, in correspondence to the literature nomenclature [57, 58, 59]. The inclusion
particle has segregated close to the grain boundary, altering the crack path and
ultimately arresting the TASCC crack. As shown in Figs. 11C-D, it is evident
how the oxidation deflects from the leading grain boundary, encapsulating the
inclusion. The arrest is accompanied with strong lattice deformation, suggested
by the dense deformation field ahead of the crack and the propagation of defor-
mation slip bands from the crack flanks. Interestingly, the intersections of the
deformation bands with the crack led to a discontinuous ingress of oxide into the
bulk matrix. In association with earlier findings [22, 60, 23], deformation bands
may act as fast-diffusion paths for intergranular oxidation. The ingress along
the deformation slip bands is reasonably facilitated by the localized dislocation
flow in the highly deformed microstructure close to the crack flanks.

Manganese is added to steel to stabilize the austenitic structure since it, together
with Ni, guarantees a complete austenite formation during the austenization
treatment [61]. Sulfur on the other hand, commonly binds with Mn in the form
of manganese sulfides, to act as a source of stress concentrator which favors
the steel’s machinability by reducing the cutting force [62]. However, consid-
ering the recurrent observations of surface pitting corrosion at MnS particles
[58, 63, 64], degrading corrosion properties should be expected as a consequence
of an increasing sulfur content. Therefore, the addition of S should be consid-
ered as a trade-off between the material’s performance and its corrosion qual-
ities. Nonetheless, regarding intergranular crack propagation, the role of bulk
segregated MnS inclusions remained undetermined. Since MnS inclusions are in
principle less noble than the surrounding matrix [57], it can be expected that
these particles would preferentially oxidize and dissolve under high-temperature
water conditions when coming into contact with an intergranular crack. How-
ever, from Fig. 11 it is evident that the particle actively impedes further grain
boundary failure. In fact, coupled with the localized deformation slip bands
close to the crack, the intergranular oxidation is solely corroding the metallic
matrix around the inclusion. Altogether, from these observations, it is clear
that MnS inclusions have a retarding effect what concerns intergranular crack
propagation.

3.4.2. Tensile stress direction

Generally, the role of the external tensile stress with respect to intergranular
cracking is made evident under general examination of several fractured grain
boundaries. Relative to the orientation of the grain boundary, especially follow-
ing triple junctions where one of the boundaries failed preferentially compared
to the other, it was observed that the cracking typically aligned perpendicular
towards the external tensile stress direction. As observed in Fig. 12A-B and
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Figure 12: TTO-1-053 L03 (A) BF-TEM of an intergranular crack propagating in cleavage
mode in relation to the tensile stress direction. (B) DF-TEM of oxidized grain boundary triple
junction. (C-D) DF-TEM of the opposing grains.

Tab. 3, cracks propagating beyond an oxidized triple junction tend to always
follow a crack path in cleavage mode orientation, even though the adverse grain
boundary was equally oxidized. In agreement with previous studies associating
the tensile stress to crack propagation [51], this result indicates external tensile
stress assists intergranular cracking most effectively whenever both the grain
boundary normal and the stress orientation are aligned in parallel. In all other
cases, the crack propagation was shortly followed by a full crack arrest.

Additionally, it was observed that deformation bands departing from the crack
flanks preferentially oxidize whenever the stress-orientation was parallel. Con-
firmed by EDS spectra, the oxidation along such deformation bands reached
transgranular lengths of up to several hundreds of nm’s where the bands are
parallel towards the external stress. This form of stress-assisted oxidation nicely
corresponds to the findings reported by Lozano-Perez et al. [60].

3.5. STEM-HAADF analyzes

RIS occurs at microstructural free surfaces acting as defect sinks, such as grain
boundaries, dislocations, and precipitate interfaces and is assisted by neutron-
irradiation. With the focus on TASCC cracking, the chemical composition
of unimpaired grain boundaries was analyzed using STEM-HAADF EDS line
scans. Chemical composition profiles of IASCC crack tips are additionally re-
ported.
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Figure 13: TTO-1-053 L08 HAADF-STEM EDX line scan of edge-on unimpaired grain
boundary triple junction.

3.5.1. RIS at unimpaired grain boundaries

Thorough analysis of the chemical composition of an unimpaired grain bound-
ary close to a triple junction is displayed in Fig. 13. Segregation and depletion
of several elements are evident from the edge-on orientated grain boundary pro-
file. Ni and Si are unmistakably enriched versus the clear depletion of Cr, Mn
and Mo. Ni is considered as the slowest diffusing element, reaching segrega-
tion levels of up to 16 wt.% enrichment at the grain boundary (36% increase).
On the other hand, Cr depletes to a value of about 14 wt.% compared to the
structural matrix composition (17% decrease). Pre-depletion and -segregation
of respectively Ni and Cr are apparent by the narrow regions of change adja-
cent to the grain boundary. Considering the high irradiation exposure (60 dpa;
neutron-irradiated), this pre-depletion and -segregation may suggest an interac-
tion between other co-diffused elements. Correspondingly, the depletion of other
alloying elements like Mn and Mo is also observed. Bruemmer et al. [4] argued
that Mn, similarly as to Mb, deplete on the basis of both strong diffusion and
transmutation at high fluence levels but neither has been implicated to play a
major role for crack initiation. With respect to the role of Si, which was found
to be enriched up to five times along the current grain boundary, its implication
on crack initiation is not yet fully understood [13].

22



565

570

575

580

The rate of change of the RIS profile is consistent with the inverse Kirkendall
mechanism [65], and is slightly enhanced compared to the segregation profiles
presented for low-to-moderate fluences in the literature [4, 13]. As for reference,
the average element composition distant from the grain boundary closely corre-
sponds to the bulk matrix composition. In that sense, it is estimated that the
diffusion length of both structural and solute elements is of the order of tens of
nm’s.

8.5.2. STEM-HAADF mapping

Figure 14: TTO-1-053 LO8 HAADF-STEM EDS chemical mapping of enriched and depleted
elements close to a selected TASCC crack tip.

Fig. 14 demonstrates the most relevant STEM-EDS maps of an impaired GB
branching from a main IASCC crack. A highly Ni-enriched metallic zone on one
specific side of the grain boundary was observed, spanning a range of approxi-
mately 70 nm wide and 75 nm in front of the crack tip. Additionally, preferential
segregation of solute elements such as Si is apparent close to the crack tip. In
that respect, the element composition of the leading grain boundary in front of
the crack tip is expected to be highly altered.

8.6. IASCC cracking mechanisms

From the observation of thin fracture bands within the intergranular oxide struc-
ture of the leading crack tip, it is reasoned that the oxide parameters play a
dominant role in terms of general crack initiation. Brittle fracture bands may
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nucleate as a consequence of the fine oxide porosity, which can be associated
with the microcrack coalescence mechanism. These findings are in good agree-
ment with the so-called subcritical crack propagation (SCP) process proposed
to be relevant for IASCC by Konstantinovi¢ [39]. This model is based on the in-
ternal oxidation model [8, 26, 45, 46, 47]. Accordingly, the SCP model describes
a slow crack growth under an applied stress well below the critical value for
oxide rupture, which is pre-determined by an intrinsic failure probability of the
intergranular oxide itself and its bonding with the metal interface. Given the
observation of multiple crack initiation sites within the oxide, the underlying
assumption for a failure probability that drives the crack initiation process is
rather conceivable. The failure probability successfully explains the observation
of multiscale fracture bands within the oxide, as is displayed in Fig. 5E. Interest-
ingly, our observations also associate well with the crack coalescence mechanism
proposed by Lu et al. [49], wherein the main crack advances through coales-
cence of the microcrack fracture bands. According to their observations, the
nucleation and growth of fracture bands into fully developed microcracks pro-
vide fast-diffusion paths for oxide diffusion ahead of the propagating crack tip.
Subsequent linkage of the microcracks assisted by external loading propagates
the crack further forward. Altogether, both models associates equally well our
observations.

4. Conclusions

This study performed a microstructural investigation on IASCC cracks in a
316SS neutron-irradiated (60 dpa) O-ring specimen, extracted from the in-
service flux thimble tube of the Tihange PWR. Several intergranular cracks
were investigated using FIB sample preparation and consequent TEM analysis,
from which the following may be concluded:

(i) Internal oxidation of leading grain boundaries has been illustrated by dis-
tinct oxidation in front of propagating crack tips, accompanied by thin
oxide fracture bands in front of the crack tip and preferential cracking in
between the metal-oxide interface. All findings fully support the IASCC
model based on subcritical crack propagation [39] in oxidized grain bound-
aries.

(ii) Extensive deformation structures, including twin-deformation and defor-
mation slip bands, were observed in the near vicinity of the intergranular
cracks and crack tips. Additionally, crack tip propagation is accompanied
by definite strain-induced martensite phase transformation v — «’), con-
sistent with corresponding Nishiyama-Wasserman and Kurdjumov-Sachs
orientation relationships observed in detailed diffraction pattern analy-
ses. Suggested by the repeated findings of martensite laths extending
from the crack tips and leading grain boundaries, it is credible that these
phase transitions were stress-induced on the account of extensive lattice
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(iii)

deformations, rather than during initial cold-work or as an artefact of the
specimen preparation.

Crack flanks display the formation of a duplex oxide consisting of a nano-
grained primary chromite and secondary magnetite oxide, which were con-
sidered to be the resultant of corrosion-oxidation and precipitation pro-
cesses, respectively.

RIS was observed along unimpaired grain boundaries, showing signs of
strong Cr-, Mn- and Mo-depletion in addition to Ni- and Si-enrichment.

MnS inclusion particles segregating close to the fractured grain boundary
have been found to imply a retarding effect on IASCC crack propagation.
With respect to the aspect of external tensile stress, cracking typically
follows a crack path in cleavage mode orientation wherein the external
tensile stress assists intergranular cracking most effectively when both the
grain boundary normal and the stress orientation are aligned in parallel.
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