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ABSTRACT

Post-irradiation evaluation was performed on a 316 stainless steel baffle former bolt harvested after 40
years of service in a pressurized water reactor. Microstructure analysis revealed the presence of defect-free
dislocation channels and strain-induced twins, indicative of loading at a stress level close to yield stress at
least once while in service. Primary radiation-induced Ni/Si precipitates were likely destroyed during
channel and twin formation, and secondary, significantly coarser Ni/Si precipitates formed inside the newly
formed dislocation channels and along » 3 boundaries during the continued irradiation. Complex chemistry
inside the strain-induced features may overlap with dislocation pileups and impact localized corrosion and
material long-term performance.
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Irradiation-assisted stress corrosion cracking (IASCC) of in-core internal components of pressurized water
reactors (PWRs) is one of the critical phenomena that complicates PWR lifespan extension [1-3]. The
IASCC primarily results from complex irradiation-induced microstructural and microchemical changes,
combined with mechanical stress fields and a corrosive environment. However, the exact contribution of
these processes to IASCC remains unclear. Research has highlighted the role of localized deformation and
development of dislocation channeling as contributors to IASCC initiation [4,5]; however, many aspects
are not completely understood, including roles of deformation mechanics, fine channel structure,
microchemistry at the nanoscale, and processes at the defect-free channel — grain boundary (GB)
intersections. Thus, highly localized plastic strain within the channels easily exceeds 100% and may be
enhanced by strain-induced twin formation [6], causing elevated stresses at GBs [7,8].

However, most IASCC studies have predominantly focused on model alloys [9,10] or in-service irradiated
materials evaluated through lab-scale experiments [11-14]; thus, the deformation processes developed
outside the radiation environment. Additionally, in-service irradiated components rarely keep sufficient
integrity and quality due to removal and handling. These factors limit the experimental evidence and may
lead to a lack of critical details. The current study presents, as believed for the first time, a detailed analysis
of dislocation channels that occurred in-service while in an irradiation environment with the resulting
microstructure continuing to sustain additional irradiation.

As one of the PWR internals, baffle-former bolts (BFBs) are subjected to significant mechanical stress and
neutron irradiation during the plant operation. Over the long operation period, harsh in-service conditions
lead to potential degradation, complicating the life extension of existing PWRs. The first degraded BFBs
were observed in nuclear power plants in 1989 [15]. In support of evaluating the long-term performance of
in-core materials, the U.S. Department of Energy Light Water Reactor Sustainability Program pursued the
retrieval of aged structural components for the study of the microstructure, mechanical, and corrosion-
related properties including IASCC initiation and growth.

Two high fluence BFBs were removed in 2011 from a Westinghouse PWR. According to non-destructive
ultrasonic and visual inspection, both BFBs showed no indication of cracking after being withdrawn from
service but did require less torque during removal than the installation torque. The BFBs were sectioned
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into three parts: bolt head, mid-shank, and thread sections, as described in [16,17]. The present study
focuses on the curved region of the BFB designated #4412 where the bolt head meets the bolt shank, as
shown in Figure 1a. The bolt head was exposed to about 41 displacements per atom (dpa) over the lifetime
of the bolt, while the mid-shank region received about 34 dpa and the thread section of the bolt received
about 29 dpa [18]. Thus, the curved region studied here was exposed to approximately 34-41 dpa; although
the exact temperature profile of the bolt is unknown, the operating temperature at this portion of the bolt
was likely about 305-317 °C [3]. There is also a gradient in gamma radiation and neutron energy along the
length of the bolt [19]; however, the focus in the curved region of the bolt can unlikely resolve the effects
of the gradient at such a small length scale. As mentioned, there was a reduction in torque required to
remove the bolt, so there should be some stress relaxation during operation; however, it is unknown when
this happened or whether there were stress fluctuations or other operational stresses. The most important
aspect is this section of the bolt still has its in-service exposed surface preserved during handling, which is
of high interest because it has higher stress concentration compared to the rest of the bolt head or shank and
was also exposed to the primary water [3]. Thus, this region had the primary components for IASCC:
corrosive environment, stress, and irradiation.

A slice of the bolt curved region was polished to mirror-finish with colloidal silica polishing as the final
step. The cross-section of the near-surface area in the curved region was characterized by scanning electron
microscopy (SEM)-electron backscatter diffraction (EBSD) using a Tescan Mira3 SEM equipped with an
Oxford Instruments Symmetry S2 EBSD detector. Transmission electron microscopy (TEM) liftouts
normal to the surface were made using a Thermo Fisher Versa3D focused ion-beam (FIB)/SEM. The TEM
sample preparation followed the procedures of initial trenching, cutting, and thinning to 200 nm with 30
keV Ga* beam, thinning to ~100 nm with the ion beam energy gradually reduced to 2 keV. Before loading
into the TEM, samples were cleaned with a Fischione 1020 Nanomill for 10 minutes on each side using
900 eV Ar*. Microstructural characterization was performed with transmission Kikuchi diffraction (tKD)
using the Tescan Mira3 SEM, and TEM/ scanning TEM (STEM) with energy-dispersive spectroscopy
(EDS)-based mapping using a Thermo Fisher Talos F200X TEM/STEM.

Figure 1b shows the grain structure of the BFB “circle area.” It has a dominating annealed austenite
structure with equi-axial grains and the presence of abnormal grains (AGs), a result of accelerated growth
of some grains, a process often called “abnormal grain growth” [20]. The EBSD kernel average
misorientation (KAM) map, Figure 1c, shows low dislocation density in the equi-axial grains. The AG
population shows multiple in-grain low-angle boundaries and overall elevated dislocation density, visible
as color variations in the inverse pole figure (IPF) map and green region in the KAM map. The AGs have
elongated shapes parallel to the BFB surface and often form specific chains, likely reflecting deformation
processes during BFB manufacturing.

A thin near-surface layer along the BFB surface is of special interest for the present work. This layer, having
a thickness of ~20-25 um and elevated KAM values, Figure Ic, reflects accumulated plastic deformation
due to the BFB processing, handling, installation, and in-service loading events. Analysis of this layer, as
believed, may allow for revealing the component history. Thus, scratches may appear in the EBSD maps
as artefacts related to specimen preparation. Usually, scratches intersect GBs without changing directions.
Scratches do not follow (111) plane slip traces except as a coincidence and are easy to exclude. If artefacts
are excluded, the remaining plastic deformation is a combined result of pre-service and in-service
deformation processes. Pre-service plastic deformation is also easy to exclude: deformation in non-
irradiated austenitic steel occurs along multiple fine slip lines in contrast to coarse dislocation channels in
irradiated steel [21,22]. This mechanism generates smooth in-grain lattice orientation gradients, in contrast
to sharp, localized “hot spots” in irradiated steel [23].
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Figure 1. a) Analyzed location of the investigated baffle former bolt (BFB); b,c) EBSD maps representing
grain structure at the head-to-shaft transition area. The dashed line in IPF and KAM maps limits the near-
surface layer with elevated KAM values. “AG”: abnormal grains. Overlapped EBSD IPF and IQ maps
showing in-service formed dislocation channels (white arrows). d) Conventional EBSD map showing
channel formed in a sub-surface grain; e) EBSD map, demonstrating a series of channels formed in the
near-surface grain; f) STEM-LAADF image and g) tKD IPF map of a FIB-liftout taken from the oxidized
surface of the curved region. Dotted boxed regions in (f, g) highlight regions analyzed in Figures 2/3.
Dotted arrows in (f) point to localized deformation features. The surface and grain boundary oxidation will
be the subject of future work.

If pre-irradiation plastic deformation is excluded, some remaining features appear as dark lines starting and
ending at GBs, Figure 1d. The typical feature exists within one grain, and its appearance closely resembles
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the defect-free channel typically observed in irradiated and deformed austenitic stainless steels [24]. Figure
le demonstrates a group of similar features that belong to one grain; spacing between these features is ~1-
2 um, a typical distance for dislocation channel spacing [21]. The liftout shown in Figure 1f/g has several
strain-induced channel features, as noted by the dotted arrows. Two of these areas are discussed in Figures
2/3. The channels each have different and complex structural features, such as twins and variation in
segregation/ precipitation behavior.

Figure 2 shows tKD analysis for the red boxed regions from the liftout in Figure 1{f/g with strain-induced
features: dislocation channels intersecting the field of view. The channel in the band contrast, IPF, and
KAM maps in Figure 2a-c has twin across its length. The KAM values reach up to 2° at the channel
boundary, and the cumulative disorientation across the channel is near 60°, which is indicative of a strain-
induced twin with two X3 boundaries.

STEM-bright field (BF), low angle annular dark field (LAADF), STEM-EDS analysis, and TEM-BF
imaging, as shown in Figure 2e-j, were conducted at the same ~50 nm wide feature. The most notable aspect
is in the EDS map in Figure 2f showing clear segregation along channel boundaries. The surrounding matrix
has a high density of Ni/Si-rich clusters, but there is an excess of clusters along the boundaries. The EDS
concentration profile in Figure 2g based on the boxed region in Figure 2f shows the Ni/Si enrichment
corresponds with a depletion of Cr, Mo, and Mn; there may be a slight enrichment of P within the channel
though it is minimal. Additionally, the Ni and Si concentration between the boundaries is below that of the
matrix outside the channel. The lack of precipitates between the boundaries suggests this is a defect-free
dislocation channel, the result of localized deformation. There may also be a denuded zone where there is
a slight reduction of Ni/Si relative to the matrix just outside the channel. Qualitatively, these results agree
with previous studies on radiation-induced segregation (RIS) to GBs, in particular to X3 boundaries. [25—
27].

The lack of precipitates inside the channel does not mean that no defects are observed within the channel.
Nanoscale cavities and dislocation loops are observed within the channel in the under and over-focus TEM-
BF images in Figure 2h/i and the TEM-BF image in Figure 2j, respectively. The nanocavities are in high
density throughout the matrix just as reported elsewhere [18]. There appear to be fewer cavities within the
channel, though it is difficult to quantify if there is a significant difference between the matrix and within
the channel boundaries. However, there do appear to be cavities that build up on the channel boundaries as
denoted by the dotted arrows. Similarly, the dislocation loop density appears to be much lower within the
channel than in the matrix, as noted in Figure 2j. Taken together, the total density of defects including
precipitates, nanocavities, and dislocation loops are lower within the channel.

Although segregation at X3 boundaries, particularly coherent £3 boundaries, is weaker compared to random
high-angle grain boundaries (RHAGBs) [26], this process cannot be dismissed. While there is evidence of
twinning in the channel in Figure 2, destruction of Ni/Si-rich precipitates suggests the passage of multiple
dislocations along the channel, since a single twinning event would likely be insufficient to destroy
precipitates [28]. The motion of dislocations, especially through heavy or severe deformation, has been
shown to dissolve precipitates [29,30] and is likely what happens here at the local scale.

It is important to emphasize that the reprecipitation on the channel boundaries suggests continued RIS and
precipitation after its formation. The exact deformation mechanics may be complicated [31] but are outside
the present work scope.
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Figure 2. tKD a) band contrast, b) IPF, and c) KAM maps with 5 nm step size of red dotted box in Figure
1 showing strain induced channel with deformation twin occupying most of the channel; d) KAM and
cumulative disorientation point-to-point profiles #1—#3 shown in a-c); ¢) STEM-BF and f) STEM-EDS Ni
and Si map of same channel; g) concentration profile based on box in f) across the channel; h) under-focus
and i) over-focus TEM-BF images highlighting nanocavities including those along channel boundaries
(arrows); and j) TEM two-beam BF image showing dislocation loops in matrix and channel.

Similar STEM-EDS analyses were completed on other channel and localized defect features as well. The
blue-boxed region in Figure 1f/g is characterized with STEM imaging and STEM-EDS analysis in Figure
3. This region shows two localized dislocation channels, DC; and DC,, Figure 3a — the near vertical one
(DC;) and the horizontal one (DC,). The DC,; channel has extensive Ni/Si segregation and Cr/Mo/Mn
depletion at the channel boundaries, Figure 3d, more so than the channel boundaries in Figure 2. Two
maximums in Si and Ni curves suggest strain-induced twins occupying a portion of the DC, channel.
However, instead of discrete precipitates, the segregation to the channel boundaries appears to be smooth
here and reaches a much higher level than the channel in Figure 2. The BF and LAADF images show there
is some but relatively low dislocation content within the channel. The DC, channel on the other hand has
elongated diffraction features as dislocations passed along it. This channel intersects with the other channel
and looks like it causes DC, channel to bend or be compressed slightly (the bending is pointed by dashed
arrow in Figure 3a,b). This horizontal channel does have some slight Ni/Si segregation to it, Figure 3¢ but



no evidence of a strain-induced twin. The higher degree of segregation at the DC, channel boundaries in
Figure 3 also means these boundaries may likely be incoherent £3 boundaries due to being a good sink for
defects and solute and comparable to RHAGBs [26]. The segregation to the non-twinned channel suggests
that localized strain-induced features can serve as sinks for defects and solutes just as a dislocations and
dislocation cells can [32].
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Figure 3. a) STEM-BF, b) STEM-LAADF, and ¢) STEM-EDS Ni and Si map of blue dotted box in Figure 1
showing dislocation channel (DC)) with likely internal twin intersecting with another dislocation channel
(DC,); d) concentration profile based on box in c) across the channel DC;; e) concentration profile based
on box in c) across the channel DC,.

Generalizing, the results confirm the presence of localized deformation features (defect-free channels with
or without twins) formed in the component during its in-service life. The discussed features suggest that
the BFB was mechanically loaded, and the material reached levels of stress that were close to or even
exceeded the yield stress (YS). Defect-free channels may form at stress levels as low as ~0.8 YS in a routine
tensile test, with a strain rate of ~10-3 s”! [33] and at ~0.5 YS during slow strain rate testing (~1077 s-') [34].
Although the exact stress level, loading rate, and time of loading event(s) are under question, multiple
strain-induced defects, typical for irradiated steel, undoubtedly indicate episodical loading during service.

The timeline is an interesting and practically important question. Channel formation requires damage doses
of only ~1 dpa [35]. Thus, the observed strain-induced features formed after some damage dose and likely
at different times during operation. However, secondary RIS and precipitation at the channels and along
the channel walls and the presence of a limited density of nanocavities and dislocation loops, particularly
inside twinned channels, suggest these channels formed no more than about 1-5 years (or 1-5 dpa) before
BFB extraction from the reactor. Such a time (dose) is needed to recreate the Ni/Si-segregation structure
and secondary RIS at newly formed X3 boundaries. Likely, this time could not be too long (tens dpa), or
the channel would be filled with new radiation defects. The density of nanocavities and particularly loops
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was much lower than the surrounding matrix. Although “pure” dislocation channeling is usually expected
for straining at the reactor operating temperatures of ~280-340 °C [5,7], deformation twins were observed
as well [6]. Thus, twin presence cannot serve as evidence of room-temperature deformation.

Secondary RIS strongly suggests that the defect-free channel contribution to different phenomena (e.g.,
dislocation channeling as a driving force for IASCC [1]) may extend beyond purely mechanical effect and
contribution of dislocation pileups [22], observed in model experiments with pre-irradiated materials.
Dislocation channels may serve as traps for defects as evidenced by the precipitates that formed along them.
However, they could also serve to enhance solute diffusion [36,37] as the degree of strain locally can reach
greater than 100% [38]. A synergistic effect could also take place as dislocations create a higher
concentration of solute locally [28], which could mediate solute diffusion towards the grain boundary while
also creating solute trapping sites with the matrix enabling precipitation along the channel walls. This
change in solute concentration locally may affect not only the mechanical stress and strain locally but also
the response to corrosive environments. Enhanced Ni/Si segregation in the in-service formed channels may
lead to variations in local corrosion behavior on a subgrain scale, which could further enhance susceptibility
to IASCC. The observed behavior here needs additional, focused investigation through controlled
experiments with the exact stress level and loading event timing. Such experiments could involve materials
under mechanical load during irradiation [39] or combined radiation and corrosion [40,41] to understand
the effects of extended radiation and corrosion on previously formed dislocation channels.
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