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ABSTRACT

Post-irradiation annealing (PIA) was conducted on a 304L stainless steel irradiated to 5.9 dpa in
the Barsebédck-1 boiling water reactor (BWR), to investigate its effect on the irradiated
microstructure and the mitigation of irradiation-assisted stress corrosion cracking (IASCC)
susceptibility. Evolution of irradiated microstructure including faulted dislocation loops, radiation-
induced solute clusters and radiation-induced segregation (RIS) at the grain boundary was
investigated in the as-irradiated condition and following thermal annealing at 500°C and 550°C
for times up to 20 h. IASCC susceptibility was measured for the as-irradiated and four PIA
conditions (500°C: 1 h and 550°C: 1, 5, and 20 h) via interrupted constant extension rate tensile
and four-point bend experiments under simulated BWR normal water chemistry (NWC)
conditions. While the faulted dislocation loop size did not change significantly after annealing up
to 550°C: 5 h, the loop number density decreased steadily with increased annealing treatments,
and faulted loops were fully removed after annealing at 550°C: 20 h. The average size of Ni-Si
and Al-Cu clusters increased while the number density decreased with increased annealing. RIS
of various elements progressively decreased with extent of annealing but were not fully removed
by 550°C: 20 h. The annealing treatments were also observed to progressively reduce IASCC
susceptibility, as measured by the final intergranular fracture fraction (tensile) and crack length
per unit area (four-point bend), with full removal of IASCC susceptibility being observed
following annealing at 550°C: 1 h for tensile specimens and 500°C: 1h for four-point bend
specimens. Among the microstructure and mechanical property parameters measured as a function
of PIA, the changes in the average dislocation channel spacing was observed to most closely relate
to the mitigation of IASCC; decreasing by ~25% and ~40% from the as-irradiated condition after
annealing at 500°C: 1 h and 550°C: 1 h, respectively. The mitigation of IASCC susceptibility
correlated well with the decrease in the average dislocation channel spacing and is consistent with
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a process in which crack initiation is controlled in part by the high normal stress at discontinuous

dislocation channel-grain boundary intersections.
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CHAPTER 1 - INTRODUCTION

Nuclear energy is a major contributor to the United States, accounting for 20% (805 TWh
in 2017) of U.S. domestic electricity production [1]. Despite the many benefits of light water
reactors (LWRSs): density of energy production, safety, and carbon-free emissions, few new
reactors have been constructed in recent years and the number operating in the U.S. has been
diminishing since the 1990s [1]. Due to the aging population of LWRs in the U.S. and the
exorbitant cost of constructing new plants, many plants are seeking reactor lifetime extensions to
allow the continued generation of abundant, moderate-cost, and clean electricity.

Continued safety is the primary factor when considering lifetime extensions, and a major
concern for existing LWRs is irradiation-assisted stress corrosion cracking (IASCC); a degradation
phenomenon observed in a variety of reactor designs, materials, components, and operating water
chemistries as shown in Table 1.1 [2]. The likelihood of IASCC increases with reactor age and
could eventually cause safety concerns or lead to diminishing profits due to the high cost of reactor
downtime for maintenance procedures. Therefore, understanding the mechanisms responsible for
IASCC and establishing mitigation strategies are of high priority. Like stress corrosion cracking
(SCC), IASCC has three primary requirements: a corrosive environment, a susceptible material,
and an applied stress. Within a LWR, however, an intense radiation field increases both material
susceptibility (through the formation of radiation-induced defects) and the corrosive nature of the
environment (through radiolysis). This leads to an increased susceptibility of core structural
materials, often resulting in the initiation and subsequent growth of IASCC cracks on the water-
side of components until eventual replacement or failure [2].

Austenitic stainless steels are commonly used as structural components in operating LWR
cores, due to their high corrosion resistance to cost ratio, but this positioning causes them to receive
high levels of radiation exposure during their lifetime. Under irradiation, the microstructure of

austenitic stainless steels will evolve through the formation of dislocation loops, precipitates, and
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voids. These materials will also experience radiation-induced segregation (RI1S) of solute elements
at grain boundaries and other sinks. Due to their formation under irradiation, these micro-scale
changes are believed to be responsible for the increased susceptibility to intergranular cracking,
but isolating the precise mechanism is difficult due to their simultaneous evolution under
irradiation. Post-irradiation annealing (PIA) is a technique that can be utilized to incrementally
remove the irradiation defect populations. Due to both kinetic and thermodynamic considerations,
these defects are removed at different rates as compared to simultaneous evolution. As such, PIA
may be used to separate the individual effects of defect-types on IASCC susceptibility.

Irradiation also causes a transition in the deformation mode of austenitic stainless steels,
moving from homogeneous to a highly localized deformation that is confined to narrow slip bands
called dislocation channels. Cracks have been observed to preferentially initiate where dislocation
channels intersect grain boundaries [3-7], and a study by Jiao and Was [8] showed that the relative
strain in channels (as measured by average height of dislocation channel steps on the surface) of
proton-irradiated stainless steels had a stronger correlation with IASCC susceptibility than a wide
range of other variables. Closer examination has also revealed that grain boundaries unable to
transmit dislocation channels into adjacent grains accumulate higher local stresses and are more
susceptible to intergranular crack initiation [5,6,9].

This study aims to understand the processes responsible for the mitigation of IASCC
susceptibility following post-irradiation annealing (PIA) treatments. To determine these
interlinked processes, a thorough analysis of the evolution of the irradiated microstructure,
localized deformation, and IASCC susceptibility with PIA treatments must be undertaken.
Unfortunately, measurements of dislocation channeling in neutron-irradiated stainless steels are
quite limited [10-12], as the brittle nature of neutron-irradiated stainless steel causes any crack
initiation to quickly propagate to failure. Consequentially, the usual metrics used to describe
IASCC susceptibility is percentage of intergranular fracture (%1G), total elongation, and reduction
in area. Therefore, a four-point bend experiment was also utilized to provide more information on
the IASCC initiation process [13]. The bend test creates a stress gradient through the sample
thickness such that cracks would grow into a progressively decreasing tensile stress, thus slowing
crack propagation and preserving the sample beyond the initiation of the first crack. The

observations of IASCC initiation sites created by the four-point bend test, coupled with the changes



in irradiation defects populations following PIA treatments, have helped to create a clearer view
of factors affecting IASCC susceptibility.

This study utilizes a 304L stainless steel alloy from a control rod blade, which was
irradiated in the service in the Barsebdck 1 BWR in Sweden to a dose of 5.9 dpa. Following the
irradiation, varying PIA treatments were applied to adjust the irradiation defect populations present
in the as-irradiated material. To assess susceptibility to IASCC initiation, constant extension rate
tensile (CERT) tests and 4-point bend experiments were performed in a simulated BWR-NWC
environment. The results determined which variables affected IASCC initiation, including
irradiation hardening, residual defect populations, grain boundary composition, and localized
deformation. Chapter 2 presents background information including an overview of austenitic
stainless steels, irradiation effects, IASCC, and post-irradiation annealing. Chapter 3 provides the
research objective and experimental approach. Chapter 4 describes the experimental techniques
and analytical methods employed to achieve the objective, while Chapter 5 provides the
experimental results that were obtained. Chapter 6 provides an interpretation and discussion of the
results and correlations, whereas the conclusions of this study are summarized in Chapter 7.
Finally, suggestions for future research on expanding the resulting conclusions from this thesis are

presented in Chapter 8.



Table 1.1. Component failures by IASCC in nuclear reactor service [2].

Component Material Reactor type Possible sources of stress
Fuel cladding 304 SS BWR Fuel swelling

Fuel cladding 304 SS PWR Fuel swelling

Fuel cladding* 20% Cr/25% Ni/Nb AGR Fuel swelling

Fuel cladding ferrules 20% Cr/25% Ni/Nb SGHWR Fabrication

Neutron source holders 304 SS BWR Welding & Be swelling
Instrument dry tubes 304 SS BWR Fabrication

Control rod absorber tubes 304/304L/316L SS BWR B,C swelling

Fuel bundle cap screws 304 SS BWR Fabrication

Control rod follower rivets 304 SS BWR Fabrication

Control blade handle 304 SS BWR Low stress

Control blade sheath 304 SS BWR Low stress

Control blades 304 SS PWR Low stress

Plate type control blade 304 SS BWR Low stress

Various bolts** A-286 PWR & BWR Service

Steam separator dryer bolts ** A-286 BWR Service

Shroud head bolts ** 600 BWR Service

Various bolts X-750 BWR & PWR Service

Guide tube support pins X-750 PWR Service

Jet pump beams X-750 BWR Service

Various springs X-750 BWR & PWR Service

Various springs 718 PWR Service

Baffle former bolts 316 SS Cold Work PWR Torque, differential swelling
Core shroud 304/316/347 /L §S BWR Weld residual stress
Top guide 304 SS BWR Low stress (bending)

*Cracking in AGR fuel occurred during storage in spent fuel pond. **Cracking of core internal occurs away from high neutron and gamma

fluxes.



CHAPTER 2 - BACKGROUND

An understanding of the effects of radiation damage and the development of IASCC
susceptibility in austenitic stainless steels requires a discussion of the properties and behavior of
unirradiated austenitic stainless steel under relevant conditions. The effects of radiation damage
will then be discussed, including the evolution of microstructural features and segregation, macro-
scale mechanical properties, and the deformation mode. The current research regarding IASCC
will then be introduced, including the effects of varying factors on the cracking susceptibility.
Finally, the known effects of PIA treatments on the irradiated microstructure and IASCC

susceptibility are conferred.

2.1 Austenitic Stainless Steels

Austenitic stainless steels are the most utilized type of stainless steel and are most easily
identified by their non-magnetic property. These steels are easily formable and weldable, as well
as having high temperature stability enabling their use in applications ranging from cryogenic
temperatures to high-temperature furnaces. Austenitic stainless steels also have a high corrosion
resistance due to high concentrations of chromium and nickel, though these same alloying
elements also contribute to their relatively high cost [14]. These same properties of corrosion
resistance and temperature stability prompted the early usage of austenitic stainless steels as
structural materials in nuclear reactor cores. However, these steels have shown a clear
susceptibility to intergranular cracking in that environment following exposure to irradiation
[2,3,15].

2.1.1 Alloy Composition

Austenitic stainless steels are generalized as having a chromium content of 16-25%, with

a corresponding concentration of nickel to stabilize the austenitic matrix. The composition ranges
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required to maintain an austenitic structure can be seen on a Schaelffler-Delong diagram, as shown
in Figure 2.1 [14]. In general, the addition of face-centered-cubic (FCC) elements will stabilize the
austenitic structure, while adding body-centered-cubic elements (BCC) will stabilize the ferritic
structure. Most austenitic stainless steels produced, including the subject material for this research,
304L, are ‘lean’ alloys. This unofficial categorization is for alloys with less than 20% chromium
and 14% nickel, and are known for their sufficient corrosion resistance, easy weldability and
formability, and work hardening capability. A list of popular lean alloys with their respective
compositions are shown in Table 2.1 [14]. Due to their general-purpose nature, austenitic stainless
steels may also be given other alloying elements to increase their usability in a specific
environment. Chromium and molybdenum are added to improve oxidation and corrosion
resistance, respectively. Silicon can be added to promote resistance to oxidizing acids, while
copper may be added for resistance to sulfuric acid. Niobium may be used to creep resistance;

sulfur and selenium additions can increase machinability [14].

2.1.2Sensitization

Carbon may often be considered as an undesirable impurity in austenitic stainless steels,
despite its strengthening effects and its role in stabilizing the austenitic structure; hence the high
usage of low-carbon austenitic alloys such as 304L and 316L. The primary reason for this
undesirability is the high thermodynamic affinity of carbon with chromium, and its low solubility
in austenite. These factors lead to the formation of chromium carbides, Cr23Cs, When the
supersaturation of carbon occurs [16]. Due to the effect of temperature on supersaturation, the
formation of these chromium carbides can vary greatly with temperature and carbon content as
shown in Figure 2.2 [14]. As carbon diffusion at a grain boundary is much faster than the bulk,
grain boundaries will often serve as the nucleation sites for these chromium carbides through the
easier supersaturation of carbon. Furthermore, as the diffusion of carbon is several orders higher
than chromium, the carbon will rapidly diffuse and combine with the chromium, essentially
depleting the region around the grain boundary of chromium in solution. This chromium depletion
around the grain boundary is visualized in Figure 2.3 [14]. In fact, this chromium depletion will
often continue to such a level that the local area around the grain boundary will no longer be

resistant to corrosion, leading to a preferential attack at the depleted grain boundaries when
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exposed to a corrosive environment. This entire process is often referred to as sensitization, as the
grain boundaries become much more sensitive to an intergranular corrosion. As such it is desirable
to avoid annealing austenitic stainless steels at temperatures relevant to sensitization after

fabrication.

2.1.3Mechanical Properties

Unsurprisingly, the mechanical properties of an austenitic stainless steel will be highly
dependent on the concentrations of alloying elements. Compilations have shown that the tensile

properties of a stainless steel can be accurately predicted based on their composition:

oys (MPa) = 15.4 [4.4 + 23(%C) + 32(%N) + 0.24(%Cr) + 0.94(%Mo)

+ 1.3(%Si) + 1.2(%V) 4 0.29(%W) + 2.6(%Nb) + 1.7(%Ti) 2.1)

+ 0.82(%Al) + 0.16(%Ferrite) + 0.46(d‘1fz)]

where the compositions of the alloying elements are provided in wt.% and d is the grain diameter
in mm, as predicted by the Hall-Petch grain size strengthening effect [14]. For most solution-
annealed austenitic stainless steels, this yield strength will be in the range of 120-250 MPa, though
these steels do not typically display a clear yield point, showing deformation as low as 40% of the
0.2% yield strength. This quasi-elastic behavior is a feature of the active slip systems in the FCC
structure of austenite [14]. Elongations are generally in the range of 40-60%, though this will
depend heavily on the processing of the steel [17,18], while the ultimate tensile strength (UTS)
will typically be between 500-700 MPa, depending on the precise conditioning of the steel. Due
to this high increase in strength with strain, strain hardening exponents are generally measured in
the range of 0.3 — 0.5 [18]. Owing to their exceptional tensile strengths and elongations, austenitic
stainless steels are also known for their high toughness. Lean austenitic stainless steels can also be
highly cold-worked, leading to very robust mechanical strengths, often greater than 1000 MPa,
due to the transformation of unstable austenite into martensite at high levels of shear deformation
[14]. A mechanical weakness of austenitic stainless steels is their low fatigue endurance limit,
~30% of the tensile strength. Combined with their relatively high thermal coefficient of expansion,
these steels can be particularly susceptible to thermal fatigue when exposed to temperature cycles
[14].



2.1.4Deformation Behavior

As discussed before, austenite has an FCC lattice structure, thus dislocation slip will occur
in the (110) directions along the {111} planes, allowing for 12 different variations. The Burgers
vector for FCC is a/2(110), connecting a corner atom with the neighboring face-centered atom.
Figure 2.4a displays the atom arrangement on the (111) plane, with b1 being the primary Burgers
vector of a/2(101) [19]. In FCC the Burgers vector direction is a high-energy pathway, thus the
slip will dissociate into two easier pathways: bz and bs, which are referred to as partial dislocations.
Figure 2.4b shows a vector diagram for the dissociation of by = b, + bs, a/2(101) > a/6(211) +
a/6(112) [19]. The combination of these two partial dislocations may be referred to as an extended
dislocation, which will both move together to maintain an equilibrium width. This width between
the two partial dislocations is called the stacking fault, and its size is determined by the stacking
fault energy (SFE) of the alloy, which is often heavily dependent on composition. The dissociation
into partial dislocations can also severely limit cross slip as the partials must recombine before
cross slip can occur [19]. Austenitic stainless steels often have a low SFE (<20 mJ/m?), thus
limiting cross-slip due to the larger spacing [20].

Due to the active slip systems and relatively low stacking fault energy, a variety of
deformation microstructures are possible in austenitic stainless steels, varying with material
condition, test temperature, and the applied strain rate [21]. Wide stacking faults (partial spacings
>] um) and twin bands are formed after deformation at low temperatures and high strain rates
[21,22]. As temperature increases up to 450°C, stacking faults become increasingly narrower,
allowing cross-slip from perfect dislocations to dominate. This results in an equiaxed dislocation
cell structure at low strain [21], followed by dislocations becoming progressively more tangled at
higher strains [21,23]. The deformation microstructure in austenitic stainless steels is also closely
related to the equivalent applied stress: dislocation tangles are dominant below 400 MPa, whereas
isolated stacking faults (<1 um) can form between 400-600 MPa, and large stacking faults/twin
bands (> 1 um) dominate at stresses higher than 600 MPa [24]. The equivalent stress level may be
increased by many forms of strengthening: increasing the strain level, decreasing the deformation
temperature, or through irradiation [24]. Note that there also are various stress-induced phase
transformations that may occur in austenitic stainless steels, thus leading to further complexity in
development of the deformation microstructure [25,26].
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Polycrystallinity complicates deformation, as deformation in a single grain must be
accommodated by deformation in adjacent grains. It is typically assumed that if all grains undergo
the same deformation as the bulk material, the activation of at least five of the possible twelve slip
systems in an FCC crystal is required [27]. Deformation is further influenced by grain boundaries,
which limit the slip transfer between grains; this leads to non-uniform local stresses when a
polycrystalline material is subject to a uniform bulk stress. In particular, model results have shown
that the highest stress concentrations will result at grain boundaries inclined perpendicularly to the
bulk stress direction as well as near triple points (the location where three adjacent grains meet),
due to the deformation constraints of adjacent grains [28]. As expected, the Hall-Petch relationship
has shown that as the average grain size becomes smaller, the overall material strength increases

due to the increase in relative grain boundary surface, which acts as a barrier to dislocation motion.

2.2 Effects of Irradiation on Austenitic Stainless Steels

Before one can fully understand the development of IASCC in reactor core internals, the
precise methods by which irradiation can influence both the austenitic stainless steel and the water
environment must be first understood. There are two primary manners in which irradiation can
affect materials: through direct atomic manipulation, such as radiolysis or transmutation, and by
collision, physically creating excess vacancies and interstitials, which can further influence the
microstructural evolution and material properties. In general, the effects of irradiation on austenitic

stainless steels can be broadly separated into two areas: microchemical and microstructural.

2.2.1 Microchemical Effects

Under the neutron irradiation present in a nuclear reactor there are multiple microchemical
changes that can be induced in a material; where ‘microchemical change’ is used to refer to the
localized adjustment or redistribution of the atomic composition of the material. There are two
primary methods by which these changes can be induced: transmutation and radiation-induced

segregation (RIS).



2.2.1.1 Transmutation

Transmutation simply refers to the conversion of an element or isotope into another. In
reactor conditions this will often occur through a nuclear reaction in which an energetic neutron
collides with a nucleus. In relation to IASCC, the transmutation into helium is considered
particularly important due its likelihood of occurring and possible embrittlement or swelling
effects [2]. Under neutron irradiation, there are two common transmutation reactions that can

create helium in stainless steels:

B +n > “Li+ *He (2.2)
*Ni+n - *°Ni+vy; *’Ni+n - >°Fe + *He (2.3)

The boron transmutation will produce helium at low fluence, however, due to its low concentration
in stainless steels, the °B will often be fully consumed within a few dpa. Due to its higher
concentration, nickel is a larger contributor to helium production, however, as the reaction is a
two-step process through the initial production of **Ni, helium generation through this process is
quite limited until 5-10 dpa [2]. The possible effects of helium generation via transmutation on
IASCC will be further discussed.

2.2.1.2 Radiation-Induced Segregation

Radiation-induced segregation (RIS) refers to the redistribution of both major alloying and
impurity elements at point defect sinks; grain boundary segregation has been historically more
well studied in relation to IASCC [29-34]. Different from both thermal segregation and elemental
depletion due to the formation of grain boundary precipitates, i.e. sensitization [32], RIS is driven
by the flux of irradiation-produced point defects: interstitials and vacancies. These point defects
are created in concentrations several magnitudes higher than those present at thermal equilibrium.
These defects create an enhanced diffusion rate within the material and the unequal participation
of a solute in the vacancy and interstitial fluxes at the sink will lead to either enrichment or
depletion of the solute [2]. In general, undersized solutes will enrich, while oversized solutes will
deplete [35], though the precise magnitude and rate of this enrichment/depletion process is
dependent on multiple factors, including: defect migration bias, binding energy between solutes,
total dose, dose rate, and temperature [33]. At high temperatures the back segregation of vacancies
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to the sink is increased, while at low temperatures, the lower mobility allows for the recombination
of interstitials and vacancies; as such segregation is only dominant at intermediate temperatures
such as those present within LWRs. For higher dose rates, the greater defect concentration will
increase recombination, thus the intermediate temperature at which segregation occurs will
increase with dose rate, due to the need for a higher mobility of defects to prevent recombination
[2].

For austenitic stainless steel alloys, RIS at grain boundaries will often induce depletion of
chromium and iron, while enriching nickel and most impurity concentrations including silicon,
phosphorous, and sulfur. It is important to note that the segregation profiles created by RIS are
narrow, often confined to 5-10 nm from the grain boundary due to the back diffusion of the
resulting concentration gradient at the sink [36]. Figure 2.5 illustrates a typical grain boundary
segregation profile for an austenitic stainless steel. The segregation of iron has been observed to
either deplete or enrich according to the magnitude of nickel and chromium segregation [33,37].

Minor alloying elements and impurities have also been observed to segregate under
irradiation. As molybdenum and manganese are oversized elements they deplete at grain
boundaries [34,36,38,39]. Silicon has been observed to enrich heavily at grain boundaries
[34,38,39], whereas phosphorus was observed to moderately segregate to boundaries [36,38,40].
Note that phosphorus has also been observed to thermally segregate to grain boundaries, thus
making the contribution solely due to irradiation difficult to determine [36]. Sulfur has also been
observed to enrich under irradiation [15,36]. Minor elements of carbon, boron, and nitrogen should
theoretically enrich to grain boundaries due to being undersized elements; however, their small
size makes their segregation difficult to measure using standard transmission electron microscopy
(TEM) techniques. However, atom probe tomography (APT) examinations of the grain boundary
segregation in austenitic stainless steels have shown a clear segregation of boron under proton-
irradiation, though there was little evidence of carbon segregation [40]. While helium has a low
mobility in steel at common reactor temperatures [2], due to its formation by the transmutation of
boron, it has a potential to be enriched at the grain boundary due to prior boron segregation [36].
Overall, the segregation behavior of minor elements under irradiation is not well understood, and
further complicated by the difficulty of measurement and possible coupling effects between large
and small elements [2,36,37].
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It should be noted that while a majority of the available research focuses on the segregation
effects at grain boundaries, RIS can be induced at any sink, including voids and dislocation loops
[39-47], an example of which is shown in Figure 2.6 [42]. Due to locally enhancing the solute
element concentrations, this RIS can drastically influence phase stability during irradiation by
acting as precursor sites for the later formation of precipitates, such as y’ [40,43-50]. Prior to
transforming into a precipitate these clusters of enhanced solute concentration may still act as weak
barriers to dislocation movement through solid solution hardening [51-53], thus leading to a
significant hardening of the material.

2.2.2 Microstructural Effects

In addition to microchemical adjustments in a material, irradiation can also induce various
microstructural changes. The microstructure of austenitic stainless steels have been observed to
change rapidly under irradiation [15,54,55], and the resulting microstructure is heavily dependent
on the irradiation temperature [36]. The evolution of the irradiated microstructure with temperature
in austenitic stainless steels can be seen in Figure 2.7 [36]. At the typical operating temperatures
of a LWR, point defect clusters, often referred to as “black dots,” will begin forming at very low
doses, with dislocation loops and network dislocations evolving over further dose, followed by the
possible formation and growth of helium cavities and bubbles, and precipitates in locations
exposed to higher temperatures and dose [2,25,48-50,54,56]. In most common stainless steels,
these defects will lead to extensive hardening and strengthening, reaching yield strengths up to
four times the unirradiated value after just 7-10 dpa, as shown in Figure 2.8 [36].

2.2.2.1 Small Defect Clusters (Black Dots)

The terminology of “small defect cluster” refers to the development of vacancy and
interstitial clusters during the recombination of the damage cascade from the initial collision event,
and as such are one of the most common defect structures created under LWR conditions. These
clusters were often originally called “black dots” due to the inability of electron optics to resolve
their details when they were first observed [2]. Due to their fast creation rate, similar in relation
to the rapidity of IASCC susceptibility at low damage doses, these defects are presumed to greatly

influence the hardening process and IASCC susceptibility of materials [57]. In austenitic stainless
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steels, these small defect clusters are traditionally thought to be predominately faulted interstitial
dislocation loops and vacancy clusters [58]; but more recent experiments have indicated the
presence of both vacancy and interstitial faulted loops [59]. Further experiments on austenitic
stainless steels have suggested that the density of the vacancy faulted loops is much higher than
previously thought, possibly even greater than that of the faulted interstitial loops [60]. In
austenitic stainless steels, the small size of these small defect clusters, approximately 0.5 nm in
diameter, makes them near impossible to examine under traditional TEM techniques, but hardness
measurements after low-temperature (<100°C) irradiations have predicted the density of these
features to saturate around 10%* m= by 0.1 dpa [48,60]. However, as their stability would decrease
with temperature, the saturation density of small defect clusters is expected to be much lower under
LWR conditions. Nevertheless, while small defect clusters are very small, they are still effective
blockades to dislocation movement, thus they significantly contribute to the increased hardness of

a material subjected to irradiation.

2.2.2.2 Dislocation Loops

Much like small defect clusters, dislocation loops form during the recombination of the
damage cascade of the initial radiation event. These are predominately faulted interstitial loops
and nucleate and grow due to the higher mobility of interstitials over vacancies. For FCC metals,
such as austenitic stainless steels, the dislocation slip is along the {111} planes, thus the faulted
dislocation loops will form on the {111} planes [19]. These dislocation loops are prismatic, or
perfect loops if the Burgers vector is a/2(110) and Frank, or faulted loops with a Burgers vector
of a/3(111). As faulted dislocation loops can continue to grow by adsorbing interstitials, the
density and size of the faulted loop population will continue to grow until the adsorption of both
interstitials and vacancies equalize [57]. The theoretical evolution of the loop density and size with
temperature for an austenitic stainless steel can be seen in Figure 2.9 for a nominal dose of 10 dpa
[61]. It is observed that small dislocation loops will dominate at low temperatures, while large
dislocation loops will become more dominant as temperature increases. This estimation can also
be compared to the Figure 2.10, which shows the theoretical evolution of dislocation loops in an
austenitic stainless steel with increased dose, all at a nominal temperature of 288°C [61]. Under

these conditions it is seen that the population and size of small dislocation loops will saturate by 1
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dpa, whereas the density and size of large interstitial loops will continue to increase until about 5
and 10 dpa, respectively. Figure 2.11 shows the experimentally measured dislocation loop size and
density for several LWR irradiated austenitic stainless steels [36]. The experimental results show
that the loop density saturates quickly, around 1 dpa, whereas the size continues to increase until
about 5 dpa; this is quite similar to the theoretical behavior [61]. While the specific size and density
of the resulting loop population is dependent on multiple factors, including irradiation condition
and alloying elements [62—64], but under typical LWR conditions, the loop size is generally
saturated to a diameter of 20 nm with densities on the order of 1022 m= for austenitic stainless
steels [36]. This observed saturation in size is due in part to the unfaulting of faulted loops into
perfect loops, as this unfaulting reaction becomes more energetically favorable at larger loop sizes
[57].

2.2.2.3 Voids, Cavities, and Bubbles

The formation of voids, cavities, and bubbles may begin to form during the irradiation of
austenitic stainless steels, particularly at temperatures above 300°C, due to the increased mobility
of point defects with temperature. As for terminology, “void” refers to the formation of stable
coalescence of vacancies, a “cavity” is essentially a gas-containing void, whilst a “bubble”
contains enough gas to be in a mechanical equilibrium with the matrix. Under reactor conditions
irradiation-induced cavities and bubbles are most prevalent; generally being filled with helium,
generated from transmutation, or hydrogen, which is adsorbed from the water environment. In
general, the existence of these gases has been observed to synergistically lead to nucleation and
growth, through the stabilization of void embryos [65]. While the temperatures for void nucleation
and growth are often above the operating temperatures of most LWRS, gamma heating within
thicker core internals can substantially increase the local temperature of a material [66], thus
raising it above the nucleation threshold. As such, cavities and bubbles have been observed in a
variety of stainless steels after operation in LWR reactor conditions, especially at high dose levels
[65,67—72]. The development of cavities and their subsequent growth causes a volume increase in
the material, thus causing it to swell. Figure 2.12 demonstrates the evolution of cavities and
bubbles, through the measured swelling, with increased temperature and dose for several austenitic

stainless steels from a pressurized water reactor (PWR) reactor [71]. The nucleation and growth
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of cavities is highly dependent on temperature with baffle bolts from operating PWRs, made from
several austenitic stainless steel alloys, displaying an increase from 0.0% to 0.029% swelling when
the temperature was increased from 290°C to 329°C, over a dose range of 7.5 to 25 dpa [71]. Void
growth can be influenced by a myriad of factors: dose rate, applied stresses, both external and
internal, material processing, precipitation [66], and material composition [71,72]. Despite the
various factors that can influence cavity growth, the dislocation loop microstructure will continue
to be a more dominant defect in austenitic stainless steels over the operation temperatures for
BWRs, i.e. <300°C [2].

2.2.2.4 Irradiation-Influenced Phase Stability

Irradiation has been observed to actively accelerate or retard the precipitation of second
phases in austenitic stainless steels, in addition to modifying the stability of existing precipitates.
This leads to the development of irradiation-induced phases, which are not formed under thermal
treatments [36,43,48,49]. The formation of precipitates during irradiation is largely controlled by
solute segregation, which is adjusted under irradiation through RIS. RIS induces a buildup of
undersized elements at sinks, particularly nickel and silicon [48]. Irradiation effects the stability
of different phases to varying degrees and its effects can be broadly be defined into three
categories: enhanced/retarded, modified, and induced. Radiation-enhanced/retarded refers to
phases which exist in the same composition and structure as their thermally aged equivalents,
however, the relative abundances are changed as an effect of irradiation. Radiation-enhancement
applies to phases which undergo either increased growth or nucleation, or that form at lower
temperatures, due to irradiation. Conversely, radiation-retarded refers to phases which see a
reduced abundance or are shifted to higher formation temperatures due to irradiation [48]. Note
that as these phases are present under thermal conditions, and their growth is simply either
enhanced or retarded by irradiation, these phases will not disappear or change composition under
subsequent thermal treatments [73]. Radiation-modified phases are those which also exist under
thermal conditions, however, their phase composition is changed during irradiation. Note that these
compositional changes generally conform to RIS, i.e. more nickel and silicon, less chromium and
molybdenum [48,74]. Radiation-induced phases are unique to the irradiation environment, as they
are not formed under thermal aging at any temperature. These phases are often the result of RIS
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modifying the local composition around a sink to levels such that a new phase can be formed
[36,43,48,49,66]. Table 2.2 shows the classes of radiation-influenced phases common in austenitic
stainless steels [48].

As radiation-enhanced/retarded and radiation-modified precipitates exist under thermal
aging conditions, albeit under different quantities and compositions, their contribution to the
irradiated microstructure is less than that of radiation-induced phases. For austenitic stainless
steels, the irradiation-induced phases consist of G (MeNiweSi7), y* (NisSi), and several phosphides
(MP, M2P, M3P) and their evolution seems to be heavily reliant on RIS, particularly the enrichment
of nickel, silicon, and phosphorus. As such, the development of these radiation-induced phases is
heavily influenced by alloy composition, thermo-mechanical pretreatment, and irradiation
temperature. It has also been observed that under certain irradiation conditions, austenite can be
transformed into ferrite and/or martensite [49].

The formation of phosphide phases in austenitic stainless steels following irradiation were
first observed in the early 1970s. These phosphides are often needle-shaped, and come in several
compound forms: MsP, M2P, and MP, in which the M is iron, chromium, or titanium. Phosphides
are often observed in standard austenitic stainless steels in irradiations from 400-650°C and 5-30
dpa; however, they appear to be quite unstable with dose, often dissolving by 30 dpa. Likewise,
their stability also appears to be drastically reduced by the presence of helium [49], which is
expected to present in irradiated alloys due to transmutation reactions. Due to the high formation
temperatures and helium instability, the formation of phosphide precipitates is not expected under
LWR conditions.

Radiation-induced G-phase precipitates in austenitic stainless steels were first observed in
the late 1970s; the compound is a complex silicide, MeNi1sSi7, in which the M can be manganese,
titanium, niobium, or chromium, (though manganese is predominately observed to enrich) and has
an FCC structure [49]. In austenitic stainless steel alloys, the formation of G phase precipitates has
been observed in a narrow temperature regime around 500°C, and preferably in solution-annealed
over cold worked conditions. The addition of titanium and niobium appears to increase its
abundance, as well as widen the temperature regime to 400-650°C. Furthermore, G phase are often
single, coarse particles (20-250 nm) and are frequently associated with voids [49]. Due to its high
formation temperature, G phase precipitates are not expected due to irradiation under LWR

conditions.
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The vy’ phase was also first observed in the late 1970s, and takes form as NizSi, an
intermetallic compound with an ordered FCC (L12) crystal structure. The formation of y’
precipitates has been observed to regularly develop in austenitic stainless steels over the
temperature range of 270-550°C [49,75], and thus have been observed to form under LWR
conditions [43,76—78]. The abundance of y’ precipitates is very sensitive to alloy composition and
thermo-mechanical pretreatment; the formation Kinetics appear to be faster in cold-worked
materials, as compared to solution annealed. y’ precipitation occurs at doses less than 5 dpa [75],
and increase with dose. Unlike G-phase, vy’ precipitates form as fine particles or clusters (5 — 50
nm) and are often associated with the dislocation network and loops, and only rarely with voids
[49]. With increased irradiation temperature, the y’ precipitates tend to increase in size and
decrease density [75]. Furthermore, Yy’ formation appears to be sensitive to changes in helium
levels, thus creating differences between the formation kinetics in reactor conditions and
laboratory irradiations. Particularly the in-reactor helium generation appears to initially amplify
the y* formation sensitivity, but then destabilize the phase at higher doses [49]. As y’ precipitates
are the only irradiation-induced phases observed to develop under LWR conditions, they will be
the focus of later studies regarding IASCC susceptibility and the effects of PIA.

2.2.3Mechanical Behavior

The evolution of the defect microstructure under irradiation will also create changes in the
mechanical behavior of an austenitic stainless steel, including radiation hardening and localized
deformation. Radiation hardening represents the subsequent increase in hardness and strength
following irradiation; this results from the formation of dislocation loops, precipitates, voids, and
defect clusters, all of which impede dislocation movement. Localized deformation describes the
loss of homogeneous deformation in irradiated materials with increasing dose, turning instead to

a more heterogeneous deformation with the formation of dislocation channels.

2.2.3.1 Radiation Hardening

As previously discussed, the microstructures of austenitic stainless steels have been
observed to change rapidly under irradiation [15,54,55], and the resulting microstructure is

observed to be heavily dependent on temperature [36]. In most austenitic stainless steels, these
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defects will lead to extensive hardening and strengthening, reaching yield strengths up to five times
the unirradiated value after just 7-10 dpa, as shown in Figure 2.8 [36]. Overall, the formation of
these irradiation defects will increase the hardness and yield strength of the material in proportion
to their density and size as predicted by the dispersed barrier hardening model [79]:

Aoy x = ayMuby/Nydy, (2.4)
where Aa,, represents the increase in yield stregth resulting from barriers of strength, a, size, dx,

and density, Nx [79]. a,, is oft referred to as the obstacle strength and varies from 0-1, where 1 is a
perfectly hard barrier. M, y, and b are material parameters: Taylor factor, shear modulus, and
magnitude of Burgers vector, respectively. For a fully isotropic FCC material, such as a solution-
annealed austenitic stainless steel, the average Taylor factor of 3.06 + 0.01 is expected [80,81], as
irradiation does not induce texturing this value should not change. As the hardening in irradiated
materials is oft the result of multiple different defect types, it is necessary to expand the dispersed
barrier hardening model to combine the impact from the individual defect types [82]. There are
two generally accepted methods to combine the separate hardening contributions: linear

superposition:

AO'y = aAM,leﬁNAdA + aBMllb\/NBd , (25)

and square superposition:

(80,)" = (aaMubNydy) + (asMuby/Npdy) . 2.6)

Usually, linear superposition is more accurate when combining defects of vastly different obstacle
strengths, while square superposition may provide a better fit when the varying defects have
similar obstacle strengths [19]. Depending on the literature source, fits to dislocation loops will
usually give an obstacle strength between 0.2 - 0.5 [77,78,83,84], the obstacle strength of a
precipitate heavily depends on its misorientation and structure, but y’ precipiates have values of
~0.4 [77,78], while solute clusters are lower, between 0.1 — 0.3 [43,78,83,84]. While the dispersed
barrier hardening model has been used for many years to determine the effect of irradiation defects
on hardening, the wide range in obstacle strength for specific defects, such as dislocation loops,
between different materials reveals some of its deficiences. Efforts have thus been put into more
accurately predicting the obstacle strengths of various defects based on their respective shapes, i.e.

spherical, disc-like, rod-like, and their effect on the free energy of the system [82,85,86], as
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opposed to the generalization of the dispersed barrier hardening model. While these newer
methods have shown some reliability in predicting the obstacle strengths of specific defects, the
dispersed barrier hardening model still remains the most widely used method for its simplicity and

accuracy.

2.2.3.2 Localized Deformation

Localized deformation describes the loss of homogeneous deformation in irradiated
materials with increasing dose, upon which the defect microstructure has evolved such that it
effectively impedes dislocation motion [36,87]. Due to the difficulty in moving dislocations
through this microstructure, there are very few active dislocation sources, almost exclusively at
grain boundaries [88], often located on widely-separated slip planes [89]. Dislocations released
from these sources will glide along their respective slip planes either annihilating or assimilating
any defects in their path [89,90], a process confirmed by in-situ TEM studies [91-93]. This clearing
will create a narrow dislocation path, or channel, through which subsequent dislocations from the
same source can easily pass. As such subsequent deformation in the material will occur
heterogeneously, constrained to these dislocation channels in which prior dislocation gliding has
dissolved the defect structure [90,94]. As the strain level in the dislocation channels is often >100%
for just a few percent bulk strain [9,89], localized necking of the shear bands results and hence a
sharp reduction in uniform elongation is observed [36]. The localized stresses and strains from
these channels cannot always be accommodated by the grain boundary, where these dislocation
channels both originate and terminate leaving clear steps proportional to the strain in the channel
[9], thus leading to grain boundary deformation and possible cracking [4,8,9,95-98].

The development of localized deformation is directly dependent of the irradiated
microstructure, as these defects produce the resistance to dislocation movement. As such the
transformation from the homogeneous deformation observed in unirradiated austenitic stainless
steels to the heterogenous deformation in dislocation channels can be closely related to the
irradiation dose that the material has received [23,99,100]. This transformation has been closely
studied by Byun et al. where the deformation mode in irradiated 316 and 316L steels was observed
in response to irradiation dose, as seen in Figure 2.13 [99]. This research, which has been supported

by other work as well [22,23,88,90,100-102], clearly illustrates that the primary deformation mode
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in these austenitic stainless steels changes from dislocation tangles, to stacking faults, to a mixed
twinning and dislocation channel regime as dose increases [99]. In fact, it appears that dislocation
channeling and twinning is the main deformation mode for steels that have reached an irradiation
dose greater than 0.1 dpa. Similarly, not only will the primary deformation mode change with
increased irradiation, but also the degree of localized deformation may change, with both larger
and more widely spaced dislocation channels being observed with higher dose levels [23,100,103].
It is important to note, however, that while Figure 2.13 shows that dislocation channeling cannot
occur below the true yield stress, this is not synonymous with the bulk yield strength of a material.
Due to variable grain orientations, many grains may individually deform prior to the bulk yield
strength of the material; and in the case of irradiated steels this deformation can certainly be in the
form of dislocation channels. For irradiated stainless steels, dislocation channels will typically
begin to develop around 65-70% of the bulk yield strength [88], though this is likely to vary slightly
based on material conditions [104].

There are several research studies that have examined the effects of both irradiation dose
and strain on the physical features of localized deformation in irradiated austenitic stainless steels,
specifically the average channel height, the width of, and spacing between dislocation channels
[8,23,89,100-103,105]. Farrell et al. showed that for low dose 316 stainless steel, the average
channel spacing almost doubled from 284 to 535 nm at an irradiation dose of 0.17 and 0.78 dpa,
respectively [89]. Meanwhile, the channel width also increased from 10 to 24 nm between the
conditions; the bulk strain was comparable at 6 and 5% strain for the 0.17 and 0.78 dpa conditions,
respectively. For the 0.78 dpa condition a slight decrease in the average channel spacing was
observed with increasing strain: 622, 535, and 588 nm at strains of 2, 5, and 32% respectively [89].
Miura et al. [23] examined the dislocation channel spacing at 2% strain following the He" ion
irradiation of a 304 and 316 stainless steel to doses of 0.1, 0.5, 1, 2, 4, and 20 dpa. Miura observed
an increase in the channel spacing from 1.2 to 2.3 um with dose for the 316 alloy and 1.5 to 2.2
um with dose for the 304 alloy [23]. Jiao and Was examined the effect of alloy, strain, and dose
on the development of localized deformation following the proton irradiation of austenitic stainless
steels; this analysis focused primarily on the weighted average of the channel height, though some
dislocation channel spacing measurements were under taken [100]. The dislocation channel
spacing was observed to vary with alloy but increase with dose at a bulk strain of 3%: ranging
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between 4.5 and 8.0 um for 1 dpa and 7.8 and 10.0 um for 5 dpa. The weighted average channel
height increased with increases in either strain and/or irradiation dose. The variation in channel
height between alloys also appeared to be correlated with the stacking fault energy (SFE), though
this was suggested to be due the effect of SFE on the resultant irradiated microstructure [8,100].
Nishioka et al. examined the localized deformation following the neutron irradiation of a cold-
worked 316 stainless steel at doses of 4, 35 and 73 dpa [103,105]. In this study the spacing between
dislocation channels was measured following the straining to 2-3% at 300°C. The average channel
spacing was observed to increase from 1.3 to 2.2 um from 4 to 35 dpa [103], but remain constant
at an average spacing of 2.2 um at a dose of 73 dpa [105]. While there appears to be a degree of
variability in the characterization of dislocation channels between institutions, alloy, and
irradiation the results for individual conditions are comparable in that the localized deformation

becomes more significant in austenitic stainless steels with increases in dose and strain.

2.3 lrradiation-Assisted Stress Corrosion Cracking

Irradiation-assisted stress corrosion cracking (IASCC) describes the premature cracking
and later failure of materials in a corrosive environment which is either induced or accelerated by
the presence of ionizing irradiation [106]. The occurrence of this phenomenon has been most
prevalent in the structural components of LWRs, where it has been shown that irradiation, even to
dose as low as 1 dpa, can significantly alter the mechanical properties and microstructures of
austenitic stainless steels, as seen by Figure 2.8 and Figure 2.11, and increase the susceptibility of
these alloys to intergranular stress corrosion cracking. Table 2.3 lists a history of environmentally-
assisted cracking incidents in BWRs [107], where it can be seen that early on failures were limited
to very susceptible regions, i.e. fuel cladding and sensitized components, whereas in current times
IASCC failures are observed in un-sensitized core internals. Despite the number of incidents that
have occurred during reactor service, initially corrosion was not considered as a serious problem
during the design of LWRs. Austenitic stainless steel, the primary structural material used in
LWRs, was expected to have a low rate of general corrosion, due to the formation of a strongly
passive oxide film. Furthermore, it is likely that initial laboratory experiments underestimated the
high stress environment in nuclear reactors, as well as the factor of time, as crack initiation can

take up to 25 years [108]. Due to the importance of IASCC-related failures in limiting the
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operational lifetimes of the current LWR fleet, it is imperative to understand the processes through

which IASCC develops in response to the environment and material parameters.

2.3.1Environmental Effects

Environmental effects play an important role in the initiation and propagation of cracks in
LWRs; the role of the environment can be broadly separated into two categories: water chemistry
and radiolysis. The water chemistry refers to the prepared chemistry of the feed water to the reactor
and varies primarily based on reactor type. Radiolysis is the primary influence of irradiation on
the water chemistry and includes the dissociation of water into several new molecular, ionic and
radical products [2,109-112]. Many of these products are either oxidizing or reducing, and hence
their relative concentrations can influence the corrosion potential of materials in the environment
[109,110,112].

2.3.1.1 Water Chemistry

Water chemistry refers to the prepared chemistry of the feed water that is used within the
nuclear reactor. Currently there are three distinct environments that are used in commercial
reactors: BWRs use one of two chemistries referred to as normal water chemistry (NWC) and
hydrogen water chemistry (HWC), while PWRs use a third distinct water chemistry. While the
specific chemistry used may vary from plant to plant, Table 2.4 outlines the main parameters of
the individual chemistries [113]. Across these chemistries the primary differences are varying
concentrations of dissolved oxygen and hydrogen, which are interlinked. Furthermore, the PWR
chemistry operates at higher temperatures and pressures, and has boron and lithium additions. It is
also seen that the electrochemical corrosion potential (ECP) varies for each environment; while
there are several parameters that change the corrosion potential [114] the most important
contributor is the dissolved oxygen content, which is seen to increase ECP with increasing
concentration [112,114-116], this effect can be seen in Figure 2.14. It has been observed that
lowering the ECP is a key factor in reducing the IASSC susceptibility of stainless steels in high
temperature water, as seen in Figure 2.14. One effective method of reducing the ECP, is through
the addition of hydrogen to the feed water. Increased hydrogen content promotes the

recombination: 2H, + Oz = 2H>0, effectively decreasing the oxygen concentration and lowering
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the ECP [109,114-116]. However, it takes a large amount of hydrogen additions to effectively
reduce the oxidants, which increases expense, as well as initiating several side effects, including
adjusting the oxide structure and increasing radiation fields [113-115]. As PWRs run high
concentrations of hydrogen, boric acid is added to act as a neutron absorber and reduce the
radiation field. As this addition creates an acidic environment, lithium hydroxide (LiOH) is added
to balance the pH and maximize the lifetime of steam generators, which is optimized in a slightly
alkaline environment. LiOH is chosen over other basic solutions due to its low solubility and
presumed negligible effects on corrosion [113]. While these additions are effective in reducing the
increased radiation fields from hydrogen additions, the specific effects on how they may influence
corrosion has not been well studied.

It is observed that water chemistry is a critical factor in determining the susceptibility of
austenitic stainless steels to intergranular corrosion [117], in both irradiated and unirradiated states.
Generally, the susceptibility of an environment can be most fully predicted by its resultant ECP
[112-116]; which in turn is influenced by a wide range of parameters. Perhaps the most effective
method in decreasing the ECP of an environment is to increase hydrogen content, which in turn
reduces the dissolved oxygen through the recombination to water; this method has been proven to
reduce the intergranular susceptibility in both HWC and PWR water chemistries [112-114].
However, this increased hydrogen concentration can introduce additional factors not accounted for
through the ECP, such as altering oxide formation and increasing radiation fields [113]. To combat
some of these additional factors, boron and lithium additions are added to PWR chemistry, which
can possibly lead to further problems regarding crack initiation and oxide stability [118-120].
Furthermore, the concentration of additional solutes in the feed water, such as sodium, chloride,
and even lead, can have wide ranging effects and lead to enhanced cracking susceptibility, though
initially present in very small concentrations [113]. Nevertheless, new developments such as the
use of zinc additions to the feed water and Noblechem have recently proven useful in reducing
ECP and cracking susceptibility [121,122] thus reducing the effect of the water environment on

cracking susceptibility and decreasing the lifetime limitations of current reactors due to IASCC.
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2.3.1.2 Radiolysis

Radiolysis creates new oxidizing and reducing species through the dissociation of water
under irradiation, as such these new products can increase the ECP and hence influence the
cracking susceptibility of an environment [109]. While the amount of radiolytic species created by
irradiation varies on multiple factors, their concentrations can be estimated as proportional to the
square root of the radiation flux for pure water [2]. While these radiolytic products can potentially
increase the ECP, the production of oxidizing products is severely limited by the hydrogen content
in the feed water [109]. Thus the production of radiolytic products is not considered a major issue
in PWR and HWC, as the ECP is effectively unchanged from equilibrium [2,109]. However, these
radiolytic products do tend to increase the ECP of NWC due to the low concentration of reducing
agents, thus the potential for corrosion in NWC environments can be further enhanced by
irradiation. Overall, the effect of radiolysis on corrosion appears to be captured by its effect on
ECP, which is negligible in environments containing Hz, but further increases the ECP of oxidizing
environments [2].

The effect of irradiation on the localized environment present in the crack tip has also been
considered; however, due to the complete oxygen consumption at the crack tip [123], the ECP at
the crack tip is reduced from the bulk water chemistry, thus the increased ECP from radiolysis
products is minor in comparison. Some radiolytic products, H>O> in particular, have been proposed
to have a direct effect on corrosion at the crack tip, i.e. one not fully captured by ECP, but crack

initiation or crack propagation data has not yet been found to support this theory [3]

2.3.2Microchemical Effects

Microchemical effects entails the effect that alloying and solute additions can have on the
susceptibility of a material to IASCC. These effects can be broadly divided into three areas: first
the initial composition of the material, and secondly the irradiation effects of transmutation and

radiation-induced segregation.
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2.3.2.1 Material Composition

The initial composition of an austenitic stainless steel can have a wide ranging effect on
the specific susceptibility of a material to IASCC [8,33,124-126]. However, it is somewhat
difficult to compare directly the specific effect of alloy composition across varying studies as this
contribution may be lost in other differences, such as irradiation condition and testing environment.
A study by Jiao and Was [8] compared the cracking susceptibilities of several different alloys
under the same irradiation conditions and environment. Their results showed two trends: first, that
commercial purity alloys, such as CP 304, have higher cracking susceptibility than high purity
alloys; second, that as the chromium and nickel content of the alloy increases, its cracking
susceptibility appears to be reduced [8]. These trends have been observed in other literature as
well, with intergranular cracking being observed to decrease at high chromium contents [2,36] and
with high purity alloys having less cracking susceptibility than their commercial purity
counterparts [12,124-126]. Note that the effect of material composition can also be dependent on
the water environment, for example increasing chromium content is more important in reducing
the cracking susceptibility in highly oxygenated environments, and less so under hydrogenated
conditions [117]. In summary, it can be seen that increasing the nickel and chromium content [2,8]
and removing excess impurity concentrations [12,124-126] from an alloy will decrease its IASCC
susceptibility, though there have been exceptions [127,128]. It must be noted that these changes
may simply increase the resistance to IASCC, for example, requiring a higher threshold dose to
initiate cracking, but do not entirely remove the IASCC susceptibility.

2.3.2.2 Transmutations

The irradiation-induced transmutation of elements describes the conversion of an element
or isotope into another. In reactor conditions this will often occur through a nuclear reaction in
which an energetic neutron collides with a nucleus. In relation to the IASCC susceptibility,
transmutation is of interest due to its production of helium, which may cause embrittlement, as
well as encourage void and bubble nucleation [2,65,109]. Transmutation reactions also often
generate hydrogen as well; however, as hydrogen is highly mobile in stainless steels at LWR

temperatures, this generation is quite minor in comparison to the flux of hydrogen through the
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exposure of the material to the reactor coolant. As discussed earlier, void nucleation occurs
predominately at temperatures higher than that of LWRs, making the stabilization of void embryos
from helium an important issue during weld repair operations, during which both voids and
bubbles may form in the heat-affected zone. As such at LWR operation temperatures, the effects
of helium and hydrogen cannot be linked directly to an increased IASCC susceptibility of the
materials, though their presence will cause embrittlement, leading to an increased yield strength
and hardness, as well as reducing the fracture toughness of the material [2,109]. While helium is
relatively immobile at LWR temperatures, boron has been known to thermally segregate to grain
boundaries [2,35,36], thus the helium will also tend to be located close to the grain boundary upon
transmutation, thus enhancing the embrittlement of the material at the grain boundary, leading to
an increased probability of intergranular fracture [109].

In addition to the production of helium and hydrogen, there are several secondary effects
of transmutation that may influence IASCC susceptibility. Lithium can be produced from boron
transmutation in addition to helium; existing as a liquid at LWR temperatures, lithium can decrease
the cohesive strength of grain boundaries [129] or enhance crack growth rate through an
exothermic, hydrogen-producing reaction with water at the crack tip [55]. Furthermore,
transmutation reactions of manganese can lead to the dissolution of MnS precipitates thus releasing

sulfur back into the matrix, increasing IASCC susceptibility [55].

2.3.2.3 Radiation-Induced Segregation

Radiation-induced segregation involves the redistribution of both solute and primary
alloying elements, thus creating localized changes in composition at point defects, including grain
boundaries. As IASCC involves the failure of a material through intergranular cracking and as RIS
adjusts the localized composition at those same boundaries, it would not be unreasonable to
suggest a correlation. However, as RIS involves both the enrichment and depletion of multiple
elements simultaneously, it can be difficult to attribute a change in IASCC susceptibility to the
RIS of a specific element, and synergistic effects between the segregation of different elements
can lead to even more complex behavior. Despite these complexities, radiation—induced
segregation is perhaps the most studied irradiation induced phenomenon in austenitic stainless
steels [31-39,117,130-132].
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For austenitic stainless steels, chromium will deplete from the grain boundary and point
defect sinks under irradiation. As chromium is the most important alloying element in creating the
passivating film that leads to the well-known corrosion resistance of stainless steels, its depletion
from the grain boundary under irradiation has traditionally been considered the primary reason for
the increased susceptibility of these alloys to intergranular cracking. This is largely due to prior
studies involving the chromium depletion from the grain boundary during sensitization, through
the formation of grain boundary carbides under high temperature annealing, which has been
historically linked to excessive grain boundary corrosion [32,36,133]. However, an important
difference between radiation-induced chromium depletion and that from sensitization is the width
of the depleted zone: under RIS the depleted zone is on the order of 10-20 nm [36], as seen in
Figure 2.5, whereas the depleted zone is between 200-300 nm following sensitization
[2,16,36,133]. Due to this difference, the dependence of IASCC on grain boundary chromium
depletion is much different from that observed from sensitization studies on non-irradiated
materials, as seen in the lack of correlation between the amount of cracking and grain boundary
chromium content shown in Figure 2.15. Almost no correlation can be drawn regarding the
interdependence of chromium depletion and IASCC susceptibility, aside from the fact that there
appears to be a maximum chromium content of ~18 wt.% above which the alloy is not susceptible
[2], while there is not a corresponding minimum content below which a material will have a
guaranteed susceptibility to IASCC. Another argument against the effect of chromium depletion
on IASCC susceptibility is the influence of pre-irradiation heat treatments; these treatments can be
designed to enrich the grain boundary chromium content prior to irradiation, thus lessening the
impact of the subsequent chromium depletion under irradiation. However, even though the
materials that received the pre-irradiation heat treatment showed less chromium depletion
following irradiation, they actually exhibited a higher IASCC susceptibility [130]. Thus it can be
said that while chromium depletion likely influences the IASCC in austenitic stainless steels, it
alone is not sufficient to cause IASCC [54]; except in cases of highly oxygenated water, in which
chromium depletion has been directly correlated to increased IASCC [117].

Silicon is observed to heavily segregate to the grain boundary under irradiation, and as a
solute addition it appears to have a mixed effect on an alloy’s IASCC susceptibility by
simultaneously enhancing the segregation of chromium and nickel, lowering the yield strength,

and increasing elongation [124,126]. However, it has more recently been observed that silicon
27



segregation appears to continue increasing with dose, as seen in Figure 2.16, up to ten times the
initial concentration [54]; this is different from other solute elements which appear to reach a
maximum threshold of segregation [36]. This continued segregation is expected to enhance the
formation of silicon-type precipitates (y’ and G-phase) [2,45,50] and further increase the
susceptibly of silicon-containing alloys, particularly at higher dose levels [2,54]. The increase in
the grain boundary segregation of silicon is observed to have a detrimental impact on the grain
boundary oxidation under exposure to a high temperature water environment in many studies
[134-136]. This has been linked to both the enhanced grain boundary oxidation, as silicon has a
lower oxidation free energy than other common alloying elements in austenitic stainless steels
[134], and the fact that silicon oxide preferentially dissolves in high temperature water
environments [136] by the oxidation reaction:

Si 4+ 2H,0 = Si0, + 4H™ + 4e™, (2.7)
which is described by a Nerst equation at 288°C of:

E, = E° —0.111 pH — 0.0278 log(as;), (2.8)
where E, is the equilibrium potential, E° is the standard electrode potential (-1.08 V), and as; is the
atomic concentration of silicon [137]. The equilibrium potential for a typical stainless steel alloy
at 288°C is less than the corrosion potential of both NWC and HWC environments, verifying that
silicon is expected to oxidize into SiO2, which would subsequently dissolve in exposure to high
temperature water. The silicon oxide dissolution kinetics should be heavily dependent on the
overpotential between the environment and equilibrium potential, thus increasing with both silicon
concentration and the corrosion potential of the environment. Interestingly, the role of silicon
segregation in enhancing IASCC susceptibility, is most evident in reducing environments, i.e.
HWC or PWR, with minimal effects in oxidizing environments, i.e. NWC [135]. Nevertheless, the
possible role of an enhanced grain boundary silicon in increasing IASCC susceptibility cannot be
dismissed.

While chromium depletion and silicon enrichment are perhaps the most studied elements
regarding the response of IASCC to RIS, it is well known that other minor solute elements also
segregate under irradiation. Manganese additions are seen to deplete rapidly from the grain
boundaries during irradiation, but the effect on IASCC seems to be negligible. Sulfur enriches

under irradiation, and appears to enhance IASCC susceptibility [124], particularly at high doses
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[138]. The effect of this sulfur segregation appears to be mitigated at low doses by high relative
concentrations of carbon and manganese [138]. Phosphorus seems to enrich under irradiation, but
is relatively minor in comparison to thermal segregation; due to the prior thermal enrichment and
its low bulk concentration, changes are difficult to detect [54]. As a synergistic effect the presence
of phosphorus has been observed to decrease the grain boundary enrichment of nickel under
irradiation [31]. Molybdenum depletes from the grain boundary during irradiation, but should have
little impact on IASCC, though it may increase susceptibility in certain corrosive environments.
Helium has low mobility under reactor conditions, but it will likely be enriched at grain boundaries
due to the transmutation of boron [54]; this presence of helium should increase IASCC
susceptibility [109], but its actual effect is difficult to measure. Boron, carbon, and nitrogen are
believed to enrich under irradiation, however, their low bulk concentration and small atomic size
make their effects on IASCC difficult to characterize [36,54]. These minor elements are s to
suspected to have a more pronounced effect on IASCC susceptibility via coupling mechanisms
with the larger elements [36,54]. Thus, while the presence and segregation of various minor
elements may either enhance or mitigate IASCC susceptibility, the occurrence of IASCC cannot
be directly linked to any single element. As such, while radiation-induced segregation may
certainly influence the IASCC susceptibility of a material; RIS alone is not responsible for the

phenomenon.

2.3.3Microstructural Effects

Microstructural effects entail the effect that physical treatments and irradiation-induced
changes can have on the susceptibility of a material to IASCC. These effects can be broadly
divided into three areas: conditioning of the steel prior to irradiation, irradiation hardening,

including defect populations, and change in the deformation mode.

2.3.3.1 Steel Conditioning

During the manufacturing of austenitic stainless steel products there are various treatments
which may be undertaken to adjust the mechanical properties of the material. Two common
treatments used in the industry are cold-working and annealing, both of which have the propensity

to adjust the behavior of the steel under irradiation, and hence influence its IASCC susceptibility.
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It should be noted that these effects are most evident as lower doses before the irradiated
microstructure saturates, after which both cold worked and annealed steels exhibit similar
microstructures [2] as observed in Figure 2.17 [48]. Note that Figure 2.17 shows data from fission
neutron irradiations at ~400°C, thus this saturation of the dislocation microstructure would be
expected to occur at a higher dose under LWR conditions.

Cold-working is a process generally used to increase the hardness and yield strength of
steel, and is undertaken through the deformation of the material, commonly by rolling, which
introduces a dislocation network. This dislocation network in turn strengthens the material by
resisting the movement of dislocations under further stress. It has been shown in unirradiated steels
that increased amounts cold working can lead to enhanced crack growth rates in simulated BWR
water tests at 288°C [54]; however, under irradiation cold work has been shown to suppress the
formation of radiation defects, particularly voids [2,139], as the dislocation network acts as a sink
for the radiation-induced vacancies and interstitials, hence promoting their recombination [123].
It has also been observed that under irradiation to high doses the dislocation network created by
cold working is replaced by an irradiated microstructure dominated by loops and small defect
clusters [2,48,140]. Furthermore, some types of cold work, particularly surface grinding, can lead
to enhanced crack initiation and thus IASCC susceptibility [123,141]. Nevertheless, recent
experiments have shown that cold working may still influence IASCC susceptibility, even at
higher doses, whereas the 1G% of the fracture surface is seen to decrease with increasing
unirradiated yield strength, which is representative of the level of cold work [12].

Annealing treatments are often performed on steels after the initial manufacturing to
normalize the grain structure and remove residual dislocations; in general, these treatments lead to
increased elongation, but decreased yield strength. As was seen in Figure 2.17, annealed steels
exhibit a very strong hardening response to irradiation, even at small doses, i.e. <1 dpa, this is
primarily because these materials have few sites for vacancy and interstitial recombination, leading
to a fast buildup of irradiation defects. As compared to cold-worked materials, annealed materials
typically show higher IASCC susceptibility, particularly at low doses, and a greater inclination for
the formation of irradiation defects and swelling [123]. Furthermore, excessive heat treatments,
particularly those which induce sensitization in the material, have been linked to increased IASCC

susceptibility under irradiation [130].
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2.3.3.2 Hardness and Yield Strength

As shown by Busby et al. the change in yield strength under irradiation for an austenitic
stainless steel can be linearly correlated to the increase in hardness, such that:
Ao, = 3.03 AH,, , (2.9)

wherein Ag,, is in MPaand AH,, is in kg/mm? [142]. Henceforth the effect of an increased hardness
and yield strength from irradiation will be considered identical. Under irradiation, austenitic
stainless steels undergo hardening in response to the formation of irradiation defects,
predominately dislocation loops, in accordance with the dispersed barrier hardening model
[54,79], as described previously. The effect of this increased hardening on IASCC susceptibility
can be seen in Figure 2.18 in which IASCC susceptibility (%I1GSCC) is seen to increase with yield
strength [61]. Note that this correlation only seems valid at both very low values (< 400 MPa) and
high values (> 800 MPa), wherein the data at the intermediate yield strengths shows a large amount
of scatter [54]. However, there is clear evidence to suggest that a high hardness alone is not
responsible for an increased IASCC susceptibility. Hash et al. performed a comparison of several
CP 304 tensile samples with the same nominal hardness, but different contributions from cold
work and irradiation; these samples ranged from 35% cold work and no irradiation damage to 0%
cold work and 1.7 dpa of damage [141], as represented in Figure 2.19. After testing in a simulated
NWC environment at 288°C, only the samples that received the highest irradiation dose displayed
cracking, suggesting that microstructure and not hardness is responsible for enhancing IASCC
susceptibility [54,141]. It can be further noted that annealing experiments have further confirmed
the lack of an exact correlation between IASCC and hardness [54,78,132,143], though these results
will be discussed later.

2.3.3.3 Defect Populations

It has been shown on numerous occasions that the hardening of a material under irradiation
is due to the formation of various defect clusters, including: dislocation loops, cavities/voids,
solute clusters, and precipitates [12,36,40,42,45,59,78,132,144]. In general, the formation of these
defect clusters is related to the hardening by the dispersed barrier hardening law [79], which has
been shown to accurately relate the resultant hardening from a particular microstructure [12,132].
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The development of the defect populations under irradiation can be seen in Figure 2.8, whereas
the increasing defect population is represented by the increasing yield strength [54]; it can be seen
that the defect population continues to develop up to ~5 dpa at which point it appears to stabilize.
Due to this relation between the radiation hardening and the defect population, the dependence of
IASCC susceptibility on the defect population can be viewed as identical to the dependence of
IASCC susceptibility on the hardness/yield strength. While there may be specific effect of different
defect types on IASCC susceptibility, these relations cannot currently be drawn as the differing
defects develop simultaneously under irradiation, thus making their separation exceedingly
difficult.

2.3.4Localized Deformation Effects

As previously discussed, the deformation mode of austenitic stainless steels can change
significantly with irradiation [21,90,99,145]. The homogeneous deformation in the unirradiated
state is replaced by a heterogeneous deformation at higher doses as the irradiated microstructure
impedes dislocation movement. The plasticity becomes localized to narrow channels (< 100 nm)
that have been cleared of defects by preceding dislocations, thus providing a preferred path for the
movement of subsequent dislocations [2,92-94,146]. This dislocation channeling can cause
localized necking and a sharp reduction in the uniform elongation [2]. Of particular interest to
IASCC susceptibility is that there are also many possible interactions between dislocation channels
and grain boundaries, as shown in Figure 2.20 [10]. These dislocation channels act as a pathway
to feed dislocations into a localized portion of the grain boundary, which will pile-up and develop
an additional stress field at the grain boundary intersection if they are unable to transmit across the
grain boundary [9,146-149]. This pile-up stress has been both shown by both simulation and
experiment to be up to twice the applied stress [95,148,149]. The extent of localized deformation,
as defined by the channel height, has also been closely related to a material’s IASCC susceptibility,
shown in Figure 2.21. This study by Jiao and Was found that the dislocation channel height best
defined an alloy’s susceptibility; much better than several other parameters, including: stacking
fault energy (SFE), hardness, and grain boundary chromium RIS [8]. Jiao’s results confirmed
earlier modeling results that predicted that larger dislocation channels would produce larger

normal stresses at the channel intersection, thus making the material more sensitive to intergranular
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cracking [97]. More recent studies have more directly linked crack initiation to the pile-up stress
present at discontinuous channels [5,7,9,147,148], with discontinuous channel-grain boundary
interaction sites being much more likely to initiation cracks, as shown in Figure 2.22 [7]. However,
while it has been widely shown that an increased degree dislocation channeling is linked to an
increased cracking susceptibility, the exact relationship between dislocation channeling and

IASCC are connected has not yet been conclusively proven.

2.3.5Current State of IASCC Knowledge

IASCC is a major problem for the current generation of nuclear reactors as the cracking
susceptibility of the structural materials, predominately austenitic stainless steels, increases
maintenance costs and reduces reactor safety, limiting the capability of the commercial reactors to
obtain an operational lifetime extension. As such it is imperative that the basic mechanisms of
IASCC be understood such that the problem can be better managed and that materials with lower
cracking susceptibility can be developed [150-152]. Perhaps the difficult part of understanding the
IASCC phenomenon is the difficulty in separating the contributions of varying effects, which
develop concurrently under irradiation, as shown in Figure 2.23 [3]. Under irradiation, the water
chemistry is adjusted due to radiolysis [110,111], the microchemical state of the material is
changed through transmutation [2,109] and RIS [31,38]. Simultaneously, the microstructure is
transformed due to the formation of defect clusters [59], dislocation loops [36], solute clusters [42—
44], precipitates [74,153], and voids [69]. These microstructural changes lead to localized
deformation in dislocation channels becoming the dominant deformation mode [8]. Furthermore,
not only is the phenomenon of IASCC complicated by the concurrent development of these
irradiation effects, as shown in Figure 2.24 [123], but also by the additional complexity of each
effect individually, for example the synergy of hydrogen and helium in void formation [65] or the
dependence of precipitate stability on RIS [50]. Due to these complexities, the defining mechanism
behind IASCC susceptibly has not yet been determined, though recent research has indicated an
inclination towards the fault of dislocation channeling [2,4,8,11,95,104,148], at least with regard
to crack initiation. Nevertheless, while correlations have indicated this relationship, there has been
limited definitive proof towards the responsibility of localized deformation in determining a
material’s ITASCC susceptibility.
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2.4 Post-Irradiation Annealing

As previously discussed, radiation damage in nuclear reactor core internals, and the
resulting IASCC, is a major problem threatening the effective lifetime of the current reactor fleet
[151]. There are several methods designed to reduce the effect of irradiation and the resulting
susceptibility to IASCC, such as new advanced materials [131,150-152,154,155] as well as
material treatments such as grain boundary engineering [152,156]. However, there is currently a
desire to extend the operating licenses of US reactors beyond their operational lifetimes of 40
years, which for most of the current US reactor fleet will be ending in the next few years. For the
operational license extensions to be made, the reactor vessel and core internals must be structurally
safe and dependable. The primary factor in lowering the lifetime of nuclear reactors is IASCC,
thus finding a way to eliminate, or at least mitigate, IASCC is a key ingredient in improving the
lifetime and reliability of the LWR fleet. As such an in-core mitigation technique is desired, using
the existing structural materials, predominately 300-series stainless steel, that are being employed
in the current commercial reactors. One such method of mitigating IASCC is PIA, a low-
temperature annealing process which can remove radiation-induced defects. Low temperature
annealing treatments are preferred to prevent the sensitization of the steels [14]. PIA has been
shown to reduce the irradiation defect populations, recover the ductility and work-hardening of
irradiated structural materials, and reduce or remove the IASCC susceptibility in laboratory tests
[47,54,57,78,143,157-168]; and while PIA has not been yet utilized for the treatment of reactor
core internals, i.e. austenitic stainless steel components, thermal annealing has been utilized for
reducing the radiation embrittlement in many VVER 440-type reactor pressure vessels,
constructed of low-alloy steel, from 1987 — 1993 [169].

2.4.1Removal of Defects

During post-irradiation annealing, the removal of unstable radiation defects, such as defect
clusters and dislocation loops [170], and compositional gradients such as those caused by RIS at
grain boundaries and solute clusters, will be determined by the equilibrium vacancy concentration
and the corresponding diffusion rate [163]. Furthermore, there will be a competition between the
removals of opposing defects based on the concentration of vacancies around each defect type.

The concentration of vacancies around each defect type will be based on the thermodynamic
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considerations, i.e. how much the defect increases the free energy of the system, while the removal
rate of a defect type will depend on kinetic considerations, referring to the relative size and
placement of the defects. While complete simulations of these processes are available in literature
[57,132,163,170], the main points will be outlined.

The vacancy supersaturation around a defect, Cq, will primarily depend on the effect of the
defect on the free energy of the system. For dislocation loops, this will be in relation to the
dislocation line energy, U, dislocation loop radius, rieop, and the stacking energy, I, such that:

Cd=Ceq*exp[—( v

+ g) b3 /kT] . (2.10)

bri00p

Where Ceq is the equilibrium vacancy concentration, b is the Burgers vector, k is the Boltzmann
constant, and T is the annealing temperature [170]. The segregation of solutes to sinks, whether
this be in the formation of solute clusters or RIS at grain boundaries, does not significantly affect
the free energy of the overall system, hence the removal of these defects under annealing is largely
driven by solute diffusion in accordance with Fick’s laws of diffusion [57]. As the dislocation loop
formation increases the free energy of the system more than segregation profiles, there will be a
larger driving force for the removal of dislocation loops under annealing as compared to that of
solute clusters or grain boundary RIS [57].

While thermodynamics are certainly an important part in the removal of defects during an
annealing treatment, kinetics must also be considered. These kinetic considerations refer to the
overall size of the defects, i.e. how many thermal vacancies are required to fully remove the defect,
as well as the distance that the vacancy travels before it encounters a radiation defect. Continuing
with the earlier comparison between dislocation loops and segregation profiles, it is seen that
dislocation loops not only require less vacancies per volume to be removed in comparison to RIS,
but that they are also more evenly dispersed throughout the material, meaning that they have an
increased likelihood of encountering thermal vacancies [163]. As such, dislocation loops are also
kinetically more likely to be removed than segregation profiles during an annealing treatment.
Figure 2.25 shows the simulation for the removal of both dislocation loops and RIS based on both
thermodynamic and kinetics, with respect to temperature [163]. Here it is observed that the grain
boundary chromium segregation is reduced by ~40%, by the time the dislocation loop population
is fully removed, regardless of annealing temperature [57]. This behavior is expected for most

radiation defects; defect clusters and dislocation loops will be removed preferentially to their larger
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and more stable counterparts, such as grain boundary RIS, solute clusters, precipitates, and larger

voids under annealing treatments [60,132,159].

2.4.2 Effects of Post-Irradiation Annealing

While simulations have shown that annealing treatments will reduce the irradiation defect
populations, and thus somewhat restore the material to its unirradiated state, quantitative
experiments must also be performed to better understand the evolution of these radiation defects
under annealing, as well as comparing the reduction of these defects to the IASCC susceptibility
of the material. To attain this understanding, data from various literature sources was compiled
[43,77,78,132,143,161,164-168,171] and analyzed. Before getting to the data, it is important to
note that the various sources utilized different annealing treatments regarding both temperature

and time, thus to normalize these parameters, they will be compared based on iron diffusion

distance:

d =Dt, (2.11)
where D is the iron self-diffusion coefficient and t is the annealing time. D is given by:

D = D,e /¥, (2.12)

where Q is the migration energy (2.95 eV), D, is the pre-exponential term (4.9 x 10° m?/s), and
T is the annealing temperature [78]. All later comparisons will be made based on iron diffusion
distance, which henceforth represents the severity of the annealing treatment, as calculated with

the above listed values.

2.4.2.1 Mitigation of IASCC Susceptibility

Perhaps the most important change to first examine with respect to the annealing treatment
is the change in the IASCC susceptibility, as indicated by the intergranular crack fraction (%IG).
The results for several cracking experiments for neutron irradiated specimens are shown in Figure
2.26, whereas the % remaining of the as-irradiated 1G fracture surface is used to measure the
recovery of the IASCC susceptibility. Note that although these materials have different material
compositions and levels of irradiation dose, as well as being tested in different water environments,

all the materials individually showed a decrease in IASCC susceptibility with increased iron
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diffusion distance. However, the rate at which the IASCC susceptibility was recovered, as well as
the total amount of the recovery seems to be dependent on the individual material and their
respective irradiations. Nevertheless, these results are indicative of the recovery of a material’s
IASCC susceptibility after a PIA treatment. However, it is also important to note that PIA can also
be used as a technique for separating the effects of different radiation effects due to the differing
recovering rates of defects under annealing, as was discussed earlier for the case of dislocation
loops and segregation profiles. As such it may be useful to examine the change in both
microstructural and microchemical features under annealing and compare those changes to the
corresponding adjustments in IASCC susceptibility. Thus, if the IASCC susceptibility recovers at
the same rate as the recovery of a specific irradiation effect, a possible relation would be highly

suggested.

2.4.2.2 Evolution of Irradiation-Induced Microstructure

Changes in the bulk material properties suggest an adjustment of irradiated microstructure
during the annealing treatment. Due to the impact of the irradiated microstructure on the material
properties, the recovery of these defects is expected to lead to a decreased hardness and yield
strength, as well as adjustments to the radiation-induced precipitates and the overall method of
deformation. As such these changes can be divided into four general categories: bulk hardness,
dislocation loops, solute clusters and precipitates, and deformation mode.

Under an annealing treatment the irradiation hardening of the material is reduced due to
the annealing of radiation defects, particularly dislocation loops and small defect clusters. The
change in the irradiation hardening with respect to the severity of the annealing treatment can be
viewed in Figure 2.27. Overall the data demonstrates a clear reduction in irradiation hardening
with increased annealing, indicating the recovery of the irradiation defects. However, it can also
be seen that a good correlation is not present between the mitigation of IASCC susceptibility and
the recovery of hardening. Though both are recovered with increased iron diffusion distance, the
IASCC susceptibility is fully recovered before the hardening; thus confirming the early
observations that irradiation hardening alone cannot be responsible for IASCC susceptibility [2].

As explained earlier, dislocation loops are expected to be removed quite rapidly under
annealing treatments [132]. This expected reduction of dislocation loops with PIA has been
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confirmed by TEM analysis of the microstructure [77,78,132,143,160]. As most of the dislocation
loops present in an irradiated austenitic stainless steel are interstitial loops, the primary method of
their removal under P1A is the recombination reaction of the interstitials in the loop with thermally-
induced vacancies in the matrix. This will lead to a decrease in the average loop size and density
with annealing [132]. The simplest method to measure the reduction in the dislocation loop sizes
and densities is to examine the overall reduction in the dislocation loop line length that is the
circumference of the average dislocation loop multiplied by the density. Figure 2.28 compares the
reduction in the dislocation loop line length and the reduction in irradiation hardening following
PIA for several neutron-irradiated austenitic stainless steels [77,117]. Overall, the dislocation loop
line length and irradiation hardening are reduced at relatively similar rates, however, there is some
residual hardening remaining after the dislocation loops have been fully removed. This correlation
seems to indicate that the dislocation loop populations contribute to most, but not all the irradiation
hardening.

While solute clusters and precipitates both certainly play a role in the overall hardening of
a material under irradiation, the stability of a precipitate is generally higher, as well as being a
more effective barrier to dislocation movement [78]. This increased stability seems to suggest
precipitates may be a primary contributor to the residual irradiation hardening observed after PIA.
Unfortunately, as y’ precipitates only form under specific conditions during LWR irradiation, the
influence of post-irradiation annealing on y’ precipitates have not been widely studied. However,
there are two recent literature references which studied the dependence of both y’ precipitates and
nickel-silicon solute clusters on annealing [43,78]. Both papers investigated samples irradiated
under similar conditions: a PWR environment to a dose of ~25 dpa; however, the materials and
techniques used were different. Toyama et al. studied the y’ precipitates in 304 stainless steel using
atom probe tomography (APT) [43], while Fukuya et al. studied cold-worked 316L using TEM.
The primary difference is that APT measures clusters of enriched silicon and nickel concentrations,
thus observing both solute clusters and precipitates, while TEM is only able to identify precipitates
with a specific y’ lattice structure. While the populations are expected to be similar due to the
similarity in irradiation, the results showed wide variations in Yy’ precipitate size and density, as
well as different responses to post-irradiation annealing. In general, the APT showed much higher
densities and sizes; whereas the TEM analysis was lower in size and density. Furthermore, as

shown in Figure 2.29, the APT analysis demonstrated a large change in size and density under
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PIA, with the clusters both dissolving and becoming more diffuse. The TEM analysis showed
relatively little change with annealing, seeming to indicate that nickel and silicon-enriched clusters
that have formed a lattice structure, i.e. becoming y’ precipitates, are much more stable than their
cluster brethren. While the recent literature reports seem to indicate a difference in annealing
behavior of nickel and silicon-enriched clusters and true y’ precipitates, more experiments are

required before the annealing behavior can be fully understood.

2.4.2.3 Localized Deformation

As discussed earlier, the level of localized deformation in an irradiated specimen has been
closely linked to its IASCC susceptibility [4,8,12]; however, despite this correlation there have not
been any definitive observations of the change in the localized deformation with respect to
annealing. The primary reason for this discrepancy lie in the timings of the studies: the effects of
PIA was predominantly studied more than 15 years ago, whereas the correlation between IASCC
and localized deformation has only been examined more recently. As such there is not currently
any data available to assess the change in localized deformation with respect to annealing, though
a recent resurgence in PIA research may change this in the near future [47,143,157]. For example,
recent work by Jiao et al. has indicated, at least qualitatively, that both the channel heights and
densities appear to decrease with annealing [143]. Thus, while annealing data correlating the
change in IASCC susceptibility and localized deformation is not currently available, it is expected

within the next few years.

2.4.2.4 Microchemistry

As was discussed earlier, there are three major microchemical effects that seem to have an
influence on the IASCC susceptibility of a material: the starting composition, transmutations under
irradiation, and RIS. Of these three, only RIS will possibly be adjusted under PIA; with the RIS of
chromium being the most widely studied. Thus, it is important to examine how the level of RIS of
solute elements changes under annealing, particularly regarding the changes in IASCC
susceptibility. Figure 2.30 compares the change in the as-irradiated chromium segregation and
IASCC susceptibility with respect to the iron diffusion distance [77,78,168,171]. It is easily seen

that while the chromium segregation remains relatively constant, only significantly decreasing at
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high iron diffusion distances, the IASCC susceptibility is removed rather rapidly. This reduction
of RIS being limited to high iron diffusion distances matches the earlier modeling of
thermodynamic and kinetic considerations [163], which suggested that the reduction of RIS would
only be preferred once most of the other irradiation defects are removed. However, it must be
noted that RIS of more minor solute elements, such as silicon, will be de-segregated more rapidly
under PIA treatments, due to their faster diffusion rates. Despite the improved diffusion rates, full
recovery of silicon segregation is still achieved after the full IASCC mitigation of the material has
been achieved under PIA treatments [78,132]. Overall, this correlation further indicates that
IASCC susceptibility is not dependent on the chromium grain boundary concentration [132],

though the role of more minor solutes is more inconclusive.

2.4.3 Annealing Characteristics

Annealing characteristics is meant to refer to the effect that changing the various annealing
parameters may affect the overall IASCC recovery of the target material. For this purpose, the
primary parameters are the annealing temperature and the annealing time. Perhaps the best source
for solely examining the effect of annealing temperature is Fukuya et al. which performed
annealing experiments at temperatures of 450°C, 500°C, 550°C, and 600°C all for a time period of
one hour [78]. The effect of these varying temperatures on the irradiated microstructure and
microchemistry, as well as cracking behavior, can be seen in Figure 2.31 and Figure 2.32. As seen
in Figure 2.31, annealing at an increased temperature typically leads to a lower defect density,
indicated by a higher removal rate; this is expected due to the increased concentration of thermal
vacancies that would be present at higher temperatures. Furthermore, Figure 2.32 demonstrates
that the IASCC susceptibility and irradiation hardening are also more rapidly removed during
higher temperature annealing treatments, whereas the increased temperature is indicated by the
increased iron diffusion distance. The effect of annealing time is even more straightforward as
increased annealing time leads to an increased removal of defects. However, recent work by Jiao
et al. has indicated that there may be a limit on the total amount of irradiation damage that can be
removed at a specific annealing temperature, as seen in Figure 2.33 [143]. This set of annealing
experiments indicates that the maximum hardness recovery for 500°C is approximately 40% of the
as-irradiated, 550°C annealing can reduce the hardness to 20% of the as-irradiated state and
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annealing at 600°C can lead to full recovery of the hardness. These results seem to indicate that
there may be specific irradiation defects which are more stable, such as precipitates, and hence
require a higher annealing temperature to be dissolved. It should be noted, however, that due to
the exponential dependence of the iron diffusion distance on the annealing temperature, this effect
is not unexpected. Iron diffusion distance remains as the best method to normalize annealing

treatments at different times and temperatures.

2.4.4Summary of Post-lrradiation Annealing

It has been shown that PIA treatments are extremely effective in reducing the IASCC
susceptibility, irradiation hardening, and, to a lesser extent, chromium RIS of neutron-irradiated
austenitic stainless steels. While the data shown thus far has been exclusively from neutron-
irradiated material, it is important to note that similar PIA studies on proton-irradiated material
shows an excellent comparison, as shown in Figure 2.34. Due to its increased ease in production
and handling, proton-irradiations have been effective in expanding the available data set, allowing
for a clearer examination of the trends with increased PIA treatments. Overall, IASCC
susceptibility is observed to decrease quite rapidly with annealing, while the removal of irradiation
hardening decreases more evenly with increased iron diffusion distance. Finally, the amount of
segregation of chromium to grain boundaries remains relatively constant, until most of the
irradiation-induced defects have been removed. PIA is an effective method of in removing the
IASCC susceptibility of irradiated austenitic stainless steels, as well as separating out the

individual impact of specific microstructural and microchemical features.
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Table 2.1. Common alloys of lean austenitic stainless steels [14].

Alloy Designation C N Cr Si Other Other Other
201 S20100 0.08 0.07 16.3 0.45 0.001S 0.03P 0.2 Cu
201 drawing S§220100 0.08 0.07 16.9 0.5 0.001S 030P 0.6 Cu
201LN S20153 0.02 0.13 16.3 0.45 0.001S 0.03P 0.5Cu
301 tensile S30100 0.08 04 16.6 0.45 0.001S 0.03P 0.3 Cu
301 drawing S30100 0.08 0.04 17.4 0.45 0.007S 0.03P 0.6 Cu
304 S30400 0.05 0.05 18.3 0.45 0.001S 0.03P 0.3 Cu
304 drawing $30400 0.05 0.04 184 045 0.001S 0.03P 0.3 Cu
304 extra drawing S$30400 0.06 0.04 18.3 0.45 0.001S 0.030P 04Cu
304L tubing S30403 0.02 0.09 18.3 0.45 0013S 0030P 04Ci
305 S30500 0.05 0.02 18.8 060 0.001S 0.02P 0.2 Cu
321 S32100 0.05 0.01 17.7 0.45 0.001S 0.03P 0.4Ti

316L S31603 0.02 0.0 16.4 050 0.010S 0.03P 0.4 Cu




Table 2.2. Common phases formed in austenitic stainless steel separated by class
of radiation-influenced development [48].

Radiation-enhanced/retarded

Radiation-modified

Radiation-induced

MsC, MC, M23Cs, Laves, o, 1

MeC, M2P, Laves

MsNi16Si7 (G), NisSi (y),
MP, M2P, M3P
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Table 2.3. Component failures by IASCC or IGSCC including reactor location,

alloy, and failure date [2].

Component and mode of failure Alloy Failure Date
Fuel cladding, IASCC 304 1960s
Furnace-sensitized safe ends, IGSCC 304, 182, 600 !
Weld-sensitized small diameter piping, IGSCC 304

Weld-sensitized large diameter piping, IGSCC 304

Furnace-sensitized weldments and safe ends, IGSCC 182/600

Crevice-induced cracking 304L/316L 1980s
Jet pump beams, IGSCC X750 !
Cold work induced IGSCC of “resistant” alloys 304L

Irradiated core internals, IASCC 304, 316

IGSCC/IASCC of low-carbon and stabilized stainless | 304L, 316L, 321, | 2000s

steels

347
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Table 2.4. Water chemistry parameters for commercial reactors: BWR-NWC,

BWR-HWC, and PWR [113].

Environmental Parameters BWR-NWC BWR-HWC PWR
Coolant Temp (°C) 288 288 320
Coolant Pressure (psig) 1020 1020 2420

pH (at 25°C) 6.0 6.0 7.0-7.2
Oxygen (ppb) 300-2000 <10 <5
Hydrogen (ppm) 0.4-3 3-5 (35 cc/kg)
ECP (mVshE) +150 <-230 -770
Conductivity (uS/cm) <0.1 <0.1 20.5

B content (ppm) 1000

Li content (ppm) 2-3

SO4- content (ppb) <3 <3 <3

CI" content (ppb) <1 <1 <1
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Figure 2.4. a) Dissociation of an edge dislocation (b) into two partial dislocations
(b2, b3) on a {111} plane in an FCC lattice structure. b) dissociation reaction
showing the separation of the partial dislocations by a stacking fault [19].
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Front view Side view

Figure 2.6. Close-up image of a solutes segregated to a dislocation loop. Only atoms
that exceed a specified local concentration are displayed: Si, 6.3 at.%; Ni, 23.0
at.%; Cu, 3.0 at.%; P, 2.0 at.% [42].
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Figure 2.19. lllustration of the dependence of cracking on irradiation hardening and

cold work. Hardening alone is insufficient in enhancing the IASCC susceptibility
of an alloy [2,141].
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Figure 2.26. Change in intergranular fracture percentage for neutron-irradiated specimens with
post-irradiation annealing time. Overall, IASCC susceptibility decreases with increased iron
diffusion distance, however, the rate and value of the decrease varies based on materials and
irradiation conditions [77,78,167,168,171].
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Figure 2.27. Recovery of the as-irradiated hardness for various neutron-irradiated materials, with
respect to the iron diffusion distance. A compilation of data representing the recovery of IASCC
susceptibility is also shown [77,78,166-168,171].
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respect to the iron diffusion distance, as compared to the reduction in the total dislocation loop line
length [77,78,166-168,171].

73



As-irradiated, 24 dpa, neutron

T
-

| Pl
‘b ’..v‘
A
[ ™
- Lo
%

*

.\

N e
-

PIA: 400°C for 6 hours

o,
™
o, & in

PIA: 500°C for 3.5 hours

-

-
R T

e

O iy
T SRR e
R
[ TR

PIA: 500°C for 6 hours

Figure 2.29. Change in the silicon distribution, with increasing iron diffusion distance (left to
right). Initially the clusters appear to be quite densely concentrated, however, with increased

annealing temperature and time they become larger and more diffuse [43].

74



120_"""'| R R AL LR T T T LR ]
I e |IASCC ]
2 I A Chromium RIS ]
£ 100 - * R
[43]
= I N ]
&
5 A
c 80 - _
] A ; A
= L 2
c L & J
S8 60 L . . ]
D I B ]
© I . ¢ -
T 40 | ]
E IR o _
&
<L L i
5 20 f ]
- I ]
’ -
0 - * * » * .
I | L | AR | ! L Lo ol L s 1o sl |
107" 107 10°° 10°®

Iron Diffusion Distance (m)

Figure 2.30. Change in the grain boundary chromium concentration for neutron-irradiated stainless
steels with increasing iron diffusion distance. It is relatively clear that the chromium RIS remains
quite high (>60%) when the IASCC susceptibility is fully removed [77,78,167,168,171].
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Figure 2.31. Adjustment in the irradiation defects, both average size and density, at different
annealing temperatures. In general, the average density is reduced with increased temperature [78].
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Figure 2.32. Adjustment in several irradiation effects with increased annealing
temperature, which correlates with an increased diffusion distance [78].
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CHAPTER 3 - OBJECTIVE AND APPROACH

The objective of this thesis is to determine the processes responsible for the mitigation of
IASCC susceptibility following PI1A for a BWR-irradiated austenitic stainless steel. A hypothesis
for the responsible processes for the mitigation of IASCC susceptibility is presented as follows:

Post-irradiation annealing treatments will remove a significant portion of irradiation
defects, thus increasing the homogeneity of deformation through a reduction in the degree of
dislocation channeling. This change will reduce the localized stress at grain boundary-channel
intersections, and thus lower the overall IASCC cracking susceptibility.

To determine these interlinked processes, a thorough analysis of the irradiated
microstructure and its evolution with PIA treatments is necessary. Secondly, the relationship
between the irradiated microstructure and the localized deformation must be unveiled. Finally, the
relation between the strain homogeneity and IASCC susceptibility will be determined.

To identify the influence of the PIA treatments on the irradiated microstructure, it is
necessary to characterize both the as-irradiated state and that following significant annealing
treatments. This analysis would monitor the evolution of dislocation loops, precipitates, and solute
segregation, both at grain boundaries and within solute clusters. As the irradiated microstructure
influences the overall mechanical properties of the material, closely examining the progression of
both the dislocation loops and solute clusters over a broad range of annealing treatments will lead
to new insights. Additionally, through modelling the dislocation interaction of various irradiation-
induced defects a more fundamental understanding of their barrier strengths will be determined,
the association between solute clusters and dislocation loops will be closely examined. Identifying
the evolution of the irradiation-induced defect microstructure after post-irradiation annealing will
be critical in understanding the later changes in the mechanical deformation and IASCC
susceptibility.

To determine the impact of the evolved microstructure, the IASCC susceptibility of the as-

irradiated and annealed conditions will be determined. This will be accomplished through tensile
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straining the as-irradiated and PIA conditions in a susceptible environment: simulated BWR-
NWC. To fully encompass the mitigation of the IASCC susceptibility following annealing
treatments, the analysis will consist of three factors: strain till crack initiation, final strain to failure,
and final intergranular fracture surface, i.e. %IG. To better understand the initiation phenomena,
stress corrosion cracking experiments will also be performed on 4-point bend specimens, whose
unique geometry limits the surface area for crack initiation as well as retarding crack growth. The
completion of these straining experiments in a simulated reactor environment will provide the
baseline IASCC susceptibility of the as-irradiated condition and the effectiveness of the PIA
treatments in mitigating IASCC susceptibility.

Due to the previously observed relations between localized deformation and the IASCC
susceptibility of a material, understanding how the deformation evolves with post-irradiation
annealing treatments is critical. The strain homogeneity can be identified through incremental
straining experiments, thereby directly relating the specific microstructure of a PIA condition to
the result degree of localized deformation. Of an equally critical importance is the specific degree
of localized deformation that may result in IASCC susceptibility; by precisely characterizing the
channeling near crack initiation sites, new insights may be identified.

The study and analysis of these three focuses will result in a thorough understanding of the
modification to the irradiated microstructure, localized deformation, and IASCC susceptibility due
to the post-irradiation annealing treatments. Furthermore, this systematic study will seek to
highlight the compounding relations of the irradiated microstructure on the strain homogeneity
and the threshold limits between strain homogeneity and IASCC susceptibility. Understanding the
processes responsible for the mitigation of IASCC susceptibility will provide insight into the

underlying processes and causes of IASCC.
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CHAPTER 4 - EXPERIMENTAL PROCEDURES

4.1 Materials and Specimen Preparation

The specimens used for this research were obtained through Studsvik Nuclear AB, having
been originally irradiated during the operation of the Barsebéck 1 BWR in Sweden as Control Rod
#1690, from 1975 to 1999 [172]. This section outlines the composition and irradiation history of
the as-received material, as well as the post-irradiation annealing treatments used for this research.
Also described are the individual specimen geometries and preparation methods utilized for this

research.

4.1.1 Alloy Composition, Irradiation, and Mechanical Properties

Control Rod #1690 was manufactured by ASEA-ATOM (now Westinghouse Electric
Sweden AB) of 304L stainless steel, heat number C47576, by Vereinigte Edelstahlwerke AG and
was delivered in a solution-annealed condition; no other heat treatments were performed during
the fabrication of the control rod. The mechanical properties of the unirradiated material were
examined at both room temperature and 300°C, as shown in Table 4.1; the measured mechanical
properties are typical of a solution-annealed 304L austenitic stainless steel. The chemical
composition of the material is shown in Table 4.2, in which the compositions are given in weight
percent (wt. %). The chemical composition was determined both by ladle analysis of the non-
irradiated material during fabrication [172] and by an APT characterization of the irradiated
material [173]. The two chemical compositions are quite comparable, except for trace
concentrations of both aluminum and copper observed by the APT analysis, elements which were
not examined in the original ladle analysis.

Control Rod #1690 was used in the operation of the Barsebdck 1 BWR in Sweden but was

withdrawn from the core for the entirety of its use, from 1975 to 1999. As such, the material was
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exposed to a lower neutron irradiation flux than normal for a commercial reactor, eventually
receiving an equivalent dose of 5.9 dpa. A summary of the irradiation history is shown in Table
4.3; the neutron flux was calculated by Barsebéck personnel using in-core fuel management code
POLCA [172]. Following the irradiation of Control Rod #1690, two tensile experiments at 288°C
were completed at Studsvik Nuclear AB on duplicate specimens, the results of which are shown
in Table 4.4. As compared to Table 4.1, a large increase in yield stress from the irradiation is

observed.

4.1.2 Post-Irradiation Annealing Treatments

PIA treatments were conducted in an air furnace at varying times and temperatures: 450—
600°C for 1-20 h; a total of twelve different time-temperature combinations were performed. These
times and temperatures were selected to examine the full spectrum of the hardening recovery under
annealing, based on prior literature results [166]. The furnaces used for the annealing treatments
demonstrated a high temperature stability and displayed a good agreement between the built-in
and secondary thermocouple used to monitor the interior temperature. To limit the oxidation of
the specimens during the annealing treatment, they were first loaded into a small folder constructed
of a stainless steel foil, which would act as an oxygen getter. These folders were inserted into the
furnace once it was stabilized to the desired temperature, and the annealing time was recorded to
begin at the point at which the internal temperature returned to 95% of the desired temperature
after closing the furnace door, which generally took 3-5 minutes. After the desired annealing time
was reached, the furnace was opened, and the stainless steel folders were then removed and
allowed to air cool back to room temperature. All annealed specimens were removed from the
furnace within £2 min of their desired timing. Table 4.5 outlines the entire list of irradiated

specimens that were utilized for this research as well as their applied annealing treatments.

4.1.3Tensile Bar Specimens and Preparation

Studsvik Nuclear AB provided documentation detailing the initial fabrication of the
irradiated tensile specimens [172]. A total of 12 tensile samples were delivered, 6 of which were
used for this research. The tensile samples were machined by wire-cut electro discharge machining
(EDM) in accordance with the design, shown in Figure 4.1, with final dimensions shown in Table

4.6. Note that methods to remove the recast surface layer resulting from the EDM process were
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not attempted prior to shipment [172]. To ensure the later success of crack initiation testing on the
constant extension rat test (CERT) tensile specimens for this project, multiple preparation steps
were first required. Due to the high dose rates of the tensile specimens, all preparation work was
completed at the Oak Ridge National Laboratory (ORNL) hot cell facilities, largely using
manipulators. The difficultly of completing the preparation work is exponentially increased within
the hot cell facilities.

Prior to the annealing treatment of the designated tensile specimens, it was necessary to
complete several cutting operations on the heads of the tensile specimens. The goal of these cutting
operations was three-fold: first, the cutting removes ~50% of the specimen mass, thereby reducing
the total dose rate; second, the cutting operation creates several small specimen slices that can be
used to analyze the pre- and post-annealed hardness of the tensile specimens. Third, these slices
cut from the ends of the tensile specimens can later be fabricated into specimens for 4-point bend
experiments, as later described in Section 4.1.5. This cutting operation was completed using a
Buehler™ slow speed saw with an abrasive diamond blade, to cut slices 1-2 mm thick
perpendicular to the tensile bar length. Due to the requirement of completing this cutting operation
in the ORNL hot cells with manipulators, there was a large degree of variation in the thickness of
the cut slices.

Following the cutting operations on the tensile specimens, the required annealing
treatments were performed using the procedure described earlier in Section 4.1.2. Note that one of
the cut slices was included in the stainless steel folder with the tensile specimen to match the exact
annealing conditions and later measure the reduction in material hardness. The specific heat
treatment that each tensile specimen received is recorded in Table 4.5.

During the original machining of the tensile specimens, EDM was used to cut the parallel
flats on opposing sides of the gauge section. EDM leaves a thin, amorphous recast layer, which
may affect the cracking behavior in a simulated BWR-NWC environment. As such, the gauge
section flats were mechanically polished to remove the EDM recast layer. Due to the use of
manipulators, both tensile heads were first clamped in a small vice, to prevent any possible
bending, and a polishing paper was carefully moved across the gauge flats. An 800-grit sandpaper
was first utilized to remove the EDM layer, while a 1200-grit paper was utilized to prepare the
surface for a later electropolishing. The removal of the EDM layer was monitored by the usage of

an in-cell camera.
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Electropolishing was completed on the tensile specimens to create a final surface finish
satisfactory for CERT testing in a simulated BWR-NWC environment. The electropolishing
operation was completed in the hot cell fume hood. The electropolishing setup was quite simple,
consisting of a power supply, a grid cathode, and a beaker of electrolyte. The electropolishing was
completed at a potential of 30 V at 20°C in a Struers A2™ solution. A single electrochemical
polishing step was applied for 15 seconds, and each tensile specimen underwent at least 4 steps,
rotating the specimen each time to apply an even electropolish. This entire procedure was expected
to remove roughly 20 um of material based on prior experiments. After electropolishing, each

specimen was observed via an optical microscope to verify a good surface quality.

4.1.4Sample Blank Specimens and Preparation

Studsvik Nuclear AB provided documentation detailing the initial fabrication of the
irradiated sample blank specimens [172]. During the initial fabrication of the tensile specimens,
blanks with a width of 3.5 mm were cut from the full width of the control rod blade, which had a
thickness of 8 mm, as shown in Figure 4.2. When these blanks were machined to the proper
thickness for the tensile specimens, two thin plate-like specimens were left over from each tensile
head (four per tensile specimen), with a thickness as shown by the red highlighted areas in Figure
4.2. When these plate-like specimens were cut from tensile blanks they fell to the bottom of the
water reservoir of the EDM machine and were not retrieved until the EDM was completed for all
the tensile specimens. As such, it is not possible to determine the origin specimen for these sample
blank specimens; furthermore, several of the specimens were flushed out with the effluent water
and were not retrievable [172].

As these specimens were cut from the sides of the tensile blanks, their approximate
dimensions were: 3.5 x 8.5 x 0.7 mm, as the EDM process removes roughly 0.3 mm of material.
After shipment to the ORNL Low Activation Materials Development and Analysis (LAMDA)
laboratory, seven of the highest quality sample blank specimens were cut in half using a Buehler™
slow speed saw, with one half given an ‘A’ suffix identifier. These specimens underwent
preparation for micro-hardness measurement as later described in Section 4.2.1, followed by

annealing treatments as outlined in Section 4.1.2. Following the annealing treatments, the residual
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micro-hardness was measured once again. The specific heat treatment that each sample blank

specimen received is recorded in Table 4.5.

4.1.5Four-Point Bend Specimens and Preparation

Four-point bend samples were created from the earlier cut slices from the ends of the tensile
bars (as described in Section 4.1.3) in the ORNL LAMDA facility. Being cut from the tensile
heads, the 4-point bend specimens had length and width dimensions of 6.0 mm and 3.5 mm,
respectively, as shown in Figure 4.1. Large variations in the thickness were present due to the
inaccuracy inherent in cutting the specimens in the hot cell facilities, ranging from 0.9 — 2.5 mm.
Slices thinner than 0.9 mm were not able to be converted for use as a 4-point specimen. These
slices were first mechanically polished in preparation for micro-hardness measurement as
described in Section 4.2.1, to confirm the effects of the annealing treatments. After micro-hardness
testing samples were mechanically thinned to a target thickness of 800 um using a Buehler Mini-
met 1000™ grinding and polishing tool. Incremental polishing of 120, 180, and 340 grit SiC
grinding paper as applied to each side to achieve a uniform thickness (final thickness variations
were less than 20 um). One side of each sample was given a final mechanical polish with a 3 um
nylon pad in the Mini-met™ and subsequently electrochemically polished in a Struers LectroPol-
5™ gystem. One electrochemical polishing step was applied for 15 seconds at a potential of 30 V
at 20°C in the Struers A2™ solution. Note that the slice specimen from the parent T5 tensile
specimen (annealing condition 500°C: 1 h) was too thin for conversion into a 4-point bend
specimen, so an as-irradiated slice 9C was annealed in LAMDA for 500°C: 1 h in accordance with
Section 4.1.2. All other 4-point bend specimens were annealed in the ORNL hot cell facilities with
their parent tensile specimen. Bend sample 1D, parent tensile bar ID, annealing condition, and pre-

electropolishing thickness are presented in Table 4.7.

4.2 Microstructure Characterization

This section outlines the preparation procedure and analysis techniques used for the
microstructural characterization of the material for this research project, including micro-hardness,

TEM, including both rel-rod and segregation analysis, and APT analysis. Table 4.8 shows a list of
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the microstructural characterization that was completed for each annealing condition. Special
thanks are required for Dr. Zhijie Jiao’s contribution to the microstructure characterization,
including his work in completing the necessary TEM microscopy for the dislocation loops and RIS
analysis, as well as the FIB lift out and atom evaporation required for the APT solute cluster

characterization.

4.2.1 Micro-Hardness Measurement

Micro-hardness measurements were made to evaluate the bulk changes in the irradiated
microstructure; all preparation and measurements were completed at the ORNL LAMDA facility.
Prior to the measurements, specimens were mechanically polished with a succession of finer grits
(using 120, 180, and 340 grit SiC grinding paper), ending with a 3 um diamond polish, using a
Buehler Mini-met 1000™ grinding and polishing tool. The specimens were then electropolished
using a Struers LectroPol-5™ gystem at 30 V at 20°C for 15 seconds using a commercial Struers
A2™ splution. After electropolishing, provided no defects or scratches were observed, the
specimens were measured using a Wilson Instruments’ Knoops/Vickers 402MVD™ micro-
hardness indenter. Each specimen was measured at a load of 200 gf, with at least 30 independent

indents.

4.2 2 Transmission Electron Microscopy Analysis

TEM foils were prepared from an electropolished 3-mm disk, cut from the earlier prepared
sample blank specimens as described in Section 4.1.4, at LAMDA at ORNL. TEM foils for
dislocation loop analysis were prepared by jet thinning using a Struers TenuPol-5™ system at 30
V at 20°C with a commercial Struers A2™ solution. Dislocation loops were examined with rel-
rod technique using JEOL 2100 STEM™ at ORNL. Dislocation loops were imaged at different

locations under the [110] zone axis. The faulted loop density, p, was calculated as:
N N

p:;_ml (4'1)

where N is the number of faulted loops counted in the TEM micrograph, and V is the volume as
calculated from the surface area over which the loops were counted, A, and the foil thickness, &.

The foil thickness was measured using the EELS zero loss technique on the JEOL 2100 STEM™,
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with values generally around 100 nm. The average faulted dislocation loop diameter, Dave, Was

calculated as:

1
Doye = X D;, (4.2)

N &i=1
where D; is the individual faulted diameter of a measured faulted dislocation loop. The error in the
average loop diameter of each condition was taken as the standard error: /+/N, where o is the

standard deviation of the measurement. The error in the average faulted dislocation loop density,

€p, Was calculated as:

w=rf() +(3) 43
where &y is the counting error, i.e. VN, and &g is the error in the thickness measurement, which
was assumed to be 10% of the measured thickness [174]. The number of loops characterized is
dependent on the number density of each annealing condition, but multiple images were taken to
ensure statistical validity.

RIS at the grain boundaries was also assessed. Energy-dispersive X-ray Spectroscopy
(EDS) maps were taken from random high angle boundaries, after being tilted to the edge-on
position, using the FEI F200X S/TEM™ instrument equipped with ChemiSTEM™ at the LAMDA
laboratory at ORNL using a map size of 1024x1024 pixels with a resolution of ~0.23 nm/pixels
with a probe full width half max of ~1.5nm. Each scan had a duration of one hour with more than
100,000 counts/sec with dead times from 1-6%. The qualitative x-rays counts were converted to
quantified weight percentages using the Bruker Esprit© 1.9 software package, which uses the
Cliff-Lorimer calculations for each pixel. Due to the limitation of available grain boundaries for
RIS analysis, only one grain boundary was measured for each condition, but multiple EDS maps
were obtained from different segments of the grain boundary.

4.2.3 Atom Probe Tomography Analysis

Precipitates/solute clusters were analyzed using the APT. Needle-shaped APT specimens
were prepared by the standard lift-out method and focused-ion beam (FIB) milling using a Quanta
3D™ FIB in LAMDA at ORNL. These APT specimens were prepared from the electropolished

3-mm disks, prior to their jet thinning for TEM analysis. Prior to the lift-out procedure, platinum
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was deposited to protect the material from ion beam damage. A final 5 kV clean-up procedure was
utilized to minimize the gallium-damaged regions and reduce the tip radius to ~50 nm. About 6
APT tips were made for each condition for APT analysis; however, during transportation from
ORNL multiple APT tips were damaged leading to less available data for several conditions. APT
specimens were analyzed using a LEAP-4000XHR™ microscope at the University of Michigan
operated in electrical mode with a voltage pulse fraction of 20%. Specimen temperature was
maintained at 50K and detection rate was kept constant at 0.005 atom/pulse.

Reconstruction of the relative atom positions from the raw data was performed using the
commercial software, IVAS 3.6.4 from CAMECA™, Solute clusters were analyzed using the
maximum separation method. The nickel-silicon solute clusters were defined by the tenth-order
spacing of silicon atoms, whereas a suitable dmax (the maximum separation of tenth-order silicon
atoms) was selected to best separate the clustered and randomized silicon atoms based on the
spacing distribution. The aluminum-copper solute clusters were defined by the fourth-order
spacing of aluminum atoms, whereas a suitable dmax (the maximum separation of fourth-order
aluminum atoms) was selected to best separate the clustered and randomized aluminum atoms
based on the spacing distribution for each APT tip. For both cluster types the value of Nmin, the
minimum accepted cluster size by atom number of selected type (i.e. silicon or aluminum), was
chosen equal to the maximum cluster size observed for a randomized set of experimental APT
data.

For each APT tip a respective IVAS cluster analysis output file was produced; this file
included various parameters about the APT tip such as the cluster number, coordinate-specific
radii of gyration for each cluster, the total atom count of each element, both in the matrix and
within each cluster. From this data, various properties of the solute clusters can be calculated. The
volume of each APT tip, Vapr, was first calculated:

i NiVi
Vapr = Zl—l (4-4)

€
where N; is the number of atoms of element i, Vi is the atomic volume of element i, and € is the
detector efficiency: 37% for the LEAP-4000XHR™. The cluster number density, pc, for each

examined condition is calculated:

p _ ZNc,i
¢ YVapri'

(4.5)
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where Nci and Vapr,i are the number of clusters of a specified type and volume of the ith APT tip
of that condition, respectively. The volume fraction of the clusters, fy, is determined as:

_ ZNsoleol
fo= St (4.6)
where Nsor and Vsor is the number and atomic volume of the solute atoms, i.e. nickel and silicon for

the nickel-silicon clusters, located within clusters and };; N;V; is the total sum from all of elements

in the APT tip. Finally, the Guinier diameter, Dg, of each cluster was measured:

D = 2\/§ R, 4.7
Ry = /R%: + RZ, + RZ,, (4.8)

where Ry is the overall radius of gyration for the cluster as calculated from the respective radius in
each coordinate direction [175,176]. From this the average diameter of the cluster for each

condition was determined, with the error in the average diameter assumed to be standard: o /v/N.

4.3 CERT Test System and Experimental Procedures

4.3.1CERT Test System

The CERT experiments required for this project were performed using the IM1 autoclave
system in the Irradiated Materials Testing Laboratory (IMTL) at the University of Michigan. The
IM1 autoclave system is constructed of an Inconel 625 pressure vessel and is capable of
supercritical water experiments. A full schematic of the IM1 autoclave system is displayed in
Figure 4.3. The IM1 loading system can strain up to four tensile bar samples simultaneously, while
the application of load is controlled using an Interactive Instruments Model 5K Servo motor. An
Omega LDG21-15 linear variable differential transformer (LVDT) is mounted on the crosshead to
measure displacement. Four pull rods connect each sample to the crosshead, and load is measured
on each by a Transducer Techniques TLL-1K load cell. Each of the pull rods are sealed at the feed-
through into the autoclave with a self-energizing graphite seal with an internal spring that expands
under pressure. Each pull rod is connected to an Inconel 625 sample loading fixture, in which the
tensile specimen is shoulder-loaded as shown in Figure 4.4. Electrical insulation of the loading

fixture from the vessel is provided by zirconia washers located in loading fixture connections to
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the pull rods. Due to the crosshead arrangement, non-irradiated type 304L SS tensile bar specimens
were used to occupy empty loading locations and provide load balance at the system crosshead.
These specimens were selected such that they have a similar yield stress as the neutron-irradiated
specimen currently being examined. After specimen loading, the autoclave body is sealed to the

autoclave head, thus preventing any leakage during the experiment.

4.3.2CERT Test Procedure

All CERT tests were conducted in increments in a simulated boiling water reactor normal
water chemistry (BWR-NWC) environment. During each straining, system water pressure was
maintained at 9.7 MPa and temperature at 288°C, while the outlet dissolved oxygen and
conductivity were maintained at 2000 ppb and 0.2 uS/cm, respectively. After pressurizing and
achieving the desired temperature for the intended environment, the system was stabilized until
the conductivity had dropped below 0.2 uS/cm. During this stabilization period, a gas mixture of
95% argon/ 5% oxygen was bubbled into the primary water column to control the concentration
of dissolved oxygen in the water; the target concentration was achieved by regulating the main
column gas overpressure pressure with a back-pressure regulator. Conductivity control was
initiated once the vessel outlet water conductivity again dropped below 0.2 uS/cm. Conductivity
was controlled by adding small amounts of dilute H>SO4 to the primary water column with the
peristaltic pump, which was automated to operate whenever conductivity would decrease below
the target value. Once the target levels of outlet dissolved oxygen concentration and outlet
conductivity were achieved the system was maintained for at least four hours to ensure stability,
after which the straining experiment would commence.

Directly prior to each straining increment, a preload of 20 MPa was applied to each
specimen. At the end of the stabilization period, straining was initiated by moving the crosshead
with the servo motor. This displacement was completed at a rate of 4.19 x 10° mm/s for all
experiments, which corresponds to a strain rate of 3.5 x 107 s, This strain rate was selected to
both allow sufficient time for corrosion processes to occur and to be comparable to prior literature.
Throughout the stabilization period and straining, all environmental and stress-strain data were

recorded every 30 seconds using the LabView™ data acquisition program. Recorded data includes

91



inlet and outlet water pressure, inlet and outlet water conductivity, outlet dissolved oxygen, vessel

internal and preheater temperature, LVDT displacement, and load cell readings.

4.3.3 Stress-Strain Analysis

Plots of engineering stress vs. engineering strain were created to measure several
mechanical properties of each condition. Before measurement, the load and crosshead
displacement data were adjusted to account for system pressure and compliance, respectively.
These steps are necessary because direct measurements on the specimens are not possible in a high
temperature environment.

The tensile load measured for each specimen must be adjusted, as a tare load is added to
each of the specimens by the system water pressure through the pull rod. The added tare load can
be directly converted to a tare stress based on the specimen cross sectional area. Due to the direct
dependence of tare stress on the cross-sectional area of the specimen and vessel water pressure,
this value was calculated in situ and directly recorded every 30 seconds using the LabView™ data
acquisition program. With a typical specimen cross section, a tare stress of ~60.0 MPa is applied
to the specimen through the 4.76 mm diameter pull rod and the 9.7 MPa system pressure.

For the purposes of this research, the term, system compliance, is used to refer to extension
in the load train during a CERT experiment due either to elastic deformation or elimination of
slack. As the displacement of the specimen is not directly measured and is instead inferred through
a crosshead LVDT, this additional deformation is added to the effective displacement of the
specimen, leading to an apparent elastic modulus that is much lower than literature would suggest.
To correct for system compliance, the raw stress-strain curve was plotted to determine the apparent
modulus, which is generally between 10-13 GPa. Crosshead displacement values are converted to
strain by dividing the change in displacement as measured by the crosshead LVVDT by the original
specimen gage section length (12 mm). The apparent modulus was determined by fitting a linear
trend line in the elastic region of the curve. This apparent modulus was then divided by reported
modulus values for 304 stainless steel at 300°C: 166.3 GPa [104]. The resulting ratio was
multiplied by the apparent strain up to the measured yield point, effectively correcting the elastic
behavior to that observed in literature. Plastic strain data was continued from the yield point by
subtracting the difference in strain between the original strain and the compliance corrected strain;
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no compliance correction was applied during plastic elongation. A comparison between raw and
compliance corrected stress-strain curves is shown in Figure 4.5.

After applying the corrections for system pressure and compliance, several mechanical
properties were determined from the stress-strain curve. If strain hardening was observed, the yield
stress was recorded as the 0.2% offset yield stress. Yield stress was instead taken as the maximum
stress, if strain softening occurred. Uniform elongation was recorded as the strain at which the

maximum stress occurred, whereas total elongation was the strain at the point of failure.

4.3.4SEM Characterization of Tensile Specimens

As previously discussed, increased localized deformation has been closely correlated with
increasing cracking susceptibility [100], however, the change in localized deformation following
PIA treatments has never been measured for a neutron-irradiated material. Furthermore, more
recent studies [5,6,9], have indicated that dislocation channels that are discontinuous at grain
boundaries have a higher propensity of crack initiation. For this study, the tensile straining
experiments were completed in small increments to more precisely identify point of crack initiation
and study the development of the localized deformation with stress/strain. After each stress/strain
increment the tensile specimen was removed from the autoclave were examined using a JEOL
JSM-6480™ scanning electron microscope (SEM). This examination was used to measure plastic
strain through fiducial markings, as well as record any sites of crack initiation and changes in the
localized deformation. Following each stress/strain increment both the gage flats were fully
imaged at 500x magnification. This magnification allowed for a balance of both image quality and
imaging time, while the large-scale imaging also allows for a spatial correlation of images
following each additional strain increment.

Most of the tensile specimens in this study showed a clear necked region during straining,
where failure later occurred. As cracking susceptibility and localized deformation may depend on
the applied strain, it is imperative that the strain in these necked regions be estimated, as it is likely
to vary significantly from the bulk tensile strain. Images from each tensile specimen were used to
define the total extent of the necked region for the increment prior to failure. Fiducial marks on
the specimen were then used to identify the necked region on each of the preceding strain

increments until reaching an increment which was strained below the yield stress. This increment
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below the yield stress was presumed to have no significant plastic deflection and thus was used to
determine the starting length of the necked region. The engineering strain was then calculated for
each increment, based on the change in the length of the necked region divided by the initial length.
This measurement is therefore an average over the entire necked region and may not identify the
precise strain at the location where a crack initiated. Furthermore, these measurements were
completed using low magnification images to encompass the entire gage area, hence the significant
errors on the local strain measurements.

Due to the higher local strains in these necked regions, the measurement of the dislocation
channel spacing was only conducted in the necked region. The measurement of crack initiation
included both the number of independent sites, as well as the total length of cracks on the specimen
surface. The measurement of the localized deformation included the dislocation channel density,
the average dislocation channel spacing, and the type of dislocation channel-grain boundary

intersection, i.e. continuous or discontinuous.

4.3.5Post-Failure Fractography

Fractography was performed on each fractured tensile bar following the CERT test using
a JEOL JSM-6480™ SEM. Low-magnification images of the gage surface were taken to indicate
the locations of IG fracture and secondary cracking, while the edges of the main IG crack and
secondary cracks were imaged at higher magnification. The fracture surfaces of each specimen
were also examined in detail to characterize the nature of failure by viewing the fracture surface
perpendicular to the tensile axis. Regions of intergranular (I1G), transgranular (TG), mixed
(IG+TG), and ductile-type failure were identified. Higher magnification imaging (>500x) was
performed in regions of note.

Reduction of area (RA) was calculated using the total area of the fracture surface viewed
perpendicular to the tensile axis. The area of the fracture surface was determined using the Image
J™ imaging software program particle analysis feature. The RA is determined by dividing the
difference in area between the fractured surface (viewed parallel to the tensile direction) and the
original cross-sectional area by the original cross-sectional area.

Regions of 1G, mixed, TG, and ductile fracture were characterized by area and expressed

as an area-based percentage of the total fracture surface. Using the Image J™ program, separate
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fracture regions were cut from the overall view of the fracture surface and their area was measured
using the particle analysis feature of the software. The sum of these areas divided by the total

fracture surface area yielded the percentage for each fracture type.

4.4 Four-Point Bend Test System and Experimental Procedures

The 4-point bend test procedure was utilized to perform smaller-scale experiments to
examine the initiation of IASCC in a more controlled area, as compared to CERT of larger tensile
specimens. A 4-point bend test creates a region of uniform uniaxial strain on the lower surface
[177], with a gradient of tensile to compressive stress through the thickness of the specimen. This
arrangement allows for a similar surface strain as in the tensile experiment, while simultaneously
limiting crack propagation by the stress gradient. Early efforts in benchmarking and utilizing
irradiated 4-point bend specimens was pioneered in part by Kale Stephenson [13,104], many of

whose methodologies was adopted for this research, though some improvements were added.

4.4.1Four-Point Bend Test System

The 4-point bend experiments required for this project were performed using the IM2
autoclave system in the Irradiated Materials Testing Laboratory (IMTL) at the University of
Michigan. The IM2 autoclave system is very similar in design to the earlier described IM1 system,
but it is instead constructed of a 316 stainless steel pressure vessel. The IM2 loading system also
only has a single, central pull rod, thus allowing for the straining of one specimen at a time. This
single pull rod is connected to a heat-treated Inconel 718 4-point bend loading fixture, as shown
in Figure 4.6. Electrical insulation of the loading fixture from the vessel is provided by zirconia
washers located in loading fixture connections to the pull rod.

4.4.2 Four-Point Bend Test Procedure

All 4-point bend experiments were conducted in a simulated boiling water reactor normal
water chemistry (BWR-NWC) environment. During each straining, system water pressure was
maintained at 9.7 MPa and temperature at 288°C, while the outlet dissolved oxygen and
conductivity were maintained at 2000 ppb and 0.2 uS/cm, respectively. After pressurizing and
achieving the desired temperature for the intended environment, the system was stabilized until

95



the conductivity had dropped below 0.2 uS/cm. During this stabilization period, a gas mixture of
95% argon/ 5% oxygen was bubbled into the primary water column to control the concentration
of dissolved oxygen in the water; the target concentration was achieved by regulating the main
column gas overpressure pressure with a back-pressure regulator. Conductivity control was
initiated once the vessel outlet water conductivity again dropped below 0.2 uS/cm. Conductivity
was controlled by adding small amounts of dilute H>SO4 to the primary water column with the
peristaltic pump, which was automated to operate whenever conductivity would decrease below
the target value. Once the target levels of outlet dissolved oxygen concentration and outlet
conductivity were achieved the system was maintained for at least four hours to ensure stability,
after which the straining experiment would commence.

Directly prior to straining, a preload of 50 N was applied to each specimen. At the end of
the stabilization period, straining was initiated by moving the crosshead with the servo motor. This
displacement was completed at a rate of 3.05 x 10 mm/s for all experiments, which corresponds
to a strain rate of 3.5 x 107 s in the central region of the bend specimen. This strain rate was
selected to be identical to the prior tensile experiments. Throughout the stabilization period and
straining, all environmental and stress-strain data were recorded every 30 seconds using the
LabView™ data acquisition program. Recorded data includes: inlet and outlet water pressure, inlet
and outlet water conductivity, outlet dissolved oxygen, vessel internal and preheater temperature,

LVDT displacement, and load cell readings.

4.4.3Bend Stress Approximation

The difference in the geometry between 4-point bend and tensile experiments, makes it
more convenient to examine straining experiments in 4-point bend in terms of bend load vs.
deflection, rather than the comparison of stress vs. strain commonly used in tensile experiments.
However, when completing strain increments below yield conditions, it is more useful to load to
percentages of the yield stress, as was done with the tensile experiments. A relationship between
the bend vyield load in 4-point bend and the tensile yield stress was formed utilizing previous
experimental data on neutron-irradiated 304 stainless steel specimens by Kale Stephenson [104]
and benchmarking experiments utilizing a heat of 316 stainless steel cold-worked to varying
degrees, as shown in Figure 4.7. While there is some variability, this comparison allowed a
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prediction of the bend yield load based on previous measurements of the tensile yield stress. Due
to the linear relationship, it was assumed that loading to a percentage of the bend yield load in a
4-point experiment is directly comparable to loading to that percentage of the yield stress for the
specimen.

As with the tensile experiments, there is a tare load applied to the bend specimen by the
vessel water pressure that is not directly measured by the pull rod load cell. As described earlier
in Section 4.3.3, this value was calculated in situ and directly recorded every 30 seconds using the
LabView™ data acquisition program. With a 4.76 mm diameter pull rod and the 9.7 MPa system
pressure, a tare load of ~170 N was added to the bend specimen, under simulated BWR-NWC

conditions.

4.4.4Bend Deflection Measurement

To measure the plastic strain in the central region of a 4-point bend specimen, it is first
necessary to measure the plastic bend deflection. While direct sample bend deflection
measurements, such as the use of a microminiature differential variable reluctance transducer
(DVRT), may be possible in room-temperature air [104], they are not feasible under simulated
BWR-NWC environment. While ex situ measurements of the plastic bend deflection can be made
through measuring the side profile of a 4-point bend specimen, it is also necessary to have an in
situ approximation of the bend deflection, such that the experiment can be halted at the correct
strain level. Therefore, estimations of plastic deflection were made by subtracting a load-
dependent compliance correction factor from the crosshead deflection measurement, as visualized
in Figure 4.8. A compliance correction factor was determined in 288°C BWR-NWC, by loading a
~6 mm Inconel 718 specimen with the same cross-sectional geometry as actual bend test
specimens. Due to its large thickness and hardness, it was assumed, and confirmed post-loading,
that no specimen deflection occurred during loading, thus any measured crosshead displacement
was due to the system compliance. The thick specimen was loaded multiple times, and data was
averaged for accuracy. The compliance correction factor was determined by fitting a third-order
polynomial to the averaged bend load-crosshead deflection curve.

The following correction factor was determined for a simulated BWR-NWC condition:

CFywe = 0.00352 % P3 — 0.36755 * P2 + 20.228 * P — 146.27, (4.9)
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where P is the applied load in N and CFnwc is the correction factor for a simulated BWR-NWC
environment in um. Subtracting the correction factor from the measured crosshead deflection will
yield the specimen bend deflection. Test experiments showed a good agreement between this
estimated in situ value for plastic bend deflection and ex situ measurements of the side profiles by
SEM imaging.

4.4 5Bend Strain Calculation

In a four-point bend experiment the maximum bend strain, emax, is directly related to the

specimen thickness, bend deflection, and the geometry of the bend test fixture [177]:

& = h (4.10)
max — 5 T , .
2p \/4y1L2[La—a2]+a2+h

where h is the specimen thickness, p is the radius of curvature, yc is the bend deflection, L is the
distance between the lower load points, and a is the distance between the upper load points, as
shown in Figure 4.10. For small deflection, where y. << a and y. << L, Equation 4.2 can be
simplified to a linear relation between emax and y. [177]:

Emar = % (4.11)
For the geometry of our 4-point bend fixture, the conditions of a small deflection would qualify
for any deflections less than 35 um. To not depend fully on theoretical calculations, an array of
microhardness indents was applied to the surface of several test bend specimens of 16.9% CW 316
stainless steel prior to deformation, spaced ~100 um apart. The indent spacings were compared
before and after deformation through SEM imaging, to determine associated strain between indent
locations. The average longitudinal strain in the central region, as measured by the indents, was
then compared to the plastic bend deflection as measured through side profile imaging, as shown
in Figure 4.11. A least squares linear fit was applied to determine the slope, forcing the fit through
the origin, as only plastic strain and plastic deflection were considered, which are both assumed to

be zero prior to yield:

Exy = 0.000748 * 6§, (4.12)
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where &xx is the longitudinal plastic strain and & is the plastic bend deflection in um, the calculated
slope is in units of um™. Due to the relatively small deflections, yr = 0, and thus & is equivalent to
yL. As a clear majority of the strain in the central region has been shown to be in the longitudinal
direction [104], ex«is a good approximation of emax. As such, it becomes clear that Equations 4.11
and 4.12 are also equivalent. Equation 4.12 was used to calculate the bend strain in the central
region at small plastic deflections (< 30 um), while it was corrected to account for the theoretical

deviation from linear behavior predicted in Equation 4.10 for larger plastic deflections (>30 um).

4.4.6 SEM Characterization of 4-Point Bend Specimens

For this study, the straining experiments were completed in small increments, such that the
point of crack initiation could be more precisely identified, as well as recording the evolution of
the localized deformation with strain. Before the initial bend increment, and following each
stress/strain increment, the bend specimen was imaged with a JEOL JSM-6480 SEM. Surface
examination was performed with the sample oriented as shown in Figure 4.9, where strain (&xx)
was along the longitudinal axis. Secondary electron (SE) imaging mode was used to record the
center ~3500 um of the sample along the entire length of the transverse axis at a low magnification
setting, 500x. Additionally, the central zone of uniaxial strain (~750 um) was recorded at higher
magnification, 1000x. Areas of interest, such as crack initiation sites, were separately imaged at
higher magnifications as well. The measurement of crack initiation included both the number of
independent sites, as well as the total length of cracks on the specimen surface. Channeling was
clearly visible when imaging the bend sample surface at 500x or higher magnification, allowing
quantification of dislocation channel density, average channel spacing, and the fraction of
channeled area. This dislocation channel characterization was performed in a region bounded by
the center 750 um of longitudinal axis by the central 2000 um of the transverse axis, an area of
~1.45 mm?,

While the method of compliance subtraction can provide an accurate approximation of the
plastic bend deflection during an experiment, slight variations in the system set-up and conditions
can lead to variations from the averaged correction factor, resulting in final errors in the estimated
bend deflection up to 5 um. As such, the SEM characterization of the bend specimens includes a

full imaging of each of the leading side profiles at a direction parallel to the specimen surface at a
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magnification of 500x. The deflection in the central 500 um of side profiles following each strain
increment was compared to the deflection in the initial condition, and the difference was measured.
The final plastic bend deflection for an increment was recorded as the average of the deflection

measured in both side profiles.

4.5 Modelling Dislocation — Radiation Defect Interactions

To more thoroughly understand the interaction between a dislocation and a radiation defect,
and the effective barrier strengths of said defects, a simulation was developed. This simulation was
developed utilizing the open-source Large-scale Atomistic/Molecular Massively Parallel
Simulator, henceforth referred to as LAMMPS, which is a classic molecular dynamics (MD) code
with a focus on materials modeling developed by Sandia National Laboratories [178]. This
software and many similar codes have been used in recent years to closely examine the interaction
between a dislocation and an irradiation-induced obstacle on an atomistic-scale [92,179-191]. Of
interest to this research is the effective barrier strength of a combined solute cluster-dislocation
loop, a defect that has been rarely examined in literature [188], and never for an austenitic stainless
steel.

The complete and commented LAMMPS input file used for the simulations of this research
is available in Appendix A, but a summary of the simulation will be provided here. The simulation
cell was arranged in a style originally developed by Osetsky and Bacon [189] and commonly used
in similar simulations to examine obstacle-dislocation interactions [182,183,188]. The FCC
crystallite had axes oriented along [110], [112] and [111] directions and contained about 0.9M
mobile atoms. Its dimensions along x, y and z directions were 24.9 x 21.5 x 18.3 nm, respectively.
A lattice parameter of 3.5146 A was selected as it had the lowest energy for the selected
composition of Fe-12Ni-20Cr (at.%) using the embedded atom method (EAM) pair potentials for
a ternary Fe-Ni-Cr alloy developed by Bonny et al. [191] which were used to complete the
simulations of this study. Periodic boundary conditions were applied along the x and y directions,
while atoms in a few outer £z atomic layers were rigidly fixed in their positions. Shear deformation
of [110](111) type was created by moving the rigid top and bottom z-planes with a constant

velocity of 0.2 m/s, thus resulting in a strain rate of 2.2 x 107 s%. It should be noted that this strain
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rate is ~14 orders of magnitude greater than that used in the tensile and four-point bend
experiments, and 3-4 orders of magnitude greater than strain rates easily achieved in macro-scale
experiments. As these strain rates are necessary due to inherent time limitations in MD simulations,
prior research has examined the possible effects of these increased rates in MD simulations [192—
194]. The general conclusion is that high strain rates tend to limit long-range diffusion processes,
hence leading to large variations when considering multi-crystal simulations. With regards to a
single crystal system, as utilized in this research, the impact is considerably less, though some
diffusion processes, such as dislocation climb, may be lessened, causing slightly enhanced obstacle
strengths at higher strain rates [192]. This MD simulation was conducted under NVE conditions
in LAMMPS, thus conserving the number of atoms, N, system volume, V, and total energy, E, at
a temperature of 300K.

An edge dislocation with b, = 1/2[110] was introduced near the edge of the simulation cell
according to the method applied by Osetsky and Bacon [189], i.e. the removal of a vertical half-
plane of atoms. The created dislocation was relaxed using the minimization command in
LAMMPS, after which the dislocation was dissociated into two Shockley partials located at a
distance of about 10 nm from each other, which corresponds well to the value expected from the
elasticity theory considerations [191]. In order to properly identify the dislocation-obstacle
interactions the open-source software, OVITO [195], was utilized to subtract atoms of the FCC
structure, leaving only the stacking faults around the edge dislocation and dislocation loop
obstacle.

Prior to studying the interaction of the dislocation with differing obstacles, the dislocation
movement in a defect-free Fe-12Ni-20Cr crystal was modeled to evaluate the friction stress, s,
which the dislocation experiences at the imposed strain rate. A smooth movement of the
dislocation was observed at the studied temperature of 300K, and while the width of the stacking
fault ribbon was seen to vary (£25% from the average value), no constrictions were seen to form
on the dislocation line. The apparent friction stress, tf, was calculated by averaging the
instantaneous resolved shear stress over the time the dislocation moves once through the
simulation crystal.

Three different irradiation-induced defects and their interaction with a mobile edge

dislocation were examined in this study: faulted dislocation loops, solute clusters, and combined
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solute cluster-dislocation loops. All obstacles were placed in the center of the simulation cell and
centered in the plane of the edge dislocation. This set-up would presumably have the strongest
barrier strength, as dislocation is interacting with the widest section of the obstacle.

The faulted interstitial dislocation loops were initialized by placing a one-atom thick
cylinder of the selected diameter on the one of the {111} planes. The selected diameters used in
this study included 3, 5, and 7 nm, while loops oriented on the (111), (111), and (111) planes were
examined. The (111) loop orientation lies directly in the plane of the [110] edge dislocation, and
thus is presumed to have a minimal chance of interacting with a mobile dislocation, hence it was
not included in this study.

Solute clusters were initialized by selecting a spherical region of the simulation cell and
changing the type of random atoms in the selected area to nickel. This process creates a spherical
region of an enhanced nickel concentration, as compared to the matrix. Solute clusters were
examined at diameters of 3-7 nm, in 1 nm increments, with an atomic nickel concentration of 50%.
Selected diameters of 5 and 7 nm were also examined with atomic nickel concentrations of 25 and
75%.

While combined defects of a solute cluster-dislocation loops have been observed
experimentally [42], their exact formation with irradiation is not fully understood. Due to the
similar sizes of dislocation loops and Ni-Si solute clusters in this thesis study, it was decided to
form the combined defect of a dislocation loop and solute cluster with the same diameter. The
dislocation loop was first initialized, followed by the adjustment of the nickel concentration in the
surrounding spherical region. To examine the impact of varying factors on the strength of the
combined defect a combined defect with a loop orientation of (111), cluster concentration of 50%
nickel, and diameter of 5 nm was chosen as the baseline condition. The effect of diameter (3 and
7 nm), solute concentration (25 and 75%), and loop orientation ((111) and (111)) were specifically
examined as compared to the baseline combined defect and the individual solute clusters and
dislocation loops.

Following the initialization of the edge dislocation and obstacle, the energy of the cell was
minimized and then brought to the simulation temperature of 300K. The dislocation motion was
created through the shearing of the simulation cell, which lasted for 450 ps (450000 timesteps);

this was enough time for the dislocation to move at least once through the simulation cell. The XZ
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shear stress was recorded as a function of simulation time, and the maximum stress required for
the first traversal of the obstacle array was recorded as the peak shear stress for the obstacle.
Multiple simulation runs were completed for each defect type with a randomization of the matrix
atoms for each run, and the average for each obstacle type was obtained after 6-12 simulation runs.
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Table 4.1. Mechanical properties of the 304L stainless steel in the unirradiated condition [172].

Test Room Temperature 300 °C
No YS UTS €10t zV YS UTS €10t Y
. MPa  MPa % % MPa  MPa % %

191 215 509 65 80 - - - -
360 215 509 65 82 179 380 35 75
361 208 502 65 82 159 380 49 75
362 209 502 70 82 - - - -
Mean | 212 506 66 82 169 380 42 75

1) Reduction of area.
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Table 4.2. Chemical composition of the 304L stainless steel both of the un-irradiated material via ladle analysis [172]
and the irradiated material via APT [173] in wt%. The primary difference is the addition of Al and Cu impurities seen by
APT, but which were not tested for in the ladle analysis.

Method Fe Cr Ni C Si Mn Co N P S Al Cu
Ladle
) . Bal. | 18.35 | 10.57 | 0.025 0.30 1.09 0.029 | 0.024 | 0.013 | 0.003 - --
(Un-irradiated)
APT (Irradiated) | 68.01 | 18.34 11.6 0.035 0.40 1.13 0.15 -- 0.02 0.001 0.02 0.12
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Table 4.3. Summary of the irradiation conditions for Control Rod #1690; as this
control rod was withdrawn from the core for the entirety of its service life (1975-
1999), it was exposed to a rather low neutron flux, though for an extended period,

culminating in a total damage of 5.9 dpa [172].

Control Rod

Time (h)

Flux (n/cm?ss) Fluence (n/cm?) Dose (dpa)
ID (E>1MeV) (E>1MeV)
1690 95608 1.2¢101 4.16+10%! 5.9
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Table 4.4. Results from tensile testing of 304L Heat SW at 288°C following

irradiation to a dose of 5.9 dpa [172].

Specimen YS UTS €u Etot
MPa MPa % %

1 662 662 0.04 11.3

2 683 683 0.03 11.2

Mean 672 672 0.03 11.2
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Table 4.5. Overview of the specimens utilized for this research, as well as their

applied annealing treatments.

Specimen Type Specimen ID Annealing Condition
5 500°C: 1 h
5A 450°C: 20 h
9 450°C:5h
9A 450°C: 1h
11 550°C: 1h
11A 600°C: 20 h
Sample Blank w P0CSh
15A 550°C: 20 h
16 500°C: 20 h
16A 600°C: 5 h
17 600°C: 1 h
17A 600°C:5h
18 500°C: 1 h
18A 500°C: 5 h
T4 As-Irradiated
T5 500°C: 1h
T7 550°C: 5 h
Tensile
T9 550°C: 20 h
T12 550°C: 20 h
T13 550°C: 1h
4-B As-Irradiated
7-B 550°C: 5 h
4-Point Bend 9-C 500°C: 1 h
10-B1 As-Irradiated
12-B1 550°C: 20 h
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Table 4.6. Dimensions of the fabricated tensile specimens in mm, with the measured dimensions
corresponding to Figure 4.1.

SpefL')me” A B C D E F

Nominal 1.7 33.0 16.0 2.0 3.5 6.0

Tolerance +.05 +.15 +.05 +.05 +.05 +.05
T4 1.68 33.03 15.97 2.02 3.49 5.99
T5 1.66 33.06 16.08 1.99 3.49 6.00
T7 1.69 33.16 16.03 2.0 3.51 6.01
T9 1.71 33.18 16.4 1.93 3.50 5.99
T12 1.72 33.07 16.09 1.93 3.49 5.99
T13 1.71 33.05 16.07 1.93 3.45 6.01
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Table 4.7. Specimen ID, parent tensile specimen, annealing treatment, and pre-electropolishing
thickness of the 4-point bend specimens utilized for this research.

Specimen ID Parent Tensile Annealing Treatment Thickness (um)
4-B T4 As-Irradiated 808
7-B T7 550°C:5h 802
9-C T9 500°C: 1 h 802
10-B1 T10 As-Irradiated 803
12-B1 T12 550°C: 20 h 798
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Table 4.8. Overview of the microstructural analysis completed for each of the
examined annealing conditions.

Annealing Condition| Micro-Hardness | Rel-Rod Imaging RIS APT

X

As-Irradiated X X X

450°C: 1 h

450°C: 5 h

450°C: 20 h

500°C: 1 h

500°C: 5 h

500°C: 20 h

550°C: 1 h

550°C: 5 h

550°C: 20 h

600°C: 1 h

600°C: 5 h

XIX|X[X[|X|X|IX|X|X|X]|X]|X

600°C: 20 h
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Figure 4.1. Schematic of the tensile specimens that were manufactured for this project, with the
labeled dimensions that were measured for each sample as seen in Table 4.6.
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Figure 4.2. Schematic of the blanks for the tensile specimens, from which the sample blank
specimens were cut; all dimensions are in mm. The residual material that became the sample blanks
specimens are highlighted in red, with approximate dimensions: 3.5 x 8.5 x 0.7 mm.
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Figure 4.4. a) Schematic of CERT tensile specimen loading fixture. b) image of the four loading
fixtures installed in the IM1 autoclave system [104].
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Figure 4.5. Raw and compliance-corrected stress-strain curves for a CERT experiment on
specimen T4, as-irradiated condition, under simulated BWR-NWC conditions.
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sectional view of the loading fixture excluding the bend specimen. Included dimensions are in
mm [104].

117



1000
900 4 @ Unirradiated CW 316

so0 4 MIrradiated 304

700
600
500
400
300
200
100

Tensile Yield Stress, o, (MPa)

0 100 200 300 400 500 600 700 800
Bend Yield Load, P; (N)

Figure 4.7. Comparison between the measured tensile yield stress and 4-point bend yield load for
several specimens, both irradiated and unirradiated. The linear fit was utilized to predict the bend
yield load for conditions previously strained in tensile experiments.
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Figure 4.8. Illlustration of a system compliance curve for a 4-point bend experiment and its
subtraction from the specimen deflection curve to determine the physical specimen deflection.
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Figure 4.9. Image of electropolished 4-point bend specimen 10-B1, with a demonstration of the
typical orientation and reference coordinate system. Dashed lines indicate the primary strain axes.
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Figure 4.10. lllustration of a 4-point bend experiment and the different specimen and experimental
dimensions used to calculate the maximum bend strain [177].
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plastic deflection, via side profile measurements, for an unirradiated stainless steel. The identified

linear relationship was used to predict bend strain at low deflection values.
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CHAPTER 5 - RESULTS

This chapter first summarizes the characterization of the irradiated microstructure, through
hardness, transmission electron microscopy (TEM), and atom probe tomography (APT). The
results of the incremental CERT experiments on the as-irradiated and PIA conditions under a
simulated BWR-NWC environment and evolution of the localized deformation with strain are then
presented. Results of four-point bend experiments on as-irradiated and PIA specimens will further
detail observations of crack initiation sites and analysis of dislocation channeling. Finally, the
results of molecular dynamics (MD) simulations examining the strengthening effects of

irradiation-induced defects are also presented.

5.1 Irradiated Microstructure

This section presents a summary of the results of the microstructural analysis, completed
on the as-irradiated condition and multiple annealing conditions. The microstructural analysis
includes the effect of annealing on the dislocation loop size and density, solute cluster size and
density, grain boundary segregation, and the Vickers micro-hardness. Special thanks are required
for Dr. Zhijie Jiao’s contribution to the microstructure characterization, including his work in
completing the necessary TEM microscopy for the dislocation loops and RIS analysis, as well as

the FIB lift out and atom evaporation required for the APT solute cluster characterization.

5.1.1Dislocation Loops

The faulted dislocation loops in the as-irradiated 304L SS and after PIA at 500°C: 1 h,
550°C: 1, 5, and 20 h were characterized using the rel-rod dark field technique as described in
Section 4.2.2. TEM rel-rod images of dislocation loops are shown in Figure 5.1. The foil thickness
of each TEM specimen was also measured through electron energy loss spectroscopy (EELS) zero
loss technique: as-irradiated, 87 nm; 500°C: 1 h, 67 nm; 550°C: 1 h, 93 nm; 550°C: 5 h, 75 nm.
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Dislocation loops were easily confirmed in all examined PIA conditions, excepting PIA of
550°C:20 hours. Annealing at 550°C: 20 h resulted in a negligible density of faulted loops, thus
rel-rods were not observed. However, imaging under a bright field two-beam condition did reveal
a slight population of large unfaulted loops and stacking fault tetrahedral for this annealing
treatment, as shown in Figure 5.2. The population of these unfaulted loops was much less than the
number of faulted loops observed in other conditions, with a number density of 0.05 x 10?2 m?3,
though having a larger average diameter of 26 nm. As the population of unfaulted loops was not
examined for any other conditions, the following results and discussion will focus only on the
populations of faulted dislocation loops.

The average faulted dislocation loop diameter and density in 304L SS irradiated to 5.9 dpa
in BWR and after various post-irradiation annealing conditions are given in Table 5.1. The initial
average dislocation loop diameter after irradiation was 8.3 nm, which increased to 9.6 nm after
PIA at 500°C: 1 h. The average loop size was 8.9 nm and 8.0 nm after PIA at 550°C: 1 hand 5 h,
respectively. Overall, while the average loop size varied after annealing, there was no significant
or systematic change in the size up to 550°C: 5 h. The loop density reduced significantly from 1.1
x 10?2 m3 in the as-irradiated condition to 8.2 x 10?> m™ after annealing at 500°C: 1 h, to 3.2 x
10?2 m at 550°C:1 h, to 1.3 x 10?2 m™ at 550°C: 5 h. Thus, the loop density reduced to ~75% of
its initial density after PIA at 500°C: 1 h and to ~10% after PIA at 550°C: 5 h. Post-irradiation
annealing at 550°C: 20 h revealed a negligible population of faulted dislocation loops. The size
distribution of dislocation loops in 304L stainless steel irradiated to 5.9 dpa in a BWR environment
and after various post-irradiation annealing conditions is shown in Figure 5.3. It appears that
smaller dislocation loops are preferably annealed out at the 500°C: 1 h condition and in fact, the
density of large loops (>13nm) shows an increase in population compared to the as-irradiated
condition. This trend continued for the 550°C annealing conditions, in which the dislocation loop
density was continuously decreased across most sizes, though a few large loops were observed to

increase in size.

5.1.2Solute Clusters

Two types of solute clusters were observed in 304L SS irradiated to 5.9 dpa in BWR; Ni-

Sirich clusters and Al-Cu rich clusters. These clusters are shown in Figure 5.4 for the as-irradiated

124



condition, and their evolution after PIA is shown in Figure 5.5. The number density, average
diameter, Ni-Si or Al-Cu ratio and volume fraction for Ni-Si and Al-Cu clusters are given in Table
5.2 and Table 5.3, respectively; these values were measured in accordance with Section 4.2.3.

The Ni-Si clusters are presumed to be precursors of the y’ or G phase as the concentrations
of Ni and Si have not reached that following phase formation, i.e. 75% Ni and 25% Si. The number
density in the as-irradiated condition is 4.52x10%° m= and decreases to 3.06x10%® m™ after PIA at
500°C: 1 h and to 2.69x10% m™ after PIA at 550°C: 1 h. The density further decreases to 1.39x10%
m= and 0.81x10% m™ after annealing at 550°C: 5 and 20 h, respectively. The average cluster size,
however, increases from ~9 nm at the as-irradiated condition to 18 nm after annealing at 550°C:
20 h, though there is a large increase in the size variability. Due to the increase in the cluster size
while decreasing number density the volume fraction does not change significantly after annealing:
~2.5% in the as-irradiated condition and ~3.0% after annealing at 550°C: 20 h. The change in the
nickel and silicon concentrations of the Ni-Si clusters following annealing treatments are plotted
as radial concentration profiles in Figure 5.6, which show the diffusion of the solutes away from
the core of the cluster.

The AI-Cu clusters displayed a similar trend as the Ni-Si clusters following annealing
treatments. The number density in the as-irradiated condition is 3.32x10%3 m and it decreases to
2.87x10% m™ after PIA at 500°C: 1 h and to 1.80x10%* m™ after PIA at 550°C: 1 h. The density
further decreases to 1.04x10% m= after annealing at 550°C: 20 h, which is ~32% of the as-
irradiated number density. Only a small reduction in density, to 2.99x10%® m, was observed
following annealing at 550°C: 5 h; however, this is thought to be an exception to the trend as only
one APT tip was examined at that condition. Meanwhile, the cluster size increased from ~5.5 nm
in the as-irradiated condition to ~12.5 nm after annealing at 550°C: 20 h. The volume fraction of
Al-Cu clusters is rather small, ~0.049% in the as-irradiated condition and ~0.032% after annealing
at 550°C: 20 h.

5.1.3 Grain Boundary Seqgregation

RIS was examined in 304L stainless steel in the as-irradiated condition and PI1A at 550°C:
5 and 20 h conditions. Figure 5.7 and Figure 5.8 are the ChemiSTEM elemental images showing

segregation of Cr, Ni and Si at an edge-on grain boundary in the as-irradiated and PIA at 550°C:
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20 h condition, respectively. Depletion of Cr, Fe and enrichment of Ni, Si and P are evident from
composition profile across the grain boundary in the as-irradiated condition (Figure 5.9).

Table 5.4 lists the maximum/minimum grain boundary concentrations measured for Cr, Ni,
and Si in wt.% for the examined conditions. In the as-irradiated condition the depletion of
chromium is ~5.5% and enrichment of nickel and silicon are 13.4% and 2.2% respectively. The
depletion of chromium decreases to 3.2% after annealing at 550°C: 5 h and 1.4% after annealing
at 550°C: 20 h. Enrichment of nickel drops to ~3.2% after annealing at 550°C: 20 h, which
corresponds to 23% of the nickel enrichment in the as-irradiated condition. There is only 0.13%
of enrichment of silicon at the grain boundary after annealing at 550°C: 20 h, which is only ~6%
of the silicon enrichment that was present in the as-irradiated condition. Composition profiles for
Cr, Ni, Si and P for the as-irradiated and 550°C PIA conditions are shown in Figure 5.10. In
addition to the decrease in the peak segregation for each of the examined elements by thermal

annealing, the segregation profiles are also observed to broaden following annealing.

5.1.4Hardness

Vickers micro-hardness has been often used in literature as a simple method to evaluate
bulk changes in the irradiated microstructure following PIA treatments, as a reduction in hardening
has been observed to correspond to the removal of irradiation defects such as dislocation loops and
solute clusters. As such, to select the specific annealing conditions for microstructure analysis,
CERT and four-point bend experiments, a wide range of annealing temperatures and times were
applied to the as-received sample blanks listed in Table 4.5, and using the procedure outlined in
Section 4.1.2. Four different temperatures: 450°C, 500°C, 550°C, and 600°C with times: 1, 5, and
20 hours at each temperature were utilized, as these time/temperature combinations were expected
to fully bound the complete removal of irradiation hardening.

The irradiation hardening (AHy, irr), is the increase in the hardness due to the presence of
irradiation defects and is calculated from the following expression:

AHy 1rr = Hyier — Hy unirr (5.1)

where Hy, v is the measured hardness of the as-irradiated 304L stainless steel, and Hy unir is the
measured hardness of the unirradiated 304L stainless steel. As no archive material is available, the

hardness of the unirradiated material was assumed to be the same as that of a Heat SW 304L
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stainless steel available at ORNL, which was measured as 157.95 Hy. Similarly, the post-PIA
residual hardening (AHy,pia) can be calculated via Equation 5.1, where the measured hardness after
PIA (Hvpia) is substituted for the as-irradiated measurement (Hv,r). The percentage of as-
irradiated hardening remaining is then calculated as:

% of As — Irradiated Hardening = AAHVﬂ . (5.2)

vIrr
The hardness measurements for the selected temperatures are shown in Table 5.5 and Figure 5.11,
where the irradiation hardening is plotted as a percentage of the as-irradiated condition. Overall, it
was observed that annealing at 450°C, had a negligible impact on the irradiation hardening up to
times of 20 hours. However, temperatures of 500°C, 550°C, and 600°C showed successively
greater removal of hardening with increasing time and temperature. Following annealing at 600°C:
20 h, the measured hardness had returned to a value expected for an unirradiated 304L stainless
steel.

Based on the residual hardening, annealing conditions of 500°C: 1 h, 550°C: 1 h, 550°C: 5
h, and 550°C: 20 h, were selected for both more detailed microstructural analysis and application
to the tensile and 4-point bend specimens. Following the annealing of the tensile samples, hardness
measurements from both the tensile specimens and slices from the tensile heads, which later
become the 4-point bend specimens, were used to confirm the removal of hardness, as shown in
Table 5.5. There was a good agreement in hardening removal as compared to earlier data from the
sample blank specimens, as shown in Figure 5.11.

5.2 CERT Experiments

This section presents a description of the incremental CERT test results obtained from the
irradiated and PIA tensile bars. CERT tests were conducted at 288°C under simulated BWR-NWC
conditions. The stress-strain behavior of each specimen is first presented with comments about the
observed mechanical behavior. A summary of the mechanical properties is then presented followed
by images of both crack initiation sites and the final fracture surface after completion of the CERT
tests. The results of the dislocation channel density analysis for the tensile specimens is then

presented.
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5.2.1Prediction of Yield Stress and Incremental Straining Experiments

Prior to beginning the incremental straining experiments, it was necessary to first predict
the yield stress of both the as-irradiated condition and that following each annealing treatment.
Previous studies have shown that the change in irradiation hardening is linearly related to the
change in the yield stress as seen in Equation 3.3 [142].

Aoy, = X * AH,, , (5.3)

where X is the linear correlation factor; prior work by Busby et al. found that for irradiated
austenitic stainless steels, an average correlation factor of X = 3.03, best fits the available data.
However, the correlation factors for individual data sets have more variability, ranging from 2.63
to 3.83 [142]. Using the average correlation factor of 3.03 and the unirradiated hardness and yield
stress of 157.95 Hy and 211.5 MPa as measured from a similar Heat SW 304L stainless steel at
ORNL, respectively, an initial prediction of the yield stresses for our initial two specimens, T-4
(as-irradiated) and T-9 (550°C: 20 h ) were calculated based on the hardness measurements taken
after PIA treatments, previously shown in Table 5.5. Based on these predictions straining
increments to 40, 60, 80, and 100% of the yield stress were made for these two specimens as listed
in Table 5.6. The as-irradiated specimen T-4 showed a very close agreement between the predicted
and measured yield stress. However, for the T-9 specimen, the original hardness value was
incorrectly measured, thus resulting in a miscalculated yield stress prediction. As such, an
additional stress increment was required to reach the correct yield stress. A remeasurement of the
hardness of the T-9 specimen revealed that the correct hardness closely matched the measured
yield stress.

Utilizing these measured yield stresses a new correlation factor was fit to our specific
material, which was then used to predict the yield stresses of the T-5 (500°C: 1 h), T-13 (550°C: 1
h), T-7 (550°C: 5 h), and T-12 (550°C: 20 h) specimens. As shown in Figure 5.12, the final
correlation factor for these five specimens was calculated as X = 2.46. While this correlation factor
is lower than those previously seen in literature, the difference is likely an effect of the PIA
treatments, as the previous correlation factors only examined as-irradiated microstructures to
different dose levels [142].

Table 5.7 shows a complete list of the incremental straining experiments that were applied to

each of the examined specimens, including the target stress/strain for each increment as well as
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the final value. Overall, there was a good agreement between the target and achieved stress/strain,
excluding the yield stress for specimen T-9 specimen and the 0.5% e¢p increment for the as-
irradiated T-4 specimen. The T-7 increment to 10% &p was purposely halted early for examination
due to the occurrence of significant necking.

5.2.2 Stress-Strain Behavior

Engineering stress-strain curves for each of the tested conditions: as-irradiated, 500°C: 1
h, 550°C:1 h, 550°C: 5 h, and 550°C: 20 h are shown in Figure 5.13. The elastic deformation
portion of each curve has been corrected to subtract system compliance by normalizing to the
expected Young’s modulus for an austenitic stainless steel, as outlined in Section 4.3.3.

The as-irradiated condition displayed a yield stress drop and subsequent strain softening.
as is typical of the irradiated condition of a solution-annealed stainless steel, due to the increased
source hardening and plastic instability after yielding [196]. Annealing at 500°C: 1 h slightly
reduced the yield stress, while completely removing the yield stress drop and strain softening
behavior, instead displaying neither strain hardening nor strain softening behavior. Due to the early
onset of localized necking, the plastic strain in this specimen was also considered to be in the
plastic instability regime. Annealing at 550°C: 1 and 5 h, further reduced the yield stress and
resulted in a slight strain hardening behavior, with higher elongations and onset of diffuse necking
at ~7% plastic strain, representing a return to the expected plastic deformation expected in an
unirradiated stainless steel. Annealing at 550°C: 20 h caused a further drop in the yield stress and
an increase in the elongation. Furthermore, one specimen, T-9, at this condition displayed a clear
strain hardening behavior, indicating the return of uniform elongation, up to about 8.5% plastic

strain, while the other, T-12, displayed a very rapid failure, despite having a lower yield stress.

5.2.3 Mechanical Properties

Mechanical properties of the varying annealing treatments, as determined from the CERT
tests, are summarized in Table 5.8. The table is organized by annealing condition, showing the
yield stress, maximum stress, uniform and total elongation. For the as-irradiated condition,
uniform elongation and maximum stress both occurred at the yield point (~0.5%) because of strain

softening. Overall, it was observed that the yield stress was reduced in proportion to the residual
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hardening following the annealing treatments. Furthermore, it was seen that the annealing
treatments also lead to a change in the mechanical behavior, from a strain softening to strain
hardening, and a general increase in the ductility of the specimen, though the T-12 specimen was
an exception to this trend.

5.2.4Tensile Crack Initiation

As a part of the incremental straining experiments, the tensile specimens were examined
in the SEM following each strain increment as described in Section 4.3.4. Part of this SEM
examination included the investigation of crack initiation, including both the number of crack
initiation sites and the total length of surface cracks on the specimen, as listed in Table 5.9.
Example images of the three tensile specimens that displayed crack initiation prior to failure: T-4,
T-5, and T-12 are displayed in Figure 5.14, Figure 5.15, and Figure 5.16, respectively. Note that
while multiple crack initiations sites were observed in both T-4 and T-12, only one crack initiation
site was observed in T-5, which then grew over additional strain increments. A representation of
change in both crack number density and crack length density for the tensile specimens are shown
in Figure 5.17 and Figure 5.18. Overall, both the cracking number density and crack length density
appeared to decrease with increased annealing, excepting the T-12 specimen. T-4 and T-12 showed
a similar level of crack length density, however, in the case of T-4 this crack length was a factor
of several large cracks, while in the T-12 specimen, this crack length was largely due to the large

number of crack initiation sites, ~4.5 times that observed in the T-4 specimen.

5.2.5Tensile Fractography

Following the failure of a specimen in CERT testing, the fracture and gage surfaces were
fully examined by SEM. Areas of IG or TG cracking were quantified to determine %IG, %TG, %
mixed IG/TG, and % ductile failure. Examples of each type of fracture can be seen in Figure 5.19.
Reduction in area was also determined based on the full area of the fracture surface. The fracture
surface from each individual tensile specimen is shown in Figure 5.20 through
Figure 5.25.

The results of the fractography classification and reduction of area analysis after CERT are
summarized in Table 5.10 and Figure 5.26. The %IG varied between 81.0% and 0%, and it was
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observed to largely decrease in response to increasing annealing time and temperature. However,
while the IASCC susceptibility was fully removed for the 550°C: 1 and 5 h annealed specimens,
as evidenced by the fully ductile fracture surfaces, the 550°C: 20 h specimens still displayed a very
clear cracking susceptibility. Reduction of area (RA) followed a similar trend as total elongation
in that it increased with increasing annealing, however, specimen T-5 (500°C: 1 h) showed a much
higher reduction in area as compared to T-4 (as-irradiated), despite an only slightly higher final
elongation. Meanwhile, due to its very low strain at failure, the T-12 (550°C: 20 h) specimen had

a minimal RA.

5.2.6Dislocation Channeling

As previously mentioned, the degree of localized deformation was measured via SEM
following each stress/strain increment. However, due to the highly strained region that occurs
during the advancement of a crack tip, measurements of the dislocation channel density were only
taken for increments which displayed no significant crack growth. Furthermore, the as-irradiated
material displayed an unexpected resistance to localized deformation as significant populations of
dislocation channels were only observed post-yield, following the addition of bulk plastic strain.
Previous literature studies for irradiated material have observed significant localized deformation
below the specimen yield stress [13,87,88].

The measured dislocation channel densities, grain boundary interaction site densities, ratio
of discontinuous to continuous interaction sites, and average dislocation channels spacing for each
of the tensile strain increments are shown in Table 5.11. As most specimens exhibited regions of
enhanced strain, where the eventual crack initiation and/or failure later occurred, the measured
channel densities are taken over this region (~2-3 mm of gage length) where later failure was
observed, rather than over the entire gage length, along with the respective local plastic strain
measured in the necked region. Comparison of the dislocation channel density with strain for the
examined conditions: as-irradiated, 500°C: 1 h, 550°C: 1, 5, and 20 h, is shown in Figure 5.27. The
density of dislocation channel-grain boundary interaction sites is given in Figure 5.28. It should
be noted that localized deformation was not measured for the T-12 (550°C: 20 h) specimen, due to

its premature crack initiation.
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It is observed that the as-irradiated (T-4), 500°C: 1 h (T-5), and 550°C: 1 h (T-13)
conditions have very similar dislocation channel densities at similar strain levels, while the 550°C:
5 h (T-7) sample exhibited a slight decrease in the density. The 550°C: 20 h (T-9) had a
significantly reduced density regardless of the plastic strain. The density of the interaction sites
seems to change in proportion to the total dislocation channel density regardless of the annealing
condition, furthermore, a relatively constant ratio of discontinuous to continuous interaction sites
was maintained regardless of annealing condition. The average dislocation channel spacing
appears to decrease with annealing condition and strain, but this is difficult to validate, due to the

lack of data in the as-irradiated condition for the tensile specimens.

5.3 Four-Point Bend Experiments

This section presents a description of the incremental 4-point bend test results obtained
from the irradiated and PIA bend specimens. 4-point bend experiments were conducted at 288°C
under simulated BWR-NWC conditions. The load-deflection behavior of each specimen is first
presented with comments about the observed mechanical behavior. A summary of the mechanical
properties is then presented followed by example images of each cracked surface after completion
of the 4-point bend increments. The results of the dislocation channel density analysis for the 4-

point bend specimens is then presented.

5.3.1Prediction of Bend Yield Load and Incremental Straining Experiments

Prior to beginning the incremental straining experiments, it was necessary to first predict
the yield stress of both the as-irradiated condition and that following each annealing treatment.
The yield stress for each bend specimen was predicted from the measured hardness as explained
in Section 5.2.1, while the predicted yield stress was converted to a bend yield load through the
linear fitting of the relationship between the tensile yield stress and the 4-point bend yield load for
specimens of the same material, as explained in Section 4.4.3. This procedure provided the
predicted bend yield stresses as shown in Table 5.12, along with the measured bend yield stresses
from each specimen. There was a large discrepancy between the predicted and measured yield

stresses. However, the trend between the measured tensile and bend yield stresses remained linear
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as shown in Figure 5.29, simply having a large degree in scatter. This scatter is predominately due
to the difficulty in accurately measuring the mechanical behavior of a material during the 4-point
bend experiments.

Table 5.13 shows a complete list of the incremental straining experiments that were applied
to each of the 4-point bend specimens, including the target stress/strain for each increment as well
as the final value. Not that increments below the yield stress were only applied to the as-irradiated
4-B specimen. Overall, there was a good agreement between the target and achieved stress/strain,
though there was some variability due to the inaccuracy of the in situ deflection measurements.

5.3.2 Stress-Strain Behavior

Unlike the tensile straining experiments, it is quite difficult to measure the stress-strain
behavior of a 4-point bend specimen. This is largely due to both the inaccuracy of the compliance
subtraction method, as described in Section 4.4.4, and the measured mechanical behavior of the 4-
point bend specimens. During a 4-point bend experiment it was observed that the load required to
bend the specimen generally increased as a function of strain, a process which would generally be
referred to as strain hardening. Under subsequent increments, however, it was found that the bend
yield load was not the same as final load in the prior increment, an example of which is shown for
the 4-B (as-irradiated) specimen in Figure 5.30. This behavior leads to difficulty in examining the
stress-strain properties of the 4-point bend specimens, thus the partial stress-strain relation was
plotted in Figure 5.31, where the bend yield stress of a subsequent increment is listed as the final
stress of the prior increment. Using the 4-B specimen as an example, the load at the end of the
increment to a total strain of 2.88% &p was assumed to be the yield load of the planned strain
increment to 4% gp, 645.5 N. Viewing the 4-point bend increments in this manner, reveals that the
annealed specimens, 9-C (500°C: 1 h) and 7-B (550°C: 5 h) have a neutral strain hardening
behavior, neither hardening or softening, much the same as the tensile specimens. The as-irradiated
specimens display a more unusual behavior in that the 4-B specimen begins to display a strain
softening behavior following about 3% &p, while the 10-B1 specimen appears to be strain hardened
over the course of its straining increments. Note that the strain hardening in the 10-B1 specimen
only serves to bring this specimen up to the predicted yield stress, as it originally yielded at a lower

than expected stress.
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5.3.3Four-Point Bend Crack Initiation

As a part of the incremental straining experiments, the 4-point bend specimens were
examined in the SEM following each strain increment as described in Section 4.4.6. Part of this
SEM examination included the investigation of crack initiation, including both the number of crack
initiation sites and the total length of surface cracks on the specimen, as listed in Table 5.14.
Example images of the three 4-point bend specimens that displayed crack initiation during the
examined straining increments: 4-B, 10-B1, and 12-B1 are displayed in Figure 5.32, Figure 5.33,
and Figure 5.34, respectively. A representation of change in both crack number density and crack
length density for the 4-point bend specimens are shown in Figure 5.35 and Figure 5.36. Overall,
both the cracking number density and crack length density appeared to decrease with increased
annealing, excepting the 12-B1 specimen. Note that the bend specimen annealed at 500°C:1 h (9-
C) did not display crack initiation, unlike its respective tensile specimen, T-5. The as-irradiated
bend specimens (4-B and 10-B1) showed similar levels of crack length density with strain in the
center of the bend specimen, while in the 550°C: 20 h specimen (12-B1) the crack initiation

appeared to be associated with the edges of the bend specimen.

5.3.4Dislocation Channeling

As described in Section 4.4.6, the degree of localized deformation in the 4-point bend
specimens was measured via SEM following each stress/strain increment. The measured
dislocation channel densities, average dislocation channel spacing, and fraction of channeled area
for each strain increment are shown in Table 5.15. Comparison of the dislocation channel density
with strain for the examined conditions: as-irradiated, 500°C: 1 h, 550°C: 5 and 20 h, is shown in
Figure 5.37. It is observed that the as-irradiated, 500°C:1 h, 550°C:1 and 5 h conditions have very
similar dislocation channel densities, while the 550°C:20 h sample exhibited an apparent decrease
in the dislocation channel density.

Examining the average channel spacing with strain displays a variation between the as-
irradiated and annealed conditions. While all conditions show a decrease in the average channel
spacing with strain, across all strain levels that as-irradiated condition appears to have an average

channel spacing roughly 3.5 um larger than that of the annealed conditions of 500°C:1 h, 550°C:
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5 and 20 h. However, the lack of data for the annealed conditions, makes a precise comparison
difficult.

The fraction of channeled area, as shown in Figure 5.38, appears to vary in response to
both changes in strain and annealing condition. For example, it is observed that the fraction of
channeled area for both as-irradiated specimens, 4-B and 10-B1, is about 10% more than the
annealed specimens 9-C (500°C: 1 h) and 7-B (550°C: 5 h). Meanwhile, the 550°C:20 h specimen,
12-B1, has a much lower fraction of channeled area, though there is only a single data point.
Overall the fraction of channeled area appears to increase with strain and decrease with annealing

treatments.

5.4 LAMMPS Simulations

This section presents the results of the LAMMPS simulations, which were completed to
examine the change in shear stress as an edge dislocation interacted with and crossed a periodic
array of typical radiation-induced defects. Figure 5.39 shows the shear stress-strain curves as the
edge dislocation crosses different defects of size 5 nm, as compared to the glide stress of the matrix.
In general, the dislocation loop forms a large increase in shear stress as it interacts with the
dislocation, while the solute cluster only forms a slight modification from the glide stress. The
combined cluster-loop defect follows much of the same trend as an independent dislocation loop,
though a slight stress enhancement from the cluster is also present.

The average peak shear stress for each examined type of obstacle array was determined
and listed in Table 5.16, along with the standard 95% confidence interval of the average. The
friction stress was measured over multiple randomized matrices and was had an average value of
181.5 MPa, a value matching with previous simulations of 300-type stainless steel with this
potential [191]. The dislocation loop obstacles saw a considerable increase in peak shear stress,
>150 MPa, as compared to the friction stress. Loops with an orientation of [111] and [111]
increased with loop size, while the peak stresses for loops at the [111] orientation remained
constant regardless of loop size. The peak stresses resulting from the nickel solute cluster obstacles
were fairly minimal, often increasing <50 MPa from the friction stress. The peak shear stresses
from the solute clusters increased with both cluster diameter and solute concentration. The

combined solute cluster-dislocation loop defects often had similar peak stresses as their
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independent dislocation loops, though an increase in the peak stress was measured from the
additional solute atoms. The increase in shear stress for the combined defect was similar to that
observed for the independent cluster and loop defects, i.e. increase with size and solute
concentration, with the exception of the [111] where the peak shear stress was actually observed

to decrease below the independent loop as a result of the added solute atoms.

5.4.1Edge Dislocation-Dislocation Loop Interactions

While the interaction between the edge dislocation and a solute cluster defect was a cutting
of the defect by a pure shear mechanism, the interaction between a dislocation and a dislocation
loop can be much more complex. In this research the edge dislocation-dislocation loop interaction
was simply quantified as for whether or not the faulted dislocation loop unfaulted into a perfect
loop during the interaction. The unfaulting of a dislocation loop did not seem to significantly affect
the peak shear stress to bypass the barrier, but his unfaulting does effectively eliminate the barrier
for following dislocations. It should be noted that earlier works by Bakaev et al. [182] and
Terentyev et al. [183] more intimately studied dislocation-dislocation loop interactions in FCC,
and the simulations of this research largely confirmed the same behavior.

The unfaulting of dislocation loops was primarily defined by three factors: size, orientation,
and solute concentration, in the case of the combined cluster-loop defects. The effect of defect size
can be seen when examining the dislocation loops at an orientation of [111]: 60% of the examined
loops were observed to unfault at a diameter of 3 nm, compared to ~17% at 5 nm, and 0% at 7 nm.
Loops at an orientation [111] were observed to unfault much less with only ~14% unfaulting at a
diameter of 3 nm, and none were observed to unfault at larger sizes. Loops with an orientation of
[111] were not observed to unfault at any size. When examining loops at an orientation of [111],
enhancing the Ni concentration of the spherical cluster to 50% around a 3 nm loop, was able to
decrease the unfaulting to 40%. For loops with a diameter of 5 nm, enhancing the Ni concentration
to 25% did not affect the unfaulting rate: ~17%, but increasing the solute concentration to 50% or
75%, reduced the unfaulting to 0%. Dislocation loops with an orientation of [111] were the most
likely to unfault through an interaction with a [110] edge dislocation, but stability was seen to

increase with loop diameter and solute concentration in the case of a combined cluster-loop defect.
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Table 5.1. Faulted dislocation loop size and number density in 304L SS irradiated
to 5.9 dpa in BWR and after various post-irradiation annealing conditions.

N Density % of_ As- Average Loop Line_ Length % of As-
Condition (102/m?) Irradlqted Diameter (nm) Density Irradiated _Length
Density (10° m/m?) Density
As-Irradiated | 11.12 + 1.19 100% 8.3+£0.3 2.89+0.12 100%
500°C:1h | 8.21+0.96 74.0% 9.6+0.4 2.47+0.10 85.5%
550°C:1h | 3.25+0.36 29.3% 89+04 0.90 + 0.05 31.4%
550°C:5h | 1.27+£0.15 11.4% 80+£1.2 0.32+0.12 11.0%
550°C:20h | 0.0+£0.0 0.0% 0.0£0.0 0.0£0.0 0.0%
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Table 5.2. Ni-Si cluster size, density and volume fraction in 304L SS irradiated to 5.9 dpa in BWR
and after various post-irradiation annealing conditions.

consion | e [ st | et [y | yolae e
As-Irradiated 4.52 + 0.68 100% 8.62+1.24 | 513+0.13 2.47 £ 0.08
500°C: 1h 3.06 £ 0.52 67.7% 9.97+1.67 | 512+0.48 244 £0.21
550°C: 1h 2.69+0.13 59.5% 11.34+1.60 | 543+£0.27 2.97 £0.05
550°C:5h 1.39+0.24 30.7% 16.09+4.43 | 7.61+0.59 3.59 +0.62
550°C: 20 h 0.81+0.09 17.9% 18.07£457 | 7.95+0.03 2.96 £0.16
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Table 5.3. Al-Cu cluster size, density and volume fraction in 304L SS irradiated to 5.9 dpa in BWR
and after various post-irradiation annealing conditions.

Condition (5)225}12’3) Ioﬁa%fiapt\:;j Dig] nr1ne)ter Cu-Al Ratio VOIgPKIF(ZZC)tion
As-Irradiated | 3.32+0.68 100% 530+£043 | 049+£0.12 0.049 + 0.009
500°C: 1 h 2.87+£0.11 86.4% 5.84+0.34 | 0.46+0.01 0.035 + 0.003
550°C: 1h 1.80£0.13 54.2% 8.97+0.53 | 0.85+0.03 0.033 £ 0.004
550°C: 5 h 2.99+0.24 90.1% 10.10+£0.50 | 0.88 £0.08 0.066 + 0.011
550°C:20h | 1.04+0.30 31.3% 12.38+£0.59 | 0.69 +0.02 0.032 £ 0.001
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Table 5.4. Peak grain boundary concentrations in the as-irradiated condition and after PIA at 550°C for 5 and 20 hours.

GB Cr ACr % of As-Irr GB Ni ANi % of As-Irr | GB Si ASi % of As-Irr
(Wt%) | (wt%) ACr (Wt%) (Wt%) ANi (Wt%) (Wt%) ASi
As-Irradiated | 12.83 -5.52 100 23.98 13.41 100 2.48 2.18 100
550°C:5h 15.11 -3.24 59 14.7 4.13 31 0.65 0.35 16
550°C:20h | 16.92 -1.43 26 13.72 3.15 23 0.43 0.13 6
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Table 5.5. Change in hardness following PIA treatments for the various specimen types: sample blanks, tensile, and four-

point bend
. . Post-PIA

. . As-Irradiated PIA Irradiation . % of As-
Sp_f_Clmen Spe::[l)men PIA Treatment Hardness Hardness Hardening :_rlzglear::ﬁn Irradiated
ype (Hyire) (Hyp) | (OHypp) Y| Hardening

(AHV,PIA)

9A 450°C: 1h 341.50 329.09 183.55 171.14 93.24%

9 450°C: 5 h 341.50 310.42 183.55 152.48 83.07%

5A 450°C: 20 h 339.75 309.81 181.80 151.86 83.53%

18 500°C: 1h 334.75 321.00 176.80 163.05 92.22%

5 500°C: 1h 339.75 308.05 181.80 150.10 82.56%

Sample 18A 500°C:5h 334.75 304.81 176.80 146.86 83.07%

Blank 16 500°C: 20 h 350.33 286.61 192.38 128.67 66.88%

11 550°C: 1h 341.67 287.28 183.71 129.33 70.40%

15 550°C:5h 337.42 248.28 179.46 90.33 50.33%

15A 550°C: 20 h 337.42 220.19 179.46 62.24 34.68%

17 600°C: 1 h 371.67 228.95 213.71 71.00 33.22%

17A 600°C:5h 371.67 185.38 213.71 27.43 12.83%

16A 600°C: 5 h 350.33 184.61 192.38 26.67 13.86%

11A 600°C: 20 h 341.67 150.42 183.71 -7.52 -4.10%

T-5 500°C: 1h 346.67 326.93 188.71 168.97 89.54%

T-13 550°C: 1h 347.53 298.53 189.57 140.57 74.15%

Tensile T-7 550°C:5h 337.47 266.67 179.51 108.71 60.56%

T-9 550°C: 20 h 340.60 247.85 182.64 89.89 49.22%

T-12 550°C: 20 h 339.23 207.07 181.27 49.11 27.09%

9-C 500°C: 1h 340.60 326.73 182.64 168.77 92.41%

Bend 7-B 550°C: 5 h 337.47 261.67 179.51 103.71 57.771%

12-B1 550°C: 20 h 339.23 203.07 181.27 45.11 24.89%
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Table 5.6. Prediction of the yield stress based on changes in hardness following PIA.

Specimen Measured Predicted Yield Measured Yield Stress

Hardness (Hv) Stress (MPa) (MPa)

T-4 (As-Irradiated) 348.0+9.6 679.8 £ 23.8 685.5
T-5 (500°C: 1 h) 326.9+9.5 627.8 £23.5 633.4
T-13 (550°C: 1 h) 298.5+13.9 557.9+34.4 553.2
T-7 (550°C: 5 h) 266.7 £ 10.2 479.3+25.2 483.6
T-9 (550°C: 20 h) 2479+ 14.2 433.0+35.1 421.3
T-12 (550°C: 20 h) 207.07 £ 9.3 332.5+23.0 316.6
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Table 5.7. List of the tensile straining increments

Specimen Target value _of Maximum Fraction of Yield TotaI_PIastic
stress or strain Stress (MPa) Stress (%) Strain (%)
40% oy 270.6 39.5 0.00
60% oy 401.5 58.6 0.00
80% oy 539.5 78.7 0.00
T-4 (As-Irradiated) 100% oy 685.5 100.0 0.13
0.5% &p 682.8 99.6 0.74
1.5% &p 657.2 95.9 1.51
ef 328.5 47.9 2.00
80% oy 497.7 78.6 0.00
100% oy 633.4 100.0 0.12
0. 1.0% &p 642.4 1014 1.10
T-5(500°C: 1 ) 1.5% &p 636.7 100.5 1.63
2.0% &p 607.8 96.0 2.11
ef 471.0 74.4 2.58
80% oy 446.0 80.6 0.00
100% oy 553.2 100.0 0.08
1.0% &p 555.1 100.3 1.07
2.0% gp 558.6 101.0 2.05
0. 3.0% &p 564.0 102.0 3.11
T-13 (550°C: 1 h) 4.0% ¢ 565.8 102.3 4.07
5.0% &p 571.1 103.2 5.10
7.0% &p 569.2 102.9 7.19
9.0% ¢&p 557.7 100.8 9.35
ef 515.8 93.2 11.61
80% oy 377.4 78.0 0.00
100% oy 483.7 100.0 0.13
2.0% gp 502.0 103.8 2.06
T-7 (550°C: 5 h) 4.0% &p 510.5 105.6 4.04
6.0% &p 512.0 105.9 6.08
10.0% &p 512.6 106.0 9.47
ef 470.1 97.2 12.12
40% oy 130.8 31.0 0.00
60% oy 196.2 46.6 0.00
80% oy 261.6 62.1 0.00
100% oy 341.1 81.0 0.00
0. 100% oy 415.6 98.6 0.08
T-9 (550°C: 20'h) 1.0% &p 437.7 103.9 1.06
2.0% gp 454.4 107.9 2.02
3.0% &p 463.6 110.0 3.22
5.0% &p 478.6 113.6 5.29
ef 491.5 116.7 11.43
o 100% oy 316.6 100.0 0.17
T-12 (550°C: 20h) ef 317.0 100.1 0.96
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Table 5.8. Change in the mechanical properties due to specific annealing treatments: 500°C: 1 h
and 550°C: 1, 5, and 20 h.

Yield Maximum Uniform Total Reduction
Specimen Stress Stress Elongation Elongation in Area

(MPa) (MPa) (%) (%) (%)
T-4 (As-Irradiated) 685.5 685.5 0.00 2.00 28.6
T-5 (500°C: 1 h) 633.4 642.4 0.95 2.58 46.8
T-13 (550°C: 1 h) 553.2 559.2 6.52 11.61 83.8
T-7 (550°C: 5 h) 483.6 512.6 6.27 12.12 84.0
T-9 (550°C: 20 h) 421.3 491.5 8.71 11.43 73.0
T-12 (550°C: 20 h) 316.6 317.0 0.69 0.96 10.1
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Table 5.9. Record of crack initiation prior to tensile specimen failure.

(550°C: 20 h)

Plastic Local Number Number Length
Specimen Strain Plastic of I-_r:rfgltr? (rjfr:() Density Density
(%) Strain (%) | Cracks #mm?) | (um/mm?)
T4 0.13 1.03+0.72 0 0 0 0
(As-Irradiated) 0.74 438+0.72 0 0 0 0
1.51 NM 17 5335.0 0.47 148.19
0.12 1.21+0.73 0 0 0 0
T-5 1.10 547 +0.73 1 40.5 0.028 1.13
(500°C: 1 h) 1.63 6.33+0.73 1 189.8 0.028 5.27
2.11 10.26 £0.73 1 957.5 0.028 26.60
0.08 0.11+£0.78 0 0 0 0
1.07 3.29+0.78 0 0 0 0
2.05 4.84 +0.78 0 0 0 0
T-13 3.11 6.58 +£0.78 0 0 0 0
(550°C:1h) | 4.07 | 9.06+0.78 0 0 0 0
5.10 NM 0 0 0 0
7.19 NM 0 0 0 0
9.35 NM 0 0 0 0
0.16 1.17 +0.88 0 0 0 0
e famsom 0 |0 [0 |
o . .26 + 0.
(550°C: 5h) 6.46 14.99 £ 0.88 0 0 0 0
9.47 NM 0 0 0 0
0.08 0.11 £0.55 0 0 0 0
S L
o, . .98 + 0.
(950°C:20h) 5 196055 | 0 0 0 0
5.29 5.23+0.55 0 0 0 0
112 0.17 NM 76 64535 211 179.26
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Table 5.10. Change in the relative areas of fracture mode for the as-irradiated and PIA treatments:
500°C: 1 h and 550°C: 1, 5, and 20 h.

Specimen % IG fracture 0? Mixed % TG fracture % Ductile
racture fracture
T-4 (As-Irradiated) 48.40 28.62 3.62 19.41
T-5 (500°C: 1 h) 34.86 12.82 36.58 15.74
T-13 (550°C: 1 h) 0.00 0.00 0.00 100.00
T-7 (550°C: 5 h) 0.00 0.00 0.00 100.00
T-9 (550°C: 20 h) 20.60 25.04 35.28 19.08
T-12 (550°C: 20 h) 80.95 4.58 5.67 8.79
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Table 5.11. Change in the dislocation channel and interaction site densities in the failure region. Also compared is the percentage of
discontinuous sites. NM signifies that the value was ‘not measured,” while - indicates that a measurement was not possible, likely due
to an insufficient number of channels.

Plastic Local Channel Continuous | Discontinuous | Discontinuous/ Average
Specimen Strain Plastic Density Site Density | Site Density Continuous Channel
(%) Strain (%) (#/mm?) (#/mm?) (#/mm?) Site Ratio Spacing (um)
T-4 (As-Irradiated) 0.13 1.03+£0.72 121 +19 212+7.3 139+ 22 6.5 145+25
0.74 438+0.72 | 1337 +169 332 + 67 1747 £ 229 5.3 8.7+0.8
0.12 1.21+£0.73 35+£29 0.0+£0.0 6.9+5.8 - -
T-5 (500°C: 1 h) 1.10 547 +0.73 | 1903 + 246 239 + 99 3019 £ 424 12.7 6.2+0.8
1.63 6.33+0.73 | 2462 + 232 307 + 78 3454 + 553 11.2 57+1.0
211 ]10.26+0.73 | 2718 +297 325+ 116 4239 + 553 13.1 53106
0.08 0.11+0.78 180 + 48 42 +18 230 + 66 5.5 -
1.07 3.29+£0.78 | 2448 + 228 398 + 68 3540 + 520 8.9 58+05
2.05 484 +0.78 | 2602 + 153 451 £ 51 3618 + 225 8.0 52+0.5
T-13 (550°C: 1 h) 3.11 6.58+0.78 | 2737 +274 417 + 48 4010 + 446 9.6 46+04
4.07 9.06 £0.78 | 2869 + 206 427 + 95 4201 + 306 9.8 44+0.3
5.10 NM 2856 + 192 405 + 65 4105 + 296 10.1 NM
7.19*% NM 5099 + 344 765+ 115 7365 + 498 9.6 NM
0.16 1.17 +0.88 99 + 38 14 £12 151 + 58 10.9 -
T-7 (550°C: 5 h) 2.16 4.83+0.88 | 2137+ 220 262 + 69 3289 + 332 12.6 54+05
4.31 8.26 +0.88 | 2617 + 376 405 + 132 3891 + 579 9.6 47+04
6.46* | 14.99+0.88 | 3657 +494 438 £ 79 5588 + 736 12.8 39+0.3
0.09 0.11+0.55 8.8+5.5 0.0+£0.0 16 + 10 - -
1.10 0.54 £0.55 132 + 46 21 +13 190 + 61 9.1 -
T-9 (550°C: 20 h) 2.02 0.98 £ 0.55 174 £ 76 44 + 38 260 + 81 5.9 8.6+0.8
3.22 1.96 £ 0.55 499 + 115 100 + 49 694 + 132 6.9 6.4+05
5.29 5.23 £ 0.55 585 + 136 107 £ 56 835 + 156 7.8 58+05

*Specimens T-7 and T-13 were observed to severely neck at ~6% e, thus the sharp increase in dislocation channel density is believed
to be a direct factor of the necking and does not accurately represent the changing localized deformation with strain.
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Table 5.12. Prediction of the yield stress for 4-point bend specimens following PIA based on
change in hardness. The yield stress was converted from the bend yield load as described in Section
4.4.3.

Specimen Hall\r/l der?essusriﬂv) Pget(rjétsz';e(dM\gae)ld Yield Stress (MPa)
4-B (As-Irradiated) 348.0+£ 9.6 679.8 £ 23.8 726.9
10-B1 (As-Irradiated) 3424 +9.7 667.3 +£24.0 617.1
9-C (500°C: 1 h) 326.7 £13.7 628.5 + 33.9 585.7
7-B (550°C: 5 h) 261.7 +8.7 467.9+215 496.8
12-B1 (550°C: 20 h) 203.1+7.7 323.1+19.0 407.9

148



Table 5.13. List of the utilized four-point bend straining increments

(550°C: 20 h)

Target value | Increment Fraction of Plastic Total
Specimen of stressor | Yield Load | Specimen Yield Deflection Plastic
strain (N) Load (%) (um) Strain (%)
40% oy 231.8 36.7 - -
60% oy 351.4 55.6 - -

80% oy 469.3 74.3 157 +1.53 0.11

100% oy 631.8 100.0 5.04+1.48 0.38

4B 1.0% &p 627.3 99.3 16.38 £ 1.47 1.23

(As-Irradiated) 2.0% &p 632.7 100.1 28.26 + 1.50 2.11

3.0% &p 613.6 97.1 38.53 £1.52 2.88

4.0% ep 645.5 102.2 54.06 + 1.60 4.04

5.0% &p 593.0 93.9 69.23+1.79 5.18

6.0% &p 512.0 81.0 85.50 + 1.80 6.01

7.0% €p 467.5 74.0 104.6 £ 1.88 7.25

1.0% &p 536.4 100.0 12.73+£1.49 0.95

10-B1 3.0% &p 568.2 105.9 45.42 £ 1.53 3.40

(As-Irradiated) 5.0% &p 627.3 116.9 69.35 + 1.63 5.19
10.0% &p 636.4 118.6 162.07 £2.21 10.77

9-C 2.0% &p 509.1 100.0 24.46 + 1.52 1.83

(500°C: 1 h) 5.0% &p 540.9 106.3 63.75+1.73 4.77
10.0% ¢p 568.2 111.6 160.52 + 2.48 10.68

7.8 2.0% &p 431.8 100.0 31.68 +1.47 2.37

(550°C: 5 h) 5.0% ep 509.1 117.9 63.23+1.71 4.73
10.0% ¢p 477.3 110.5 152.80 + 2.50 10.22

1281 2.0% & 354.5 100.0 3588+170 |  2.68
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Table 5.14. Four-point bend crack initiation with plastic strain and annealing treatments.

(550°C: 20 h)

. Number Length
. Plastic Number of | Total Crack X .
Specimen 0 Density Density
Strain (%) Cracks Length (um) (#mm?) (um/mm?)
0.38 0 0 0 0
1.23 0 0 0 0
2.11 0 0 0 0
4-B 2.88 0 0 0 0
(As-Irradiated) 4.04 0 0 0 0
5.18 2 40.1 1.14 22.93
6.01 4 249.3 2.29 142.43
7.25 9 946.4 5.14 540.82
0.95 0 0 0 0
10-B1 3.40 0 0 0 0
(As-Irradiated) 5.19 0 0 0 0
10.77 15 2385.6 8.57 1363.20
e ———— : :
oC- :

(500°C: 1 h) 10.68 0 0 0 0
N S — 8 : 8
o :

(550°C: 5 h) 10.22 0 0 0 0

12-81 1.83 4 489.0 2.29 279.43
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Table 5.15. Change in the dislocation channel density, average channel spacing, fraction of channel
area with annealing condition and strain for the four-point bend specimens. NM signifies that the
selected characterization was ‘not measured’ at that strain level.

Plastic Channel Densit Average Fraction of
Specimen Strain (%) (#mm?) y Channel Channeled Area

Spacing (um) (%)

0.38 537 + 43 139+1.3 51.47

1.23 1240 + 100 119+14 68.43

211 1397 + 112 112+11 77.95

. 2.88 1822 + 147 102+1.1 7811

4-B (As-Irradiated) 4.04 2139 + 172 8.9+ 0.9 79.23
5.18 NM 82+08 NM
6.01 NM 78+0.7 NM
7.25 NM 72+06 NM

0.95 1029 + 83 118+1.3 72.40

. 34 1851 + 149 103+1.1 82.68

10-B1 (As-lrradiated) 7 2344 + 189 8.0+0.9 84.76
10.77 NM 71+0.6 NM

1.83 1062 + 85 85+10 51.45

9-C (500°C: 1 h) 477 2113 + 170 6.0+ 0.8 66.68
10.68 NM 5.6+05 NM

2.37 1760 + 142 6.7+ 0.8 72.06

7-B (550°C: 5 h) 473 2329 + 187 6.1+0.7 76.54
10.22 NM 47+0.3 NM

12-B1 (550°C: 20 h) 2.68 914 + 74 71407 43.40
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Table 5.16. Change in the peak shear stress for an array of various obstacles as simulated in

LAMMPS.
Obstacle Type Loop Orientation/ Diameter Nickel Peak Shear Stress
Cluster Shape (nm) (at.%) (MPa)

None Friction Stress -- 12 181.5+£9.2

3 12 395.6 +9.7

[111] 5 12 516.7+ 16.9

7 12 589.4 + 15.6

3 12 361.3+20.5

Dislocation Loop [111] 5 12 350.8 + 43.8

7 12 343.3+30.4

3 12 306.7 + 28.0

[111] 5 12 359.0 +44.8

7 12 519.4 +55.9

3 50 217.0+13.0

4 50 240.1 £20.7

25 212.7+21.2

Spherical 5 50 249.9 £23.3

Solute Cluster 75 264.0 + 18.8

6 50 251.0 £23.3

25 222.8 +£20.8

7 50 249.5+13.1

75 275.7+21.2

3 50 441.2 £ 33.9

25 530.9 +22.8

Loop-Cluster [111] + Spherical 5 50 557.0 + 29.4

Combined Defect 75 507.2 + 26.5

7 50 638.8 + 25.8

[111] + Spherical 5 50 309.5 + 20.4

[111] + Spherical 5 50 407.0 + 24.8
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550°C:5h

Figure 5.1. Rel-rod dark field TEM image showing the faulted dislocation loops in
304L stainless steel irradiated to 5.9 dpa in BWR after various post-irradiation
annealing conditions.
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Figure 5.2. Dislocation loops (as indicated by arrows) and small stacking fault
tetrahedrons (as shown in the insert) in 304L stainless steel after post-irradiation
annealing at 550°C: 20 h.
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Figure 5.3. Comparison of size distribution of faulted dislocation loops in 304L SS
irradiated to 5.9 dpa in BWR and after various post-irradiation annealing
conditions.
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Figure 5.4. Ni-Si and Al-Cu clusters as observed in 304L stainless steel irradiated

to 5.9 dpa in BWR. Clusters are shown using isoconcentration surface plots from
APT atom maps.
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Figure 5.5. Evolution of Ni-Si and Al-Cu clusters in 304L stainless steel irradiated
to 5.9 dpa in BWR after various post-irradiation annealing conditions. All scale
bars are 20 nm.
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Figure 5.6. Normalized radial concentration profiles for all the Ni-Si solute clusters characterized
by APT: a) as-irradiated, b) 500°C: 1 h, ¢) 550°C: 1 h, d) 550°C: 5 h, €) 550°C: 20 h,
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Figure 5.7. Radiation-induced segregation in 304L stainless steel irradiated to 5.9
dpa in BWR as revealed by ChemiSTEM image. Depletion of Cr and enrichment
of Ni and Si are evident.
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DF HV: 200.0 kV

Figure 5.8. Radiation-induced segregation in 304L stainless steel irradiated to 5.9
dpa in BWR and post-irradiation annealing at 550°C: 20 h as revealed by
ChemiSTEM image. Depletion of Cr and enrichment of Ni and Si are still evident.
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Figure 5.9. Composition profile across the grain boundary in 304L stainless steel
irradiated to 5.9 dpa in BWR for (a) Ni and Cr, and (b) Fe, Si and P.
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Figure 5.10. Effect of post-irradiation annealing on the segregation profiles of Cr,
Ni, Si, and P in 304L stainless steel irradiated to 5.9 dpa in BWR.
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Figure 5.11. Comparison of the residual hardening following PIA treatments for the

varying specimen types.
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Figure 5.12. Comparison between the measured change in yield stress and the
change in hardness from the base unirradiated condition (oy = 211.5 MPa, Hy =
157.95) used to predict the yield stress.
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Figure 5.13. Change in the stress strain behavior because of specific annealing

treatments: 500°C: 1 h, 550°C: 1 h, 550°C: 5 h, and 550°C: 20 h. Note the large
difference in behavior between the two 550°C: 20 h specimens, T-9 and T-12.
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Figure 5.14. Crack initiation in T-4 (as-irradiated) at 1.51% &p: @) an overview of the primary and
secondary cracks, b) closer view of the secondary crack, c) location of a tertiary crack, d) higher
magnification view of tertiary crack, e) and f) images of auxiliary cracks near the primary and
secondary cracks.
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Figure 5.15. Crack initiation in T-5 (500°C: 1 h): a) initiation site identified at 1.10% &y, b) crack
growth after 1.63% ¢p, ¢) additional crack growth at 2.11% ¢p, no further crack initiation sites were
observed.
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Figure 5.16. Cracking in T-12 (550°C: 20 h) at 0.17% ¢p: a) Overview of the highest region of
crack initiation, b) higher magnification view of a larger crack, ¢) and d) overview of regions with
multiple small crack initiation sites circled in red, e) and f) higher magnification view of crack
initiation sites.
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Figure 5.17. Crack number density as a function of annealing condition and bulk
specimen strain for the tensile specimens.
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Figure 5.18. Total crack length density on the specimen surface as a function of the
annealing condition and bulk specimen strain for the tensile specimens.
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Figure 5.19. Example images from the T-5 (PIA 500°C: 1 h) specimen of the three primary modes
of failure that were observed during the crack growth of the as-irradiated and PIA specimens: a)
intergranular, b) mixed intergranular-transgranular, c) transgranular.
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Figure 5.20. Final fracture surface of the CERT tensile specimen: T-4, as-irradiated.
Red is utilized to represent areas of intergranular failure, while green shows regions
of transgranular propagation. Orange represents mixed IG/TG, while blue is ductile
fracture. The outer red ring displays the original cross section of the specimen.
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Figure 5.21. Final fracture surface of the CERT tensile specimen: T-5, 500°C: 1 h.
Red is utilized to represent areas of intergranular failure, while green shows regions

of transgranular propagation. Orange represents mixed IG/TG, while blue is ductile
fracture.
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Figure 5.22. Final fracture surface of the CERT tensile specimen: T-13, 550°C: 1
h. Red is utilized to represent areas of intergranular failure, while green shows
regions of transgranular propagation. Orange represents mixed IG/TG, while blue
is ductile fracture.
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Figure 5.23. Final fracture surface of the CERT tensile specimen: T-7, 550°C: 5 h.
Red is utilized to represent areas of intergranular failure, while green shows regions
of transgranular propagation. Orange represents mixed IG/TG, while blue is ductile

fracture.
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Figure 5.24. Final fracture surface of the CERT tensile specimen: T-9, 550°C: 20
h. Red is utilized to represent areas of intergranular failure, while green shows
regions of transgranular propagation. Orange represents mixed IG/TG, while blue
is ductile fracture.
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Figure 5.25. Final fracture surface of the CERT tensile specimen: T-12, 550°C: 20
h. Red is utilized to represent areas of intergranular failure, while green shows
regions of transgranular propagation. Orange represents mixed IG/TG, while blue
is ductile fracture.
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Figure 5.26. Change in the fracture morphology of the as-irradiated, PIA: 500°C: 1

h, PIA: 550°C: 1, 5, and 20 h conditions.
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Figure 5.27. Change in the dislocation channel density of the failure region in
response to increasing plastic strain, prior to crack growth or specimen necking.
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Figure 5.28. Change in the grain boundary-dislocation channel interaction site
density of the failure region in response to increasing plastic strain.
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Figure 5.29. Comparison between the yield load in 4-point bend experiments and
the tensile yield stress. The red diamonds represent data from this research.
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Figure 5.30. Load-deflection curves for the 4-B (as-irradiated) bend specimen over

multiple straining increments. Nearly all curves showed an apparent strain
hardening which was not present in the next increment.
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Figure 5.31. Evolution of the 4-point bend increment yield stress with increased strain for the as-
irradiated and PIA conditions.
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Figure 5.32. Crack initiation and growth for the 4-B (as-irradiated) bend specimen:
a) initial site of crack initiation after 5.18 gy, crack growth, b) crack growth of initial
site after 6.01 ¢p, c) further crack extension at 7.25 gp. Additional crack initiation
sites were observed to the front or sides of the crack front, many of which were

integrated into the crack as it grew.
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Figure 5.33. Crack initiation and growth for the 10-Bl (as-irradiated) bend
specimen at 10.77 €p: a) overview of the crack, b) higher magnification of the lower
crack fork, ¢) and d) images of auxiliary cracks to the sides of the primary crack
propagation
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Figure 5.34. Crack initiation and growth for the 12-B1 (550°C: 20 h) bend
specimen at 1.83 ¢p: a) crack initiation and growth near the bottom edge, b) crack
initiation and growth near the top edge of the specimen. Note that both crack
initiations appeared to be associated with the specimen edge.
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Figure 5.35. Crack number density as a function of strain and annealing condition
for the 4-point bend specimens.
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Figure 5.36. Total crack length density as a function of annealing condition and
strain for the 4-point bend specimens.
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Figure 5.37. Dislocation channel density as a function of strain and annealing
condition for the 4-point bend specimens.
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Figure 5.38. Fraction of channeled area as a function of strain and annealing
condition for the 4-point bend specimens.
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Figure 5.39. Comparison of the shear stress-strain curves for the dislocation
interaction with varying defects. Dislocation loop obstacles are both in the [111]
orientation.
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CHAPTER6 - DISCUSSION

In this section, results obtained from the characterization of irradiated microstructure,
CERT tensile experiments, and four-point bend experiments following PIA will be discussed. Prior
to discussing the resultant IASCC susceptibility, the effect of the thermal annealing treatments on
the irradiated microstructure will first be discussed, followed by the relationship between the
irradiation-induced defects and the bulk hardening of the material, a relation determined by the
obstacle strengths of individual defects. A brief discussion on the evolution of the localized
deformation and IASCC susceptibility with PIA will follow, culminating in a determination of the

processes responsible for the mitigation of IASCC susceptibility after PIA treatments.

6.1 Thermal Annealing of the Irradiated Microstructure

During annealing irradiation-induced clusters can change in size and density through the
diffusion of thermally-induced vacancies; the rate at which this occurs is determined by the
vacancy supersaturation in the bulk and at the defect. For a faulted dislocation loop this
supersaturation is determined by line tension and stacking fault energy, as well as the normal
component of an applied stress, if present. For a void the vacancy supersaturation would result
from the surface tension [170]. Solute enhanced defects, such as solute clusters or grain boundary
RIS, will not see much vacancy supersaturation as these defects do not significantly influence the
free energy of the system; instead their behavior under annealing is expected to simply result from

solute diffusion as predicted by Fick’s laws.

6.1.1Dislocation Loops

The resultant behavior for dislocation loops under annealing will not only depend on the
vacancy supersaturation, but also availability of sources and sinks for the thermally-induced

vacancies. If sufficient external sources and sinks are available outside of the dislocation loop
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population, then each defect will behave as though it were in isolation, resulting in a faulted
interstitial loop shrinking in size due to vacancy adsorption [170]:

M1/ 4 = =@Dad) {1 — exp [~ (= + D) 2 ]} 6.

kT

where 1y is the radius of the dislocation loop, Dat is the atomic self-diffusion coefficient, U is the
dislocation line energy, b is the Burgers vector, I"is the stacking fault energy, k is the Boltzmann
constant, and T is the annealing temperature [170]. However, if no external sources and sinks are
available, then diffusion can only occur between different loops in the population, and the total
number of vacancies must be conserved [170]. This situation will lead to the coarsening of the
dislocation loop population, where smaller loops will decrease in size, while the larger loops will
grow [170], such that:

= () o[- foro - (2) | - ()]}

where 7; is the average radius of the entire dislocation loop population, and the other parameters

are the same as in Eqn. 6.1. A comparison of these two extreme cases is shown in Figure 6.1 and
Figure 6.2 [170] for the dissolution and coarsening behavior, respectively, whereas in an actual
irradiated material a combination of both methods will likely be observed, especially if there is an
exchange of vacancies between multiple defect types. Note that while faulted dislocation loops are
sessile, and thus cannot glide, they may still move through dislocation climb [197-199]. During
annealing treatments, dislocation climb will occur more readily, particularly for smaller loops and
thus faulted loops on parallel slip planes may coalesce, allowing for another method of loop
coarsening during annealing [198].

While determining the exact annealing behavior of the dislocation loop population in the
examined 304L stainless steel is not easily completed, we can at least verify that the experimentally
observed behavior falls within the theoretical predictions of dissolution (Eg. 6.1) and coarsening
(Eq. 6.2). Normalizing the dislocation loop population by its total dislocation line length is a
straightforward method of comparing the experimental results to the theoretical predictions. This
comparison is completed in Figure 6.3, using the characterized loop population of the as-irradiated
condition and some of the parameters listed in Table 6.1. The self-diffusion coefficient for the
calculation assumed a Fe-12Ni-20Cr composition, as was used in the MD simulations, and was

1.14 x 102 nm/s for a temperature of 550°C. It must be noted however, that dislocation loops
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cannot grow through coarsening indefinitely. As a faulted dislocation loop grows, it will eventually
encounter either network dislocations or other dislocation loops [19]; this, combined with their
high free energy, will cause faulted dislocation loops to unfault into perfect loops as they grow in
size through coarsening. As such, a modified coarsening curve is also shown in Figure 6.3, where
a maximum loop diameter of 40 nm is set as the unfaulting limit. Note that the step-like nature of
this curve is due to the large decrease in the total loop line length when a 40 nm diameter loop
unfaults, and thus is removed from the population. While an unfaulting size of 40 nm was selected
to match the theoretical maximum dislocation loop size at 550°C: 1 h, i.e. where loop coarsening
was first observed, increasing or decreasing the unfaulting size limit, will simply shift the onset of
the unfaulting curve to higher or lower iron diffusion distances, respectively.

In Figure 6.3, the experimentally measured loop population clearly falls within the two
extremes of full dissolution and coarsening, for the corresponding temperature conditions. Based
on the characterized loop populations, it is evident that most of the loop population is annealed
through a dissolution mechanism, though a substantial portion, ~10%, displays a coarsening
response under annealing. This behavior is confirmed by the size distributions of the loop
populations after annealing, as shown in Figure 5.3. Here it can be observed that with increased
annealing the bulk of the size distribution moves to progressively smaller sizes, as predicted by
the dissolution behavior shown in Figure 6.1, while select loops are observed to grown with
annealing, as indicative of a coarsening behavior. Thus, the experimentally characterized
dislocation loop populations exhibited a partial behavior of both dissolution and coarsening under
the annealing treatments and was contained between the theoretical boundaries of a pure

dissolution or coarsening behavior.

6.1.2Solute Clusters

The resultant behavior for solute clusters under annealing will not only depend on the
concentration of thermally-induced vacancies, but also on the gradient of solute concentration as
predicted by Fick’s laws of diffusion. The initial concentrations of the solute clusters for this
simulation, were obtained from the radial concentration profiles of the nickel-silicon clusters of
the as-irradiated condition, shown in Figure 5.6. This concentration profile then underwent a

simulated 1D diffusion in accordance with Fick’s second law, such that:
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==p=:, 6.3)
which was then integrated for the selected annealing time and temperature, for the multicomponent
diffusion of iron, nickel, and chromium, though a radial diffusion equation may have been more
appropriate. The required parameters to determine the diffusion coefficients of iron, nickel, and
chromium are listed in Table 6.1. The simulated nickel concentration profile at annealing
conditions of 500°C: 1 h, 550°C: 1, 5 and 20 h, are compared to the experimentally measured radial
nickel concentration profiles for these conditions in Figure 6.4. A comparison of the iron and
chromium profiles displayed similar degrees of accuracy. From Figure 6.4, a good agreement
between the simulated and measured concentration profiles is observed, despite some of the
simplifications of the simulation, such as assuming a 1D diffusion for a 3D defect, thus confirming
that the dissolution of the solute clusters following annealing is primarily driven by the
concentration gradients present in the solute clusters. A similar diffusion behavior is expected for
the annealing of the radiation-induced segregation (RIS) at the grain boundary, as shown in prior

work by Busby et al. [57,161].

6.2 Relation Between the Irradiated Microstructure and Irradiation Hardening

Under irradiation austenitic stainless steels experience a sharp increase in hardness and yield
stress as the irradiation dose increases. This increase in strength is attributed to the emergence of
the irradiation-induced defect population, and their role in impeding the movement of mobile
dislocations. There have been many methods used in literature to relate the increase in material
strength to the irradiated microstructure [79,82-85], but the dispersed barrier hardening model
(DBH), Eqn. 2.4, is one of the earliest and most used of such models. It must be noted that the
DBH model is itself derived from the classical equation for the increased shear stress required for

a dislocation to cross a square lattice of obstacles [200]:

At = ubcos (9./2)/(L —d), (6.4)
where L-d is the effective obstacle spacing and is roughly equivalent to (Nxdx)*/? for a three-
dimensional array, while @, is the critical breaking angle for the dislocation. As such the effective

barrier strengths of various obstacles have been experimentally measured for various materials and

irradiation conditions [43,77,78,84], though with a fair degree of variability. Fits to dislocation
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loops have provided obstacle strengths between 0.2-0.5 [78,84], while solute clusters are often
less, between 0.1-0.3 [43,84].

6.2.1Dispersed Barrier Hardening Model Assuming Independent Loop and Cluster Populations

The obstacle strengths of the radiation-induced microstructure, namely dislocation loops, Ni-
Si solute clusters, and Al-Cu solute clusters, were calculated from the characterized defect
populations using the DBH model shown in Equation 2.4. The sizes, d, and densities, N, of the
irradiation defects required to calculate the effective obstacle spacing were reported earlier in
Table 5.1-5.3, while the increase in yield stress, Aoy, was calculated from the measured irradiation
hardening, AHy, of the characterized sample blank specimens in Table 5.5 and the conversion
factor of 2.46 determined for this material in Figure 5.12, as well as necessary constants listed in
Table 6.1. The resultant values were then fit using a multi-variable regression analysis in Microsoft
Excel™ using both the simple summation, Eqn. 2.5, and root-square-sum (RSS), Eqgn. 2.6,
methods of combining the strengthening components of multiple defect types. The resultant fits
for the obstacle strength, a, for each defect type is listed in Table 6.2.

The obstacle strength was calculated under three separate conditions. The first condition fit
the entire data set, however, the anomalous density of Al-Cu solute clusters at the 550°C: 5 hr
condition, as seen in Table 5.3, was expected to adversely affect the calculation, leading to a fitting
of a negative obstacle strength for the Al-Cu clusters under the RSS summation method. As such
a second fitting was completed, excluding the 550°C: 5 h condition. This fitting process led to a
negative obstacle strength for the Al-Cu clusters via both the simple and RSS summation methods.
Based on the results of the prior two fitting conditions, it was concluded that the strengthening
contribution of the Al-Cu clusters was negligible, most likely due to their slight volume fractions
of ~0.05%. As such a third fitting was completed, excluding the Al-Cu solute cluster populations;
this fitting seemed the most appropriate providing an obstacle strength of 0.096 and 0.073 for
dislocation loops and solute clusters, respectively, via the simple summation, and 0.190 and 0.076
for dislocation loops and solute clusters, respectively, via the RSS summation method. Across the
examined conditions, the simple summation strength fits matched the measured strengthening with
an average variance of 10.0 =+ 8.1 MPa, while the RSS strength fits had an average variance of 3.7
+ 7.8 MPa. As the RSS summation method more accurately matched the measured strengthening

and is most applicable to barriers with similar strengths, it was decided that this summation method

196



was most appropriate. The calculated obstacle strength of 0.190 for the faulted dislocation loops
is quite similar to the range of 0.2-0.5 [78,84] often reported in literature. It should be noted that
many of these early studies calculated the obstacle strength assuming that only dislocation loops
contributed to the hardening, as such the strengthening contribution of any other microstructural
defects, such as solute clusters, would have been attributed to the loop population, hence increasing
the calculated obstacle strength. The calculated obstacle strength for solute clusters, 0.076 is also
lower than the range for solute cluster populations in irradiated stainless steel, which varies
between 0.1-0.3 [43,84]. One reason for this discrepancy may be the difficulty of distinguishing
between solute clusters and precipitates when utilizing certain analysis methods for irradiated
alloys, such as APT [43]. Including populations of precipitates, which are expected to be much
stronger barriers to dislocation movement than solute clusters would lead to higher obstacle
strength.

Using the calculated obstacle strengths of dislocation loops and Ni-Si solute clusters, a
calculation of the predicted strengthening from these independent defect populations through the
DBH model with an RSS combination was compared to the measured strengthening in Table 6.3
and displayed visually in Figure 6.5. It should be clarified that the relative contributions of
strengthening from both the independent solute clusters and dislocation loops in Figure 6.5 are

shown as a proportion of the Aayz for each defect type as an RSS method was used to determine

the total strengthening from the defects. As expected, a good comparison is observed between the
predicted and measured strengthening, especially given the degree of error in the fitting
parameters, thus validating the calculated fits. It can also be seen in Figure 6.5 that the dislocation
loops are the dominate strengthening defect in the as-irradiated condition, but the contribution
from the Ni-Si clusters overcomes that of the dislocation loops by annealing at 550°C: 1 h and

becomes the only hardening feature after 550°C: 20 h.

6.2.2 Molecular Dynamics Simulations of Irradiation Defects

While the calculation of the obstacle strength from fits to experimental measurements may
demonstrate a difference in the strengths of different irradiation-induced defects, these estimates
do not examine the underlying cause of the obstacle strengths, while also ignoring the possible
correlation between irradiation defects, such as that between solute clusters and dislocation loops.

197



As such, molecular dynamics (MD) simulations were conducted to more precisely measure the
obstacle strength of different defect types and their respective contribution to the overall material

hardness.

6.2.2.1 Calculation of Obstacle Strength

To calculate the obstacle strength for of each of the examined defect types, a modified
version of Eqn. 6.4 was utilized:

o = At(L—-d) ’ 6.5)

ub

where o is the unitless obstacle strength between 0-1, Az is the increase in shear stress from the
obstacle array taken as the difference between the peak shear stress and the friction stress, L is the
obstacle spacing, 21.5 nm for this simulation, d is the obstacle diameter, and u and b are the shear
modulus and Burgers vector, 77 GPa and 2.48 x 101°m, respectively, as listed in Table 6.1. For
solute clusters, d was simply the diameter of the cluster and for dislocation loops, an effective
obstacle size, deft, was used to account for the effect of orientation with respect to the mobile edge
dislocation, Figure 6.6. While the orientations of [111] and [111] have similar effective loop
diameters which increase with the obstacle size, the effective size of a loop in the [111] orientation
remains constant at ~0.8 nm regardless of the obstacle size, due to its edge-on orientation with the
edge dislocation. These values of desf were used in Eqgn. 6.5 in place of d. As most of the obstacle
strength for the combined solute cluster-dislocation loop defects came from the dislocation loops,
the same derr was used when calculating the obstacle strength for these compound defects. The
calculated obstacle strength for each of the examined defects is given in Table 6.4 along with the
propagated errors from the peak shear stresses. Recall that, due to the enhanced strain rates in the
MD simulations and hence a limitation of diffusion-related processes such as climb, the simulated
obstacle strengths are probably enhanced as compared to slower strain rates, though the effect is

presumed to be minimal.

6.2.2.2 Interstitial Faulted Dislocation Loop Defects

The obstacle strength for dislocation loops, and the effect of obstacle size and orientation

are shown in Figure 6.7. It is evident that the obstacle strength of dislocation loops of the [111]
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orientation remains constant despite increasing obstacle size. As shown in Figure 6.6, the [111]
loop orientation is edge-on with respect to the direction of the mobile edge dislocation; due to this
orientation these loops were generally sheared by the edge dislocation rather than bypassed
through a super job or adsorption interaction as was commonly observed for loops of the [111]
and [111] orientations. This shearing interaction thus required a threshold shear stress to initiate
but was not affected by the loop size. The obstacle strength for loops of the [111] and [111]
orientations increased with increasing loop diameter, though loops of the [111] orientation were
noticeably stronger than those of the [111] orientation, particularly at smaller loop diameters.
Figure 6.7 also includes the average obstacle strength for all three examined orientations with
increasing loop diameter. The average increase in obstacle strength with diameter for all the
observed loop orientations displayed a vd dependence as shown in Figure 6.8. This implies that
the generalized obstacle strength for a random population of dislocation loops: «; = ao,L\/H,

where a, ; is about 0.094 nm™/2,

6.2.2.3 Solute Cluster Defects

The obstacle strength of solute clusters, and the effect of obstacle size and solute
concentration are shown in Figure 6.9. Clusters below a diameter of 4 nm had a sharp decrease in
the measured obstacle strength; it is believed that these smaller clusters lacked the required surface
area to be a consistently effective barrier to the mobile edge dislocation. The increase in the
obstacle strength with solute concentration, i.e. increased nickel content for this study, displayed
av/ANi dependence as shown in Figure 6.10, implying that the generalized obstacle strength for a
random population of solute clusters: a, = ao,C\/A_Ni, where a,, . is about 0.099. This dependence
on solute content agrees with prior literature on solution strengthening for low concentrations of
substitutional solutes [201-203].

6.2.2.4 Combined Solute Cluster-Dislocation Loop Defects

The obstacle strength for the combined solute cluster-dislocation loop defects, a., ., are
compared to the strengths of their independent dislocation loops and solute clusters in Figure 6.11.
Figure 6.11a shows the relative change in the obstacle strength as a function of solute concentration
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of the spherical cluster. The increase in the obstacle strength of the cluster-loop defect with
increasing solute concentration is only slightly larger than that for the solute cluster alone. Figure
6.11b displays the change in the obstacle strength as a function of the diameter of the defects.
Again, the obstacle strength of the combined cluster-loop defect increases with defect diameter
and is only slightly larger than that of the dislocation loop alone and approximately equal to the
sum of the loop and cluster obstacle strengths. Figure 6.11c shows the change in the obstacle
strengths when accounting for the orientation of the dislocation loop. While the obstacle strength
of the cluster-loop combined defect is approximately the summation of that of the solute cluster
and dislocation loop for the orientations of [111] and [111], a large divergence is observed for the
[111] loop orientation, such that « for the cluster-loop compound defect is weaker than o for the
dislocation loop. A closer examination of the dislocation interaction with the [111] cluster-loop
defect revealed no clear differences from the interaction of the dislocation with an independent
[111] loop; the loop did not unfault and the edge dislocation bypassed the loop through a shearing
mechanism. As both an independent solute cluster and a [111] loop is bypassed through a shearing
mechanism, it is suspected that their combination led to a synergistic reaction allowing for an
easier initiation of the shear process, hence the lower peak stresses and obstacle strength.

The obstacle strength of the combined cluster-loop defect depends heavily on the obstacle
strength of its individual components, such that a.,; = a; + X - a., where X is a fractional value

of the solute cluster strength. An RSS approach was also examined in comparing the obstacle

strengths, however, as m ~ a;, a linear sum was a more accurate representation. The
determined value for X, for each examined loop and cluster combination is listed in Table 6.4.
When comparing the fractional cluster strength, X, with cluster size, X is seen to vary from 1.05,
0.54, and 0.69 for diameters of 3, 5, and 7 nm, respectively, at a solute concentration of 50 at.%
Ni and loop orientation of [111]. These values are relatively the same when considering the error
ranges, though the higher value at 3 nm, suggests a slightly higher strengthening effect when solute
clusters are combined with smaller dislocation loops. When comparing the fractional cluster
strength, X, with solute concentration, X is seen to vary from 0.37, 0.54, and 0.58 for nickel
concentrations of 25, 50, and 75 at.%, respectively, at a diameter of 5 nm and loop orientation of
[111]. Again, these fractional strengths are relatively the same, though a lower cluster
concentration provides less of a strengthening effect. Overall, both obstacle size and solute

concentration seem to have a rather negligible effect on the fractional cluster strength, at least at
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the examined [111] loop orientation. However, large variations in the fractional strength are
observed when examining different loop orientations. While the [111] and [111] orientations have
similar values at 0.54 and 0.65, respectively, the fractional strength for the [111] loop orientation
was much different at -0.71, as the combined cluster-loop defect was weaker than an independent
dislocation loop. To best represent a random distribution of loop orientations, the fractional
strength was averaged over the three loop orientations, for an average fractional strength of 0.16,
that is: a.,;, = a; + 0.16 - a,, as a generalized equation.

This result for the average obstacle strength for a random population of a combined cluster-
loop defect is only slightly increased as compared to that of a random population of dislocation
loops, primarily due to the weakening observed at the [111] loop orientation. However, it must be
reminded that these results are reflective of an increased nickel solute concentration, an element
which is expected to have relatively minor synergy with a dislocation loop. Other solute elements,
such as silicon, may have more of a synergistic effect, though this is beyond the scope of this thesis

research.

6.2.3Relation between MD Simulations and Experimental Results

The dislocation loop sizes used in the MD simulations are slightly smaller than those
observed in the irradiated material examined in this study, Table 5.1, due to constraints on the
simulation box size. The average diameter of the dislocation loops in this study varied between
8.0-9.6 nm, with an average size of 8.7 nm across all the examined conditions. Based on the
identified trend with loop size from the MD simulations, a; = aO,L\/E, an average obstacle
strength of 0.277 would be anticipated. This obstacle strength is somewhat higher than the
experimental fits using the DBH model for this study, which had a fitted obstacle strength of 0.190
for the dislocation loop population. While the precise reason for this variance in loop strength as
measured by both methodologies is not known, it is likely due to either the time and spatial
limitations of the MD simulations or the simplifications inherent to the DBH model.

It must be noted that the solute concentrations used in the MD simulations were higher than
those observed in the irradiated material via APT. The higher solute concentrations were utilized
to provide a statistically valid variation between the measured solute concentrations. The APT

analysis on the nickel-silicon solute clusters in the as-irradiated found an increased concentration
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of 6.1 and 2.6 at.% for ANi and ASi, respectively, or a total Asolute of 8.7 at.% in at the core region
of the clusters. This value falls short of the lowest ANi of 12 at.% used in this study but is not
surprising given that the ternary Fe-Ni-Cr potential was not able to accommodate the addition of
silicon on the cluster strength, which will likely be substantial. Therefore, approximations were
made by comparing the Ni-Si bond strength relative to that of Ni-Ni. To complete this
approximation, it was assumed that the relative difference in bond strength is the same as the
relative difference in bond dissociation energies. Results on bond dissociation energies show an
energy of 225 kJ/mol for a Ni-Ni bond compared to 318 kJ/mol for a Ni-Si bond [204], or a strength
increase of 41%. Using a replacement ratio of ~30%, which corresponds to concentrations in the
Ni-Si clusters yields a strength increase of ~12% assuming that the bond strengths of Si-Cr and Si-
Fe increase the same relative amount as compared to Ni-Cr and Ni-Fe bonds as data for these bond
dissociation energies were not available. Including the approximate strengthening effect from
silicon: @, = 1.12 - a, ~v/Asolute, solute clusters with a chemistry identified in this thesis research
should have an obstacle strength of ~0.032. This obstacle strength for solute clusters is less than
half of the value of 0.076 obtained using the DBH model for solute cluster populations in the as-
irradiated and annealed conditions, though the absolute difference in obstacle strength is less than
that present in the dislocation loops. One possible reason for this discrepancy may be additional
synergistic effects from silicon, as it is suspected that the earlier approximation based on bond
strengths fails to encompass the full contribution of this solute to the cluster strength.

Utilizing the obstacle strengths for independent dislocation loops and solute clusters
obtained via the MD simulations, a calculation of the predicted strengthening from the
characterized microstructure using the DBH model with an RSS combination was completed, as
shown in Figure 6.12. In Figure 6.12, the proportional contribution, i.e. Aayz, of each defect type
to the total predicted strengthening is identified. When utilizing the obstacle strengths measured
from the MD simulations, a large discrepancy from the experimentally measured strengthening is
observed, particularly at low and high annealing conditions. At low annealing conditions, i.e. as-
irradiated and 500°C: 1 h, the higher obstacle strength of the dislocation loops leads to an over
prediction of the strengthening due to the higher density of dislocation loops characterized in those
conditions. At high annealing conditions, such as 550°C: 20 h, we see instead an underestimation
of the total strengthening as the dislocation loops have been fully removed, and the lower obstacle

strength of the solute clusters. Overall, the obstacle strengths determined by the MD simulations
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of independent dislocation loops and solute clusters, due not match with the experimentally
observed strengthening when utilizing the DBH model, though it is not clear if this discrepancy
results from limitations in the MD simulations, simplifications of the DBH model, or a partial
responsibility of both.

The MD simulations of a combined defect of a solute cluster and a dislocation loop listed
in Table 6.4 observed an average obstacle strength of 0.279, though this was seen to fluctuate with
obstacle size, loop orientation, and solute concentration. This strength of the combined defect was
observed to be proportional to the strengths of the independent loop and cluster, such that a.,; =
a, + X -a., where X = 0.16 for a population with a random loop orientation. Based on the
predicted obstacle strengths of dislocation loops and solute clusters of the experimentally observed
microstructure, 0.277 and 0.032, respectively, a combined cluster-loop defect would have an
obstacle strength of ~0.282. To better understand the effect of that a combined cluster-loop defect
may have on the overall strengthening of a material, a calculation was made assuming that all the
experimentally observed dislocation loops were instead combined cluster-loop defects. Assuming
a combination of one cluster per loop, due to their similar sizes, the density of dislocation loops
was subtracted from the density of solute clusters at each annealing condition, to reflect their
participation in the combined defect; no change in the average size of solute clusters population
was assumed. As the experimentally measured density of solute clusters is higher than that of
dislocation loops, the remaining solute clusters not on loops were considered as separate defects
and contributed to the overall strengthening with an RSS combination. A graphical representation
of the total strengthening is shown in Figure 6.13, where the relative proportion of the
strengthening from either the combine cluster-loop defects and the independent solute clusters is
identified. As compared to the case of independent loops and clusters (Figure 6.12) there is a
negligible difference in the total strengthening as the slight increase in the strength of the combined
cluster-loop obstacle, as compared to the strength of an independent dislocation loop, is offset by
the decrease in the density of independent solute clusters. This data shows that the strengthening
predicted by a completely independent population of dislocation loops and solute clusters is very
similar to that predicted for a population containing some fraction of combined cluster-loop
defects, thus implying that combined cluster-loop defects will not affect the strengthening of a

material beyond that of the individual defects.
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Overall, there was a consistency between the obstacle strengths of solute clusters and
dislocation loops as measured from MD simulations and fit to the characterized microstructure
through the DBH model. Both methods showed comparable trends in that the strength of
dislocation loops was much higher than that of the solute clusters. These variances in obstacle
strengths between both methodologies can be easily attributed the time and spatial limitations of
the MD simulations or the simplifications inherent to the DBH model. In this manner, the MD
simulations helped to both validate the obstacle strengths predicted by the DBH model and provide
a better understanding of the effect of obstacle size, loop orientation, and solute concentration on
the resultant obstacle strength. Finally, the MD simulations were able to demonstrate that a full
population of combined cluster-loop defects, would have a negligible impact on the predicted
strengthening of a material as compared to a population of independent solute clusters and
dislocation loops.

6.3 Evolution of Localized Deformation with PIA

The localized deformation present in the as-irradiated and annealed conditions was
characterized through multiple methods in the CERT and four-point bend specimens. The localized
deformation was examined based on the bulk dislocation channel density, density of both
discontinuous and continuous channel-grain boundary intersection sites, and the average channel
spacing for the tensile specimens. The four-point bend specimens were characterized based on the
bulk dislocation channel density, average dislocation channel spacing, and the fraction of
channeled surface area. Overall, no statistically significant variations were observed in the bulk
dislocation channel density, shown in Figure 6.14, for the as-irradiated condition and annealing
conditions: 500°C: 1 h, 550°C: 1 and 5 h for both the four-point bend and CERT specimens. A
significant change in the bulk dislocation channel density was observed after an annealing
treatment of 550°C: 20 h. This characterization also shows that the density of dislocation channels
increased rapidly at low levels of strain, before leveling off at higher strains; indicating that a
majority of the dislocation channels were formed between 0-2% plastic strain. It should be
remembered that the bulk dislocation channel density is an average over the entire examined
surface and includes many grains which did not display dislocation channel formation. However,

by dividing the bulk channel density by the fraction of channeled area, a measurement of the
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average channel density in grains with dislocation channels would be determined. Unlike the bulk
channel density, this average dislocation channel density in grains with channeling was observed
to largely increase with annealing, at least over the limited conditions where both measurements
were made.

The examination of the dislocation channel-grain boundary interaction sites in the CERT
specimens revealed both that most of all dislocation channel-grain boundary intersection sites were
discontinuous in nature, and the density of such sites changes relative to the overall density of
dislocation channels, as shown in Table 5.11. Furthermore, it was noted that the ratio of
discontinuous to continuous interaction sites remained relatively constant in response to both strain
and annealing treatments, in Table 5.11. While it has been previously established that
discontinuous channel-grain boundary intersection sites are preferred sites for IASCC crack
initiation [7,149] due to their enhanced local stresses [148], the fact that the ratio of discontinuous
to continuous interaction sites remains constant with annealing treatments implies that the
mitigation of IASCC susceptibility with PIA treatments is not due to an increase in the ease of slip
transfer across grain boundaries.

Channel spacing is observed to decrease monotonically with plastic strain. There is no
significant difference in the average channel spacing between CERT and 4-point bend samples for
each annealing condition when compared based on local plastic strain, as in Figure 6.15. The trend
lines shown in Figure 6.15 are fit to the data from Table 5.11 and Table 5.15 for each annealing
condition, regardless of the specimen type. With regards to the annealing condition, a clear
decrease in channel spacing is present following annealing treatment at 500°C: 1 h and 550°C: 1
h, though no further decreases in channel spacing are observed following annealing treatments of
550°C: 5 and 20 h. As there was no statistical variation in the average channel spacing between
the specimens annealed at 550°C:1, 5, and 20 h, the measurements for these specimens were fit
with a single curve in Figure 6.15. With regards to strain, the average channel spacing was
observed to decrease with increasing plastic strain, regardless of the annealing condition. This is
due to the initiation of new dislocation channels to accommodate the increased strain.

Finally, the localized deformation in the four-point bend specimens was also characterized
by the fraction of channeled area, as shown in Figure 5.38. This characterization shows that the
fraction of channeled area increased rapidly at low levels of strain, before leveling off at higher

strains. This is reflective of the initiation of dislocations in new grains as strain increases, until
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~85% of grains contain channels in the as-irradiated condition at 5% plastic strain. Annealing
treatments of 500°C: 1 h and 550°C: 5 h were observed to decrease the fraction of channeled area
by ~10% as compared to the as-irradiated conditions. This implies that roughly 50% as many
grains were able to accommodate the applied strain without forming dislocation channels after
these annealing conditions as compared to the as-irradiated condition. A further reduction in the
fraction of channeled area was observed after annealing at 550°C: 20 h, however, this is difficult

to validate as it consists of a singular data point.

6.3.1 Dependence of the Localized Deformation on the Irradiated Microstructure

The degree of localized deformation, including channel spacing, has been previously linked
to the irradiated microstructure in proton-irradiated 300-series steels, and was shown to primarily
depend on the dislocation loop density [100]. Thus, it is worth examining the relation between the
irradiated microstructure and the localized deformation, which was best characterized by the
average channel spacings shown in Figure 6.15, and their changes under annealing treatments. The
strengthening from the Ni-Si solute clusters, shown in Table 6.3, decreased to only ~90% of the
as-irradiated condition after annealing up to 550°C: 1 h, by which point all reduction in the average
channel spacing had occurred. Therefore, the comparison between the average channel spacing
and the irradiated microstructure will focus on the dislocation loop population, previously listed
in Table 5.1, which was observed to significantly change under annealing. After annealing at
500°C: 1 h, the dislocation density and average channel spacing similarly dropped to ~75% of the
as-irradiated condition. However, during annealing at 550°C, the faulted dislocation loop
population continued to decrease to ~30% of as-irradiated density after 550°C: 1 h and full removal
after 550°C: 20 h. Meanwhile, the average channel spacing stabilized to ~65% of the as-irradiated
condition after 550°C: 1 h and did not change with further annealing at 550°C: 5 and 20 h. While
the changes in dislocation channel spacing and dislocation loop density matched well up to 500°C:
1 h, their behaviors began to diverge at higher annealing treatments, suggesting that the two
measurements are not directly correlated.

One explanation for this divergence is that the evolution of the localized deformation under
annealing is not fully captured by the measurement of average channel spacing. The reduction in

the dislocation loop population matched quite well with average channel spacing up to 550°C: 1
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h, however, the negligible changes in channel spacing with increased annealing treatments
suggests a minimum channel spacing of ~4-5 um. Thus, rather than visibly reducing the channel
spacing, further annealing resulted in a decrease in the fraction of channeled area, which is another
indication of homogenization of the applied strain. This is particularly evident in the bend
specimen at 550°C: 20 h, which had only ~50% of channeled area as compared to similarly strained
specimens in the as-irradiated condition. Also, since the Ni-Si clusters controlled the hardening at
these longer heat treatments, the channel spacing will be dictated by their size distribution rather
than that of the loops. This demonstrates that the relationship between the irradiated
microstructure and localized deformation is quite complex and a more in-depth characterization

will be needed before it can be fully understood.

6.3.2 Consistency between CERT and Four-Point Bend Test Results

The localized deformation in CERT and four-point bend experiments had an overlapping
characterization in both the dislocation channel density and average dislocation channel spacing
and IASCC susceptibility following PIA treatments. The bulk dislocation channel density on the
specimen surface showed similar values and trends between both the tensile and four-point bend
specimens with local plastic strain as shown in Figure 6.14, though it must be noted that neither
specimen type displayed an obvious response to the annealing treatments. Unlike the dislocation
channel density, the average dislocation channel spacing displayed a clear change in response to
the annealing treatments in both the CERT and 4-point bend specimens, as shown in Figure 6.15.
This behavior confirms that the localized deformation in both the CERT and 4-point bend
specimens developed in the same manner with applied strain. Due to its measurable change with
annealing treatments, and its measurement in both the tensile and four-point bend specimens, the
average dislocation channel spacing was selected to best quantify the changes in the localized
deformation with PIA, and its relation to the mitigation of IASCC susceptibility.

6.4 Mitigation of IASCC Susceptibility

The mitigation of IASCC susceptibility of the tensile specimens from this study are

compared to several similar PIA neutron-irradiated austenitic stainless steels in Figure 6.16
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[77,78,167,171]. IASCC susceptibility is assessed by comparing the fraction of intergranular
fracture after annealing relative to the as-irradiated condition. The annealing conditions are
normalized based on iron diffusion distance (d), which is calculated as d = v/Dt, where t is the
annealing time, D is the iron self-diffusion coefficient given by D = D,exp(—Q/kT), and T is the
annealing temperature, k the Boltzmann constant, Q the migration energy: 2.95 eV, and D, equals
4.9 x 10° m?/s [78]. There is a good comparison between the prior literature data and the results
from this study, except for the 550°C: 20 h samples. The results match particularly well with the
data from Jacobs et al. [171] who also used 304L SS with similar irradiation dose, and water
chemistry, i.e. BWR-NWC. These experiments by Jacobs also displayed a large variation in
IASCC susceptibility around annealing at 500°C: 1 h.

6.4.1 Susceptibility of the 550°C:20 h Treatment

A clear discrepancy in IASCC behavior was observed for the specimens annealed at 550°C:
20 h in both CERT and four-point bend experiments. Despite full mitigation of IASCC by 1 h at
550°C, all the specimens annealed at 550°C: 20 h showed very high susceptibility to crack
initiation. Cracks appeared to be related to grain boundary etching that occurred following the
electropolishing procedure, as shown in Figure 6.17. In fact, cracks occurred preferentially at the
etched grain boundaries leading to an extremely high degree of intergranular fracture of the T-12
tensile specimen: ~165% that of the as-irradiated condition. Similarly-etched grain boundaries
were identified on the sides of the 12-B1 bend specimen, which were directly correlated with the
location of crack initiation in that specimen.

A lift out taken near one of the etched grain boundary sites of the T-12 (550°C: 20 h) tensile
specimen was characterized using an FEI Talos F200, analytical TEM-STEM optimized for X-ray
spectroscopy in the LAMDA laboratory by Dr. Phil Edmundson at Oak Ridge National Laboratory
[205]. Energy-dispersive X-ray spectroscopy (EDS) maps taken along the edge-on grain boundary
revealed the formation of chromium-rich precipitates on the grain boundary and a corresponding
depletion of chromium at the grain boundary, Figure 6.18. Figure 6.19 shows a comparison of the
chromium concentration in this grain boundary [205] compared to chromium RIS in the previously
examined grain boundaries for the as-irradiated and 550°C: 5 h conditions. The deep and

comparatively wide chromium depletion profile is indicative of the onset of sensitization caused
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by the precipitation of chromium carbides at the grain boundary [206]. Since the 304L alloy was
used in the solution annealed condition, and no grain boundary carbides were observed in any
condition besides the 550°C: 20 h condition, it is concluded that this heat treatment resulted in
precipitation of carbides and the consequent chromium depletion. That this heat treatment was
sufficient to initiate sensitization was verified by the small fraction of grains displaying
precipitation and etching during electropolishing. The low bulk concentration of carbon in this
heat is just outside of the precipitation zone in the industry-standard time-temperature-sensitization
curves (Figure 2.2) for an annealing treatment of 550°C:20 h, but earlier work by Katsura et al.
[167] suggests that irradiated alloys may be more susceptible to sensitization than their
unirradiated counterparts. Based on the evidence provided, it was concluded that the specimens
annealed at 550°C: 20 h underwent some degree of sensitization, which severely enhanced the
susceptibility to IGSCC. As such, this annealing condition is excluded from the following

discussion of processes controlling IASCC mitigation with PIA.

6.4.2 Consistency between CERT and Four-Point Bend Test Results

CERT and four-point bend experiments displayed similar behaviors with regard to the
IASCC susceptibility following PIA treatments, but some variations were observed, as shown in
Figure 6.20. There are two primary differences between CERT and four-point bend specimens that
may cause differences in the extent of cracking: through-thickness stress state and effective surface
area. The through-thickness stress state in a tensile experiment permits cracks that initiate on the
surface to grow inward into the specimen. For a four-point bend specimen, the gradient in stress
from tensile on the examination surface to compressive stress on the opposite side causes crack
propagation to be confined to the surface. The effect of this phenomenon can be observed in Figure
6.20 when comparing the as-irradiated T-4 CERT specimen and four-point bend specimens: 4-B
and 10-B1. While all examined specimens were initiated between 4-6% local strain, the two bend
specimens showed a self-consistent but higher crack length density with strain as compared to the
CERT specimen. This difference is due to most of the crack advancement in the CERT specimen
being into the specimen, rather than along the surface, whereas the stress gradient in the four-point

bend specimens limits their advancement to the tensile surface.
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The second consideration is the effective surface area of the specimen, the four-point bend
specimens are much smaller than the tensile specimens, having an examination area of ~1.5 mm?
compared the ~35 mm? of an entire tensile gage length. Considering only the necked region of the
tensile specimen, where all crack initiation occurred in the examined specimens, the average
examination area is still ~8-9 mm?2. This means that the tensile specimens have an effective
examination area of at least five times that of a four-point bend specimen. For the case of the
tensile specimen, T-5, where only a single crack initiation site was identified, it can be inferred
that the equivalent bend specimen, 9-C, would have a less than 20% chance of having an identical
site within its examination area. As such, the small size of four-point bend specimens limits their

applicability in examining materials conditions with a relatively low chance of crack initiation.

6.5 Processes Responsible for the Mitigation of IASCC Susceptibility with PIA

The IASCC susceptibility as measured by both crack length per unit area (um/mm?) and the
percent intergranular fracture (%IG) in four-point bend and CERT experiments, respectively,
along with other factors that may affect the observed cracking susceptibility are plotted in Figure
6.21. The IASCC susceptibility decreased rapidly with annealing treatments, to a value of ~70%
of the as-irradiated condition after 500°C: 1 h and full mitigation after 550°C: 1 h for the CERT
specimens, while cracking in the four-point bend test was fully removed by 500°C: 1h. The
irradiation hardening and increase in yield stress, assuming an unirradiated yield stress of 211
MPa, were observed to similarly decrease with the extent of annealing. However, this occurred at
a much slower rate than that of the IASCC mitigation, with both values at ~70% of their as-
irradiated state after annealing at 550°C: 1 h. The defect populations of dislocation loops and Ni-
Si solute clusters from Table 5.1 and Table 5.2 are normalized on the basis of vVNd, which is
representative of their effect as obstacles to mobile dislocations. Compared to the as-irradiated
condition, the v/Nd for dislocation loops decreased to ~90% after annealing at 500°C: 1 h and to
~55% after 550°C: 1 h. Meanwhile the decrease in vNd for solute clusters was much slower at
higher temperatures, remaining at ~90% after the 550°C: 1 h annealing treatment. While the data
of chromium RIS, Table 5.4, was not available for the 500°C: 1 h and 550°C: 1 h conditions, ~60%
of the as-irradiated chromium segregation was remaining after 550°C: 5 h, suggesting that at least

that much segregation, and likely more based on previous literature [78,132], was remaining when
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IASCC was fully mitigated. The annealing of silicon RIS was much faster, decreasing to ~16%
and to ~6% of the as-irradiated state after annealing treatments of 550°C: 5 and 20 h, respectively.
However, as IASCC is known to occur in silicon-free alloys [126], its role could be to enhance the
susceptibility relative to higher purity alloys. Furthermore, the segregation data for the most critical
annealing conditions, 500°C: 1 h and 550°C: 1 h, are not available, thus it is difficult to determine
the exact silicon or chromium segregation when IASCC was fully mitigated, and thus the precise
role that it may have played as well. The change in the average dislocation channel spacing with
annealing was calculated by the trend lines shown in Figure 6.15 at 2% plastic strain, but it should
be noted that only slight variations, i.e. <5%, were observed in the relative average channel spacing
between 2 and 10% plastic strain. As the trend in average channel spacing is the same for the
550°C: 1, 5, and 20 h annealing conditions, they share the same value as compared to the as-
irradiated conditions.

While all the examined features decrease with increasing annealing treatments, none were
observed to decrease in the exact same way (or rate) as the IASCC susceptibility, as measured by
either the CERT or four-point bend specimens. More specifically most of the examined features
have minimal changes after annealing at 500°C: 1 h, where the largest change in IASCC mitigation
occurred. Unlike the other examined features, the average dislocation channel spacing, displayed
a similar shape as the IASCC mitigation in that it decreased rapidly after annealing at 500°C: 1 h
and 550°C: 1 h, and remained constant thereafter. Furthermore, 70% of the total reduction occurred
after annealing at 500°C: 1 h and full reduction occurred after 550°C: 1 h, similar to the average
IASCC mitigation from both the CERT and four-point bend experiments, i.e. ~65% reduction after
500°C: 1 h and 100% after 550°C: 1 h. The desegregation of silicon from the grain boundaries
displayed the second-best correlation with the removal of IASCC susceptibility, decreasing to 16%
of the as-irradiated condition after annealing at 550°C: 5 h. As silicon has been previously shown
to significantly enhance crack growth rate in similar alloys [134-136], it is worth discussing the

possible role that the grain boundary silicon may have had in this study.

6.5.1Role of Localized Deformation in Mitigating IASCC Susceptibility

Of all the features examined, the decrease in the average channel spacing with annealing

displayed the best correlation with the mitigation of IASCC susceptibility following annealing
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treatments. However, correlation does not necessarily imply causation, thus it is important to verify
that this observation fits with our current understanding of IASCC initiation. Recent studies of the
crack initiation in irradiated austenitic stainless steels have shown an increasing relevance of the
role of localized deformation in the IASCC susceptibility and crack initiation [4,6,7,147,207].
These studies have shown that grain boundaries that are intersected by discontinuous dislocation
channels have a higher fraction of crack initiation, as compared to boundaries that transmit strain
between adjacent grains [7], and that this enhanced cracking fraction is likely due to the high
tensile stress at these intersections [147,148]. This increase in stress has been linked to the pile-up
of dislocations at the grain boundary after moving through the dislocation channel. It has also been
observed that there is a pseudo-threshold (“pseudo” as the value may be specific to environment,
alloy composition, etc.) level of stress required to initiate cracks [147,148]. It should also be noted
that triple junctions had a similarly high cracking fraction as these sites also experience high local
stresses [7]. From this perspective it is important to analyze how the observed changes in the
localized deformation following PIA treatments, may have led to the mitigation of IASCC
susceptibility.

Figure 6.15 clearly shows that the average dislocation channel spacing decreases with both
increased strain and the extent of annealing. The decrease in average channel spacing with
increasing strain is due to the formation of new channels as the total strain in the specimen is
increased. The decrease in spacing with the extent of annealing is likely related to the removal of
dislocation barriers, thus enabling the initiation of additional channels at lower strains. As a prior
study by Jiao et al. [21] has shown, in the irradiated state, most of strain is confined to the
dislocation channels and for the same strain, a higher channel density results in fewer dislocations
per channel and therefore, lower stress concentration at the grain boundary [148]. This is in
addition to the fact that following annealing, even grains that display channel formation will be
more likely to accommodate some of the strain in a homogeneous manner outside of the dislocation
channels, further reducing the pile-up in channels.

Also indicated in Figure 6.15 is the plastic strain at which crack initiation was first
identified. In both the as-irradiated and the 500°C: 1h cases, this value was ~5%. Note that the high
plastic strains for crack initiation for two of the as-irradiated specimens are slightly misleading as
both specimens displayed a large degree of crack initiation during that strain increment and are

suspected to have initiated much earlier. This requirement of a significant plastic strain for IASCC
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crack initiation suggests that a build-up to a pseudo-threshold stress through dislocation pile-up
may have been required. The smaller channel spacing and reduced IASCC susceptibility of the
550°C annealed specimens further supports this reasoning. While additional dislocation channels
form under increased strain, these new channels will not reduce the amount of dislocations piled-
up in the preexisting channels, nor will the further strain in the grain be confined to just these new
channels. As the annealing treatments cause the formation of additional dislocation channels at
lower strains, these additional channels will more evenly distribute the stresses from the pile-up
dislocations, presumably keeping this below the threshold stress required for crack initiation.

The agreement between the behavior of the IASCC susceptibility and the dislocation
channel spacing matches with the present picture of crack initiation due to a critical local stress,
most commonly achieved by the increased stresses at dislocation channel-grain boundary
intersections [148]. However, it is important to examine the crack initiation sites in this study to
determine if they are consistent with the occurrence of discontinuous dislocation channels. In this
study, four of the examined specimens: T-4, 4-B, 10-B1, and T-5, displayed IASCC crack
initiation. The T-4 (as-irradiated) tensile specimen displayed a large degree of crack initiation and
advancement in a singular strain increment, hence the location of the first crack initiation site was
not identifiable. The 10-B1 (as-irradiated) specimen also displayed an appreciable amount of crack
initiation and advancement in a single increment, however, as this was a four-point bend specimen,
the crack growth was limited, and the initiation location was able to be identified to a reasonable
degree.

Figure 6.22 displays the location of crack initiation for the 4-B (as-irradiated) bend
specimen that occurred between strains of 4.04% and 5.18%. From these images the crack clearly
nucleated on a boundary with discontinuous channels impinging from both adjacent grains. Figure
6.23 displays the location of crack initiation for the 10-B1 (as-irradiated) bend specimen. As
mentioned before this specimen exhibited a large degree of crack advancement, however, the most
probable crack ignition location was identified by both the crack opening and changes in the
localized deformation. The incremental straining of this specimen allowed the location to be
examined for both the increment prior to initiation at 5.19% plastic strain, Figure 6.23a, and after
initiation at 10.77% strain, Figure 6.23b. As discussed earlier the average channel spacing
decreased with increased strain, while it is also known that the advancement of a crack will created

a local stress/strain field as it advances. By comparing the relative changes in the localized
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deformation in grains beside which the crack advanced, the crack was determined to have most
likely initiated along one of the two grain boundaries between the two white arrows shown in
Figure 6.23Db, as the neighboring grains to these boundaries showed the least increase in dislocation
channels. An examination of these boundaries reveals that the lower boundary had impinging
discontinuous channels, while the upper boundary had channels running parallel to the boundary.
While these discontinuous channels were not impinging directly on the grain boundary, their
proximity to the triple junctions may have enhanced the stress state at those locations. As such,
while the initiation location is not precisely known, the most probable location is a boundary at
which discontinuous channels impinge.

Figure 6.24 displays the location of crack initiation for the T-5 (500°C: 1 h) tensile
specimen; due to the incremental straining the location was examined for both the increment prior
to initiation at 1.21% local plastic strain, Figure 6.24a, and after initiation at 5.47% local strain,
Figure 6.24b. This crack initiation site is particularly interesting as no defining features are present
following the increment prior to initiation. Based on the crack opening, it is presumed that the
crack initiated at the upper triple junction, where the white arrow is pointing. Like the upper
boundary in the 10-B1 bend specimen, this triple junction appears to have discontinuous channels

intersecting near the grain boundaries.

6.5.2Role of Silicon Segregation in the Mitigation of IASCC Susceptibility

While the decreased dislocation channel spacing with PI1A treatments explains a mitigation
of IASCC through a reduced likelihood of crack initiation, it must be remembered that IASCC is
not solely dependent on a stress [149], but also corrosion. The role of silicon in the corrosion of
stainless steels has been previously established, with an increased silicon content being closely
linked to an enhanced grain boundary corrosion in simulated BWR-HWC environments [134—
136]. This enhanced corrosion is theoretically linked to an increased dissolution rate of silicon
oxide at the grain boundary in relation to the environmental overpotential, which is in turn affected
by the silicon content as shown in Equation 2.8. This study observed a rapid reduction of the grain
boundary silicon concentration following annealing treatments, displaying the next best

correlation with the mitigation of IASCC susceptibility following localized deformation (Figure
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6.21). As such, it is worth discussing the possible role that silicon segregation may have in IASCC
mitigation, either through the crack initiation event or in the later propagation of an initiated crack.

During exposure to high temperature water, silicon is readily oxidized to SiO2 which then
dissolves [136]. As such, an increased silicon concentration at a grain boundary may increase the
likelihood of crack initiation by increasing both the amount of SiO> present at the grain boundary
as well as its dissolution rate. Such dissolution has been clearly documented by Lou et al. [136]
where the Si-rich oxides were dissolved from the grain boundaries, leaving an observable etching
along the boundary and increasing the likelihood of crack initiation. As this dissolution rate would
be controlled by the overpotential, we would expect a greater etching from SiO; dissolution in the
as-irradiated condition, which had the highest grain boundary silicon concentration, as compared
to the annealed specimens. However, no appreciable grain boundary etching was observed in either
the as-irradiated nor annealed conditions, as shown in Figure 6.22 and Figure 6.23, suggesting that
grain boundary SiO; dissolution did not play a significant role in the crack initiation observed in
this study. This negligible response to silicon content is likely due to the large overpotential present
in the simulated BWR-NWC environment. The difference in overpotential between the as-
irradiated and 550°C: 20 h conditions due to silicon concentration is ~20 mVsne from Equation
2.8, as compared to the overpotential created by the environment, ~1200 mVse; thus, its influence
on corrosion is not observed.

The second consideration is the possible role of grain boundary silicon on the crack
propagation rate; for this study any enhancement of crack growth would be most reflected in the
%IG of the fracture surface of the tensile specimens. Fortunately, there exist several studies which
examined the effect of silicon content on crack growth rate [134-136]. While tensile specimens
are quite different from the compact tension specimens used in those studies, it can be assumed
that the dependence of the crack propagation rate on the environment and silicon concentration
should be consistent between both specimen types. The work by Li et al. [134] and Andresen et
al. [135] demonstrated a clear increase in the crack growth rate with increasing silicon
concentration in an BWR-HWC water environment, however, no significant variations in crack
growth rate were observed in a BWR-NWC environment. This lack of response under NWC
conditions is explained by the environmental conditions at the crack tip. As the oxygen in the water
reacts with silicon to form an oxide, the potential of the water is reduced, thus reducing the

overpotential and the dissolution rate of the resultant SiO,. While the overpotential should still
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increase with increasing silicon concentration in accordance to Equation 2.8, an increased silicon
concentration would lead to increased oxidation, and hence a further reduction of the water
potential in the crack tip. These shifts in the overpotential balance under NWC conditions, leading
to arelatively constant crack growth rate, irrespective of the silicon content. Based on these studies,
we would not expect the crack growth in our tensile specimens to have been significantly changed
by the differential grain boundary silicon content between our as-irradiated and annealed
specimens, and the observed differences in intergranular fracture are instead related to a decrease
in the stress intensity at the crack tip due to a reduced strength after annealing.

The results of this thesis work have confirmed a connection between IASCC crack
initiation and localized deformation, or more precisely the high local stresses that may result from
discontinuous dislocation channels impinging on a grain boundary [148]. Post-irradiation
annealing caused a reduction in the average channel spacing in both CERT and four-point bend
tests, presumably due to the easier formation of independent dislocation channels at lower plastic
strains. This decrease in spacing resulted in an increased homogenization of deformation and
reduced pile-up stresses in the channel-grain boundary intersection. A closer investigation of the
crack initiation locations in this study revealed that all initiation sites were related to high stress
locations, by virtue of discontinuous channels impinging on the grain boundary or a triple
junctions. However, it must be remembered that IASCC is not solely dependent on a stress, thus
corrosion-based phenomenon must also be considered. Silicon de-segregation displayed the next
best relation to the mitigation of IASCC susceptibility with PIA (Figure 6.21) of all the examined
features in this study. While this result is consistent with prior studies on the role of silicon in
increasing corrosion, no direct evidence was identified in this research work, confirming that the
role of silicon may be limited to more of an enhancement of IASCC susceptibility, rather than the
underlying cause. The results of this thesis research are consistent with the prior research regarding
the role of discontinuous channels in IASCC susceptibility, being the mostly closely related factor
with the mitigation of IASCC under PIA treatments.
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Table 6.1. Parameters used for the dislocation loop and solute cluster annealing

simulations [57,80,208].

Parameter Notation Value
Lattice Constant a 3.5146 A
Burgers Vector b 0.2485 nm
Stacking Fault Energy r 0.018 N/m
Shear Modulus M 76 GPa
Taylor Factor M 3.06
Dislocation Line Energy U (ub?/2) 2.35x10°N
Vacancy Jump Frequency: Fe Wre 2.7x108 s
Vacancy Jump Frequency: Cr wer 4.7x 108 ¢t
Vacancy Jump Frequency: Ni Wy 1.5x 108 st
Vacancy Correlation Factor: Fe Frey 0.785
Vacancy Correlation Factor: Cr Fery 0.668
Vacancy Correlation Factor: Ni Fyiyv 0.872
Vacancy Migration Energy for Pure Fe Evm™® 1.28 eV
Vacancy Migration Energy for Pure Cr Evn"’ 0.97 eV
Vacancy Migration Energy for Pure Ni Ev,m'™ 1.04 eV
Vacancy Formation Energy for Pure Fe Evf® 1.40 eV
Vacancy Formation Energy for Pure Cr Ev " 1.60 eV
Vacancy Formation Energy for Pure Ni EvM 1.79 eV
Recombination Volume Z 12
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Table 6.2. Fitting of obstacle strengths for the characterized dislocation loops, Ni-Si clusters and

Al-Cu clusters based on DBH model, assuming either a simple summation or root-sum-square

(RSS) combination.

Fitted Conditions Summation - - FitFed.a Value
Method Dislocation Loop Ni-Si Cluster Al-Cu Cluster
All Conditions 0.107 + 0.025 0.056 + 0.027 0.016 + 0.024
Exclude 550°C: 5 h | Summation 0.076 + 0.038 0.125 + 0.070 -0.062 + 0.003
All, but no Al-Cu 0.096 + 0.017 0.073 + 0.006 --
All Conditions 0.172 + 0.050 0.095 + 0.030 -0.056 + 0.028
Exclude 550°C: 5 h RSS 0.155 + 0.051 0.121 + 0.038 -0.111 + 0.045
All, but no Al-Cu 0.190 + 0.043 0.076 + 0.030 --
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Table 6.3. Irradiation strengthening determined from the measured hardening and an estimated
starting yield strength of 212 MPa, Aoyny, along with the estimated contribution of the
microstructure to the change in yield stress using the DBH model and an RSS combination, Aoy,
peH, Of dislocation loops, Aay, 100p, and Ni-Si solute clusters, Acy, Ni-si.

égﬂg?t'l'gr? Aoy, (MPa) | Aoy, pen (MPa) | Aoy, icop (MPa) | Aoy, nissi (MPa)
As-Irradiated 448.5 433.0 333.9 275.7
500°C: 1 h 370.3 393.6 308.8 244.0
550°C: 1 h 310.1 307.6 187.1 2441
550°C: 5 h 222.8 236.3 110.9 208.7
550°C: 20 h 1535 168.6 0 168.6
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Table 6.4. Compilation of the examined defect types, sizes, solute concentration, and loop
orientations from the MD simulations and their calculated obstacle strengths. Also included is the
fractional strength of the solute cluster added to the combined defect structure, as compared to the
strength of an independent dislocation loop.

. . . . Fractional
Loop Orientation/ | Diameter | Nickel Obstacle
Obstacle Type CIFl)Jster Shape (nm) (at.%) Strength (o) Cluster()%t rength
None Friction Stress -- 12 -- --
3 12 0.212 £ 0.009 --
[111] 5 12 0.301 £ 0.015 --
7 12 0.330 £ 0.012 --
Dislocation . 3 12 0.195 + 0.043 --
Loop [111] 5 12 0.184 + 0.084 --
7 12 0.176 + 0.086 --
3 12 0.124 + 0.027 --
[111] 5 12 0.160 + 0.039 --
7 12 0.273 £ 0.043 --
3 50 0.043 £ 0.013 --
4 50 0.062 + 0.019 --
25 0.034 £ 0.018 --
Spherical 5 50 0.067 £ 0.019 --
Solute Cluster 75 0.079 + 0.016 --
6 50 0.063 £ 0.019 --
25 0.038 + 0.016 --
7 50 0.058 + 0.010 --
75 0.078 £ 0.016 --
3 50 0.257 £ 0.033 1.05+0.30
25 0.310 £ 0.013 0.36 £0.52
Loop-Cluster | [111] + Spherical 5 50 0.338 + 0.025 0.54 +0.29
Combined 75 0.341 £ 0.016 0.58 +0.20
Defect 7 50 0.370 £ 0.020 0.69+0.17
[111] + Spherical 5 50 0.136 £ 0.051 -0.71£0.29
[111] + Spherical 5 50 0.203 +0.021 0.65 +0.29
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Figure 6.1. Calculation of the annealing behavior of a population of faulted dislocation loops
where abundant external sources and sinks are present. A clear dissolution of the loop population
is observed [170].
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determined by the fitting of the DBH model. The fractional contribution of the dislocation loops
and solute clusters to the overall strengthening is represented by their relative bar height.
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Figure 6.6. Depiction of the effective diameter, des, Of the different loop orientations with respect
to the direction of the mobile [110] edge dislocation: a) [111] and [111] b) [111]
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experiments.
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Figure 6.15. Comparison of the average channel spacing for the tensile and bend experiments.
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Figure 6.16. Comparison of the observed mitigation of IASCC susceptibility following PIA for
this study, as compared to previous literature studies on neutron-irradiated austenitic stainless
steels.
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a) b)
Figure 6.17. Image of the gage of the T-12 (550°C:20h) tensile specimen: a) post-electropolish,
but prior to straining, b) same region after straining to 0.11% bulk stain. Circled in red are some
of the locations which displayed etching after the electropolish and crack initiation after straining.
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Figure 6.18. Images of the sensitization present near an etched grain boundary site.
Chromium precipitation is evident along the grain boundary [205].
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Figure 6.19. Comparison of the grain boundary chromium concentration between the as-irradiated
and 550°C: 5 h conditions and the grain boundary that displayed etching and chromium
precipitation after 550°C: 20 h.
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Figure 6.20. Change in the crack length density in response to local plastic strain and annealing
condition for the tensile and bend experiments.
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features of the material.
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Figure 6.22. Examination of the crack initiation site in the as-irradiated 4-B bend specimen: a) site
prior to initiation, ~4%; b) crack initiation site, ~5%. Arrow points to the crack created between
the two strain increments. Stress direction is horizontal in both images.
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Figure 6.23. Examination of the crack initiation site in the as-irradiated 10-B1 bend specimen: a)
site prior to initiation, ~5%; b) crack initiation site, ~10%. Arrows indicate the range of grain
boundaries between which the crack was believed to first initiate, based on the crack opening and
the relative change in localized deformation. Stress direction is horizontal in both images.
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a) b)
Figure 6.24. Examination of the crack initiation site in the T-5 (500°C:1 h) tensile specimen: a)
site after the strain increment prior to initiation, 1.21% local plastic strain; b) crack initiation site,

5.47% local plastic strain. The arrow points to the crack created between the two strain increments;
stress direction is horizontal in both images.
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CHAPTER 7 - CONCLUSIONS

The effect of post-irradiation annealing (P1A) on the irradiation-induced microstructure,
localized deformation morphology, and mitigation of IASCC susceptibility was determined for a

304L austenitic stainless steel neutron-irradiated to 5.9 dpa.

e Annihilation of dislocation loops with annealing was vacancy diffusion-controlled and
demonstrated a mixed dissolution and coarsening behavior. PIA at 550°C:20 h was
sufficient to remove all of the faulted dislocation loops; this annihilation of dislocation
loops as a function of iron diffusion distance agrees with prior literature.

e Ni-Si and Al-Cu clusters were observed in the as-irradiated condition and decreased in
density, while increasing in size with PIA treatments. The increase in cluster size was due
to the diffusion of solutes away from the higher concentration core of the cluster and
matched the theoretical Fick’s diffusion of solutes.

e Irradiation resulted in significant depletion of Cr and enrichment of Si and Ni at the grain
boundaries. Significant recovery of Cr and Ni at the grain boundary was observed after
PIA at 550°C: 5 h but neither Cr nor Ni was fully recovered after 550°C: 20 h. Grain
boundary Si recovered faster than Ni, which is consistent with the annealing behavior of
Ni-Si clusters.

e Decreases in the irradiation strengthening with PIA treatments reflected the changes in the
size and density of the dislocation loop and solute cluster populations, as predicted by the
dispersed barrier hardening (DBH) model.

e Fits to the characterized microstructure using the DBH model seemed to underpredict the
strength of dislocation loops, while overpredicting the obstacle strength of solute cluster
defects as compared to the completed MD simulations, though the obtained strength values

were relatively similar.
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MD simulations of a combined cluster-loop defect demonstrated only a slight strengthening
as compared to independent loops when examining a random loop orientation. A full
population of combined defects has a negligible effect on the bulk strengthening as
compared to a population of independent loops and clusters.

Localized deformation, as characterized by the average dislocation channel spacing,
decreased in response to PIA treatments up to 550°C: 1 h, with the largest decrease
occurring after 500°C: 1 h. Further annealing after 550°C: 1 h reduced the fraction of grains
with dislocation channels rather than the average channel spacing.

IASCC susceptibility decreased with increasing annealing time and temperature. Full
mitigation was observed after PIA at 550°C: 1 h for CERT specimens, while 500°C: 1 h
was sufficient to remove all susceptibility in four-point bend specimens. The mitigation of
IASCC with PIA agrees with prior literature data on similar neutron-irradiated austenitic
stainless steels.

An increase in cracking susceptibly was observed after annealing treatments of 550°C: 20
h due to the sensitization of select grain boundaries. As such, this annealing condition was
removed from consideration in regard to IASCC.

Both CERT and four-point bend experiments displayed an identical change in the localized
deformation with annealing and a similar mitigation of IASCC susceptibility. This
confirms that the results of four-point bend experiments are consistent with traditional
tensile straining when assessing IASCC susceptibility and localized deformation.

The mitigation of IASCC susceptibility with PIA was related to the decrease in the average
dislocation channel spacing and is consistent with a process in which crack initiation is
controlled in part by the high tensile stress at discontinuous dislocation channel-grain

boundary intersections.
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CHAPTER 8 - FUTURE WORK

This research concluded that the key process responsible for the removal of IASCC
susceptibility of a 304L austenitic stainless steel irradiated to 5.9 dpa with PIA treatments was the
decrease in localized deformation for the examined crack initiation. Despite the importance of this
result, additional research could provide further insight into several areas.

1) Two compounding issues when studying neutron-irradiated material is the low
availability of material and the large variation in IASCC susceptibility observed with slight
changes in experimental variables, such as alloy heat, dose rate and type, and test environment.
Together these issues create a wide array of literature results (Figure 2.34) while repeatability
experiments are a rare occurrence, thus making it difficult to present a conclusion to the entire
research field. While the 304L material used in this thesis research displayed a mitigation of
IASCC under PIA due to a decrease in localized deformation, this process must be verified through
both repeatability experiments on this material and similar experiments on other irradiated alloys,
before this process of IASCC mitigation can be considered applicable to all irradiated austenitic
stainless steels.

2) The primary objective in the selection of annealing conditions for this research was
to bound the annealing conditions at which full IASCC susceptibility was removed. For this
material, full IASCC mitigation was achieved between the treatments of 500°C: 1 h and 550°C: 1
h for the tensile experiments, while 500°C: 1 h was not susceptible in the four-point bend
specimens. As these results suggest that 500°C: 1 h very close to the mitigation limit experimenting
on similar annealing conditions, i.e. 500°C: 15 min to 500°C: 10 h, for this irradiated alloy could
lend a better examination of the exact state of the material when IASCC susceptibility is fully
mitigated. An important part of this further examination would a measurement of the grain
boundary segregation at these annealing treatments, an analysis which was missing from the

research presented in this thesis.
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3) As a part of this research, MD simulations were utilized to examine the obstacle
strengths of dislocation loops and solute clusters. In this research, the strength of the solute clusters
calculated via the simulations were much less than the fits gained through applying the DBH model
to the measured strengthening. The primary reason for this discrepancy is the absence of silicon
from the simulation, due to the lack of suitable potentials. As the development of a quaternary Fe-
Ni-Cr-Si potential has not been completed, an adjustment of obstacle strength based on relative
bond strengths of silicon was attempted in this study. However, a more through estimate of the
effect of silicon could be attempted, including the mechanical aspects, such as the enhancement
from a differing shear modulus.

4) Prior research has clearly shown that the localized deformation should be dependent
on the irradiated microstructure. However, in this study the changes in the localized deformation
were not directly correlated with changes in either the dislocation loop or solute cluster
populations, instead suggesting a shift in the relationship between the microstructure and localized
deformation under continued annealing treatments, i.e. first causing a reduction in the average
channels spacing up to 550°C: 1 h, while reducing the fraction of grains with channeling at higher
annealing treatments. As such, a more detailed examination of irradiated material should be
conducted to determine the precise relationship between the irradiated microstructure and the
localized deformation, and their subsequent evolution under PIA treatments.

5) This research stipulated that the observed reduction in the IASCC susceptibility
following the PIA was linked to the similar reduction of the average channel spacing. Proposing
that an increased number of channels would better distribute the dislocations, thus lowering the
pile-up stress in each individual channel which has been previously linked to crack initiation [149].
This predicted reduction in stress, however, is theoretical as actual values of the average pile-up
stresses before and after annealing treatments were not measured in this research. As such,
quantifying the precise changes in pile-up stresses with the adjustment of the localized deformation
is critical in verifying its precise role in crack initiation.

6) While this study focused on the use of PIA to study the processes behind the
mitigation of IASCC, there is a desire to utilize PIA as a method to mitigate IASCC in the reactor
core internals of current reactors. However, despite the success of these treatments, there are still
many concerns which must be addressed before PIA treatments can be applied in this manner. One

concern in close relation to this thesis research is the sensitization of steels during the PIA
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treatments. While sensitization has been well studied for unirradiated steels, this knowledge is not
directly applicable to irradiated materials, as indicated by the observed sensitization after the
550°C:20 h annealing treatment. While this enhanced sensitization is likely related to the
segregation of elements to grain boundaries during irradiation, more research work must be
completed to better understand the risks of sensitization during annealing treatments on irradiated

austenitic stainless steels.
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APPENDIX

Below is the complete LAMMPS input script that was used to complete the MD
simulations in this study. In the presented form, the input script will create a rectangular prism of
FCC atoms with a centered edge dislocation at an atomic concentration of Fe-20Cr-12Ni, in
conjunction with the ternary EAM potential by Bonny et al [191]. All obstacle types are currently
commented out (a line beginning with # for LAMMPS) but can be added as desired by
uncommenting the specified lines of code.

# Richard and Justin's LAMMPS input file for an FCC lattice oriented for the dislocation slip
# problem under controlled shear strain using static minimization and/or MD.

# 3/14/17

#

# The basic geometry for this problem is taken from work by Wirth and Bacon/Osetsky/Rodney.
#

# The direction of applied shear strain on the box surface is tauZX, added by displacing

# the top and bottom Z planes in the +/- X direction. Edge dislocations (with line length

# along Y) move parallel to B=X. Screw dislocations (with line length I=B=X) move in the

# Y direction. The cell is periodic in X and Y with free surfaces in Z. The top and bottom

# several layers of Z are held fixed as displacement control grips.

#

# Step 1 is to create and populate the lattice

# Step 2 is to remove atoms to create 2 missing 1/2 planes, they are (-1 1 -2) planes

# perpendicular to X, below the Z mid-planes

# Step 3 is to assign regions for the top and bottom grip sections, and put them into a group
# Step 4 is to establish the group inside the free moving cell for computes/thermo

# Step 5 is typically done along the Burgers vector is to squeeze the box to match

# the average number of planes, above and below the core, and achieve 0 net stress.

# Step 6 minimize the cell with no external transactions

#

# From this point, the strain may be applied to the system in increments either by displacement
# or force control. Note that unless a barrier is present, the edge dislocation will want

# to glide continously under shear, so there is no converged solution in minimization

# Basic setup of units and dimension and style
# Metal in 3D with periodic boundary in X and Y
# Assume cell fairly cubical, so split processors accordingly.
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units metal

dimension 3
newton on
processors el
boundary pps
atom_style atomic

# Assign variables to determine what defect geometry to make in this cell
# set these!
# crystal lattice types O=hcp/zr, 1=fcc/Ni

# dislocation types are O=edge, 1=screw

# obstacle types are 0=void, 1=int loops
# ... note all these variables are in lattice units.
variable xlItype equal 1

variable dislocation equal 0

variable obstacle equal 1

# ... note all these variables in lattice units.
variable halfx equal 50

variable halfy equal 25

variable halfz equal 15

variable obsx0 equal 0
variable obsy0 equal 0
variable aloopdy equal 3.9

variable aloopdz equal 3.9

# ... note all these variables are in box units of Angstroms
variable obsr equal 25

# If doing an intersitial loop, specify the rotation vector which is the
# Z axis of the lab frame, which is then rotated into the CS of the dislocation
# problem becomes

variable Zx equal 0.0
variable Zy equal 0.8164965809
variable Zz equal 0.5773502692

# Then we specify the rotation axis in degrees, which depending on where you
# want the loop to point should be 0.0, 90.0, 180.0, or 270.0
variable theta equal 180.0

# Variable changes added for Solute Cluster creation
# thetarad and obsrlo are only used to create a ring of solute around a loop

variable thetarad equal ${theta}/180.0*3.14159
variable obsrlo equal ${obsr}-1.0
variable obsrhi equal ${obsr}

# Generally I read my computational cell from a precomputed file, but for this
# simple problem, LAMMPS can easily generate the perfect lattice internally.
# The fcc lattice described above has x = al, y = al*sqrt(3), z = al*sqrt(6)
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# with al (nearest neighbor distance) = a0/sqrt(2), a0 being the conventional cubic cell
# lattice constant

# Basis atoms are at (0, 0, 0)

(a2, 12, 0)

(0, 213, 113)

(172, 1/6, 1/3)

(0, 1/3,  2/3)

(1/2, 5/6, 2/3)

# relative to each period vector.

H H HF H

print 'Simulation is on FCC cell...'

variable a0 equal 3.5146

variable alx equal ${a0}/1.41421356237
variable a2y equal ${alx}*1.73205080757
variable a3z equal ${a0}*1.73205080757
variable burgers equal ${alx}

lattice custom 1.0 &
al ${alx} 0.0 0.0 &
a2 0.0 ${a2y} 0.0 &
a3 0.0 0.0 ${a3z} &
basis 0.0 0.0 0.0 &
basis 0.5 0.5 0.0 &
basis 0.0 0.66666666667 0.33333333333 &
basis 0.5 0.16666666667 0.33333333333 &
basis 0.0 0.33333333333 0.66666666667 &
basis 0.5 0.83333333333 0.66666666667

# Obviously we can make the computational box any size that we need.
# 20x20x20 cells x 4 atoms/cell = 32000
# We need an odd cell for the screw dislocation.....

# Activate the below section if a screw dislocation is desired

#if "${dislocation} == 1" then &
#"region mybox prism -${halfx} ${halfx} -${halfy} ${halfy} -${halfz} ${halfz} 0.5 0.0 0.0
units lattice" &

#else &

region mybox block -${halfx} ${halfx} -${halfy} ${halfy} -${halfz} ${halfz} units lattice

create_box 3 mybox
create_atoms 1 box

# This section of the code should be exectuted in order to construct an obstacle....
# type 0 is void, type 1 is an interstitial loop

# any other type makes no obstacle at all

#
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# Do this before making dislocations which move the lattice points

#Add the below section if a Dislocation Loop Obstacle is desired

#print 'FCC Loop Obstacle'

#region loop cylinder z 0.0 0.0 ${obsr} -0.5 0.5 units box

#create_atoms 2 region loop

#group loop type 2

#set type 2 type 1

#variable obsx0a equal ${obsx0}*${alx}

#variable obsyOa equal ${obsy0}*${a2y}

#print 'FCC Loop Obstacle3'

#displace_atoms loop rotate 0.0 0.0 0.0 ${Zx} ${Zy} ${Zz} ${theta} units box
#displace_atoms loop move ${obsx0}+0.5 ${obsy0}+0.5 0.5 units lattice

#Add the below section if a Solute Ring on a Dislocation Loop is desired

#print 'FCC Solute Obstacle'

#region solutel cylinder z 0.0 0.0 ${obsrhi} -5.5 5.5 rotate v_thetarad 0.0 0.0 0.0 ${Zx} ${Zy}
${Zz} units box

#group clusterl region solutel

#region solute2 cylinder z 0.0 0.0 ${obsrlo} -5.5 5.5 rotate v_thetarad 0.0 0.0 0.0 ${Zx} ${Zy}
${Zz} units box

#group cluster2 region solute2

#group cluster subtract clusterl cluster2

# This section adds a spherical zone which can later be enhanced in solute concentration
print 'FCC Solute Obstaclel'

region solutel sphere 0.0 0.0 0.0 ${obsrhi} units box

group clusterl region solutel

# This section of code should be executed to construct the dislocation
# type O is edge, type 1 is screw

# any other type specified makes no dislocation at all

#

#if "${dislocation} == 0" then

print 'Edge Dislocation'

variable edgem equal -${halfx}+3.25

variable edger equal ${edgem}+0.3

variable edgel equal ${edgem}-0.3

region edgebottom block ${edgel} ${edger} INF INF INF 0.0 units lattice
delete_atoms region edgebottom

region leftbottom block INF ${edgem} INF INF INF 0.0 units lattice
region rightbottom block ${edgem} INF INF INF INF 0.0 units lattice
variable xmid equal ${edgem}*${burgers}

variable halfB equal 0.5*${burgers}
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variable myD equal 0.75*${burgers}

variable leftd equal ${halfx}-${myD}+${xmid}

variable rightd equal ${halfx}-${myD}-${xmid}

variable newxleft atom x+${halfB}*(x+${halfx})/${leftd}
variable newxright atom x-${halfB}*(${halfB}-x)/${rightd}
set region leftbottom x v_newxleft

set region rightbottom x v_newxright

# Add the below section if a screw dislocation is desired
#elif "${dislocation} == 1"

#print 'Screw Dislocation’

#variable newx atom x+0.5*${burgers}*atan2(y,z)/PI
#set atom * X v_newx

# Create regions for the upper and lower (in Z) slabs that will be used as grips
region upperslab block INF INF INF INF ${halfz}-1.0 INF units lattice
region lowerslab block INF INF INF INF INF -${halfz}+1.0 units lattice
group uppers region upperslab

group lowers region lowerslab

group bothslabs region upperslab

group bothslabs region lowerslab

group insides subtract all bothslabs

# This section applies change_box to adjust the cell for periodicity of either
# The edge or screw - different changes.

if "${dislocation} == 0" then
&
"change_box all x delta 0.5 -0.5 remap units lattice"

# Section to change to Fe-Ni-Cr alloy (68%-12%-20at%)

# Random seeds can be changed to adjust the randomized matrix
set group all type/fraction 2 0.320 6545

group notFe type 2

set group notFe type/fraction 3 0.625 4528

group notFeNi type 3

#Add the below section if a solute cluster obstacle is desired

# Cluster Ni Concentration: 25% = 0.148, 50% = 0.432, 75% = 0.716, as 12% Ni base
#set group clusterl type/fraction 2 0.432 8553

#group clusteratom type 2

# Forcefield Settings section

#Fe-Cr-Ni alloy
pair_style eam/alloy
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pair_coeff * * FeNiCr.eam.alloy Fe Ni Cr

# Run control parameters for time intergration

neighbor 0.3 bin
neigh_modify delay 5
timestep 0.001
run_style verlet
min_style cg

# Establish computes to get the pe and press of just the inside atoms

compute PE all pe/atom

compute STRESS all stress/atom NULL

compute insidepe insides reduce sum ¢_PE

compute insidestress insides reduce sum ¢c_STRESS[1] ¢ STRESS[2] ¢_ STRESS[3]
c_STRESS[4] ¢_STRESS[5] ¢_STRESS[6]

# Calculations for total stresses in each direction including shear
variable myvol equal Ix*ly*(2.0*(${halfz}-1))*${a3z}

variable sxx equal (c_insidestress[1]/${myvol})

variable syy equal (c_insidestress[2]/${myvol})

variable szz equal (c_insidestress[3]/${myvol})

variable sxy equal (c_insidestress[4]/${myvol})

variable sxz equal (c_insidestress[5]/${myvol})

variable syz equal (c_insidestress[6]/${myvol})

thermo 1000

thermo_style custom temp V_SXX V_Syy V_SZZ V_SXY V_SXZ V_Syz

thermo_modify flush yes

# Minimization of the cell with no applied strain to relax internal lattice. The top and bottom
# slab atoms are fixed to move only in the Z plane. Once the cell has relaxed, ALL forces on
# these atoms need to be turned off to apply strain control on each step

fix holdlower lowers setforce 0.0 0.0 0.0
fix holdupper uppers setforce 0.0 0.0 0.0

dump 1 all custom 1000000 myMin.* id type xu yu zu ¢_PE ¢ STRESS[1] ¢ STRESS|[2]
c_STRESS[3] ¢_STRESS[4] ¢_STRESS[5] c_STRESS[6]

fix holdallz all setforce NULL NULL 0.0
minimize 1.0E-13 1.0E-13 5000 50000

# Starting from the minimized structure, do some molecular dynamics
# First equilibrate to 300K
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unfix holdallz

reset_timestep 0

undump 1

dump 1 all custom 1000000 myEquil.* id type xu yu zu ¢_PE ¢ STRESS[1] ¢ STRESS[2]
Cc_STRESS[3] ¢_STRESS[4] c_STRESS[5] c_STRESS][6]

velocity insides create 300.0 988157
fix 1 insides npt temp 300.0 300.00.1 x 0.00.01.0y 0.00.0 1.0
run 20000

# Now got to NVE and turn on stress

reset_timestep 0

unfix 1

undump 1

dump 1 all custom 25000 myDyn.* id type xu yu zu ¢_PE ¢_STRESS[1] ¢c_ STRESS|2]
c_STRESS[3] c_STRESS[4] c_STRESSI[5] c_STRESS[6]

dump 2 clusterl custom 25000 myLoop.* id type xu yu zu ¢_PE ¢c_STRESS[1] ¢c_ STRESS|2]
c_STRESS[3] c_STRESS[4] c_STRESSI[5] c_STRESS[6]

fix 1 all nve
velocity uppers set 2.0E-30.0 0.0
velocity lowers set -2.0E-3 0.0 0.0

# Creation of a seperate file of the desired shear stress in the XZ direction
fix data all print 3000 "${sxz}" append Stress_xz_1.dat

run 450000
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