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ABSTRACT

Corrosion related failures pose risk to the integrity of routinely cycled and permanent
reactor components long before radiation damage alone adversely impact reactor
performance. Compared to Light Water Reactors (LWRs), Molten Salt Reactors (MSRs)
have not enjoyed a history of continuous engineering development and refinement.
Hastelloy N, a nickel superalloy developed at ORNL explicitly for molten fluoride salt
conditions, and 316SS, a widely used austenitic alloy, are among the leading candidates
for immediate deployment in MSR systems. Data collected during initial development of
Hastelloy N suffered from limitations in available microscopy and spectroscopy
techniques, obfuscating the role of radiation damage and mechanical stress in the
microstructural evolution of the alloy. 316SS, considered a more economical alternative
to the nickel superalloy, is restricted by lower corrosion resistance and strength at high
temperature. The present work bridges some of the nuanced gaps in knowledge related
to Hastelloy N microstructural evolution, as well as evaluating the feasibility of coating
systems for enhanced corrosion resistance for 316SS. Hastelloy N was exposed to light
ion irradiation, micromechanical testing, and immersion corrosion using FLiNaK molten
salt after either irradiation or static strain mounting using the three-point bending
technique. 316SS, either coated using a modified cathodic cage plasma nitriding
technique or mounted under static strain, was exposed to heavy ion irradiation. Several
evaluation techniques were used including scanning electron microscopy (SEM),

electron dispersive x-ray spectroscopy (EDS), electron backscatter diffraction (EBSD),



transmission electron microscopy (TEM), and micromechanical pillar compression
testing. The results show that, low-dose irradiation and subsequent elemental segregation
and embrittlement, as well as tensile mechanical stress loading, have a deleterious effect
on the corrosion resistance of Hastelloy N. Nickel coating on 316SS is demonstrated as
highly radiation tolerant. Combination of irradiation and the three-point bending
technique demonstrates a feasible pathway for further evaluation of alloys and coating

systems for MSR applications.
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CHAPTER |

BACKGROUND

Reactor Development Experience
Light Water Reactors

Nuclear reactors represent some of the harshest environments in contemporary
engineering. These systems challenge designers with radiation damage, high temperature
and pressure aqueous flow conditions, and chemical control considerations.
Additionally, nuclear reactors are expected to maintain integrity throughout their lengthy
operation lifetime (often 40+ years). From the latter half of the 20th century up until the
present, extensive experience has been amassed over construction and operation of
nuclear reactors. This is especially true for light water reactors (LWRs), which account
for most nuclear reactors built in the United States and around the world. In the United
States alone, data have been compiled from tens of millions of hours of operational
experience, thousands of fuel cycles, and roughly 100 commercial LWRs [1]. From
these data, physical phenomena novel to reactor systems have been studied and operators
and engineers have learned to manage engineering challenges unique to these radiation
damage environments.

Many degradation phenomena observed in LWRs result directly from radiation
and its interactions with materials in these systems. Neutron damage, which is metered
in displacements per atom (DPA), results from either primary knock-on collisions or

secondary collision cascades [2]. These collisions liberate point defects which diffuse



and aggregate diverse ways, fundamentally altering the microstructure of the original
material. Direct radiation damage can be attention-grabbing in its severity. This was first
famously demonstrated by severely swollen cold-worked (CW) AISI 316 fuel cladding
removed from the EBR-1I fast reactor after exposure to 75 DPA neutron damage [3].
Such severe swelling however is not of great concern in the fuel cycles or lifetime of the
LWR [4]. More often, radiation effects are subtle, such as embrittlement causing
cladding to crumble like graphite, restructuring and transmutation of uranium ceramic
fuel, and accelerated creep deformation of pressure baring components [5-7].

Despite the alarming nature of these degradation modes, corrosion related
failures are likely to occur long before radiation damage will adversely impact reactor
performance [4, 8]. Corrosion affects both routinely cycled as well as permanent reactor
structures, having amassed billions of dollars in damage since the advent of commercial
nuclear energy [9]. Zircaloy cladding periodically suffer cracking and rupture, brought
on by oxidation corrosion and stress corrosion cracking conditions. This corrosion attack
can prove catastrophic in loss of coolant accidents [10, 11]. Neutronics control using
boric acid, which is pivotal to power management in certain LWRs, can lead to
dangerous pressure vessel degradation if improperly regulated [12, 13]. When combined
with radiation damage, corrosion can take on new dimensions of aggression such as
exacerbation through electrolysis of water coolant or irradiation-assisted stress corrosion

cracking [8].



Molten Salt Reactors

While formidable, the encumbrances of radiation damage and corrosion in LWR
operation have been surmounted through persistence and experience. Comparatively,
Molten Salt Reactors (MSRs), have not enjoyed the same history of continuous
engineering development and refinement. One of the advanced reactor designs which are
being promoted by the Department of Energy (DOE) to eventually replace the aging
LWR fleet in the United States, MSRs saw prolonged attention during the 50s and 60s
but went largely understudied again until the beginning of the 21st century. Much of the
engineering and design basis for contemporary MSRs derive from experiments
performed as part of the Aircraft Nuclear Propulsion (ANP) program and the Molten Salt
Reactor Experiment (MSRE) programs spearheaded by Oak Ridge National Laboratory

(ORNL) [13].

MSR Design Features
Advantages
Several variations of MSRs designs exists reflecting different operational
strategies and economic goals. These designs share key features which distinguish them
from LWRs, the most important being primary coolant composed of a halide salt. Both
fluoride and chloride salt-based designs are being considered, the former benefiting from
the greatest historical database while the latter enabling epithermal and fast neutron
spectrum designs. Additionally, both solid fuel and liquid circulating fuel designs exist

(e.g., U and U(1V) fluoride). Liquid fuel MSRs offer the most robust advantages

3



over LWRs and the design benefits are summarized here: 1) higher possible operation
temperatures and lower pressures, simplifying safety engineering, improving
thermodynamic efficiency, and enabling process heat applications, 2) negative
temperature coefficient of reactivity, 3) core design simplification in the absence of solid
fuel and supporting structures 4) Potential for high burnup in the absence of limiting
solid fuel structures 5) potential for burning/breeding reactor configurations to reduce

the waste stream and conserve fuel resources [14, 15].

Materials Challenges
Material degradations undermine the long-term structural integrity of MSR reactor
designs.
Figure 1 illustrates the temperature range expected for a number of advanced reactor
designs with emphasis added to highlight the position of MSR reactors.
Even for basic commercial power generation, MSRs are expect to reach radiation
damage levels upwards of 200 DPA with peak hot-leg temperatures around 700°C [16].
Under these conditions, radiation hardening, halide corrosion, and creep deformation and
restructuring become serious concerns for some, if not all, the alloy candidate considered
for MSRs. The complexity of pyrochemical interactions between structural materials and
fuel and coolant preclude a comprehensive discussion of all potential halide salt
configurations, namely chloride MSR variations. Chloride MSR designs are being
explored by several commercial entities [17] and are the subject of at least one

private/public partnership aiming to fabricate a pilot test plant similar to the ORNL

4



MSRE [18]. Structural materials evaluation, systems design, and salt chemistry and
purification technology for chloride systems require further development [19]. The
proceeding discussion focuses on the more-mature fluoride MSR technology, which

have more immediate viability for commercial application.
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Figure 1. Infographic of damage/temperature regime for different advanced
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reactor designs with added emphasis. Reprinted from Zinkle and Busby [16].

Fluoride Salt Chemistry
Even within the category of fluoride salts, several coolant and fuel mixtures have
been investigated in the literature. The compositions vary by specific application and
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include considerations for reactor neutronics, interaction cross-sections, radiation
stability, thermophysical properties, and corrosion chemistry [20, 21]. LiF-BeF-UF4
(FLiBe) and NaF-ZrF4-UF4 (NaFZrF) are considered the most viable candidates as
prospective MSR primary loop fuel salts. Of the two mixtures, FLiBe is currently the
most popular option and the most heavily researched in contemporary studies. FLiBe
benefits from historical precedent [22], as a variation of the mixture was used in the
original MSRE campaign at ORNL. The salt fuel is highly resistant to radiation
degradation, has manageable corrosion levels, and has superior neutronic properties
(contingent on ’Li enrichment) over NaFZrF [20, 23, 24].

For secondary coolant loop application in both MSRs and other high temperature
reactor designs, the eutectic mixture LiF-NaF-KF (FLiNaK) is well-accepted as the
leading candidate. FLiNaK is also routinely used as an experimental surrogate for
FLiBe, offering near-identical thermophysical and corrosion characteristics without the
personnel hazards associated with beryllium exposure. Regardless of exact composition,
fluoride salts share some key characteristics which make them unique from a corrosion
engineering standpoint, even within the extreme environmental regime of generation IV
nuclear reactors. Passivation, where an alloy additive such as chromium forms a
protective oxide layer and slows further corrosion, cannot be relied upon to protect
structural materials in fluoride salt environments. Oxides tend to be completely soluble
in high temperature fluoride salt mixtures and so corrosion can only be controlled by

thermodynamic equilibrium and locomotive forces of diffusion and convection [25-27].



The standard free energy of formation for different fluoride corrosion products thus
becomes one of the primary metrics for sensitivity of different elements to dissolution
into fluoride salt melts. Table I highlights the Gibb’s free energy of formation for
common alloying elements [26]. Elements with the most negative free energy of
formation (from the top downwards) most readily form fluoride compounds in the salt
melt and thus are most sensitive to fluoride corrosion. Not included in the above table is
the free energy of formation of UFs, the primary fuel-carrying fluoride compound

proposed for fluoride MSRs.

Table 1. Gibbs Free Energy of Formation for Common Elements in Fluoride Melts

Element Most stable Standard free energy of formation per
fluoride gram atom fluorine (kcal/g-atom of F)
compound
800°C 600°C
Al AlF, -87 -92
Ti TiF, -85 -90
\% VF, -80 -84
Cr CrF, -72 =77
Fe FeF, -66 -69
Ni NiF, -59 -63
Nb NbF, -58 -60
Mo MoF, -57 -58
W WF -46 -48

5
Reprinted from DeVan [26].
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In general, stability of the container material in contact with the salt is contingent
on the thermodynamic stability of UF4in the melt. Corrosion of the container material
first begins when the UF4 fuel molecule undergoes a reduction reaction to form UFs (see
Appendix A, eg. 1.b). This in turn enables the oxidation of the container material and
production of one of the above stable fluoride compounds in the salt. The continued
reduction of the UF4 molecule facilitates continued dissolution of the container material.
Under closed system equilibrium conditions, there is a stable proportion of UF4/UF3
which would ideally arrest the continued dissolution of the container material. The
ingress of contaminants (e.g., atmospheric gas and moisture) however ensure that
corrosion of the container alloy never ceases [28].

In the presence of contaminants, the corrosion in the fluoride salt melt becomes
significantly more aggressive. Raiman and Lee highlighted the near-singular importance
of salt purity, completing a comprehensive review of data from molten salt corrosion
experiments performed in the 20" and early 21% century [29]. This work applied a
statistical analysis to the variables of each experiment and highlighted which were most
consequential for reducing the weight loss rate of the evaluated alloys. The results of the
analysis, reproduced below in Figure 2 show that the purity of the fluoride salts is by far
the most important variable to control. Oxygen and moisture both enable direct oxidation
reactions and the deleterious production of HF in the melt. Additionally, contaminant
metal fluorides present in the initial salt loading enable secondary redox reactions where
these contaminant metals are deposited as solids in exchange for dissolution of alloy

atoms (see Appendix A) [25]. The implication of this continuous ingress of contaminants



to the primary and secondary loops is twofold. First, online redox potential control will
be crucial for maintaining corrosion to below an acceptable threshold over reactor
lifetime. It has been shown that corrosion can be managed well by controlling the U-
F4/UFs3 ratio, thus maintaining a reducing redox potential in the melt [19, 28]. This in
turn restricts the formation of fluoride compounds with the container material. There are

several viable methods for accomplishing this task [28]. Second, localized purity
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Figure 2. Correlation analysis results for the effect of different experiment
parameters on corrosion rate in molten salt experiments performed in the 20" and

215t century. Reprinted from Raiman and Lee [29].



transients and gradients mean that the innate corrosion resistance and strength of the
alloy is still important. Raiman and Lee also demonstrated a strong correlation between
the evaluated alloy in each study and the severity of corrosion observed [29]. Hastelloy
N, and to a lesser extent 316SS, performed better than the other alloys after normalizing
for other experiment conditions. Both alloys have been evaluated extensively in fluoride
MSR development and the proceeding discussion will highlight benefits and drawbacks

for each.

Candidate Alloys

Hastelloy N

INOR-8, the alloy developed at ORNL and better known by its propriety name
Hastelloy N (Haynes Stellite N) was developed specifically for fluoride MSR conditions.
The alloy and variants featuring minor improvements to the original formulation are still
considered top candidates for immediate MSR deployment [17]. Hastelloy N resulted
from lengthy experimentation and failure analysis in early MSR systems. The Aircraft
Reactor Experiment (ARE) under the ANP program highlighted the limitations of
conventional reactor materials exposed to fluoride salt coolant and fuel. The NaF-ZrFs-
UF4 fuel mixture caused significant weight loss and intergranular degradation
throughout the coolant loop fabricated from Inconel 800H, an alloy which typically is
known for its durability in high temperature and pressure heat exchangers [30]. A

number of other alloys were tested with similarly poor results [31, 32].
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Since fluoride salt mixtures completely preclude oxide passivation, efforts were
made to design an alloy of exceptional thermodynamic stability in fluoride salt
environments [25, 27, 33]. The composition of INOR-8/Hastelloy reflects this design
objective, maximizing use of fluoride-hardy elements. Additionally, minor
compositional adjustments were included to improve atmosphere-facing oxidation, high
temperature strength, and impart good machinability and weldability characteristics [33].
The final alloy, approximately composed of XNi-16Mo-7Cr-5Fe-0.6Si, showed
unparalleled corrosion performance compared to any previously tested alloys.

The MSRE was able to run for four years using a primary coolant loop fabricated from
Hastelloy N and LiF-BeF-ZrF4-UF4 fuel [34]. While corrosion was managed evaluation
of surveillance specimens placed at different points in the primary coolant loop revealed
unique sensitivity to grain boundary embrittlement.

The aggregation of transmuted helium was identified as a challenge to prolonged
use of Hastelloy N in fluoride salt systems, as the low-solubility of helium [35] causes
accumulation and weakening at grain boundaries [34, 36]. Helium transmutation is
initiated from neutron capture of *Ni and to a lesser extent, 1°B [37, 38]. While the latter
reaction is limited the natural abundance of 1°B in contamination of forged alloys, the
nickel transmutation pathway poses a continuous degradation risk for Hastelloy N over
service lifetime. It has been shown that at moderate neutron fluences, helium
embrittlement significantly diminishes alloy ductility [36, 38]. Tellurium uptake at from

fission products circulating in the fuel coolant poses an additional embrittlement risk.

11



tellurium tends to form brittle telluride compounds along grain boundaries which
ductility similarly to helium bubbles [34, 37, 39].

Studies performed towards the end of the MSRE program showed that the Te
embrittlement issue was prospectively controlled with additions of between 1.5 and
2.0% niobium to the composition of Hastelloy N, or through redox control of the salt
stabilizing the tellurium fluoride compound [39]. Use of Ti-modified Hastelloy N melts
for strengthening and carbide helium-trapping is somewhat limited for high temperature
service. Carbide coarsening and mechanical property degradation occur reliably with
extended high temperature aging [37, 40]. Figure 3 illustrates typical fracture behavior
of embrittled Hastelloy N following extensive aging. Additionally, Ti offers no
alleviation to Te-driven embrittlement and even appears to negate the benefits of Nb
additions under certain circumstances [37]. The limitations of microscopy and
spectroscopy technigues in the 1960s and 1970s also obfuscated investigation into the
role of naked radiation damage in the microstructural evolution of the alloy. It is thus not
clear whether embrittlement is solely attributable to deleterious element aggregation at

grain boundaries.
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Figure 3. Fracture of Hastelloy N tested at 871 °C after 1 hour annealing at 1176 °C

and 1000 hour aging at 593 °C. Reprinted from McCoy [41]

AISI 316SS

In the absence of radiation damage and corrosion concerns, Hastelloy N still
suffers significant ductility and toughness losses above 700C [41, 42]. While the MSRE
was able to operate 4 years without issue, such mechanical property decay may be
unacceptable for commercial MSRs. In addition to its performance drawbacks, Hastelloy
N presents an unattractive economic choice given its high cost and the limited
fabrication experience. In order to mitigate costs, wrapper structural alloys may
potentially be paired with an inner Hastelloy N container [17]. AISI 316 stainless steel

(SS) is being considered as both a more practical MSR primary loop container material
13



and structural wrapper [17]. The alloy is already codified under the ASME BPVC
standard for high temperature reactor use up to 425°C and the corrosion in fluoride salt
environments is tolerable with careful purity and moisture control [29, 43].

While a promising alternative, 316SS is less resistant than Hastelloy N to
prolonged radiation damage and high temperature exposure, suffering significant
strength reduction, creep relaxation, swelling deformation, and embrittlement in the
temperature regime of prospective MSR designs [44-46].

Figure 4 describes the influence of temperature on cold-worked 316SS, which is
still subject to significant swelling in MSR temperature ranges [45]. While less so than
in Hastelloy N, nickel-helium transmutation and embrittlement may still pose concerns
for 316SS experiencing significant neutron fluence over reactor life [47]. Thus far,
insufficient data exists to glean how these irradiation degradation phenomena will

interplay with fluoride salt corrosion, especially in the event of purity transients.
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Figure 4. Void swelling in 20% CW AISI 316 versus neutron fluence. Reprinted

from Garner and Gelles [45].

Problem Statement
The DOE is currently pushing for near-term commercial deployment of MSRs
through the Molten Salt Reactor Campaign (MSRC) under the Advanced Reactor
Technology Program (ART) [19]. The campaign aims to achieve a pilot test plant by
2025 and some ambitious goals shortly thereafter. This effort runs parallel to the dozens

of commercial startups which are attempting to bring MSRs to market, along with
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several international research efforts. Hastelloy N and AISI 316SS are the leading
options for fluoride salt container materials, but additional work is still needed to ensure
adequate performance for long-term application. Full-scale testing facilities for every
new MSR design is costly and unrealistic. Making MSRs viable requires minimization
of cost/risk with codification of new materials and licensing of novel MSR reactor
designs. To this end, small scale vetting of prospective MSR materials is necessary
before full scale testing can be carried out with mitigated economic risk.

The environment of MSRs present a complicated Multiphysics problem with a
confluence of several mechanisms, each which can potentially aggravate materials
degradation. Of primary importance is thus identifying which of the physical processes
present in MSR environments poses the greatest and most immediate limitation on either
Hastelloy N or 316SS. Figure 5 summarizes the most important processes which should
be considered when making this assessment. Thermal aging and fission product
management can reasonably be categorized as long-term concerns. thermal aging
requires extended elevated temperature exposure and fission product interactions are
contingent on a sufficient buildup of inventory to become chemically significant. Flow-
loop dynamics are immediate, but flow erosion and solubility gradients are well-reported
from MSRE data and serve as an exacerbating factor for these other mechanisms. In
contrast, halide salt corrosion, radiation damage, and thermomechanical stress are each
present at reactor startup and do not stop until end of service life. It is reasonable then to
assert that these physical processes merit special attention. As previously mentioned,

radiation damage in the context of historical MSR research was largely studied under the
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assumption that embrittlement was dominated by helium aggregation alone. Little is
understood about the effects of bare radiation damage on MSR facing materials for two
reasons. First, any irradiation study performed using reactor-generated neutrons would
be influenced by the presence of transmuted helium. Second, post-irradiation
examination (PIE) techniques were not yet sufficiently refined to capture the minutia of
early radiation damage induced microstructural changes. At its most basic, radiation
damage behaves as a continuous nonequilibrium source of point defects.

The liberation of vacancies and interstitials should tend towards accelerating the
microstructural transformations already underway, including those brought about by
corrosion. The timescale at which these transformations occur however, and whether
radiation damage phenomena or exacerbated corrosion become the dominant

degradation mode, is still to be determined.
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Figure 5. Summary of physical mechanisms affecting materials in MSRs.
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Thermomechanical stress influences existing physical processes in several ways.
Stress and heat can affect diffusion gradients, accelerate microstructural transformation
towards equilibrium, or alter equilibrium conditions entirely for one or all phases. High
stress and thermal energy can also enable dislocation movement, macroscopic
deformation, and complete restructuring of the material. The thresholds where these
different physical influences occur are typically dependent on the individual
characteristics of the material under influence and are seldom well-understood. With all
the above physical processes at work in MSR environments, it is difficult to separate
their individual influence if they are studied simultaneously. Isolating each variable
however does not properly illustrate the sensitivity of interdependence between them and

can overlook important phenomena.
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Objectives

In order to approach the full complexity of this Multiphysics problem, the work
described here aims to study two or three of these variables together. The confluence of
corrosion, thermomechanical stress, and radiation damage are chosen as the most
relevant to immediate and impactful to MSR implantation. By studying these key
processes simultaneously, this research attempts to describe and quantify the impact of
radiation and stress conditions on the onset of molten salt corrosion in the prospective
MSR materials Hastelloy N and AISI 316. Specifically, quantification is pursued of the
impact of radiation damage and stress on 1) the embrittlement and corrosion onset in
Hastelloy N and 2) the microstructural changes and surface defect sinking at the
corrosion interface in AIS1316. Figure 6 illustrates the overlap of these processes and
will be used throughout this work to highlight the processes being investigated in each

chapter.

Radiation
Damage
Fluoride Mechanical
salt stress
corrosion

Figure 6. Physical mechanisms whose interactions are focused on in this work.

19



Additionally, the viability of protective coating for AISI 316 systems is
investigated. The methodology consists of first conducting experiments to expose the
two alloys to coupled stress corrosion, irradiation-assisted corrosion, and irradiation-
assisted stress evolution which are reflective of MSR conditions. Experimentation is
supported using finite element analysis (FEA) to capture nuanced mechanical and
thermal stress evolution. Second, microscopy and spectroscopy evaluation and
micromechanical testing are performed to probe the response of the alloys in the
reproduced MSR environments. Third, the AISI 316 stress-irradiation investigation is
coupled with molecular dynamics simulation to correlate stress-dependent defect/
dislocation sinking and migration energies to experiment observations, quantifying
possible defect interplay with corrosion interface. The specific research objectives are
summarized in the following list. The experiment matrix followed to accomplish these
objectives is shown in Figure 7.

e Characterize elemental segregation and dislocation at low radiation damage

levels in Hastelloy N

e Quantify the effect these microstructural changes have on macroscopic
mechanical properties

e Determine the role that low dose microstructural changes have in the early onset
of fluoride salt corrosion

e Quantify the physical mechanisms driving stress-accelerated corrosion in

Hastelloy N
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e Demonstrate the viability of corrosion resistant coating for AISI 316L in MSR
environments through radiation damage testing and microstructural
characterization

e Characterize the effect of mechanical stress on near-surface sinking and
migration strength of point defects produced via radiation damage in AISI 316L

e Qualify the effect these point defect sinking and migration strength changes will

have on corrosion interface evolution

AISI 316 Hastelloy N (HN)

Stress-irradiation ]
Application of nickel- response of 316L Corrosion response of irradiation by 2.5 MeV

coating, AlSI 316L under three-point HN under three-point orotons to 1 DPA
bending strain bending strain

Void swelling response Mechanical response in
of nickel coated AlSI HN after proton
316L irradiation

Corrosion sensitivity
=1 evolution in HN after
proton irradiation

Figure 7. Matrix of experiments contained in this body of work.
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CHAPTER II
RADIATION TOLERANCE OF NICKEL COATING ON 316L STAINLESS STEEL

APPLIED USING NOVEL CAGE PLASMA TREATMENT!

Introduction

Nitriding and carburizing, or the combined nitrocarburization, are well developed
industry techniques for surface engineering of steels [1]. In plasma Nitriding (also called
plasma immersion ion implantation), nitrogen atoms bombard an object from all
directions, which make it feasible to treat materials of arbitrary shapes, e.g., cladding tubes
or spacers. Different from gas nitriding or gas carbonization, plasma nitriding can be
performed at relatively low temperatures, less than the last tempering temperature of
steels. Additionally, plasma nitriding is less resource intensive once a system is built and
uses relatively affordable gases which do not pose special personnel hazards [2, 3]. For
austenitic stainless steels (316 and 304SS), an “S-phase” forms on the treatment surface.
In literature, this term is confusingly used to describe both a compound layer of metal
nitride (such as FCC y’ phase) and a layer of nitrogen-supersaturated and precipitation-
free “expanded austenite”. The latter is more preferred in many applications since
chromium does not precipitate into CrN and corrosion resistance is largely sustained [1].

Nitrogen interstitials increase hardness through solution-strengthening and nitriding-

1 *Reprinted with permission from “Ni coating on 316L stainless steel using cage plasma treatment:
Feasibility and swelling studies” by Andres Morell-Pacheco, et. Al., 2020. J. Nucl. Mater.,
Volume 540, Page 152385, Copyright 2022 by Elsevier B.V.

28



introduced compressive stresses on the surface tend to close existing microcracks and
further impede their formation [4-6]. Therefore, S-phase can sustain corrosion resistance,
increase hardness and increase wear resistance [1].

Surface nitriding is not new for nuclear engineering and has been demonstrated to
be economical and industrially viable. For in-core components requiring enhanced wear
resistance, nitriding has been applied to improve their reliability and lifetimes. Examples
include rod cluster control assemblies, in-core instrumentation flux thimbles and fuel
assembly socket head screws [1, 4-7]. Nitruvid and Framatome developed commercial
plasma nitriding techniques and instrument to modify surfaces of control rod clusters [7,
8]. The treated tubes show remarkably improved wear resistance in reactor testing and
such treatment has been accepted in rod clusters control assembly design since 1992. The
advanced nitriding instrument, developed by Framatome, can continuously treat tubes of
>4 meter length at a capacity of >30 tubes at one time [9]. In comparison with other surface
treatment techniques such as vapor deposition or sputtering deposition, plasma nitriding
is well-suited for reactor applications, considering its accuracy, repeatability and high
throughputs.

Plasma nitriding includes both “direct” plasma creation and “indirect” plasma
creation on treated surfaces. In traditional plasma nitriding, plasma is created in close
vicinity to metal surfaces. The technique sometimes has large spatial non-uniformity in
treating materials having complicated geometry or sharp corners, due to the combined
effects of particle diffusion, standing wave formation, and edge effects [10]. To mitigate

the problem, the technique of Cathodic Cage Plasma Nitriding (CCPN) was developed, in
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which a nitriding cage is introduced to create a hollow cathode effect (HCE) [11, 12].
Plasma is created on the cage holes and diffuse towards metal surfaces. The holes result
in an optimal pressure depending on their size and spacing. In comparison with the
traditional approach, the CCPN technique minimizes edge effects, increases temperature
uniformity, and reduces arcing.

The present study aims to explore the feasibility of using CCPN for coating
nickel onto 316L instead of direct nitriding of 316L. This is achieved by simultaneously
(1) using a Ni cage to create plasma, (2) sputtering nickel from the cage by plasma
bombardment on cage holes, (3) diffusing plasma towards 316L substrate, (4) Ni
deposition onto 316L substrate. The proposed process is well-suited for combination with
nitriding, which can improve the mechanical strength of the 316L substrate through solid
solution and/or dispersion strengthening [13, 14]. The key is to float the 316L substrate at
the same potential as the cage, hence minimizing sputtering of deposited nickel atoms
from the 316L substrate while allowing nitrogen diffusion into the surface.

The motivation here is to develop a method to coat a nickel layer onto 316L for
potential applications in molten salt reactors (MSR). Nickel and Ni-based alloys such as
Hastelloy N have shown satisfactory compatibility and reasonable corrosion resistance in
fluoride salts such as FLiNaK [15-17]. The cost of such nickel superalloys, however,
makes them impractical for industrial-scale use. Stainless steels such as 316L have been
proposed as a more economical alternative but do not resist corrosion as readily [18].
Recent comparison studies show that Ni-201 (which is almost pure nickel) has the lowest

corrosion rate among the alloys including Ni-201, Hastelloy-B, 316S, 317L, Incoloy-
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800H and Inconel-625) [18], while 316L has a corrosion rate about 20 times larger [18].
Early studies show that 316 stainless steel has intergranular corrosion attack and Cr
depletion in FLiBe salt, with an expected corrosion attack depth about 16 um for one year
service at 700°C [19]. Although 316L is less ideal than Ni alloys in corrosion resistance,
the welding and thermal-mechanical processing technology is more mature. Hence, Ni
coated 316L can find unique applications in MSRs. The concept of Ni coating has been
explored before on Incoloy-800H by using Ni electroplating technique, which shows
improved corrosion resistance since nickel protects against chromium dissolution into the
salt [20].

Here, the CCPN technique was used to coat a continuous Ni layer onto 316L for
potential MSR applications, capitalizing on previously-demonstrated corrosion resistance
of nickel and well-characterized 316L bulk properties. The study includes two sequential
tasks. First, demonstrate the feasibility of using CCPN to apply Ni coating. Second, show
that the Ni coating layer has satisfactory void swelling resistance. The second task is
important since nickel belongs to a group of metals (including nickel, chromium, and
copper) which easily swell at low damage levels. Pure nickel swells quickly, reaching
3.2% after 22 DPA as demonstrated by irradiation at 600°C in BOR-60 [21]. 316 stainless
steel has reasonable swelling resistance. At irradiation temperatures of 575°, it shows a
swelling incubation period of ~75 DPA. This is followed by a transition period and
subsequent steady-state void growth stage at a rate of approximately 1% per dpa, as
expected for FCC Fe-based steel [22]. In general, FCC metals have worse swelling

resistance than BCC metals, and their void swelling needs to be considered in materials
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design. If the Ni coating layer swells easily, stress created from volume expansion can
cause debonding of the coating film. For the second task of swelling testing, Fe self-ion
irradiation was used as a surrogate to neutron damage. The Fe ion penetration depth is
limited. Therefore, ion irradiation is performed by bombarding Fe ions into the cross
section of samples polished after plasma treatment, which allows comparison of swelling

in different regions under the same ion irradiation condition.

Experiment Procedure

The present study consists of three steps. Firstly, 316L is plasma treated in a home-
made CCPN system using 200 Nickel alloy (>99% nickel) as the cage material. Second,
the treated sample is cut and the newly created cross section is polished and irradiated by
using 3.5 MeV Fe ions to 50 peak dpa at 600°C. Third, focused ion beam (FIB) is used to
prepare lamellae specimens from different locations on the cross section, and transmission
electron microscopy (TEM) is used to characterize void swelling and microstructures.

For the first step of the experiment, the sequence of the coating process is as
follows: (1) The N2/H2 gas mixture is streamed into the vacuum chamber and fills up the
volume to a prescribed pressure. (2) gas passing between the grounding plate and stage
ionizes and accelerates towards the cage/stage in the electric field. The stage is held at a
potential beyond the electrical breakdown voltage, leading to secondary ionization
cascades and collisions which energize neutral gas atoms and sputter electrons from the

cathode surface [23]. (3) lons further energize by the HCE around the cage holes and form
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Figure 8. Diagram of plasma formation and sputtering around cathodic cage and

dimensions of final cage design used for applying nickel coating.

a plasma field within and around the cage. The confined plasma heats the sample. Some
ions and atoms impact the cage and sputter nickel away. (4) Nitrogen plasma within the
cage diffuses into the sample and nickel is simultaneously deposited onto the sample.
The biased DC voltage between the grounding plate (positioned 7 cm away from
the top of the cage) and the nickel anodic cage is 650 volts. The dimensions of the cage
are shown in Figure 8. The cage was fabricated from 0.019 inch sheet. The 316L sample
inside the cage was connected to the sample stage. The sample stage and the cage were at
the same potential. Hence, the sample is floating with respect to the cage and plasma or

sputtered Ni atoms from the cage diffuse towards the sample. This is important since, if a

33



bias is applied between the cage and the sample to increase bombarding energies of
sputtered nickel atoms (depending on charge status and voltage direction), sputtering can
be increased and remove deposition on the substrate (depending on nuclear stopping
powers under specific bombarding energies). The stage is isolated from the stainless steel
chamber walls via alumina ceramic standoffs.

The gas used is a mixture of 90 at. % nitrogen and 10 at.% hydrogen. Hydrogen is
used, as a well-known practice, to minimize oxidation. Hydrogen ions in the plasma
mixture serve as a reactive species, which liberate unwanted contaminants and the
protective metallic-oxides from the surface and carry them away. This facilitates the
nitrogen ions diffusing more readily into the alloy, as well as better adherence of the
applied coating [2, 3, 24-26]. The absolute gas pressure during the plasma treatment is
maintained at 1.5 torr during operation. After the plasma is ignited, both the pressure and
voltage are slowly increased to the operation setup in order to avoid arching. The plasma
creation, as reflected by purple color on the cage, shows satisfactory uniformity. No
overheated spot (i.e., spots which are much brighter and which jump location) is apparent
on the cage holes. The substrate temperature is controlled by gas pressure, bias and current,
and is measured to be ~800°C. The sample was treated at high temperature deliberately in
order to avoid Fe-Ni intermetallic compound or other modeling-suggested compounds
[27, 28].

Numerous problems have been identified in the initial design and have been
solved. Examples include severe arching when igniting plasma, metallic sputtering and

deposition on inner ceramic insulators which cause electrical shortage and inconsistent
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nitriding results. Various solutions have been found to eliminate or alleviate these issues.
For example, the anode was redesigned for stable electrical grounding, multiple shielded
sample holders are used to replace single isolation disk, and additional shields are used to
isolate thermocouple feedthrough. Frequent abrasive cleaning was implemented on the
system components and chamber to remove buildup of shorting pathways. In early testing,
the HCE was only formed on one cage opening at a time and the location was unstable.
This produced a variable temperature distribution inside the nitriding cage due to the
localized plasma concentration. These small temperature differences produced large
variations of the nitride layer in pure iron samples used for testing in preparation for this
experiment. This variation was addressed by optimizing the cage hole size and gas flow
rate to enable more uniform plasma distribution outside and within the cage, resulting in
a completely uniform sample temperature in proceeding pure iron samples. After this
correction, other sample materials tested showed uniform temperature distributions.

For the second step, the cross section of the nitrided sample is uniformly irradiated by
using 3.5 MeV Fe ions to 50 peak dpa at 600°C. The temperature selected approximately
coincides with the maximum swelling temperature of FCC Fe-based steels [22]. The
SRIM-2013 code utilizing the Kinchin-Pease model is implemented for damage
calculation using metallic displacement energy recommendations specified by ASTM
International [29, 30]. As shown in Figure 9, peak damage occurs at ~1 um and the
implanted irons peak range occurs at ~1.2 um. With limited ion penetration depth,
studying the radiation response at the different regions of the nitride-layer requires

performing irradiation on the polished cross-section of the sample. The ion irradiation is
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Figure 9. SRIM simulations of dpa damage and Fe implant distribution caused by

3.5 MeV Fe bombardment.

performed by using a defocused beam with a spot size of 6mm x 6mm, in order to avoid
the pulsed beam effect [31, 32]. The technique of multiple-beam-deflection was applied
to avoid carbon contamination. Our recently-developed ion beam filtering system using a
series of deflecting magnets and a liquid nitrogen cold trap on the beamline is used to
avoid beam-induced contamination (C-, N-, O-rich molecules) of the specimens during
irradiation [33-35]. The target chamber pressure was maintained at 6x107 torr or better
during irradiation and the temperature variation is less than =3 °C throughout the

irradiation. For the third step of structural characterization, scanning electron microscopy
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(SEM), TEM, and localized diffraction analysis are performed. An SEM energy dispersive
x-ray spectroscopy (EDS) line-scan analysis, spaced evenly every 7um, is executed to
profile the compositional changes on the polished cross section of plasma-treated sample.
FIB is used to prepare TEM specimens from different locations of the cross section. TEM
characterization was done using a FEI Tecnai F20 ST with an operating voltage of 200

kV.

Results and discussion

Figure 10.a shows an SEM image of the polished cross section. There are three
distinctive regions. The surface layer is a dense precipitation-free layer of about 20 to 30
pm thickness, as marked as region 1 in the figure. Beneath is a thick layer of ~100 um
thickness, marked as region 2, which has high density precipitations, appearing white.
The precipitation density decreases with increasing depth. Both intragranular and
intergranular precipitates appear, but intergranular precipitates are dominant. At depth
deeper than ~100 um from the original surface, referred to as region 3, precipitation
disappears, and the region is the least unaffected by nitrogen plasma treatment.

Figure 10.b shows schematics of the surface change. The dense region 1 results
from Ni and Ni-containing molecule deposition due to plasma sputtering of the pure Ni
cage. Sputtered atoms/molecules are mainly in the energy region of eVs. These

atoms/molecules are presumably not energetic enough to cause sputtering of substrate.
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Figure 10. a) SEM image of the cross section polished 316L after plasma treatment
and b) schematics of the layer formation. The surface of the sample is oriented

upwards.

Instead, they are mainly deposited onto it, although some can be sputtered by the
nitrogen/hydrogen plasma. This is different from the case in which the substrate is
biased differently from the cage, which results in more energetic nitrogen bombardment
and sputtering, instead of deposition. During the whole process, nitrogen plasma
continuously interacts with substrates. The diffusing nitrogen atoms interact with
chromium atoms which segregates along grain boundaries under such high temperature,

forming boundary chromium-nitride precipitates.
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Composition

Element wt.%
Fe 39.34
Cr 32.08
N 12.99
Ni 6.25
C 5.73
Mo 2.37
Mn 1.35

Figure 11. SEM image of a boundary precipitate forming after plasma treatment

and the corresponding EDS composition analysis.

Figure 11 shows an SEM image of one typical boundary precipitate. EDS
composition analysis shows significant nitrogen signals. Since the particle size is less than
2 um, the interference with the substrate is significant, leading to high iron yield.

The particle is presumably a nitride compound due to significant chromium and nitrogen
yields. Note that boundary precipitates appear only within 100 um from the surface, which
is consistent with the limited diffusion range of nitrogen. Previous studies suggested that
Cr2N is unstable below 400°C [36]. Under high temperature, chromium diffusion towards
grain boundaries would promote formation of Cr.N via a Cr + CrN = Cr2N eutectic

reaction. Cooling down from high treatment temperature may lead to the subsequent
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decomposition of Cr2N. Such segregation and grain boundary precipitation may not occur
at lower temperature treatment.

The result of EDS composition analysis is shown in Figure 12. Note that SEM-
EDS is largely affected by the matrix due to big interaction volume under an electron
analysis beam. This leads to relatively large uncertainty on composition analysis but the
technique is appropriate to show elemental changes over a large area. Region 1, from the
surface to a depth of ~20 um, is a nickel-rich layer containing Fe as y-(Fe, Ni) solution.
No intermetallic layer and no precipitation are found. From depths of 30 um to 40 um,
the SEM image in Figure 12 shows the beginning of a dense precipitant field which
corresponds to the original surface and is significantly affected by nitrogen introduction.
This is reflected in the EDS scan where at a depth of approximately 35 um, there is a jump
in the Fe, Cr and N signal strength resulting from measurement of a precipitate along the
scan path.

This layer may correspond to FCC vy phase “expanded austenite”, as S phase in
nitrided austenite. This layer also has intense intergranular and intragranular Cr-N
compound formation, with possible chromium migration from the bulk. Beneath this thin
layer is a much thicker region, from depth ~40 um to ~100 um. This is the region affected
by nitrogen diffusion along the grain boundaries as demonstrated by the EDS spectrum

shown in Figure 11 Nitrogen yields in this region are very low, which is attributable to the
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high treatment temperature (800°C). This has two implications. First, much of the

superficially trapped nitrogen can escape soon after diffusing into the substrate surface.
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Figure 12. EDS line scans of the cross section of nitrided sample. The top is the

SEM cross sectional image.

Second, the expanded austenite phase in stainless steel is widely documented as
unstable above 400-450°C [37-42], decomposing into CrN and normal y-phase [41, 42].
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Nitrogen which does penetrate the sample will thus preferentially form Cr-N precipitates
along grain boundaries instead of occupying interstitials within the bulk matrix. This
reflects the results of the SEM and EDS analysis, which show that nitrogen is virtually
absent in the intragranular regions but rich in the precipitates decorating the grain
boundaries between ~40 pum and ~100 um. Since both layers at 30 um — 40 um and 40
pm — 100 um have FCC phase, they are together described as layer 2, or the nitrogen
diffusion layer. Depths deeper than 100 um is considered the bulk region which is the least
affected by nitrogen. Small GB precipitates may exist in this region, but precipitate density
is significantly less than the shallower region. Due to limited diffusion and much less grain
boundary precipitation, chromium is largely retained within the bulk.

For aqueous applications, chromium is crucial for passivation against corrosion
and thus precipitating chromium compounds during thermal treatments should be avoided.
In molten fluoride environments however, chromium dissolves readily into the salt and
molybdenum and nickel are the most thermodynamically stable alloying elements in 316L
[43]. Precipitating chromium from the matrix would thus be less consequential, as the
nickel coating applied to the surface of the 316L be responsible for corrosion inhibition.

Figure 13.a and b show the TEM image, high-resolution TEM image and its
corresponding localized diffraction patterns from region 1 and region 2, respectively. In

both regions, diffraction patterns show FCC y phases. The interplanar distances match the

expected spacing of y-(Fe, Ni) or y-Fe. Furthermore, twinning is frequently observed in
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(a) Region 1: Surface deposited layer

(b) Region 2:

Figure 13. @) Cross sectional TEM image, high resolution TEM image, localized
diffraction pattern, and corresponding FFT region 1, the Ni-deposited layer, and b)
TEM image and high resolution TEM image, and localized diffraction pattern of

region 2, the N-diffusion layer.
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region 1, as shown in the vertical boundary in Figure 13.a. The bottom inset of Figure
13.a is the diffraction pattern taken from the twin boundary, with white dash and yellow
dash lines corresponding to the left and right side of the boundary, respectively. There is
no observation of cavity or microcracks, suggesting an excellent bonding and integrity
with the original substrate and thorough Fe-Ni interdiffusion.

Figure 14.al1-a3 show cross sectional TEM images of different locations of region
1 after Fe-ion irradiation. The FIB lamella is lifted out from the cross section of the
irradiated specimen, at a location corresponding to region 1. Therefore, the whole
specimen corresponds to region 1, and the depth of 0 to ~1.2 um corresponds to the ion
bombarded region. No voids and phase changes are observed. The deposited Ni rich layer
shows excellent radiation tolerance and structural integrity. Pure nickel swells easily, but
the diffusion of iron from the substrate into the deposited nickel layer and formation of y-
(Fe, Ni) significantly increase swelling resistance in the present study. Nitrogen atoms
may also help to suppress swelling through impurity-defect interaction in the lattice. There
is no polygonization observed. This region has very large grains, although twins are
frequently observed. The presence of nitrogen may reduce the stacking fault energy for
the system and promote more frequent twining [44]. The lack of small grains or nanograins
further suggests the swelling suppression is not from grain boundary defect sinking. Thus,
swelling suppression is likely attributable to the interaction between nitrogen and point
defects.

Figure 14.b1-b3 show cross sectional TEM images from region 2. No

polygonization. A few voids, however, are observed. The void diameters range from 40
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nm to 70 nm. The swelling was measured to be 0.1%. There are several possible
mechanisms for the apparent swelling reduction. One is from N-defect interaction.
Although nitrogen atoms are very limited within grains, a small amount below EDS
detection thresholds may still be present and interact with either interstitials or vacancies.
Both can lead to reduced void selling. Interstitial trapping by nitrogen can reduce
interstitial mobility and thus reduce dislocation loop growth, which is required for
dislocations to initiate biased interstitial trapping. The dislocation growth causes
incomplete point defect recombination and vacancy supersaturation/clustering. On the
other hand, possible nitrogen interactions with vacancies may include strain relaxation
around interstitial solutes, reducing vacancy clustering. Another possible mechanism is
the effect of nickel and chromium. It is well-known in early alloying engineering
literature that nickel can suppress void swelling and chromium can promote swelling
[45]. The deposition of the nickel layer, the nickel diffusion into the bulk, and reduced
chromium concentration within grains due to migration towards grain boundaries will
both lead to suppressed void swelling.

As a comparison, Figure 14.c1-c3 show TEM images from region 3 which is the
least affected by nitrogen diffusion. The void diameters range from 15 nm to 120 nm.
The void swelling was measured to be about 1.7%, which is much larger than 0.1%
swelling of region 2. VVoids are distributed from the surface up to ~1 um, which is
expected since the projected range of 3.5 MeV implanted iron is ~1.2 um. The
significant swelling in bulk 316L shows that the plasma treatment is effective for

reducing swelling in region 1 and region 2. The slightly increased swelling resistance
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Figure 14. (al-a3) TEM images of lamella taken from region 1 (nickel deposition
region). (b1-b3) TEM image from region 2 (nitrogen diffusion region). (c1-c3) TEM

image of region 3 (bulk region). All samples were ion-irradiated.

towards the surface, as a “graded swelling”, is beneficial since it will reduce the stress
caused by easy swelling of bulk 316L. If swelling response has a sharp change across an
interface, debonding becomes likely. On the other hand, chromium nitride formation at

grain boundaries may be an issue. The Ni protective layer however is expected to reduce
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or stop Cr diffusion into the salt and to serve as the primary barrier for corrosion inhibition.
It is expected that nitride formation will be significantly reduced at lower plasma treatment
temperature due to limited diffusion and the threshold temperature for CrN precipitation.
Sputtering is not affected by temperature. Hence, nickel deposition will still occur at lower
plasma temperature.

The present study is mainly to demonstrate the feasibility of the technique, and
materials selection is not optimized. The usage of 316L is stimulated by a series of
previous corrosion testing to evaluate 316L as a potential MSR material [46], and by the
finding that carbon plays a significant role in determining corrosion susceptibility [19].
316L is good for its sensitization resistance, but its maximum allowable temperature
(475°C), according to ASME-I1I-D, is low for MSR application. Hence, future studies are
needed to extend to other stainless steels such as 316H, which is an alloy suitable for
higher operation temperatures. The comparison of nitridation behaviors among different
alloys, such as 316L and 316H, is meaningful, since high concentration carbon in 316H
may consume Cr for carbide formation and reduce chromium nitride formation.
Furthermore, systematic studies are needed to evaluate bonding strength and thermal
fatigue resistance. The formation of nitride-rich layer between Ni layer and 316L may be
problematic if there is a large mismatch of thermal expansion coefficients between
different layers. The lack of void swelling in Ni layer and nitride-rich layer, as discovered
from the present study, suggests that void swelling should not cause debonding. The
present study shows that the surface layer is rich in Fe. The effect of Fe enrichment on

corrosion resistance needs to be evaluated since Fe is not immune to corrosion attack. On
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the other hand, the level of Fe enrichment can be adjusted by increasing the deposition
layer thickness. Since nitriding is a low-temperature process, Fe diffusion can be further

minimized by controlling temperature.
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CHAPTER IlI
EVALUATION OF IRRADIATION-STRESS RESPONSE OF 316L THROUGH
COMBINATION OF ION IRRADIATION AND THREE-POINT BENDING

TECHNIQUE

Introduction

Advanced nuclear fission and fusion reactors are being developed to fortify
global energy supply with clean, reliable baseload power. The development of these
reactors requires diverse alloys for a wide array of different components and system
conditions. Safety considerations necessitate a thorough understanding of the durability
of these alloys, which must be able to withstand extensive neutron radiation damage
under high temperatures and stress fields [1]. Data over the effects of mechanical stress
on the void size and swelling response of alloys is mostly non-existent. One notable
exception is a limited number of stress studies on neutron and ion-irradiated austenitic
steels for use in fission reactor environments, which ultimately concluded void swelling
increases with stress [2-7]. The ability to evaluate the effect of stress on the radiation
tolerance of advanced fission and fusion reactor materials in an efficient and economical
manner thus proves imperative.

The scarcity of fast-fission test reactors has led to widespread implementation of
ion accelerators to simulate neutron radiation damage. Charged particle irradiations are a
cost-effective surrogate for neutron damage experiments, able to impart significant

radiation damage in a fraction of the time [8]. With careful design and methodical
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evaluation, these studies can replicate and predict neutron irradiation damage behavior
under a wide array of conditions [9-11]. The flexibility and control offered by ion
accelerator systems enables combining radiation damage with unique target sample
configurations to evaluate complex multi-physics problems at cost-effective laboratory
scale.

Small-specimen testing techniques (SSTT) are continuously refined with the aim
towards, among other goals, reduction of testing size. Such efforts serve to minimize the
cost and exclusivity of testing facilities, reduce the amount of valuable materials
consumed, and enable direct evaluation of microstructural systems with high sensitivity
to short-range property behavior [12]. Traditional SSTT techniques are standardized for
the accurate and repeatable extraction of mechanical property data from a narrowly
defined group of materials under specific preparation conditions [13]. The properties
which can be extracted are limited to overall macroscopic behavior and not intended to
capture localized mechanical response. Finite element analysis (FEA) in contrast is well-
suited for mechanical members with complex boundaries and geometries and is capable
of fine spatial resolution. FEA thus can make use of established SSTT testing
techniques, maximizing the acquisition of useful data without rigorous adherence to
dimensional and procedural standards.

The present study demonstrates a method for evaluating the microstructural
response of a test material exposed to simultaneous irradiation and mechanical stress at
elevated temperatures. Heavy ion implantation is combined with the three-point bending

technique to characterize the effects of changing stress on void swelling using a single
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sample of AISI SS316L. An FEA model constructed using the commercial software
ABAQUS is used to map the stress distribution of the sample after deflection. A separate
FEA model was produced using the Solidworks software to assess possible temperature
gradients resulting from the complex geometry of the irradiation setup. Transmission
electron microscopy (TEM) was performed for lamellae extracted from seven sites on
the cross-section face of the bender sample. The sites were chosen to be regularly spaced
across the stress gradient of the sample under stress, capturing a steady transition
between extremes of compressive and tensile stress. Additional nanoindentation was
performed to quantify the effect of the loading stress on the irradiation hardness
response. Finally, point-defect kinetics equation (PDKE) modeling was performed to
contextualize the results observed and provide explanation for the divergence in

behavior between compressive and tensile stress regions.

Experiment Procedure
The A sample of AISI 316L was cut into a 20mm long bar, 1.4mm thick and
roughly 5mm wide. The cross-section face was mechanically polished down to P4000
grit silicon-carbide and then subsequently electrochemically polished with 5% perchloric
acid solution using a Tenupol-5 Twin Jet Electropolisher. The final width of the sample

after polishing down the cross section was 4mm.
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A three-point bender apparatus was used to pre-load the sample with static stress prior to
irradiation. The apparatus was fabricated from stainless steel to the specifications
detailed in Figure 15. The stress applied to the sample was adjusted by turning the 8-32
thread tensioning screw at the base of the apparatus. The tensioning screw pushes
against a carriage tightly slotted into the center channel of the base of the device, forcing
the pin at the top of the carriage to push into the center of the sample. The sample was

deflected to a distance proportional to a desired stress by controlling the degree of
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Figure 15. a) Drawing and dimensions of the three-point bender device assembly
showing dimensions and loaded sample. b) Setup for measuring the sample

deflection using a test dial indicator.

rotation applied to the screw. The thread count of the screw was used to calculate the
displacement applied per full screw turn. A Mitutoyo model 513-403 horizontal dial test

indicator was used to simultaneously monitor the displacement during tension
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application to account for errors caused by tolerances in the device. The final
displacement measured by the test dial indicator was used as the input deflection for the
FEA model created in ABAQUS. The configuration of the three-point bender assembly
and the test dial indicator used to measure the sample deflection is illustrated in Figure
15.

The displacement needed to induce the desired stress in the sample was
determined using a finite element model in the software Abaqus/CAE version 12.0.0.1.
The exact dimensions of the sample were input into the model, as well as the spacing
and dimensions of three posts in the three-point bender apparatus. The elastic and plastic
deformation properties for 316L were input into the model from tensile stress-strain test
results obtained by Idaho National Laboratory on common variations of 300 stainless
steels [14]. The region of maximum normal stress for materials under three-point
bending conditions is located along the centerline of the sample which divides the
longest dimension, as shown in Figure 16. 0.035mm hexahedra elements were chosen
for the mesh size immediately around the center axis aligned with the stress-applying
pin. This size subdivides the thickness of the bender sample into 40 cells for high space
resolution and ease of data interpretation, as well as to minimize average effects between
elements. Second order quadratic elements with reduced integration (C3D20R) were
used per the recommendations in the Abaqus documentation [15]. This was done to
avoid the phenomenon of sheer locking, which can be problematic for modeling systems

with high anisotropic distortion such as bending.
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Axis of maximum normal stress

Figure 16. Diagram showing model mesh and location of maximum normal stress
aligned with the bending pin after deflection of the sample with a deformation

factor of 114.2 applied for emphasis.

The results of the analysis were loosely validated by comparing the predicted
principle stress against the maximum principle stress of a beam under three-point
bending derived from beam theory. The maximum stress at midspan in the elastic strain
domain and when deflections are less than 10% of the thickness of the member is given
Eqg. 1 [16]. The model was deemed sufficiently accurate when the difference between the
two predictions were less than 5%. Mises stresses are thereafter used as the primary
stress metric in the system. ASTM E855-08, “Standard Test Methods for Bend Testing
of Metallic Flat Materials for Spring Applications Involving Static Loading” details
specimen dimensions for standardized three-point bending testing [17]. The dimension

specifications of the standard, specifically the length-to-thickness ratio, were ignored to
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6Ft
o=
H?2

Equation 1
Where:

o = maximum tensile stress

E = modulus of elasticity

t = thickness of the specimen

y = maximum deflection

H = distance between outer supports

increase the usable surface area on the irradiated face for data collection. Comparing the
expected maximum stress predicted by the ASTM standard against the FEA simulation
thus provides only an approximate validation of the realism of the model results. The
model however provides a quantitative spatial stress distribution with sensitivity to local
deformities, offsetting the tradeoff for direct comparability with standardized data. The
center displacement pin was fabricated with a stainless-steel clip. This clip was oriented
across the sample to hold down a 100-mesh copper TEM grid, with a hole width of 204
um, against the polished surface of the sample. This was done to develop a clear grid of
irradiated and unirradiated regions and thus facilitating post-irradiation analysis via
electron microscopy. After applying the appropriate displacement to induce the desired
stress into the 316L sample, the three-point bender holder was mounted onto a copper
irradiation hot stage for ion irradiation. A K-type thermocouple was clipped to the front
facing surface of the sample as close to the beam spot as possible to reduce the thermal

gradient. The setup of the sample, the three-point bender holder, and the irradiation
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Thermocouple

Bending Sample TEM Grid

Figure 17. The final layout of the three-point bender mounted sample prior to

irradiation.

hot-stage are shown in possible to reduce the thermal gradient. The setup of the sample,
the three-point bender holder, and the irradiation
Figure 17.

The 316L sample was irradiated with 3.5 MeV Fe?+ ions using a National
Electrostatics Corporation 1.7 MV ion accelerator. The unrastered [18] and defocused
beam spot of Fe?+ ions was approximately 4 mm x 4 mm. The beam passed through
multiple magnetic deflectors along the beamline to reduce carbon contamination and
enable applicability for predicting neutron irradiation response [19]. Liquid nitrogen was
used along the beam line and in the chamber to maintain high vacuum. The sample was
irradiated at 475+ 3 °C to an ion fluence equivalent to 100 peak DPA. This temperature

is notably below the peak swelling temperature of the alloy [20] and was chosen to
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coincide with the range of peak swelling temperatures documented for F-M alloys for
use as comparison with future studies [21]. The temperature choice additionally
minimizes the need for consideration of pure thermal creep in the bulk of the sample
[22] as well as the diminished yield stress of AISI 316L at high temperatures [23-25].
The fluence/DPA ratio and the distribution of ions and damage penetrating into the
sample surface was simulated using the Stopping and Range of lons in Matter (SRIM-
2013) in the Kinchin-Pease mode [26]. The displacement energy values used for the
constituents of AISI 316L in SRIM were taken from the American Society of Testing
and Measurements (ASTM) recommended values for radiation damage simulation [27].
The damage and ion distribution predicted by SRIM and produced using 100K particles
is shown below in Figure 18. The predicted model resulted in an estimated peak ion

depth of 1.12 um from the surface and a peak damage at 0.95 um.
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Figure 18. Damage and ion distribution 3.5MeV ions into AISI 316L sample as

simulated by SRIM.
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An FEA model was produced in Solidworks in order to identify possible thermal
gradients in the SS316L three-point bender (3PB) sample when mounted to the
irradiation stage [28]. The model comprised of a simplified representation of the
irradiation hot stage as well as the three-point bender and 316L sample mounted therein.
Of primary concern is a possible thermal gradient caused by the contact with the
deflection pin on the compressive side of the sample, leading to a heat source effect not
experienced by the tensile side. Materials properties documented in Solidworks library
were used for the AISI316L sample, bender device and fastening screws, and the copper
mounting clamps. Thermal properties for the hot stage composed of Inconel 625 were
sourced from a datasheet provided by Special Metals Corp [29].

The irradiation hot stage is heated via a 550W cartridge heater inserted from the
top into a cylindrical opening in the stage base. The power input of the heater can be
varied using a 120V variable transformer. The thermal FEA model was evaluated by
modeling the cartridge heater component as a uniformly distributed power source and
varying the input power until the desired sample surface temperature was reached.
Thermal resistances from imperfect surface contacts ignored as the surfaces of the stage
and the sample in the three-point bender mount were tightly fixed together. The vacuum
chamber surrounding the hot stage was assumed to limit heat loss from the hot stage to
radiative loss. The full stage assembly including the sample was assumed to have a
uniform heat emissivity of 0.7, approximately average for the model assembly composed

primarily of nickel alloy and stainless steel [30]. The mesh for the model was generated
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using Solidworks’ automatic adaptive mesh protocol. The mesh comprised of trigonal
elements ranging 0.315 mm to 3.11 mm based on the dimensions of different features of
the assembly.

After the irradiation, scanning electron microscopy (SEM) was performed on the
sample surface to confirm the coincidence of the beam spot with the stress region of
interest. Figure 19 shows bright field SEM images taken for the sample before and after
the clip was removed. A clear imprint is visible where the ion beam impacted the sample
surface or was masked by the TEM grid and mounting hardware. TEM specimens were
prepared using the focused ion beam (FIB) lift-out technique for several positions along
the stress field. Each specimen was characterized to produce a correlation between void
swelling and stress state. The Tescan Lyra-3 Focused lon Beam was used for lamella
preparation to create specimens with sizes approximate to 10 um x 8 pm. The specimens
were then further thinned to approximately 120 nm using a 5 keV Ga beam. The FEI

Technai F20 was used for void imaging, producing cross-sectional bright field

f 2 mm

Figure 19. a) tht field SEM of the stressed sample after irradiation with the
TEM grid and clip still in place. b) the patterned imprint left by the ion beam

caused by the obstructing TEM grid and stainless-steel clip.
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micrographs of the various stress regions. Electron Energy Loss Spectroscopy (EELS)
was performed on the FEI Technai G2 F20 Super-Twin to calculate the thicknesses of
the TEM specimens.

After performing lift-out of the TEM lamella, nanoindentation was carried out to
quantify the effect of simultaneous stress-irradiation on the hardness of the material. The
technique has been previously demonstrated as capable of capturing mechanical property
evolution resulting from microstructural changes induced by ion irradiation damage [31,
32]. The depth of the indentations was limited to 300nm using a Berkovich tip to
roughly coincide with the depth of maximum void swelling observed under TEM. The
indentation size effect cannot be ignored at these limited depths and will tend towards
artificially increasing the measured hardness [33]. Additional indentations were thus
performed on an unirradiated control sample cut and prepared identically to the
irradiated sample for use as comparison, as well as at additional sites on the irradiated
sample outside of the beam spot.

Finally, a computer model utilizing the PDKE procedure described by Golubov,
Barashev, Stoller [34] was executed. The PDKE scheme was recently validated by Short
et. Al. against experimental data for Fe ion implantation [35] and successfully replicated
key features of the ion implantation void swelling profile. The model was reproduced for
the present experiment and follows the procedure and input parameters described there.
The calculations were used to qualitatively illustrate the influence of surface sinking and
injected interstitial artifacts on the results of the present experiment. Sensitivity analysis

was performed to assess the possible influence of the vacancy migration energy under
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different stress conditions on the void nucleation distribution observed in the present

data. The results of the PDKE modeling were contextualized with reviewed literature.

Results and discussion

Figure 20 shows a contour mesh plot of the resulting Mises stress distribution
predicted by the ABAQUS model. Each element of the mesh is represented by an
averaged stress value and reflects the influence of the 20 nodes at the corners and edges
of the element. At the side closest to the pin, the sample experiences the highest amount
of compressive stress. At the opposite side of the sample, the tensile stress is maximized.
At the midpoint down the length of the centerline, the stress is at a local minimum and
represents an inflection point between the tensile and compressive stress. The tensioning
pin in contact with the compressive side of the sample is under a significantly lower
stress than the bending sample. For this reason, it is assumed that the deformation of the
pin is negligible.

The mesh of the pin was thus generated to be relatively coarse to save on
computation time when solving the stress distribution of the model. Figure 21 shows the
distribution of Mises stress down the face of the sample extracted from the contour plot.
A geometric convention was applied to simplify interpretation of this plot and others
proceeding it. The compressive stress is displayed as having a negative magnitude, as
well as occurring at a negative position relative to the middle latitudinal axis of the
sample. The stress distribution shows that for a displacement value of 0.0175mm, the

peak Mises and principal stress experienced in any single node is 167.4MPa and
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113MPa, respectively. Equation (1) predicts a maximum principal stress of 117.7 MPa,

which represents a 3.99% difference from the stress predicted by the FEA model.

Y
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+1.395e+07
+5.810e+03

Figure 20. Colored contour plot shows stress distribution in 316L sample after
three-point bender deflection. A deformation factor of 114.2 is applied for

emphasis.

Nearly the entire sample is in an elastic strain state, the exception being the
maximum compression region closest to the tensioning pin. Here, some highly localized
plastic deformation is predicted at the contact point. This occurrence is partially due to
the coarse mesh used for the tensioning pin, which contacts the sample with a wedge-
shaped point rather than a rounded surface. This elastic strain condition is important to
maintain to avoid the complexity of interpreting irradiation response under the influence
of significant and heterogeneous dislocation density in the sample. To simplify the
analysis, TEM lamellae were extracted along a vertical axis 245um to the left of the

deflection point. Here, the localized plastic deformation surrounding the pin contact
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region is avoided without significantly affecting the overall magnitude of the stress

gradient. A comparison of the centerline stress trend versus the 245um stress trend is

shown in Figure 21.

The TEM grid imprint along the stress profile, shown in Figure 22, was used as

guide for selecting locations for TEM lamellas. The solid red vertical line represents the

offset axis shifted 245 um left of the deflection pin contact. The white X marks in the

figure show the

locations selected for TEM lamellae extraction and reflects a best

attempt at distributing the sites evenly about the zero-stress x-axis. The fourth TEM

lamella close to the center of the sample was selected slightly away from the 245um y-
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Figure 21. Plot of Mises stress down the center axis of from the pin (negative

position) to the outer deflected surface (positive position).
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axis due to spatial constraint of the grid imprint, as directly along the 245um location
resided in an unirradiated region masked by the TEM grid. Distances from the center
were found and the stress at these locations were calculated using the ABAQUS
software for comparison to the swelling profile.

SEM imaging performed on the surface of the sample illustrates the difference
between the irradiated grain structure and the unirradiated grain structure shielded by the

TEM

-400

Distance from center of sample (um)

200

-100 0 100
Stress, Mises (Pa)

Figure 22. Stress across the surface of the sample, 245um from the deflection point.

X’s represent the locations used for SEM imaging and TEM specimens.
70



grid. Figure 23 shows the structure of one of the squares created by the irradiation. Note
the raised grain structure resulting from swelling in the sample, creating a clear
delineation for useful analysis area. SEM images of the surface showed proof of voids in
both the compressive and tensile regions, one of which is shown in Figure 24. Two
noninvasive analysis methods were attempted to streamline the void swelling data
acquisition and correlation with stress data. These techniques were carried out with the
intention of calibrating the results against the reliable void swelling measurements

collected via traditional TEM imaging, hopefully accelerating void data acquisition in

Figure 23. Irradiation of 316L resulted in raised grain structure in uncovered

regions. Virgin grain structure represents regions covered by the TEM grid.
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the future. The first consisted of calculating the swelling at the different sites using
backscatter electron SEM surface imaging and a void-volume estimation model based on
Monte Carlo simulation [36]. The second method followed an optical profilometry
procedure described by Jin et. Al. using a Veeco Yko NT9100 3D optical profilometer
[37].

The results of the noninvasive analysis did not accurately represent the swelling
percentage of the sample. The backscatter electron SEM method was only able to
account for voids on the surface, and not throughout the bulk of the ion irradiated depth.
Similarly, surface irregularities and the subtle difference in heights between the

irradiated and unirradiated regions confounded the profilometry results. The more

Figure 24. SEM image of the irradiated region of the 316L sample, showing

pronounced subsurface voids and swelling.
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traditional void measurement performed via FIB lift-out and TEM is thus relied upon as
the sole measurement for swelling. Lamellas created using the FIB lift-out method at the
locations represented in Figure 22 produced TEM micrographs of the cross-section ion
irradiated depth. Figure 25 highlights the swelling behavior revealed via TEM at the
extremes of the stress distribution. All three regions exhibit distinct characteristics which
will be further highlighted in the statistical distribution of the voids described later. The
compressive regions exhibited the largest volume of voids and the tensile region, the
smallest. The region in the middle, with the minimum stress, lacked voids with small
diameters — decreasing the void density. In contrast to the large and sparsely distributed
voids of the neutral stress region, the regions under compressive and tensile stress host

more small voids. Additionally, there is a clear shift in the density of the void volume

towards the surface in the tensile stress region, whereas the void

L ¥ 3 = - D e —— —————— T
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Figure 25. TEM micrographs of the regions with (a) the highest compressive stress,

(b) the least approximate stress and (c) the highest tensile stress.
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distribution exhibits the opposite behavior in the compressive region. The neutral stress
region in the center region roughly exhibits a transition between these two behaviors,
with the largest and most dense void distribution occurring in the center of the damage
range.

Assessment of the overall void swelling in the seven evaluated regions revealed a
decrease in swelling from the compressive to the tensile stress region, with a slight peak
for the local minimum stress. Figure 27.a shows the total void swelling profile and the
stress as a function of position across the analysis surface of the sample. Figure 27.b
shows plots the swelling trend directly against the affecting stress at each position where

Figure 26.a and Assessment of the overall void swelling in the seven evaluated
regions revealed a decrease in swelling from the compressive to the tensile stress region,
with a slight peak for the local minimum stress. Figure 27.a shows the total void
swelling profile and the stress as a function of position across the analysis surface of the
sample. Figure 27.b shows plots the swelling trend directly against the affecting stress at
each position where

Figure 26.b respectively show the change in the void diameter and void density
versus position based versus the location of lamella extraction. The location of each
lamella was correlated to the distance from the center of the sample, where the stress
minimum occurs. Analysis of the voids following irradiation produced a data set for the
average void diameter, density and swelling. The average void diameter decreased
gradually from the compressive region to the tensile, with an abrupt peak in diameter

near the minimum stress correlating to a sudden increase in size of the voids. Swelling in
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all regions produced drastically different sizes of voids, resulting a large error for the
average diameter over the ion irradiated depth. The average density of the voids roughly
increased from the compressive region to the tensile, with the minimum density in the
middle of the sample with approximately zero stress. Both the compressive and tensile
regions produced a similar number of voids; however, the tensile region produced voids
with smaller diameters resulting in an increased density. The minimum stress region has
large voids and lacked many with small diameters, resulting in the lowest average void
density.

Assessment of the overall void swelling in the seven evaluated regions revealed a
decrease in swelling from the compressive to the tensile stress region, with a slight peak

for the local minimum stress. Figure 27.a shows the total void swelling profile and the
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stress as a function of position across the analysis surface of the sample. Figure 27.b

shows plots the swelling trend directly against the affecting stress at each position where
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Figure 26. The stress profile vs. position is plotted alongside a) the average

diameter of voids and b) the average void density.
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a red linear trend line is applied to illustrate the overall behavior of the swelling data.
Taken at face value, the trend shows that swelling increased under compressive stress
and decreased under tensile stress in the bender sample. These results contradict a wide
body of existing literature which show that the increase in void swelling should be
symmetrical in both compressive and tensile states. Therefore, other factors in this
experiment affected the swelling rate in the tensile region and prevented adequate
swelling to match that of the compression region. The proceeding discussion explores
other factors in this experiment which affected the swelling rate in the tensile region and
prevented adequate swelling to match that of the compression region.

In contrast to the data presented here, the sign of stress direction has no
significant difference on void diameter, density, and volume [2]. Stress is indeed
important in the onset and rate of void growth [38], but such sensitivities should be
restricted to the swelling incubation period and should have little effect when the total
swelling is as high as in the present experiment. Swelling is increased by the application
of stress but is independent of the tensile or compressive regime [3]. Sahu and Jung [2]
and Lauritzen et. Al. [3] first showed that in ion and neutron irradiation studies,
respectively, mechanical stress in the elastic regime serves to shorten the void swelling
incubation period. The symmetry of the swelling response under compressive and tensile
stress states pointed to the importance of the deviatoric stress component in the
shortening of the swelling incubation period [39].

It is theorized that shear stress in FCC systems enables the unfaulting of sessile

interstitial Frank loops, which once glissile can expand to form the interstitial-biased
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defect sink network throughout the lattice [40, 41]. Recent molecular dynamics studies
strongly support this theory with increasing confidence, demonstrating the role of shear
stress in Frank loop unfaulting for binary and ternary FCC alloys [42-44]. The
compositions of these alloys were tweaked to have stacking fault energies and
interatomic potentials close to those of austenitic stainless steels. Further improvements
to interatomic potential calculation models and computational power are still needed to
model these phenomena directly in austenitic steel mixtures. The contribution of the
normal stress component to the unfaulting process however cannot be fully disregarded,
as Hall’s most recent improvement to the continuum plasticity model suggests a
contribution from both hydrostatic and deviatoric stress components to stress-affected
swelling [45]. The model was shown to excellently fit newly produced stress-assisted
swelling data from samples under a wide range of conditions and stress states [46],
including preconditioned samples with irradiation history, stress history, both, or neither.

Consideration was given to other experiment parameters which may explain the
deviation from expected stress/swelling response exhibited here, such as temperature,
cold work, and initial metallurgy conditions. As mentioned in the previous section, a
thermal gradient somewhere in the sample or stage assembly hypothetically could have
resulted in a distinct temperature in the tensile region. Specifically, the contact of the
deflection pin located near the heat source, on the compressive side of the sample may
have resulted in a higher temperature near the deflection point. Effects on tensile

swelling can be visible but small at temperatures below 550 C [19]; however, in
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comparison to the compressive stress effect in this data set, they appear to be

inconsequential.
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Figure 28. a) Mesh generated in Solidworks for thermal FEA model of irradiation
hot stage. b) Colored contour plot showing the temperature distribution predicted

by the FEA model.

Figure 28.a shows the final hot stage assembly model and the mesh generated for the
thermal analysis. The results of the thermal analysis are shown in Figure 28.b. The final
iteration of the model showed that an input power of 110W at the heater caused a surface
temperature of 476°C, approximately the desired surface temperature of the sample. This
power input was in good agreement with the power input which was needed to reach the
desired surface temperature during the experiment. Closer inspection of the 316L sample
section of the FEA model, illustrated in Figure 29, shows that no significant temperature
gradient exists going from the left to right face of the sample. The tensioning pin, while
slightly hotter than the sample, does not appear to transmit sufficient heat at its
tangential contact with the sample to cause a noticeable temperature increase. A
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significant gradient of approximately 10°C exists going from the top to bottom of the
sample. This results from the cartridge heater channel not passing completely though the

hot stage body and thus propagating less heat to the lower section of the stage.
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Temp °C: 477.0
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Figure 29. Predicted temperature distribution in the 316L three-point bender
sample shows a uniform temperature distribution going across the sample from the

compressive to tensile stress sides.

The results of the finite element analysis and its agreement with the
thermocouple readings suggest that the sample remained below the diminished yield
stress at 475°C, which is approximately 150 MPa [23-25]. The bulk of the sample (i.e.,

beyond the irradiation interaction region) is thus presumed to be under elastic stress
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Figure 30. Map of nanoindentation sites on the irradiated sample and a diagram

illustrating the subregion breakup of the tension (T) and compression (C) sites.

throughout the irradiation. Similarly, the creep relaxation in the bulk of the sample is
presumed negligible [25, 47]. Irradiation creep must be considered in the target region of
the ion beam however, as relaxation can be significant even at modest temperatures and
radiation damage levels for 300 series stainless steels [39, 48, 49]. The departure from
secondary irradiation creep at 475°C may occur at neutron damage levels as low as 20-
25 dpa, though this cannot be directly compared to irradiation creep induced by heavy-
ion bombardment [50]. Nanoindentation assists in qualifying the significance of the
irradiation creep relaxation and contextualize the swelling response. This approach
merits caution however as the results are complicated by irradiation hardening and void
swelling effects.

Figure 30 illustrates the layout of nanoindentation sites on the irradiated sample.

Four total sites were used in the indentation campaign, named irradiated tension (T),
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irradiated compression (C), unirradiated-center (U), and control (not shown here). An
SE-SEM image of the C site is also shown to illustrate the alignment of the indentation
array relative to the slanted pattern left by the TEM grid. A 5x5 array of indentations
was chosen for a total of 25 indentations. The beginning of the array was placed outside
the boundary of the irradiated region to create additional subregions of the data at each
region of the sample. Nine indentation sites are located outside of the irradiated region
(O), seven sites at the edge of the irradiated region (E), and nine inside of the irradiated
region (I). An identical indentation array was created on the T site. The control sample
features a similar 25 indentation array but with no subregions given the uniformity of the
sample. Five additional reference indentations were collected at the U site for
comparison.

Figure 31 highlights the hardness results from the nanoindentation analysis. Six
areas of interest are distinguished using the stress-state/region naming convention
detailed in Figure 30: compression-outside beam (CO), compression-inside beam (ClI),
tension-outside beam (TO), tension-inside beam (T1), Control (C), and neutral stress-
unirradiated (UN). Sites which fell into the edge (E) region were omitted from the
analysis because they could not be clearly binned into either region straddling the
boundary. The results show a distinct change in the hardness of the material in regions
irradiated by the ion beam. Additionally, there appears to be a slight increase in hardness
in the tension sites compared to the compression sites. The nanoindentation data does
not refute the occurrence of advanced irradiation-creep but suggests other mechanisms at

play in the microstructural evolution of the irradiated region. The tension region exhibits
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Figure 31. Comparison of hardness values from nanoindentation analysis

performed at different sites on the irradiated and control sample.

a more pronounced hardness change which is not easily attributed to straightforward
radiation embrittlement.

Asymmetric Cottrell atmosphere saturation around edge dislocations in the
sample may explain this occurrence. Solute point defects liberated by ion beam mixing
are driven towards edge dislocation cores to relieve the hydrostatic stress around these
defects. The solute atoms increase the energy threshold for inducing movement, either
by rigidly pinning the dislocations in place or by being dragged along as they migrate
[51].The presence of another stress field alters the driving force of atmosphere
production. A compressive stress field may reduce the saturation population of Cottrell

atmospheres by lowering the hydrostatic stress exhibited at the dislocation cores. This in
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turn would cause fewer pinned edge dislocations and a lower apparent hardness in the
compressive region. This argument may also explain the difference in hardness observed
at the CO and TO sites which were not irradiated but experienced opposite stress states.
The tension stress field could cause an increased aggregation of solute atoms at edge
dislocations. These solute atoms and their resultant atmospheres would be trapped upon
cooling the sample, pinning a greater number of edge dislocations, and artificially

increasing the hardness of the TO region compared to the CO region. Another possible
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Figure 32. Comparison of typical nanoindentation depth at tension and

compression sites versus void swelling profile and SRIM-predicted ion and damage

distribution.
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explanation for the discrepancy in hardness between the compressive and tensile regions
is the irradiation “softening” effect observed for materials experiencing advanced levels
of void swelling [39]. Neustrov. et. al. postulated that above a certain ratio of average
void size to void-center distance, the material would experience an apparent mechanical
softening due to heightened stress concentration and microcracks in the vicinity of voids
[52]. These microscopic defects compound to a reduction in localized macroscopic
strength and hardness. The effects would be more pronounced in the irradiated
compressive region which exhibits higher void swelling than the tensile side (~2X
greater). This explanation is furthered by the close coincidence of the nanoindenter
penetration depth and the peak swelling profiles observed, illustrated in Figure 32. This
is especially true in the compressive stress region (C4) where the peak swelling depth
coincides with the maximum depth of indenter probe penetration. Irradiation softening
however fails to explain the discrepancy between the hardness at the CO and TO sites.
Softening effects would be highly localized around brittle void structure and are unlikely
to propagate far outside the bounds of the irradiated region.

As highlighted in Figure 32, the void swelling distribution changes distinctly
across the different stress extremes of the bender sample. the distribution of region M is
the most erratic, oscillating significantly along the depth range evaluated. The C4 region
of highest void swelling is the most uniformly distributed of the seven evaluated sites,
with a centroid which is roughly centered midway along the length of the damage
distribution. Region T4 exhibits the most distinctive behavior with a swelling

distribution heavily weighted towards the surface of the sample. The observations here
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require considering the role that surface sinking may be playing in the results, especially
as it pertains to heavy ion irradiation studies where such effects are crucial. In general,
The combined influence of the surface sinking effect [53, 54] and injected interstitial
effect [55-58] result in a complicated void nucleation distribution which changes
significantly depending on the point-defect mobility characteristics of a system.

Short et al. [35] evaluated the effect of several variables on void nucleation
distribution in the ion implantation range using PDKE modeling described elsewhere
[34]. The model and the ion irradiation experiment which served as the comparative
basis for the results were based of the implantation of 3.5 MeV iron ions into a pure iron
target [57]. While the results are for a relatively simple physical system compared to a
single-phase alloy such as is discussed in the present paper, they demonstrate some
important findings. The combined influence of the surface sinking effect and injected
interstitial effect result in a complicated void nucleation distribution which changes
significantly depending on the point-defect mobility characteristics of a system. Some of
the variables evaluated which directly affect this mobility include temperature and dose
rate and direct manipulation of vacancy activation energy, the latter of which showed
those most profound impact on nucleation distribution [35]. Increase in the vacancy
activation energy demonstrated a shift in void nucleation towards the ion incident
surface which echoes the results demonstrated in the present study.

Fe and 316 have similarly low density of strong defect sinks, both systems being
single phase solutions, and are thus comparably sensitive to small changes in vacancy

migration energies. This similarity may explain the occurrence of the characteristic ion
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irradiation double-peak phenomenon observed in both systems [58-60] and described by
Short et. Al. [35]. For metallic systems in which impurities are present, it is also
expected that the vacancy migration energy will increase because of solute binding. The
sensitivity of vacancy migration energy to impurity concentration changes can vary
greatly between monoatomic systems and complex alloys. Alpha Fe for example
demonstrates sensitivity to even ppm levels of carbon contamination [61, 62] In contrast,
AISI 316 shows relatively low sensitivity to alloying constituents [63]. Holzwarth et. Al.
therefore reasoned that vacancy trapping by minor alloying elements are negligible in
316 [64], making them different to pure Fe systems in this regard. Moreover, the defect
binding and migration characteristics of each system are different due to the BCC and
FCC structures of Fe and austenitic steels, respectively. As previously stated, both pure
Fe and 316SS systems have demonstrated the double-peak ion irradiation phenomenon.
Despite structural differences in the two systems, it can be argued that using Fe as basic
surrogate for 316SS is acceptable to illustrate qualitative behavior.

Connétable and Maugis [65] calculated several diffusion parameters for four
FCC metals under the influence of different stress states. This was done using both
density functional theory (DFT) and Elastic Continuum Theory (ECT) and through the
VASP (Vienna ab initio simulation package) software. The results show that positive
stress applied uniaxially (simulated along [001] and [111] individually) and biaxially
(applied simultaneously to [100]+[010]) both result in a decrease in the formation and
migration enthalpies in Al, Cu, Ni, and Pd [65]. For uniaxial stress, this results in a

marked increase in the diffusivity of vacancies in the directions perpendicular to the
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applied stress. These changes in enthalpy occurred alongside significant changes to the
lattice parameter in each jump direction of the vacancies. The results of Connétable and
Maugis are corroborated by Kang, who performed molecular dynamics simulations of
BCC Fe lattices under stress using the Large-scale Atomic / Molecular Massively
Parallel Simulator (LAMMPS) package. The results showed notable increase in vacancy
diffusivity along axes perpendicular the applied tensile stress [66]. The opposite effect

was also observed for compressive stress where vacancies tended to diffuse more
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Figure 33. Results of point defects kinetics equations modeling showing change in

the void nucleation distribution relative to the irradiated sample surface across

different vacancy activation energies.
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quickly along the axis of applied stress.

The PDKE scheme detailed by Short et. Al. [35] was replicated to illustrate the

dramatic change in void nucleation which may occur under in Fe under ion irradiation

and stress and by extension, changes in the void nucleation and migration enthalpies.

Figure 33 shows the results of the computation, where the activation energies for point

d

(52)
m D,; = Dge\ "&T

i Etota1 = KE + PE + U = KE + PE + [H(S,p) — pV]

g
Where:

E)o = diffusivity prefactor (m?s™)

EA: activation energies for point defect migration (eV)
;(B = Boltzmann’s constant (eV K1)

%’ = temperature (K)

OKE = kinetic energy (eV)
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PE = potential energy (eV)
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E
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U = internal energy (eV)
(continued from previous page)
H(S,p) = enthalpy

p = specific pressure

V = volume

reflective of the powerful defect sinking of this interface. Notably, continually
decreasing the activation energies results in the nucleation distribution again shifting
deeper into the sample. While these results cannot be quantitatively applied to the
present experiment, they illustrate the possible sensitivities of void nucleation and
distribution to surface sinking and injected interstitial effects under the influence of
stress. The above simulation results also mimic the change in void distribution observed
in Figure 32. The misalignment of the results here with historical literature of uniform
neutron irradiation data without directional dependencies thus can be attributed to
experiment artifacts unique to heavy ion irradiation.

It is worth noting that such stress sensitivities were not observed by Sahu and
Jung in their benchmark stress/ion irradiation study, where 316SS was irradiated using
6.2 MeV protons to a damage level of 0.4 dpa [2]. Protons at this energy will penetrate
tens of micrometers into the sample and result in a much more uniform damage profile
provided that void swelling measurement is not performed close to the sharp Bragg peak
at the end of damage tail. Additionally, dose rates for proton irradiaiton are significantly

lower than those of heavy ion irradiations [8]. With a larger void swelling sampling area
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which is further from both the surface and injected interstitial regions, the double-peak
nucleation distribution is likely suppressed [35] and the integrity of the results are
preserved. The strong influence of surface sinking observed in the tensile stress region
necessities isolating and evaluating the compressive stress data independently. The
swelling behavior observed in the regions ranging from neutral stress to compressive
stress were more typical of those observed in studies without applied stress.
Reevaluating the swelling vs. stress distribution shown in Figure 27.b, the region
exposed to the highest compressive stress shows a significant increase in swelling in
agreement with literature. The lower compressive stress levels in contrast show an
unclear influence, possibly not being of sufficiently high magnitude to significantly

accelerate void nucleation.
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CHAPTER IV
FLINAK CORROSION RESPONSE OF HASTELLOY N UNDER VARIABLE

STRESS CONDITIONS USING THREE-POINT BENDING TECHNIQUE

Introduction

MSRs are receiving increasing attention for potential near-term commercial
application. These reactor designs boast numerous advantages over current LWRS,
including but not limited to simplified design and safety features [1], potential process
heat applications [2], and burner/breeder design permutations [3]. Of all prospective
MSR designs, reactors utilizing fluoride salts have enjoyed the longest history of
development [3, 4] and are thus the most viable for near-future commercial power
generation. While fluoride MSR technologies host several attractive features, corrosion
in these systems must be regulated via careful metallurgical design [5], redox potential
control[6], and imposed operation limits.

Fluoride salt reactors coolants are typically comprised of eutectic mixtures of
ionic salt compounds to achieve desirable thermophysical properties. FLiBe is a mixture
of primary interest for fuel-bearing salt in primary coolant loops. The FLiBe salt has
advantageous neutronic properties [7] but poses a greater personnel hazard. FLiNaK is
routinely used to surrogate for FLiBe due to similar thermohydraulic and chemical
characteristics [8, 9]. FLiNaK is additionally considered a viable candidate for secondary
coolant loop circulation [2]. Like the extensively studied FLiNaK and FLiBe salts,

research on prospective MSR reactor materials since the late 50s have been highly
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focused on a few alloys. Hastelloy N (designated Alloy N hereafter), developed by
ORNL under the name INOR-8, was specifically designed to meet the
thermomechanical and corrosion challenges of fluoride salt systems [5, 10]. Alloy N and
its variants are still considered some of the best alloy options for implementing
commercial fluoride MSRs [11].

Comprehensive research was performed in studying the macroscopic creep
rupture and corrosion properties of Alloy N under the influence of several variables.
These including He and Te embrittlement [11-13], metallurgical aging [14, 15], and
variations in composition [5, 10]. Microscale processes at the core of corrosion response
went largely understudied however, likely due to limitations in microscopy and
spectroscopy technigues. One such process is the impact of complex stress states on the
corrosion response of Alloy N. Such Multiphysics interaction would affect salt-facing
reactor components such as fasteners, heat exchangers, or components with residual
stress from manufacturing. Contemporary works [16, 17] have significant made
significant contributions in the understanding of creep under tensile stress and corrosion.
As of now, no investigators have directly explored the impact of compressive
stress/strain on corrosion.

In the present work, the high temperature stress relaxation behavior of Alloy N in
FLiNaK salts is explored by combining the three-point bending technique with static
immersion testing of a sample. Specifically, the bender sample was deflected to a
maximum Von Mises stress ~0.55 oy and immersed in high-purity FLiNaK salt

alongside a control sample for 50 hours at 700°C under an argon atmosphere. The
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consequences of subjecting Alloy N immersed in FLiNaK to compressive and tensile
stress are assessed via cross-section examination of the bent bar and control samples
using SEM techniques, including EDS and EBSD. Parallels are drawn between stress-
corrosion behavior observed here and contemporary literature to explain the disparate

corrosion response between regions under compressive or tensile stress.

Procedure
Experiment Design

A sample of Hastelloy N was prepared from a coupon sourced from Haynes
International. The sample was cut to the shape of a long bar using a low-speed diamond
saw and the cross-section face of the sample prepared by mechanical polishing. 0.04um
colloidal silica was used for the last step to expose grain structure. The sample was
subsequently sonicated in acetone and rinsed in methanol. The final dimensions of the
sample were measured to be 15.98 mm X 4.01mm X 0.446mm after polishing. The
Hastelloy N sample was mounted under stress using a three-point bending apparatus
fabricated using 200/201 Nickel alloy. The dimensions of the three-point bending device
base are shown in sonicated in acetone followed by methanol, rinsed in DI water, and
dried using nitrogen gas. The components were then outgassed under high vacuum at
300°C for two hours to remove material adsorbed during the machining and cleaning

process.
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Figure 34.a. Nickel 200/201 pins were used to fabricate the three 4mm contact
pins of the bending apparatus, as well as the center carriage. The tensioning screw in
contact with the center carriage pin was a commercially-sourced 6-32 5/8” long screw
made of Monel 400 alloy. The entire assembly including the final polished sample is
shown in sonicated in acetone followed by methanol, rinsed in DI water, and dried using
nitrogen gas. The components were then outgassed under high vacuum at 300°C for two

hours to remove material adsorbed during the machining and cleaning process.

Figure 34.b. All components of the three-point bending apparatus were sonicated in
acetone followed by methanol, rinsed in DI water, and dried using nitrogen gas. The
components were then outgassed under high vacuum at 300°C for two hours to remove

material adsorbed during the machining and cleaning process.
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Figure 34. a) Schematic of three-point bending apparatus base used for mounting

Hastelloy N sample under stress. b) Final configuration of sample mounted and

tensioned in three-point bending device.
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Several considerations were made when deciding the conditions to which the
stressed sample would be exposed. Ultimately, the parameters of the corrosion test were
driven by the temperature of the experiment. MSR designs typically quote hot-leg
temperatures >700°C, benefiting from improved thermodynamic efficiency over LWRs
and enabling integration of process heat applications [2, 8]. The corrosion temperature
of the experiment was thus selected as 700°C. In turn, the corrosion exposure time and
the stress applied to the sample were limited by the mechanical and thermal elongation
behavior of the material at the chosen temperature. Additional constraints were imposed
due to the limited availability of comprehensive thermal elongation data for Hastelloy N.
Based on tabulated data collected by Haynes International at temperatures > 700°C, the
stress selected for the study was restricted to between 138-241 MPa [18].

The final two constraints imposed on the system were that a) the maximum stress
experienced anywhere in the sample would not exceed the elevated-temperature yield
stress of the material and that b) the sample would not be corroded too long as to induce
full relaxation in the sample. The latter constraint was important to ensure the full
coupling of creep and corrosion were reflected in the results. Computer modeling was
performed to ensure satisfaction of the design constraints. Using the thermal elongation
data for Hastelloy N, an iterative parametric variation scheme was performed using a
Python script to solve for the constants of the time-based Norton-Bailey (NB) creep
power law equation shown in Eq. 4 [19]. This simple model is appropriate for primary

and secondary creep response and when the stress of the system does not exceed the
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e=(Ao™t™ Equation 4
Here,

& = strain
A = creep strain hardening coef ficient [seconds *MPa™!]
n = stress constant

m = time constant

yield stress [19, 20]. The constants were iterated until the error between the modeled
strain and the training data were less than two percent at the stress and time of interest.
The standard error of the estimate was also calculated for the entire fitted trend against
the training data. This was used as a secondary benchmark to ensure that the fit was
globally accurate and behaved realistically throughout the history of the system. FEA
model was created using the Abaqus/Standard commercial software to predict the stress
distribution and creep relaxation in the sample over time. The results of the power law
parametric variation procedure were input to the Abaqus model, along with any other
relevant temperature-dependent mechanical properties available for Hastelloy N [18].
The FEA model consisted of a quadradic, hexahedral mesh (C3D20R) chosen for
greatest accuracy for systems under bending conditions in the elastic regime [21]. The
final model mesh contained 174960 cells. The cells at the center of the sample, the
region of maximum deflection under the tensioning pin, were partitioned and locally
seeded to a size of 0.0446mm to maximize local spatial resolution and accuracy. The

displacement applied to the tensioning pin in the model was iterated to determine the
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deflection needed to induce the desired maximum stress at the beginning of corrosion
test. Once the necessary deflection was identified, the full creep simulation was executed
to predict the total relaxation observed.

The FEA model was roughly validated by comparing the maximum principal
stress at room temperature predicted by the simulation to an analytical prediction using
beam theory. For a bent beam where the deflection experienced is less than 10% of the

thickness of the member and which does not experience plastic deformation, the stress at

mid-length is given byo = 65# Equation 5 Eq. 5 [22].

A final applied stress and corrosion time were selected for the experiment based on the

results of the FEA model and the deviation of the results to the beam theory stress

prediction.

o =2 Equation 5

Here,
o = maximum tensile stress
E = modulus of elasticity
t = thickness of the specimen
y = maximum deflection

H = distance between outer supports
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Experiment Execution

Once the desired stress was determined, tension was applied to the sample by
tightening the tensioning screw on the bending apparatus and measuring the
displacement experienced at the sample midpoint. The displacement was monitored
using a Mitutoyo model 513-403 horizontal dial test indicator fixed with its sensor lever
against the top face of the sample. Following stress mounting, wire composed of
200/201 nickel alloy was strung through the holes drilled into the base of the three-point
bending apparatus (see Fig. 34.b). These wires were used to suspend the mounted
sample from an alumina ceramic lid upside down into the corrosion crucible. A control
sample with the same quality of mechanical polish and with a 2 mm hole drilled through
its center was suspended on a separate wire to the same lid. A larger 1/4-20 nickel plated
screw and nut set were used to secure the wire attached the bending apparatus, while a
smaller ceramic 6-32 screw and nut set were used to secure the wire of the control
sample. Two different sets of hardware were necessary due to the limited space available
when machining the ceramic lid and the differences in weight between the two samples.
The mounting holes in the ceramic lid were sufficiently far apart to avoid contact
between the two samples. The alumina ceramic lid minimized the potential for
electrochemical coupling between the two samples.

The samples were suspended from the ceramic lid into a glassy carbon crucible.
Prior to the experiment, the crucible had been cleaned with methanol and outgassed at
200°C in an argon glovebox for one hour. The crucible was loaded with 30g of FLiNaK

eutectic salt mixture. The FLiNaK salts used were high purity hydrogen fluoride-sparged
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salts sourced from Oak Ridge National Laboratory. A small sample of the as-received
salt was kept for inductively coupled plasma mass spectroscopy (ICP-MS). The amount
of salt added to the crucible was determined based on the temperature dependent density
correlation of FLiNaK salts recommended by Romatoski and the known dimensions of
the crucible [8]. 30g reflects the amount of the needed to immerse the surface of the
samples completely at a known distance from the base of the crucible. For conservancy
of resources, the entire bending apparatus was not immersed.

Figure 35 illustrates the complete assembly of the corrosion crucible and
samples. The assembly was placed inside a Thermo-scientific Thermolyne furnace
residing within an MBraun Labmaster DP atmosphere-controlled argon glovebox. The
glovebox maintained nominal oxygen and moisture levels <0.1 ppm. The furnace was
heated to 700°C and left at temperature for 50 hours. The condition of the furnace and
atmosphere in the glovebox were periodically monitored to ensure no deviation in the
experiment conditions occurred. After 50 hours, the crucible was removed from the
furnace while hot and the ceramic lid lifted off to remove the suspended samples from
the salt. This was done to allow as much salt to drip off the samples as possible before
resolidifying, simplifying the cleaning process. Once cooled, a second sample of salt was
collected from the crucible and analyzed via ICP-MS to assess the accumulation of
corrosion products after the experiment. Chemicals used in the ICP-MS analysis were

Optima grade acid reagents from Fisher Scientific and Nanopure water produced using a
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Barnstead/Thermolyne Nanopure lab water system meeting ASTM type 1 water

standards. All labware was washed and leached using a 25% NO3 solution and rinsed

Suspension
screws 11 =
And nuts * |
L] Ceramic lid
Glassycarbo
Crucible — 2071 nickel wires

Three-point bender

and sample Controlsample

Figure 35. Schematic of the corrosion crucible and sample assembly.

in Nanopure water. Samples (pre and post corrosion experiment) were digested using a
1:1:2:4 H,O/HCL/HF/HNO3 volumetric solution in 25 ml Teflon beakers covered with
Teflon watch glass. A method blank was also prepared using 1.0 ml of H2O and the
same proportions of digestion acids. Following full dissolution, the sample solutions
were diluted to volume and passed through a 0.45um filter. Following analysis, results

from the salt samples were normalized using the method blanks.
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After removal from the salt melt, the stressed and control samples were rinsed
liberally with deionized (DI) water to remove loose chunks of salt. The samples were
then submerged in individual glass beakers filled with DI water. The samples were
removed and liberally rinsed again after 24 hours, and then submerged in clean DI water
again. This soaking procedure was carried out three times to soften the salt as much as
possible. After the third soak and rinse, the samples were sonicated for 10 minutes and
then rinsed with DI water a final time. The samples were then rinsed in methanol and
allowed to dry. Following cleaning, the samples were prepared for cross-section
analysis. To protect the delicate corrosion structure at the surface, the samples were
electroplated in copper. The electroplating was performed using a one molar DI water
solution of Cu2SO4 and a pure copper anode. The plating was performed at room
temperature using a mixing plate at 100 rpm for 15-25 minutes. Following
electroplating, the samples were cut using a low-speed diamond wafering saw using a
water-soluble cutting fluid. The stressed sample was bifurcated halfway along the length
of the sample to expose the region directly under the center tensioning pin of the three-
point bending mount. The samples were then mounted via hot compression mounting
with the cut cross-section of the samples exposed. The samples were then mechanically
polished with 0.04pm colloidal silica solution used to expose the grain structure of the
samples at the final step.

The samples were next analyzed via SEM, EDS, and EBSD to observe the
corrosion, elemental depletion, and restructuring at the sample surface. SEM, EDS and

EBSD were performed using a Tescan Fera3 FIB-SEM electron microscope system
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featuring Oxford Instruments NordlysNano EBSD detector and X-Max 50 EDS detector.
Both analyses we performed using a 20keV electron beam energy for optimal
backscatter resolution and x-ray excitation of Hastelloy N constituents. The analysis was
performed on the stressed sample at six sites along the stress profile, half of the sites
residing in the compressive stress region and the other half in the tensile stress region.
The six sites selected for analysis were those which were best preserved after the
mounting and polishing procedure. At each of the sites, a scan area was defined to
perform five parallel line scans 2um apart and perpendicular to the corrosion interface.
These signals were averaged together to represent the site. Each individual scan was also

repeated five times to average out random signal spikes during collection.

Results and Discussion
Results

The cross-section of the stressed Hastelloy N sample after mechanical polishing is
shown in Figure 36. and is annotated to illustrate key features. The thickness of the
sample is divided in two parts by the yellow midline, each half representing a region
which experienced either compressive (top) or tensile (bottom) stress throughout
corrosion test. This midline also represents the latitude along which the stress is
effectively zero. The spaced sites were out as regularly as possible with slight deviations
allowed where morphological features or corrosion damage inhibited accurate

measurement. The sites are each given an identifier depending on their stress state and
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proximity to the midline, where C indicates compression, T indicates tension, and N/C

and N/T represent the sites on either the C or T side near the neutral (N) midline.

Figure 36. SEM image of Hastelloy N sample bisected and cross-section polished

after corrosion to expose the stress gradient along the corrosion interface.

The FEA model-predicted stress distribution of the sample after initial bending is
shown in model results in Figure 37. The cross-section view frame shown has been
programmed to illustrate the Von Mises stress in each element. The deflection of the
sample mesh is referred to as the “one-second” distribution. Von Mises stress is used as

the primary metric for evaluating the approach to yield in the model. This quantity is
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derived from the interaction of local maximal sheer stresses to the material yield stress,

and is well-suited for systems under complex, non-uniaxial loading conditions [23].
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Figure 37. Output stress distribution of Hastelloy N after initial deflection under a

201-nickel pin as predicted by Abaqus FEA model. An 140X exaggerated mesh

deflection is shown for clarity.

After carrying out the displacement iteration procedure, the maximum principal
stress and VVon Mises stress solved for the experiment was 176.0 MPa. This value falls
within the range of available mechanical and thermal deformation data, ensuring that the

subsequent creep step of the simulation behaves in a physically realistic manner.
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Additionally, this stress value is below the elevated temperature yield stress of the
material [18, 24] (and thus the room temperature yield stress as well) and so plastic
deformation does not need to be accounted for. The final displacement value which

achieves a stress of 176.0 MPa was 0.0018 inches. The one-second stress distribution in

The FEA model-predicted stress distribution of the sample after initial bending is
shown in model results in Figure 37. The cross-section view frame shown has been
programmed to illustrate the Von Mises stress in each element. The deflection of the
sample mesh is referred to as the “one-second” distribution. Von Mises stress is used as
the primary metric for evaluating the approach to yield in the model. This quantity is
derived from the interaction of local maximal sheer stresses to the material yield stress,

and is well-suited for systems under complex, non-uniaxial loading conditions [23].

Figure 37 shows that the maximum stress occurs on the cross-section face and at the
mid-length of the sample on the sample side opposite tensioning pin. The stress observed
in the tensioning pin is several orders of magnitude lower than in the sample. It is thus
assumed that the compression experienced by the 201 Nickel tensioning pin during the
sample loading is negligible and the sample is effectively acted on through a ridged
body. The analytical beam theory model predicted a maximum stress 183.1 MPA in the
sample. The difference between the analytical and FEA model one-second stress
prediction is approximately 3.9%. It should be noted that the sample bar is outside the

dimension range suggested by ASTM to ensure accuracy of the analytical model.
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Despite this, the predictions of the two models agree well, ensuring that the FEA model
is realistically depicts beam deflection as it occurs at room temperature.

The results of the creep power law parametric variation summarized are shown in
Figure 38.a. The time-based BN power law is best fitted against several stress trends
simultaneously to capture the sensitivity of primary and secondary creep behavior under
different loads. Some flexibility exists in the shape of the fit depending on which stress
trend is selected to fit the power law equation most closely. The tabulated experimental
data used for the fitting scheme featured three stress data sets at 706°C, which are
represented in Figure 38.a as the solid line trends with geometric symbols. 172.4 MPa,
representing the middle trend, is closest to the estimated maximum principle stress of
176.0 MPa experienced by the sample at the one-second room temperature stress
distribution. The accuracy of the fitted power-law trend in replicating the experimental
creep strain data at different loadings is quantified using the standard error of the
estimate (oest). A 95% confidence interval around the fitted trend at a specific stress can
be approximated by multiplying the oesr value by 1.96. A smaller confidence interval
indicates a better fit between the experimental data and the fitted trend. The SE value
was calculated for each pair of experimental and fitted data at a particular stress level.
The fitted data was only tabulated out to 50 hours for SE calculation to reflect the quality
of the fit within the bounds of the corrosion experiment time. The SE for fits of the
137.9,172.4, and 241.3 MPa sets were 0.000492, 0.00132, 0.0108 (values of strain).
This spread of SE values indicate that the parameters solved for the time-based NB creep
power law equation are more well-fitted at lower stresses within the 50-hour time frame
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of the corrosion experiment. This is a beneficial quality as the initial stress loading will
decay quickly upon high temperature corrosion exposure under fixed strain loading.
Figure 38.b illustrates the stress relaxation estimated by the FEA model using the
parameters derived for the NB creep power law equation. Each trend corresponds to one
of the six sites detailed in The spaced sites were out as regularly as possible with slight
deviations allowed where morphological features or corrosion damage inhibited accurate
measurement. The sites are each given an identifier depending on their stress state and
proximity to the midline, where C indicates compression, T indicates tension, and N/C

and N/T represent the sites on either the C or T side near the neutral (N) midline.

Figure 36. At the sites experiencing the most initial strain the one-second distribution,
(i.e., C2 and T2), the stress experienced is predicted to decay rapidly in the first few
hours. In all the trends, the relaxation becomes more and more gradual as the initial
stress decays and the driving force for further creep deformation is diminished. The

stress trend for the C1 exhibits exceptional behavior in that the stress
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appears to increase slightly (i.e., becomes more negative) in the first three hours before
proceeding to relax.

This behavior is believed to arise due to the physical constriction of the
compressive stress side of the sample. Stress on the tensile side will tend towards
stretching the material in the long direction of the bender sample along the y-axis (see
Figure 37). Compressive stress in contrast is limited by the resistance of the material
towards being constrained into a smaller volume at the center of the sample. The interior
of the sample on the compressive side, which has no free surface towards which to shift
strained material, will thus experience an initial increase in stress as the surrounding
material shifts and relaxes. A similar, but inverse effect appears to occur at the N/T site,
which exhibits a slight and continuous increase of stress throughout the model history.
Material in the N/T region is likely being pulled along by the adjacent material of the
sample as it stretches towards the long dimension.

The ICPMS analysis is summarized in Table 2 and details the assay for key
metallic constituents for FLiNaK and Hastelloy N. Continuous Calibration Verification
(CCV) samples were evaluated during the analysis run to provide error estimation limits.
These limits are typically within 10% of the real values. Three CCV check samples were
used for the duration of the analysis, and some elements were not present in any of the
CCV samples (e.g., Mo). The bulk of the detectable metallic constituents are comprised
of lithium, sodium, and potassium. Contaminant metals are only present in trace amounts
in the initial salt melt, the most significant of which are described in Table 1. For

several of the elements here, the mean percent error values derived from the CCVs are
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larger than the measured concentrations change between the samples before and after
corrosion. The changes were thus too low to be used as a reliable quantification of the
severity of corrosion over the 50-hour experiment.

The detected levels of metallic elements in the salt, while not indicative of
quantitative corrosion severity, reflects low metallic contamination. This excludes the
significant contribution of contaminate fluorides to overall corrosion. Such compounds
are shown to undergo reduction reactions leading to surface deposition and oxidation of
less thermodynamically stable alloy constituents such as chromium [25]. The small
change in the metallic constituents detected also indicates that a) the experimental salt
volume was sufficiently large to prevent corrosion product saturation during the
experiment and b) minimal moisture contamination in the salt, reflective of the quality of
the purification process. Both features are critical to avoid confoundment of the
influence of stress on corrosion under ideal reactor operation conditions. Salt moisture
purity is shown to be especially important for controlling the corrosion rate in fluoride
salt environments and performing corrosion experiments [26]. The elimination of
moisture and oxygen limits corrosion severity, preventing the production of deleterious
chemical species such as HF or forming oxides with alloy constituents which freely

dissolve into the melt [25, 27-32].
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Table 2. Trace element analysis of FLiNaK salt before and after corrosion

experiment via ICP-MS.

Concentration

Concentration

Max. CCV mean

Element before corrosion after corrosion percent error*
(mg/g) (mg/g)

K 375.62 356.28 -45.1 +24.44
Li 73.4 77.23 34.42 +42.82
Na 57.44 56.79 7.90 + 10.65
Cr 0.01 0.03 4.64 +1.83
Fe 0.049 0.001 -1.03+0.48
Ni 0.174 0.017 6.73+2.85
Mo 0.00022 0.00042 N/A
Rb 0.056 0.052 2.17 £ 0.69
Al 0.006 0.017 6.41+2.00
Mg 0.018 0.02 592+2.17

*a total of three Continuous Calibration Verification (CCV) assays performed

throughout the analysis

Upon initiation of the EDS, a calibration spectrum was collected at each of the
Six cross-section analysis sites detailed in The spaced sites were out as regularly as
possible with slight deviations allowed where morphological features or corrosion
damage inhibited accurate measurement. The sites are each given an identifier
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depending on their stress state and proximity to the midline, where C indicates
compression, T indicates tension, and N/C and N/T represent the sites on either the C or

T side near the neutral (N) midline.

Figure 36. An example calibration spectrum is shown in Figure 39.a, which was
gathered over a square 100 pm? area at the T2 site and adjacent to the corrosion
interface. The elements corresponding to the numbered peaks are listed in Table 3
alongside the characteristic x-ray and predicted weight distribution. Interference peaks
were identified from oxygen, which interacted with the metallic sample and residual
fluorides as atmospheric O and water during mechanical polishing. Peak two, which is
attributed to oxygen, is straddled closely on both sides by minor L band excitation peaks
for chromium and so the purported weight percent contribution tends to be distorted. The
oxygen peaks are thus removed from the assay for a more representative elemental
analysis. Fluorine and carbon peaks are also identified, the former introduced from the
corrosion ingress and the latter primarily from the carbon-based hot press mounting
powder used for preparing the cross-section sample.

While carbon has a distinct peak at position one, fluorine occurs close to
position three which is dominated by LI excitation band of nickel. Both carbon and
fluorine are treated as surface contaminants similarly as oxygen and are removed from
the calibration assay. Factoring in the corrections for these low mass elements, the

resulting weight percent estimation closely replicates the nominal composition of
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Intensity (cps/eV)

Position (um)
Figure 39. a) Example EDS calibration spectrum and characteristic peaks of

detected elements from site T2. b) EDS line scan profile at T2 site of corrosion
interface where the area under the Cr profile is integrated to calculate the depletion

area change.
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Hastelloy N [33]. Molybdenum and nickel are slightly higher and chromium and
iron lower than in the stock material. This is reflective of the sensitivity of chromium
and iron to corrosion in fluoride melts [28] and so a relative increase in molybdenum and
nickel is expected given the normalization of the weight percent measurement to reflect
a 100 percent composition. Figure 39.b illustrates the results of the EDS line scan
routine performed at site T2 and highlights the elemental profile for three elements. The
left side of the spectrum represents the region closest to the corrosion interface and so
elemental depletion is expected to be most extreme here and become more gradual
towards the right. Molybdenum, iron, and chromium are focused on as the main alloying
constituents of Hastelloy N. The 25 raw spectra collected at each site (geometric icons

connected by thin lines) were further processed using an adjacent average binning

Table 3. Characteristic peaks of example EDS calibration spectrum and measured

weight percent distribution of Hastelloy N sample.

Peak no. Element X-rays Weight % o

1 C Kal,2 N/A -

2 O Kal N/A -
3,4,14,15 Ni Ll,Lal&2,Kbl 72.40 0.04
5 Al Kal 0.36 0.01
6 Si Kal 1.28 0.01
7-9 Mo LI, Lal, Kbl 16.33 0.04
10,11 Cr Kal, Kbl 6.27 0.02
12,13 Fe Kal&2,Kbl 3.35 0.02
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procedure to smooth the elemental profiles (thick continuous lines). The dashed lines
represent the nominal local composition obtained from averaging a 15um length of each
elements profile towards the end of the scan path. These values, represented by the
horizontal dashed lines in Fig.39.b, agree well with the estimated weight percent derived
from the calibration map spectra when applicable. Molybdenum cannot be directly
compared in this manner due to its limited solubility in the bulk matrix of Hastelloy N
(approximately 12%) [34].

An accurate bulk weight percent measurement can only be accomplished by
scanning a large area encompassing many of the Mo-rich secondary phases such as was
performed for the calibration spectra. These nominal local average values are used as the
basis for comparison to estimate elemental depletion experienced at each site.
Fluctuation of the line scan profiles and the intersection of the scan paths with secondary
phases was observed in the spectra collected despite the averaging of several scans. This
prohibited a clear delineation of the corrosion depth of each element. To quantify the
magnitude of depletion at the six sites, reduction from normal of the area under each of
the element signal profiles is calculated. This was done by integrating under the entire
smooth-averaged signal profile and calculating the difference between this area and the
area under the rectangle defined by the nominal local average line. This area reduction
calculation results in a single depletion quantity for each element and at each of the six
analysis sites. The trends of these area depletion values are plotted in Figure 40 against

the position of each site to illustrate the change in element depletion versus position on
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the sample. Molybdenum, chromium, and iron are again highlighted, and a trend line is
affixed to the data for each element to emphasize the behavior of each elemental trend.
The depletion area change calculations demonstrate a distinct increase in
chromium corrosion moving from the compressive to tensile stress side of the sample.
Iron appears to be slightly affected as well, but the magnitude of the change is small and
possible attributable to systematic error. Molybdenum appears unaffected by the stress

gradient overall. The line spectra collected demonstrated some variability, especially
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Figure 40. Trend of depletion area changes for chromium, iron and molybdenum

measured at the six sites along the stress gradient of the sample.
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close to the corrosion interface and for the sites in the tensile stress region (see Figure
39.b). The depletion area changes measured in the control sample are shown as
horizontal dashed lines. The chromium depletion measured in the control sample is close
to the level detected at the N/T site at ~ 0.1 of the normalized position. Similar to the T2
site (see Figure 39.a), carbon peaks from the hot press mounting material may be
inflating the level of detected chromium due to the close coincidence of these peaks. The
Fe and Mo depletion levels detected in the control sample are notably different from
those observed across the stress sample.

The exact reason for this discrepancy is unknown. Signal intensity for all the
spectra collected in the control sample were notably weaker and required longer
collection time than with the stressed sample. Self-shadowing effects could possibly
explain this occurrence if the polished surface of the control sample or the surround
mounting material exhibited height gradients relative to the EDS detector. This would
cause disproportionate self-absorption of secondary electrons relative to the detector,
which might distort the overall weight percent assay [35, 36]. While not reliable as a
perfect quantitative metric, the EDS trends still illustrate a clear increase in chromium
depletion in the tensile stress region. The following discussion will focus instead on
qualitatively describing the physical processes which led to the selective increase in
chromium depletion.

The sensitization of chromium in the tensile stress region can be attributed to

multiple factors. Cross referencing the model results in
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Figure 38, the sample will have likely only experienced the onset of primary creep where
strain hardening has not developed sufficiently to decelerate initial deformation [37].
The stress history over the course of the experiment and away from the sample center is
however still a significant portion of the yield stress for Hastelloy N and so continuous
loading effects should be considered. Recent work by Zhu, et. Al. observed that
diffusion creep modes will dominate in Hastelloy N deformed under tensile stress at 100
MPa In Hastelloy N and 700°C [17]. In general, diffusion-driven creep predominates at
lower stresses and across a wide range of temperatures [38]. It can thus be inferred that
such deformation modes would drive creep in the deflected sample examined here, since
all the evaluated sites are predicted to have experienced stress at or below 100 MPa for
most of the experiment history.

In optimal conditions of moisture free salt, chromium tends to be the most
thermodynamically sensitive to dissolution in the fluoride salt melt [28, 39]. One way
which tensile stress could exacerbate chromium corrosion could be to increase the
surface area of alloy exposed to the salt, such as through cleaving of grain boundaries
and enabling salt ingress. Chromium has also been demonstrated to diffuse more quickly
than other elements in nickel alloy mixtures [40, 41]. The enhanced chromium depletion
therefore could be the result of augmented diffusion driven by creep restructuring or
strong stress gradients. It has been shown that creep deformation is strongly dependent
on the ease with which atoms may diffuse through a metallic system [42]. Enhanced

chromium depletion therefore may be symptomatic of stress-driven changes in
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Figure 41. EDS line scans performed across grain boundaries at C2 and T2 sites near

the corrosion interface to identify possible localized segregation and corrosion

depletion.
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diffusional potential for all constituents of Hastelloy N, which would sensitize chromium
especially.

Additional EDS line scan and mapping analysis was performed at four sites (C2,
C1, T1, and T2) to identify possible grain boundary depletion sensitivity changes at the
different stress extremes. Figure 41 highlights the results of the grain boundary analysis
at sites C2 and T2, the respective extremes of compressive and tensile stress. Grain
boundaries were partially obscured by surface features, complicating analysis. The line
scan paths were chosen to be as close to the surface as possible and selection relied on
the presence of small voids as indication of grain boundaries. These trails of voids
become more densely packed closer to the corrosion interface which suggests profound
grain boundary salt ingress close to the sample surface. The line scan at the C2 site runs
parallel to the corrosion interface of the sample while that of the T2 site is oriented
perpendicularly to the site. The line scan data does not appear to identify a clear
difference in grain boundary segregation behavior between the two sites, although some
differences are apparent. The suspected grain boundaries denoted by white dashed lines
in Figure 41 do not coincide closely with significant features in the elemental spectra. It
is possible that electron beam drift and shadowing effects have limited the spatial
accuracy of the microscope for EDS analysis, leading to shifting of features such as local
spikes or dips of the detected elements. The spectra collected for the T2 site, especially
that for molybdenum, exhibits a high degree of variability and is likely attributed to the
presence of small secondary phases which litter the T2 site surface and occur near the

line scan path. The elemental maps for the T2 site confirm that these are Mo-rich phases.
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The difference in orientation of the two-line scans relative to the surface may
explain the subtly distinct chromium signal behavior. The chromium trend across the
grain boundary at the T2 site follows a steady depletion gradient in the direction of the
corrosion interface, which follows the general corrosion trend at this site. The chromium
gradient appears to become steeper after traversing the grain boundary, indicating that
the grain boundary may serve to slow chromium diffusion out of the sample when
oriented parallel to the corrosion interface. Conversely, the grain boundary at the C2
roughly coincides with a minimum in the Cr line scan spectrum. The perpendicularly
oriented grain boundary here may therefore be enabling accelerated diffusion of
chromium out of the sample. The observations made in Figure 41 do not clearly support
nor refute the possibility of GB cleaving. A complication to observing such a
phenomenon is the orientation of the stress relative to the corrosion interface and cross-
section cut of the sample on the xy plane. The deflection of the sample will tend to pull
apart the material on the tensile side in the direction of the length of the sample along the
y-axis (see Figure 37). Such cleaving may not be obvious on the selected cross-section
analysis plane along xz and a 90-degree change in observation orientation would be
needed.

EBSD data taken at the C2 and T2 sites, shown in Figure 42, highlight several
grain features at the corrosion interface. Dashed lines denoting the sample surface and
two different chromium depletion thresholds demonstrate a coincidence between
significant chromium depletion and surface grain boundary morphology change. As

shown in the IPF-X map ( Figure 42.a), grains in the compressive stress region appears
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Figure 42. EBSD data collected at C2 and T2 sites, representing the extremes of
compressive and tensile stress and deformation experienced by the sample. a-c):
IPF-X, MOS + KAM, and EDS Cr signal collected at the compressive site. d-f) IPF-

X, MOS + KAM, and EDS Cr signal collected at the tensile site.

coarser than the surrounding grains at the near surface where chromium depletion is
most extreme (a threshold of <1% is denoted) Conversely, grains in the tensile stress
region shown in IPF-X ( Figure 42.d) are noticeably finer than in the rest of the

evaluated region. The approximate coincidence of the <1% chromium depletion
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threshold and the change in grain morphology may be indicative of a restructuring
effect. The egress of chromium could cause solubility changes for the rest of the alloy
constituents, especially Mo which has a distinct solubility limit in Hastelloy N [34]. This
would explain the presence of the near surface microphases observed at the two sites,
especially in the tensile stress region, shown in Figure 41. The presence of these phases
may also be indicative of polygonization as a mode of stress relief [43, 44], as Hastelloy
N already exhibits a tendency to precipitate molybdenum-rich M12C carbides along grain
boundaries [45].

Mean orientation spread (MOS) and Kernel Averaged Misorientation (KAM) are
overlaid for the compressive and tensile stress regions in Figure 42.b and Figure 42.e,
respectively. The combination of these two maps are used to quantify the degree of
deformation and recrystallization experienced by individual grains. The MOS+KAM
maps further emphasize the differences in the near-surface grain morphology between
the two sites. At both compressive and tensile stress sites, the near surface chromium
depleted region exhibits a higher degree of grain misorientation on average. As
previously mentioned, the observation plane here likely underemphasizes the true degree
of deformation experienced at each of these sites. The misorientation observed on this
plane is reactionary to the dominant stresses operating along the y-axis. Most of the
deformation and recrystallization therefore should be along y-axis and thus obscured
from view.

Evaluation of the change in grain size distribution and prevalence of twin

boundaries at the two sites suggests distinct deformation/relaxation modes having
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occurred in the tensile and compressive stress regions. As shown in Fig. 43.a through
Fig. 43.c, the compressive stress region exhibits both a densification in grain boundaries

and significant accumulation of twin boundaries

Compression Neutral Tension

Grain Boundaries
2..10°
—_—100
Special Boundaries
— 111> 60° 43.1%

Electron Image 1
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Figure 43. Maps of grain boundary and twin bndary distributions at the a)
tensile (T2) stress site and b) compressive (C2) stress site. ¢) Comparison of grain

size distribution and twin boundary density between C2 and T2 sites.
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Figure 44. a) Distribution of grain size for tensile and compressive stress regions.

b) Comparison of GND density observed at the three sites evaluated in Figure 43.
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Table 4. Summary of 60°<111> twin boundary density measurements

Stress region Twin boundary density (um/pm?)
Tension 0.1253
Center 0.6299
Compression 0.7184

compared to the neutral stress and tensile stress sites. The quantitative assessment of
twin density and grain boundary area distribution is summarized in Figure 44.d through
Figure 44.f. These maps illustrate the differences in density of geometrically necessary
dislocations (GNDs) detected using EBSD [46, 47] which occurred in the three
evaluated regions shown. GNDs are necessary for accommodation of lattice distortions
in alloys and multiphase materials where stress gradients exhibit local inhomogeneity
[48]. Measuring GND density thus provides a useful measurement of local distortions in
lattice curvature accommodated by dislocation accumulation.

The GND maps show a noticeable increase in density in the tensile stress region.
The compressive stress region in contrast appears to have experienced very fine
dislocation cell formation as evidenced by the presence of small grains containing lower
GND densities than the surrounding structures. [44] GNDs across all three evaluated
sites tend to be denser in and around grain boundaries, as well as closer to the corrosion
and Figure 44 combined highlight the disparity in twin boundary density, the grain size
distribution, and the GND density in the evaluated area for the three stress sites chosen.

The twin boundary density is nearly six times as high in the compressive stress region
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versus the tensile stress region. The neutral stress region also exhibits a comparably high

density of twin boundaries.

Discussion

Tensile stress appears to advance the depletion of chromium in the tensile stress
region but exactly how requires more consideration. The data suggests a few possible
processes to account for the sensitization. One possibility is enhanced depletion resulting
from the stress-driven stabilization of secondary phases. Stress aging is a phenomenon
receiving increasing attention to enhance the mechanical properties of age-hardenable
(AH) aluminum alloys. Tensile and compressive stress are both shown cause preferential
precipitation in AH alloys at grain boundaries oriented perpendicularly to loading
direction [49, 50]. Tensile stress is also understood to reduce aging time of certain
precipitates by reducing critical threshold energies needed to initiate nucleation [51, 52].
Hastelloy N is well-documented as precipitating secondary phases, likely a M1.C carbide
structure, along its grain boundaries with continued high temperature service [24, 34, 53-
55]. These phases, like the native, globular MeC carbide phases, are rich in
molybdenum, chromium, carbon, and silicon [45]. Studies have shown that the after
prolonged thermal exposure at temperatures >700 C, Hastelloy N structure evolves
towards coexistence of primary MeC carbide phase alongside secondary M1.C phase
grain boundary precipitates or complete dissolution of the MsC phase in favor of M12C

[56-59].
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Stress aging treatments however are usually performed at significantly lower
temperatures and stress thresholds than were exerted on the bender sample, and so creep
is not usually a serious consideration. Had enhanced secondary phase precipitation
occurred, the compressive and tensile stress regions of the sample would have been
equally affected and the neutral stress site and control sample conversely unaffected.
Survey of the density of grain boundary precipitates far away from the corrosion
interface however yielded statistically similar measurements at the stressed and
unstressed sites and was therefore inconclusive. Moreover, a concentration and egress of
chromium via stress-enhanced grain boundary precipitation would have been evident in
the analysis highlighted in Figure 41. This observation also undermines the role of
stress-driven grain boundary cleaving having enabled more aggressive corrosion in the
tensile stress region.

Different creep/stress relaxation processes having occurred between the two
regions is left as a viable explanation for the observed results and is considered further.
Creep in metallic systems encompasses several complex mass redistribution processes

which are highly sensitive to stress, temperature, and individual material properties. In

the temperature range of the stress corrosion experiment (T ~ 0.5 Tmett, %~10‘4 -

1073), adiffusion-based creep mode is likely the primary deformation mechanism of
the tensile stress region of the 3PB-2 sample. Nabarro-Herring creep typically requires
high temperatures (T~Tw) to facilitate significant grain elongation in the loading
direction via intragranular diffusion [38, 60]. At intermediate temperatures such as were

used in this experiment, Coble creep (i.e., grain boundary diffusion-facilitated) is more
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likely a significant factor. Diffusion creep modes causes fluxes of vacancies in the
plane(s) perpendicular to the maximum principal stress. Surplus vacancies flowing in the
plane aligned with the corrosion gradient may enable enhanced diffusion of the
Hastelloy N alloying elements, especially Cr which exhibits comparatively high mobility
in nickel alloys [40]. Egress of Cr may thus be accelerated by the surplus of vacancies in
the region of high tensile stress.

Naked stress effects were considered as a possible explanation to the observed
results. Diffusion through the lattice cannot be enhanced or inhibited by long-range
uniform stress by itself but can be affected under the influence of stress gradients [61-
63]. These gradients are often localized, such as through lattice distortions caused by
interface with secondary phases or dislocations via Cottrell atmospheres [64, 65]. Long-
range stress gradients were also considered as a possible driving force for asymmetric
chromium depletion [66-68] but are unable to explain the apparent retention of
chromium in the compressive stress region. Apart from the distinct stress states
experienced at the different regions of the sample, the compressive and neutral stress
regions exhibit a similar density in twin boundaries and near identical density of GNDs.
The presence of fine cells and greater grain and twin boundary density does not seem to
have enhanced depletion of chromium in the neutral and compressive stress regions.
Bulk diffusion of chromium through the lattice tends to dominate corrosion for alloys
exposed to purified fluoride salts [27, 30]. Salt purity thus appears to overshadow any
corrosion enhancement via altered grain texture in the compressive and neutral stress

regions.
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The accommaodation of high creep strain in Hastelloy N exposed to 700°C and
sub oyield Stresses has been previously demonstrated to require GNDs accumulation [16,
17]. The higher density of GNDs observed in the tensile stress region may be the key to
explaining the observed results. Higher GND density in grains and around grain
boundaries is accompanied by more numerous Cottrell atmospheres [64], which would
cause local tensile stress gradients and promote diffusion of interstitial/substitutional
atoms. Chromium diffusion to high stress GB regions would be enhanced, acting as an
intermediary which would accelerate chromium transport through corrosion depletion
pathways overall. This enhanced diffusion around GNDs may be too rapidly equilibrated
or the detection resolution too coarse to be able to detect clear chromium diffusion
gradients at grain boundaries, as was attempted in Figure 41.

Recent work corroborates the importance of GND formation in the creep
evolution of Hastelloy N. Zhu, et. Al. demonstrated that high stress (~150 MPa) creep
and significant creep strain in Hastelloy N are mediated by dislocations as evident
through accumulation of GNDs [17]. This was especially evident in the vicinity of high
angle grain boundaries (HAGB) and carbides where lattice distortion from creep were
highest. Creep at lower stress (~100 MPa) was shown to be mediated by both dislocation
motion and diffusion as evidenced by more modest GND accumulation and grain
boundary sliding (GBS) [17]. Merensky et. Al. also demonstrated a linear relation
between creep strain and accumulated GND density at intermediate creep stress and
temperature conditions (135 MPa/700C) in Hastelloy N [16]. The overall mass loss

experienced was similarly shown to be linearly proportional to creep strain, and by
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extension the GND density. Their data also showed increased accumulation of Cr in
dislocation rich regions, lending credence to importance of Cottrell atmospheres around
GNDs in the depletion pathway.

Despite theoretically experiencing similar thresholds of creep strain, the
compressive stress region compares most closely to the neutral stress region in terms of
chromium depletion. If the compressive region of the sample accommodated stress
primarily via twinning rather than GND formation as in the tensile stress region, then it
may explain the disparity in chromium depletion observed. Comparison of the GND and
chromium depletion maps for the tensile stress region (Figure 43.f and Figure 42.f
respectively) demonstrates close coincidence between the most severe chromium
depletion and where GND density is highest. The compressive region thus may have
avoided the most severe corrosion by relaxing via twinning rather than GND evolution.
In general, twinning as a deformation mode occurs in direct competition to slip when
temperatures are too low to support significant atomic diffusion and dislocation flow
needed for slip [69, 70]. Twinning is often energetically unfavorable in single phase or
monoatomic FCC materials due to high stacking fault energies and availability of several
slip systems [69, 71]. Twinning can be activated however at intermediate temperatures
and strains by stacking faults generated in secondary phases such as in y/y’ nickel
superalloys [72, 73] or by mechanical shocks such as by significant and/or sudden stress
loading [69, 71]. It has been previously demonstrated that FCC materials subjected to
compressive stress at room temperature will accumulate twin boundaries at lower strain

thresholds and at a higher volume fraction than under tensile stress [74].
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Deformation twins have also been observed with greater frequency in nickel
superalloys under compressive versus tensile loads and even at elevated temperatures
[75] where diffusion-enabled deformation is more prevalent. The accumulation of twin
boundaries can be more pronounced still under complex stress states combining tension,
compression, torsion, and in the vicinity of free surfaces [74].The disparity of twinning
behavior between tensile and compressive stress states lies in the geometric constrictions
imposed on material under compressive strain, which cannot easily deform or compact
to accommodate external stress. Twinning under compressive stress thus becomes
highly sensitive to grain orientation and the critical resolved shear stress, as well as the

availability of unrestrained planes of motion [76].
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CHAPTER V
EVALUATION OF CORROSION RESPONSE OF HASTELLOY N IN FLINAK
SALT AFTER PROTON IRRADIATION

Introduction

Several challenges persist in the use and interpretation of data from the early
development of fluoride MSRs, especially that which was collected during the time of
the MSRE experiments. These efforts, while invaluable for its thorough characterization
of embrittlement, creep rupture properties, and fission-product-accelerated cracking
corrosion, were unable to isolate the microstructural processes associated with early
onset of irradiation-assisted corrosion. Indeed, it is unclear whether Hastelloy N suffers
from neutron-accelerated corrosion in the absence of fission-product and transmuted
helium embrittlement. Additionally, the manner which experiments during the MSRE
and ARE projects were carried out inadvertently divided the data set in the two
categories. The first type of studies focused on bare corrosion behavior in the absence of
radiation through static immersion and were usually carried out via static immersion or
corrosion loop testing. The second type of studies consisted of evaluating corrosion and
mechanical response in the presence of radiation as well as fission product interaction.
The latter variable is an important distinction, as the presence of embrittling fission
products and the resulting cracking behavior tended to dominate the attention of

investigators.
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The direct influence of radiation damage on corrosion response in the absence of
fission product influence thus requires further investigation. Illuminating this neglected
facet of fluoride MSR materials research has immediate importance as certain MSR
configurations would suffer from the very conditions captured in this neglected field of
research. For example, primary coolant loops in MSRs using prismatic fuel, where
fission products are theoretically locked up from circulating in the salt but around which
core radiation in still significant, would be affected by radiation and corrosion, but not
tellurium and europium embrittlement. Moreover, structural material activation will
ensure that self-irradiation in the coolant loops will persist beyond the primary coolant
loop. Secondary salt loops, especially the heat exchangers and other components closest
to the core volume will still experience radiation damage regardless of the primary loop
or core configuration.

Proton irradiation offers a compromise between the damage rates possible
through heavy ion implantation and the penetration depth possible with electron
irradiation [1]. While the damage rates are significantly lower than heavy ions, the
damage profiles produced through protons are much flatter and produce a larger usable
analysis region. Additionally, protons can most closely reproduce the microstructural
damage caused by neutron irradiations [2, 3]. Additionally, protons (i.e., hydrogen)
exhibits decent solubility in most metallic systems whereas alloys helium has virtually
no solubility in nickel [4] and causes significant bubbling at low doses. Figure 45
highlights the damage and implantation profiles of different ion projectiles into

Hastelloy N.
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Figure 45. Comparison of damage profiles for different ions into a Hastelloy N

target, as well as ion fluence needed to produce 20 DPA of damage.

Procedure
Sample preparation
Four sample of Hastelloy N were prepared from a 3mm thick coupon sourced
from Haynes International. The samples were cut into 5mm x 5mm square pieces using a
low-speed diamond saw. The samples were polished using a procedure identical to that

which is described in Chapter V. The polished quality was verified using SE-SEM to

ensure proper grain exposure.
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lon irradiation

The polished samples were irradiated using 2.5 MeV protons produced using a
National Electrostatics Corporation 1.7 MV tandem ion accelerator. The samples were
mounted using silver conductive paste to an Inconel hot stage fitted with an adjustable
resistive heater. The samples were irradiated in a vacuum chamber maintained at
pressures in the 1E-8 torr and featuring a liquid nitrogen cold trap for contamination
control. High energy proton implantation has a narrow range of useful energy, balancing
between limited range and damage at lower energies and nuclear activation reactions at
higher energies [1]. These activation reactions tend to cause the release of significant
short-term gamma excitation and decay heat which causes a significant increase in
sample temperature. To mitigate this effect, the ion beam was rastered to allow some
heat dispersal and to make the damage application across the sample more uniform. The
samples were maintained at 500°C through a combination of the proton gamma heating,
current control, and application of the resistive heater on the implantation stage. The
samples were irradiated to 1 local DPA of damage, which was approximately equivalent
to 1.3E19 ions-cm™. The fluence of ions needed was estimated using SRIM in the quick
damage Kichin Pease mode [5].

After the irradiation was completed, the samples were left in the vacuum
chamber at room temperature for two days. This was done to allow significant activation

caused by the proton irradiation to decay away. The rough activity of the sample was
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measured using live monitoring via a Geiger counter placed outside of the irradiation

chamber at 18 inches. The activity of the sample was also modeled using MCNP to
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Figure 46. Activity over time of four largest contributors to proton activation in

Hastelloy N samples after a) one hour and b) two days.
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predict the isotopic breakdown of the radioactive inventory. The estimated radioactive
inventory over time is illustrated in Figure 46, which shows that the greatest contributors
to the activity decay to below 1uCi within a day. The most significant radioactive
isotope, °Cu, decays away almost completely after 10 minutes. The remaining activity
consists largely of ®*Cu and decays away in approximately 1.5 days. The remaining
activity is a small and slow-decaying quantity of ®Tc and >'Co, both beta emitters
through electron capture decay chains. The two isotopes combined were estimated to
have an activity of roughly 1uCi after two days of decay and were deemed safe for
removal. Following the two days spent in the vacuum chamber, the samples were
removed and stored in a desiccator for an additional two weeks before regular handling
for the next steps inf the experiment. FIB liftout was performed to produce TEM
lamellae from each of the two irradiated and two control samples. These lamellae were

evaluated later at the same time as those extracted from samples after corrosion.

Corrosion
After two weeks of storage, the samples were wrapped with 200 Nickel wire
around their periphery. The wire wrap was applied to be able to submerge and suspend
the samples in FLiNaK salt. Careful attention was paid to keeping track of the irradiated
surface and ensuring that the surface was unobstructed from wire wrapping. The
appearance of the wrap sample is shown in
Figure 47. This procedure was carried out identically for two irradiated samples

and two control samples. Once prepared, the four samples were corroded via submersion
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in molten HF-purified FLiNaK salt. The procedure followed for preparation, corrosion,

and cleaning of the samples was identical to that carried out in Chapter IV. Two

differences to the procedure detailed there are that 1) the corrosion was done by dividing

the salt volume into two glassy carbon crucibles, each with their own alumina ceramic

lid fitted to suspend one control sample and one irradiated sample, and 2) a different

batch of HF purified salt, also sourced from ORNL, was used for the experiment. The

salt was divided into two parts for immersion of the samples in the two separate

crucibles. The experiment conditions and sample naming convention are summarized in

Table 5.a through 5.c.

Table 5. a) sample naming conventions and irradiation conditions

Dimensions

Sample names Condition Material Origin (mm) Final polish
IRR1 1local DPAH+  Hastelloy N Haynes 6xX6x3 0.04um
International colloidal silica
IRR2 1 local DPA H+ -- -- - -
C1 Control -- -- - -
C2 Control -- -- - -
b) Corrosion crucible materials
Crucible material Crucible lid Wire material

Pyrolitic Glassy Carbon

Alumina Ceramic

200 Nickel alloy

c) Salt corrosion conditions

Salt Temperature Corrosion Time Environment gas Nominal H20/0z
al

(°C) (hours) (mBarr gauge) levels (ppm)
FLiNaK, ORNL HF

700 500 hours Ar gas, ~1.3mBarr ~0.1/0.1

purified
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Figure 47. Example f Hastelloy N sampl hic iswire-wraped after irradiation.

Post-corrosion analysis

Following cleaning, the samples were analyzed in two steps. First, FIB liftout
was performed using a Tescan Lyra-3 Focused lon Beam to prepare lamellae specimens
with sizes approximate to 10 um x 8 pum to extract TEM lamella from the
irradiated/corroded surface of IRR1 and IRR2, and the corroded surfaces of C1 and C2.
Two lamellae were prepared from each sample for a total of 8 lamellae. These lamellae
and those produced from the samples after irradiation but before corrosion were
analyzed using a using a 200 kV Thermo Scientific Talos F200X TEM. Elemental
mapping was collected from the TEM specimens in the scanning transmission electron
microscopy-energy dispersive X-ray spectroscopy (STEM-EDS) mode an Oxford

Instruments SDD EDS detector. TEM and STEM-EDS at this step were used to evaluate
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very fine microstructural evolution in the samples following corrosion. After completion
of STEM/EDS analysis, the samples were coated in copper, bisected, and polished in the
same manner as the sample described in Chapter IV. Following polishing, SEM-EDS
and SEM-EBSD were performed to assess the gross depth of corrosion relative to the
interaction surface of the samples. Experiment parameters used at this step replicate

those described and carried out in chapter 1V.

Results and Discussion

The results of the TEM/STEM-EDS the control sample (C1) after irradiation are
shown in Figure 48. Figure 49 similarly highlights the TEM/STEM-EDS analysis
performed on the first irradiated sample (IRR1) after proton implantation. Comparison
of the microstructure and elemental distribution between the two samples reveals distinct
features between the two conditions. Both sets of TEM/STEM-EDS data focused on a
grain boundary in each respective sample. The micrographs show an accumulation of
dislocations in proximity to the grain boundary. Dislocation loops and dislocation pileup
are also evident as highlighted by white and yellow arrows, respectively. These
dislocations are accompanied by select segregation of silicon. The metallic constituents
evaluated in contrast do not appear to segregate towards the dislocations nor grain
boundaries observed, either appearing depleted in regions rich in silicon (Cr,Fe) or with
an unaffected distribution (Mo). Nickel is the exception, which appears to interact

weakly with the dislocation structure, showing slight enrichment along some of the
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Grain boundary

200 nm

Figure 48. Highlight of STEM/EDS analysis performed along a typical grain

boundary in control sample with same thermal history as irradiated sample.

larger network features. In C1 (Figure 48), which experienced the same thermal history
as the irradiated sample, the dislocation structure is sparsely distributed and lacks the
order of that observed in IRR1. Similarly, the STEM-EDS did not identify any elemental
segregation at this step of the experiment for C1.

Secondary phase precipitation along grain boundaries is well documented in
Hastelloy N after lengthy temperature exposures as low as 400°C [6, 7] But likely
requires higher temperatures to develop in short to intermediate lengths of time [8]. This

is unlikely to occur with the short thermal exposure experienced by the control sample

162



and is reflected in the results here. The accumulation of excess dislocations in IRR1 (and
presumable IRR2) compared to the control sample is thus indicative of the effect of
radiation damage on the microstructure of Hastelloy N after only modest radiation
damage. Moreover, the liberation of point defects through radiation damage [1] enhances
mobility of fast diffusing solutes in the alloy, which are attracted to the tensile strain

fields around dislocations via Cottrell atmospheres [9, 10]. Silicon being the

Grain boundary

Figure 49. highlight of STEM/EDS analysis performed on proton irradiated sample
and before corrosion. Evaluation in the midrange of the damage profile and along a
grain boundary shows distinct silicon segregation and ordering interacting with

dislocation structure.
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smallest atom in the constituents of Hastelloy N will preferentially diffuse and segregate
to these accumulated dislocations, explaining the segregation observed in Figure 49.
Similar microstructural changes are observed away from grain boundaries.

Figure 50 highlights BF-TEM and the silicon EDS signal collected from an intragranular
region. The BF-TEM micrograph shows several prominent features, including
overlapping dislocations edge lines, randomly dispersed as well as ordered dislocation
loops, and dislocation pileups. Similar to the behavior observed in Figure 49, the EDS
signal shows Si segregation overlapping with the dislocation structures shown in the BF-
TEM micrograph. Si does not discriminate against any type of defect structure observed,
as it appears to distribute evenly amongst all identified dislocations.

Figure 51, Figure 52, and Figure 53 summarize some of the BF-TEM and

STEM/EDS data collected from control samples 1 and 2 (C1, C2) and irradiated samples

*‘.’ 500 nm

= — o e -" .j’-ﬁ) -
Figure 50. Additional STEM/EDS image away from grain boundaries shows

similar ordering of segregated silicon structure.
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1 and 2 (IRR1, IRR2) following the corrosion portion of the experiment. lon damage and
distribution after irradiation peaks at approximately 25 um, which is notably beyond the
range of the viewfield chosen for TEM and STEM/EDS analysis. The BF-TEM
micrographs and EDS signals therefore are independent of the influence of hydrogen
accumulation at the max depth of implantation and the significantly higher damage
which occurs at the Bragg peak. Comparing the TEM and STEM/EDS data between the
four samples reveals a few basic and persistent trends. Mo and Cr were chosen for
display in the figures due to their importance in the corrosion resistance and
susceptibility. In all four samples, Cr was always accompanied by O. Similarly, Mo was
always accompanied by Si. For these reasons, O and Si maps are not shown
independently but their presence can be inferred through the occurrence of Cr and Mo
respectively. Oxygen is not a native constituent of Hastelloy N but is a commonly found
contaminant due to the hydroscopic nature of ionic fluoride salts. Short corrosion studies
must often divide corrosion measurements to distinguish between non-equilibrium and
steady state corrosion rates, the transition between the two occurring when highly
reactive contaminants such as oxygen are completely exhausted [11]. The steady ingress
of contaminants is considered by some to be inevitable, which has spurred significant
efforts in developing online salt purification systems for MSRs [12, 13]. Oxide phases
observed in the samples are small and restricted to the near-surface region and are not
considered to have significantly affected gross corrosion behavior.

In all four samples ( Figure 51 a & b), Figure 52, and Figure 53), Cr and O rich

phases can be observed close to the surface. In IRR1 (Figure 52), these phases are found
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Figure 51. Post-corrosion BF-TEM micrographs and select Cr and Mo EDS data

for control samples a) C1 and b) C2.
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slightly deeper into sample near a grain boundary. The Cr-O phases are also slightly
larger and more globular in IRR1. For all four samples the Cr-O phases are as small as
10s of nanometers and as large as 100s of nanometers. Additionally, the Cr-O rich
phases are entangled with dislocation networks present in each of the four samples.
With the control samples, these dislocation networks are confined to the surface whereas
in the IRR1 sample at least, the network appears to extend outward from one of the
inward-facing grain boundaries. These dislocation structures are highly ordered but
overall, do not cross in the same manner as observed in the irradiated sample in Figure
50. The dislocations instead are largely aligned along one plane, possibly the dominant
slip plane of the FCC system. The precipitates follow the same alignment, their
formation likely catalyzed by the dislocation network.

The crisscrossing dislocation structure in the irradiated samples described in
Figure 49 and Figure 50 are largely absent in the samples following the corrosion
regimen. The enhanced defect gradient under dissolution of alloy constituents into the
salt, as well as higher diffusion rates at 700°C would have caused in increased defect
mobility. This dynamic environment likely drove the system towards a new
thermodynamic equilibrium and enabled the dissolution of the original silicon-rich
dislocation networks. Observation of the Mo distribution in IRR1 and IRR2 as illustrated
in Figure 52, and Figure 53 suggests that the crossing Si-rich dislocation networks
catalyzed the formation of, and was eventually replaced by, dispersed Mo-Si rich phases.

In all four phases, the secondary phases which typically precipitate along grain
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boundaries in Hastelloy N are present, presumably the well document M1.C type Mo-Cr-

Si rich pseudocarbides.

Phatiiiie™ S ol 2 um
Figure 52. BF-TEM and Cr and Mo EDS spectra collected in the IRR1 sample.

Only in the irradiated samples however are new intragranular Mo-Si rich phases
present, an atypical occurrence in the high temperature thermal evolution of Hastelloy N.
Grain boundaries tend to preferentially enable precipitation of secondary phases due to

the lower energy barriers at these interfaces. The presence of intragranular precipitates in
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the irradiated region suggests that the dislocation network and surplus point defects

resulting from proton irradiation, combined with the heightened defect mobility during

|
Figure 53. IRR2 post C.
corrosion, enabled the precipitation of these unique Mo-Si rich phases. The intragranular
Mo-Si phases are quite fine and evenly distributed in the first irradiated sample
(Figure 52) whereas they are more sparse and significantly larger in the second irradiated
sample (Figure 53). The intragranular phases can be seen spaced away from the grain

boundaries on the lower half of the second sample and are almost overshadowed by the
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damage to the TEM lamella and large MeC stringers which are native to Hastelloy N
after annealing treatment.

Results of the SEM-EDS analysis performed on the cross-section face of the
corroded samples show typical features of Hastelloy N corroded in fluoride molten salts

and/or exposed to elevated temperatures. Data collected on all four samples did not

igure 4. BSEEM iages of near-surface gain morphology of Hastelloy N
samples after corrosion testing for samples a) C1 b) IRR1. Mo EDS maps are

shown below each BSE-SEM image.
170



include detectable levels of oxygen and so it was assumed that contaminant oxygen
incursion was negligible despite its appearance in STEM-EDS results. Both the control
samples and irradiated samples shown precipitation of secondary grain boundary phases.
Figure 54 shows BSE-SEM images taken near the surface for a) control sample 1 (C1)
and b) proton irradiated sample 1 (IRR1). Both samples show typical grain boundary
precipitation which is endemic of Hastelloy N subjected to high temperatures for
extended periods. The BSE images provide some elemental contrast due to energy loss
and scatter efficiency caused by backscatter with heavy and light elements. Light
features are more richly populated in heavy elements for which backscatter energy loss
is lower and so it can be deduced that the globular MsC precipitates and the newly
formed grain boundary precipitates are of similar composition.

The high contrast of the BSE enabled identification of precipitate formations
which appear to extend perpendicularly from the main grain boundaries towards the
interior of the grains. These features are more prevalent in the irradiated samples as
shown in Figure 54.b but are also observed with slightly less intensity in the control
sample in Figure 54.a. It is speculated, but cannot be verified at this time, that these
precipitate structures are following the pathways of annealing twin boundaries left over
from the manufacturing of the alloy. These twin boundaries may serve as additional
aggregation and diffusion pathways which merit further investigation in a separate study.
Figure 54.c and Figure 54.d highlight the EDS signal for Mo distribution corresponding

to the regions illustrated in Figure 54.a and Figure 54.b respectively. The Mo
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10 pm

Further observation revealed the presence of fine iﬁtagranular “speckling”
features on the irradiated samples close to the corrosion interface which were
absent in Figure 55. BSE-SEM image of IRR2 sample showcasing intragranular

“speckling” features which do not extend past the range of ion damage.
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distribution for IRR1 (Figure 54.d) shows clearly that the linear precipitate formations
extending into the grains are indeed rich in the heavy element Mo. The same is observed
for the C1 sample (Figure 54.c) although the phases do not appear as well-resolved as in
the irradiated sample. the control samples.

Figure 55 shows the BSE-SEM image of a near-surface region of IRR1. A fine
white phase can be observed dotting across the upper half of the image, especially
against the darkly colored grain which spans most of the upper image. These speckles
disappear abruptly past the SRIM-predicted ion range which is superimposed onto the
image, and it is likely that these features are a direct result of the pre-irradiation. Closer
to the corrosion interface at the top of the sample, the speckling becomes more and more
sparse and eventually disappears. Dark voids are also observed close to the surface
which are presumably empty volumes. These voids are both intragranular and
disconnected from one another and might be the remnants of the speckling features
having been preferably depleted through corrosion kinetics. The BSE contrast
demonstrates a similar composition between the grain boundary precipitates, the native
MeC carbides, and the speckling features. These features are possibly the same
intragranular Mo-Si rich phases observed in the TEM and STEM/EDS micrographs
(Figure 52 and Figure 53).

Results of the SEM-EDS line scan analysis show that the irradiated samples
suffer more significant depletion of Cr, Mo, and Si than their control counterparts.
Figure 56 illustrates the line scan data collected for Cr and Mo at each of the four

samples. Si was excluded from the figure for brevity but follows similar trends. Each
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Figure 56. EDS line scan results for the four samples for chromium (top) and

molybdenum (bottom) show clear enhanced depletion for these alloy-critical

elements after irradiation.
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line represents the average of 10 parallel scans consisting of 500 data points each along a
50um path. Each signal is also smoothed using a 5-point adjacent averaging scheme to
remove noise and clarify the overall depletion trends. While there is some variably in the
depth of depletion in the samples, the results are consistent in showing irradiation-
enhanced corrosion, especially in the chromium signals. The Mo trends are less smooth
than those for chromium. Line scan paths were chosen which minimized interaction with
secondary phases as much as possible, but these phases were often unavoidable. The
EDS signal is thus influenced by the presence of grains boundary precipitates in all
samples and the intragranular phases in the irradiated samples which are possibly Mo-

rich. Fe tended to be enriched reciprocally to where Mo and Cr were most severely

20

16 -

12 1

Percent area change (%)

1 DPA irradiated Control
Figure 57. Comparison of percent area change calculated as a metric for Cr

depletion in the irradiated and control sample sets (two data points each). Error

bars signify a 2¢ confidence interval.
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depleted, a result of the weighted averaging and normalization of the EDS signals.
Further statistical analysis was focused on the results of the Cr EDS signals using the
methodology described in Chapter IV for Hastelloy N corroded under static strain
loading (see Figure 40). The percent area depletion calculated for each sample was
treated as an individual data point. Using these points, the mean corrosion depletion and
standard deviation was calculated for the control and irradiated sample sets. While each
set only contained two data points, the close grouping of the data in each set gives high
confidence in the results. Figure 57 summarizes the area depletion analysis for Cr in the
irradiated and control samples. The lack of overlap in the 26 confidence intervals shown
support the conclusion of unambiguous corrosion enhancement after irradiation.
Studies on the effect of irradiation on corrosion draw a variety of conclusions
which depend greatly on the methodology used to approach the phenomenon.
When subjecting Ni-20Cr binary alloy foils to simultaneous irradiation and corrosion in
FLiNaK with EuFs additive, Zhou et. Al found that irradiation appeared to hinder the
onset of corrosion [14]. Relative corrosion between the portions of the sample exposed
or protected from the proton beam was measured via penetration depth of void volume
along grain boundaries. It was hypothesized that the point defect surplus resulting from
irradiation enhanced interstitial movement towards grain boundaries of both Cr and Ni
atoms, which enabled the “self-healing” recombination of Ni and Cr with corrosion-
injected interstitials. In doing so, Cr could not be depleted despite its preferential
dissolution into the fluoride salt melt [15], as both atoms of Ni and Cr were piped to

grain boundaries for recombination. This conclusion works heavily towards explaining
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the change in grain boundary void volume and crack penetration depth observed in the
Ni-20Cr sample. Uniform corrosion of Cr through the bulk volume of the sample
outwards into the melt was not discussed in the results of this study. Cr dissolution
through the grain volume has been noted to be of high importance in Hastelloy N [16],
especially in pure salts where grain boundary attack is less prevalent [17, 18]. Relying
on grain boundary crack depth as the sole metric of corrosion likely overlooked
important bulk diffusion mechanisms. It is thus unclear whether corrosion was inhibited
under irradiation or that only the main pathway for Cr egress was altered.

Other studies have shown mixed effects of irradiation on corrosion. Ezell, et. Al
evaluated in-situ irradiation corrosion with chloride salts but showed no change in the
susceptibility of Hastelloy N after 21 hours of exposure to a neutron fluence of ~10*?
n-cm2s [19]. This relatively low fluence was likely insufficient to cause significant
change in the salt-tolerant alloy but was shown to exacerbate corrosion in 316SS
exposed to wet salts. Bakai combined electron irradiation with simultaneous corrosion of
Hastelloy N in NaFZrF4 salt and showed a definite exacerbation in corrosion [20]. The
exact cause of this increase however was likely an electrolysis effect due to surplus
electron injection. While electron irradiation can penetrate deeply provide similar
volumetric interaction distributions as neutron irradiation [1], they fail to cause similar
damage rates and defect structures as irradiation via heavier particles. Ex-situ helium
irradiation is shown to accelerate Cr depletion in Hastelloy N [21-23] but isolating the
effects of radiation damage from those of migration and accumulation of helium is

challenging due to low solubility in nickel systems [4].
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As demonstrated in Figure 49, an extensive dislocation network was formed in
the irradiated samples. “Pipe diffusion”, where diffusion of point defects is facilitated
through dislocation networks [24] may explain the accelerated egress of Cr through the
in the irradiated samples. The energy field of the dislocation cores results in a localized
region with lower activation barriers for diffusion [25, 26]. The increase to diffusion
rates can be profound. Legros et. Al showed that diffusion rates of Si in an Aluminum
thin film increased by =3 orders of magnitude when facilitated by dislocations [27]. The
STEM-EDS data collected in the irradiated samples seems to support the hypothesized
role of irradiation dislocation networks in enhancing Cr diffusion through the bulk
lattice.

Figure 58 highlights complex interactions between several microstructural features
observed in the IRR1 STEM-EDS data. The highlighted grain incudes dozens of small,
circular Mo-Cr rich features which appear to be pinning a dense tangle of

dislocations. The circular features are depleted in Fe and Ni which is otherwise normally
distributed around this and the adjacent grains. The circular features are speculated to be
secondary phases due to their globular shape and distinct elemental makeup.

The coincidence of the dense dislocation network and surrounding Cr enrichment in

Figure 58 is believed to be remnant evidence of pipe diffusion in the irradiated
samples. Pipe diffusion has also been documented to enable fine M23Ce carbide phase

precipitation and coarsening in René 88DT nickel superalloy [28]. Such dislocation-
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Figure 58. STEM-EDS data collected from IRR1 lamella showcases small grain

500 nm

with dense accumulation of dislocations and well as significant Cr enrichment.

facilitated precipitation may have been at work in the formation of the Mo-Si rich
intragranular phases present in the irradiated samples. If dislocation network formation
and pipe diffusion are indeed responsible for the accelerated egress of Cr, the magnitude
of their effect here is significant. Irradiation induced segregation is understood to result
from the flow of surplus vacancy towards defect trapping sites such as grain boundaries
known as the inverse Kirkendall effect, resulting in a counterflow of fast-diffusing
elements [29]. Theoretically, this phenomenon should force diffusion of Cr inwards

towards grain interiors and inhibit dissolution into the salt.
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For ex-situ irradiation/corrosion such as was performed in the present study, the
pre-irradiation step causes damage leaving dislocations and surplus vacancies in the
near-surface region. These surplus defect features suddenly come under the influence of
new forces when exposed to corrosion at higher temperatures than the initial irradiation,
driving the system towards a new equilibrium. It is thus unclear whether the behavior
observed here is indicative of typical irradiation-corrosion behavior or unique to
irradiation damage pre-loading conditions. Point defect equilibrium may be completely
different under in-situ corrosion/irradiation and under different temperatures to prevent
the formation of these dislocation networks at all. Alternatively, if dislocation networks
are stable under simultaneous corrosion/irradiation, the exacerbation of corrosion

enabled by pipe diffusion may be constant and severe.
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CHAPTER VI EVALUATION OF MECHANICAL PROPERTY EVOLUTION IN
HASTELLOY N AFTER ION IRRADIATION VIA MICROPILLAR COMPRESSION
Introduction
Although Hastelloy N has shown promise for MSR application, systematic studies
considering the influence of irradiation damage are needed for further performance testing
and continuous structural and composition optimization. Unlike other FCC alloys such as
AISI 316SS, Hastelloy N belongs to the group of swelling resistant materials in which
self-ion-irradiation does not induce void swelling (if helium is not co-injected). Early
studies used various gas ion irradiations to simulate reactor environments. For Hastelloy
N irradiated at room temperature using Ar ions, irradiation induced black dot-like defects
at a very low dose (0.4 DPA), and high-density dislocation loops were found at higher

dpa. With increasing dpa, dislocation networks developed [1].

For Hastelloy N irradiated by Xe ions and characterized by nanoindentation, it was
found that irradiation hardening is correlated with creep plasticity [2]. When irradiated by
He, Xe, and a combined He + Xe irradiation, a synergistic effect in hardening mechanisms
due to various types of defects has been reported [3]. These early studies have shown the
unique irradiation responses of Hastelloy N in comparison with other alloys, such as easy
dislocation network development at room temperature irradiations and at low damage
levels. The usage of gas ion irradiations at relatively low energy however, makes both
structural characterization and mechanical property testing challenging due to surface
effects and a mixture of irradiation defect and gas bubbles. Irradiations at room

temperature also have difficulties resembling reactor environments [1].
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To further understand the performance changes caused by irradiation damage on
Hastelloy N, motivation arose to study irradiation hardening and deformation
mechanisms. For such investigations, the size of the irradiated region is important. Proton
irradiations of a few MeV have been widely used during the past due to its capability to
damage a region up to tens of microns [4, 5], large enough for micron-scale mechanical
testing. A large grain was selected to prepare multiple pillars on the cross-sections of the
irradiated sample to study compression responses of regions at different damage levels.
Since the crystal orientation of the selected domain is known, resolved shear stress on the
gliding planes of each pillar could be determined. Micropillar compression testing is a
mature technique and similar approaches of testing pillars of the same orientation have

been reported before with success [6, 7].

Procedure
Irradiation
A small, square sample of Hastelloy N, approximately 3mm on each side, was

mounted and mechanically polished down to 0.04pm silica solution on one face to
expose the grain structure. After polishing the first surface (henceforth referred to as
surface A), the sample was remounted at a 90-degree angle so that a perpendicular face
relative to the first (surface B) could be polished identically. The polished sample was
evaluated via SE-SEM using a Tescan Lyra-3 SEM and Focused lon Beam system. This
was done to ensure that the meeting place of the two polished surfaces was sufficiently

sharp and well-defined for the subsequent analyses. Figure 59 shows the sample under
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SE-SEM after polishing and prior to irradiation. The two polished samples are shown by
tilting the SEM stage 45° at an angle to see the two surfaces at once, which are
perpendicular to each other. The SEM clearly shows the primary and secondary phase
structure of the polished sample, as well as some annealing twins characteristic of the
alloy.

After ensuring the quality of the polish, the sample was irradiated with 2.5 MeV
protons at 500°C using identical irradiation parameters and configuration as described in
Chapter V. The sample for pillar compression was irradiated simultaneously with the
samples used for the corrosion testing in Chapter V and so conditions and evaluation of
the samples are considered equivalent. The sample was irradiated with surface A

oriented towards to the beam. The irradiation was carried out to a damage level of 1

Figure 59. SE-SEM showing exposed grains of Hastelloy N sample prepared by

mechanically polishing two adjacent and perpendicular faces, labeled A (irradiated

face) and B (pillar face).
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DPA local (approximately 3.27x10% ions-cm™), corresponding to a peak damage of
approximately 18 DPA occurring at 25.5um. The fluence to achieve the desired damage
was estimated using SRIM-2013 in the Kichin-Pease quick damage mode [8]. Local
DPA reflects the total damage occurring at half the ion range, where the distribution is
relatively flat. A control sample was also mounted to the irradiation stage but kept
outside of the beam spot. This sample experienced the same thermal history as the
irradiated sample.

Pillaring
After completing the irradiation, SEM-EBSD was performed on side B close to the A-B
edge to map the grain morphology. The EBSD data was used to identify grains large
enough along the A-B edge so that four pillars could be milled on a single grain.
The grain orientation map of the final location is illustrated in Figure 60. The grain
chosen for pillar compression is approximately of orientation [1 4 6]. Due to the hot-
rolling finish used by the manufacturer to shape the Hastelloy N coupon, many of grains
were fragmented or featured annealing twin boundaries. The pillar sites were chosen to
avoid the annealing twin bands crossing the entire diagonal length. The orientation data
collected were also used to calculate Schmid factors and thus the critical resolved shear
stress present during compression of the micropillars. This ensured that all pillars would
have the same crystallographic orientation and would deform in an identical manner.

This also ensured that they data collected from the four pillars were directly comparable.
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Figure 60. SEM-EBSD polar orientation map illustrating the grain selected for

milling compression pillars.

The location of the pillars on surface B were distributed at different depths along
surface B to reflect different average DPA levels. The positions of the fabricated pillars
relative to the proton damage and ion distribution is illustrated in Figure 61. FIB was
performed to fabricate mechanical pillars into surface B, perpendicular to the direction
of ion irradiation. Four total pillars of dimensions 3um x 3um % 6pum were fabricated
using a combination of xenon and gallium FIB at different steps. The final pillars after
FIB milling and before compression testing are shown in Figure 62. The image features
an overlay of the EBSD data shown in Figure 60 to emphasize the location of the pillars
relative to the grain selected for analysis. Pillar compression was next performed using a
Hysitron P1-85 Picoindenter inside a Tescan LYRA-3 Model GMH. The strain rate of

each compression was 0.001 s2.
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Figure 61. map of damage and ion distribution resulting from proton irradiation
into Hastelloy N overlayed with position and average representative damage at the

site of each fabricated pillar.
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lon implantation direction

Figure 62. SE-SEM image illustrating final form of micropillars and overlay of
EBSD grain map. Pillar locations were carefully chosen to avoid bisection by

annealing twin boundaries.

Post-irradiation analysis
For experimental simplicity and brevity, FIB lamellae and TEM used as a comparison
baseline for the pillar compressed sample was extracted from sample IRR1 described in
the corrosion experiment in Chapter V. The TEM data, while not reflective of the
specific pillar compression sample or grain where pillars were milled and tested, still

illustrates gross microstructural changes resulting from proton irradiation and was used
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to contextualize the results of the micropillar compression. STEM was performed by
using a 200 kV Thermo Scientific Talos F200X TEM. Compositional maps were
collected from the TEM specimens in the scanning transmission electron microscopy-

energy dispersive X-ray spectroscopy (STEM-EDS) mode.

Results and Discussion

The microstructural changes resulting from irradiation are discussed in depth in
Chapter V and summarized here. Comparing the control and irradiated lamellae shows
that proton irradiation has enabled the formation of complex dislocation networks. These
dislocation networks consist of edge dislocations which both crisscross and appear to
pileup close to grain boundaries, dislocation loops, and corduroy dislocation loop
structures. The Cottrell atmospheres around the dislocations have also caused select
segregation of Si and Ni, the former which is strongly enriched along these dislocation
features. Mo and Cr do not appear greatly affected by the irradiation while Fe appears to
be slightly depleted in the vicinity of these dislocation features.

Figure 63 shows the engineering stress-strain behavior of the 1.1 local dpa pillar,
the shallowest and least damage within the ion range. To reiterate, the pillars were all
carved from the same [1 4 6] family grain and oriented in the same crystallographic
direction. The load drops appear to occur during the pillar compression which correspond
to strain levels of 4.7%, 9.3%, and 13.2%. Three images above the stress-strain curve in
Figure 63 correspond to the live SE-SEM captured during these load drops in the pillar

compression and are connected to their respective drop via dashed lines. The load drops
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are clearly correlated to formation of major slip bands and are visible in the SEM images
spanning the entire width of the pillar. The major slip bands occur in different locations
during the three major load drops but were determined to be along the {111} plane family
in each case. Additionally, a major slip band forms at the base of the pillar midway through

the compression and continues to develop throughout the entire test.
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Figure 63. Engineering stress-strain curve extracted from pillar compression of site
1, corresponding to 1.1 local average DPA. Major slip bands are observed via SEM

to coincide with load drops.
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Figure 64 illustrates an example grain orientation and slip plane evaluation
extracted from one of the compression pillars using a combination of SEM data collected
during compression and EBSD data collected for pillar site selection. This figure
illustrates the procedure as it was carried out for the second pillar, corresponding to 1.4
local DPA. The 1.4 DPA pillar experienced a double slip system in two directions during
the compression testing, which gives the final pillar the impression of having been toppled
preferentially in one direction. ESBD data allowed identification of grain orientation
relative to compression direction as well as extraction of Schmid factors for critical
resolved sheer stress. Two {111} gliding planes were identified as hosting the highest
critical resolved sheer stresses and were responsible for forming the deformation bands.
These bands were measured as occurring at 41° (top slip system) and 20° (bottom slip

system).

20°

Figure 64. SE-SEM of 1.4 local DPA pillar and two slip systems which develop
during compression test correlated to an illustration of respective slip planes

derived from EBSD Schmid factor data.
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Figure 65.a-d shows the engineering stress-strain curves and SEM images before
and after the compression testing of pillars corresponding to 0, 1.1, 1.4, and 2.3 local dpa,
respectively. Parallel slips bands were observed in all pillars after the compression. All
four pillars showed the same dislocation gliding directions (corresponding to two {111}
planes). The primary direction is denoted by a solid line and the secondary direction is
denoted by a dashed line; primary meaning sliding on this planar direction occurred first.
The consistency of gliding directions in all four pillars was expected since all pillars were
prepared from the same domain.

The strain-stress curve of the unirradiated pillar (Figure 65.a) shows unique features
and deformation behavior when compared with the other (irradiated) pillars. First, the load
drops associated with major gliding events were much deeper for the unirradiated pillar,
suggesting relatively large deformation and stress energy release. This could be explained
by less resistance for dislocation migration in the unirradiated pillar. Second, the number
of major load drops is the highest for the unirradiated pillar, which could be indicative of
easier dislocation unpinning, allowing more plastic flow directions. Note that the
unirradiated pillar had nine major load drops, while other three irradiated pillars had about
three each. Third, the number of serrated stress fluctuation is the highest (>20) for the
unirradiated pillar, which again would be explained by easier dislocation unpinning in this
pillar. These observations suggest that dislocation unpinning was easiest and dislocation
migration friction was the lowest in the unirradiated pillar. The strain hardening exponents

were obtained by fitting stress-strain curves using Hollomon’s
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Figure 65. In situ micropillar compression test of pillars corresponding to (a) O local
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before and after the compression testing.
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equation [9], o = Ke™, where o is the stress, € is the strain, and K is the strength
coefficient. The fitting lines are plotted in red in Figure 65.a-d. The extracted hardening
exponents were 0.4, 0.36, 0.35, and 0.36 for dpa of 0, 1.1, 1.4, and 2.3. Most metals have
a value between 0.1 and 0.5 [9]. A decreasing exponent means a transition from a elastic
solid to a plastic solid. The exponent reduction observed can be explained due to
increasing obstacles to dislocation motion [10].

Figure 66 plots the resolved shear stress vs. strain for all pillars. Since all pillars
were made from a single domain and all plastic deformation began on the same sliding

plane direction (judged by in situ SEM imaging), the projected forces on the dislocation
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Figure 66. Engineering stress-strain curves illustrating resolved shear stress for

each of the four compression pillars.
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Table 6. Resolved critical shear stress obtained from pillar compression tests.

Average DPA Terss (MPA)
0.0 115.72 £ 0.24
1.1 133.97 £ 0.15
1.4 161.46 + 0.15
23 184.79 £ 0.15

gliding direction are the same for all pillars. The conversion from vyield stress to the
resolved critical shear stress (the projection of the force loading onto one <110> direction
on {111} plane) was calculated by using the Schmid factor (m) determined from EBSD
mapping according to 7.,.ss = g, cosAcos¢ = o,m, where T, is the critical resolved
shear stress. Table 6 summarizes the measured critical resolved shear stress z.,..;. Before
applying the Schmid factor, the yield stress o, was measured by a 0.2% offset using the
engineering strain-stress curves from Figure 65.a-d.

Figure 67 shows the normalized 7.,.¢; (normalized to the value of unirradiated
pillar). At the highest local dpa of 2.3, the 7., increased by 60%. Although the strain-
stress curves of all irradiated pillars seem to be closely grouped together in Figure 66, the
0.2% offset measurements showed a significant shift with increasing dose.

Little diffusivity data exists on solute atoms in Hastelloy N. That which does consists of
self-diffusion studies using >!Cr tracers under different conditions. Evans 111, DeVan and
Watson performed some of the earliest work using a novel methodology where tracer
atoms were introduced to Hastelloy and Inconel test samples in the form of enriched CrF

dissolved in NaF-ZrF molten salt [11]. Corrosion from this mixture was deemed
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Figure 67. Yield stress vs. DPA extracted from pillar compression testing and

normalized against the unirradiated pillar.

negligible and so the equilibrium reaction with chromium at the alloy surface and the
doped fluoride proceeded without complication from unwanted alloy dissolution. The
results of the findings showed that Inconel and Hastelloy N exhibited near-identical 'Cr
diffusivities in the range of 600-900 °C and 2) the transition between grain boundary and
bulk dominated diffusion happens at approximately 800°C for these nickel alloy systems
[11] Extrapolating the findings of these experiments to lower temperatures thus offer a
reasonable prediction of the diffusivity of Hastelloy N, which is « to 1x1078 cm?/s.

The findings by Evans I1l, DeVan and Watson disagree with more contemporary
studies using traditional diffusion couple annealing to introduce 5*Cr tracers into Hastelloy

N and Inconel. Findings by Chen, et. Al., and Pruthi, Anand, and Agarwala for Hastelloy
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N and Inconel respectively show Cr diffusivity values several orders of magnitude lower.
This discrepancy suggests a unique diffusivity augmentation resulting from tracer
introduction via molten salts rather than solid metal coupling. Extrapolating the datasets
from Chen, et. Al. and Pruthi, et. Al. gives bulk Cr diffusivity values of approximately
1.9x10?° cm?/s for Hastelloy N [12] and 4.6%" cm?/s in Inconel [13]. It is worth noting
that the similarity in diffusivity behavior between Inconel and Hastelloy N which was
noted by Evans I11, DeVan and Watson holds approximately true in the high temperature
regime between the Chen, et. Al. and Pruthi, et. Al. data sets. This is despite grossly
different annealing treatments and grain size distributions described by each experiment
[12, 13]. Inconel can thus be considered a rough surrogate description of Hastelloy N
diffusion behavior.

Despite the importance of Cr to the corrosion behavior of Hastelloy N, the absence
of strong Cr segregation suggests that Si segregation is more important singularly
important to the microstructural evolution under irradiation. No diffusivity data exists for
diffusion of Si atoms in Hastelloy N, but intensive data exists for Si in pure nickel or dilute
Ni alloys. Early studies are consistent in showing that Si diffuses quickly in Ni or Ni
alloys. First principle calculations obtained a Si diffusivity of 4x107° cm?/s at 500 °C [14].
In comparison, the diffusivity of Cr is about 2.3x10"%! cm?/s, and the diffusivity of Fe is
6.2x107! cm?/s at the same temperature [14]. Experimentally measured diffusivities of Si
[15, 16], Fe [17-19], and Cr [20-23] are slightly above the modeling results, but
consistently show that Si diffusivity is a few orders of magnitudes higher than other solute

atoms, including Mn and Mo. The above diffusivity difference is for an equilibrium
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condition. Under irradiation, if all solute atoms diffuse preferably by one diffusion
mechanism (generally vacancy-mediated diffusion), diffusivity would be enhanced, with
the enhancement being proportional to the supersaturation ratio of point defects. Hence,
the large difference in diffusivity of Si and other solute atoms still exists under irradiation.
This could explain why Si would easily migrate to the stress fields around dislocation lines
and loops.

The effect of Si on both defect development and mechanical properties is expected
to be significant, although there are many unknowns at this point. First, all fast diffusers
will promote defect migration through the solute-vacancy exchange in a vacancy diffusion
mechanism. Being a fast-diffusing atom in nickel systems, Si will locally enhance vacancy
mobility, and in turn is expected to influence both defect clustering processes and
dislocation migration. No further evidence can be provided at this point. Second, Si can
be expected to drag dislocations and thus facilitate migration, a result of its small atomic
size and the tensile Cottrell atmosphere which will occur in its vicinity. The strength of
the pining effect is unclear however, and the intensive dislocation networks observed
suggest dislocations are quite mobile and the pinning effect weak. Alternatively, a Si
Cottrell atmosphere may form after dislocations have already developed.

It is well-document that Si plays an important role in carbide evolution in Hastelloy
N at high temperatures [15,32]. The effect of Si is complex, including (a) changing
precursors to form MeC carbide, (b) influencing MeC carbide morphology changes, and
(c) influencing MeC carbide phase stability. Since carbides and carbide phase changes are

critical to mechanical properties, Si is an important addition to influence high-temperature
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fracture toughness. For case (a), an early comparison study showed that silicon containing
GH3535 superalloy (the Chinese surrogate for Hastelloy N) can induce the formation of
stable grain boundary carbides at high temperatures. The exact microstructure of these
carbides is unclear [24] and they have been identified as either MsC or M12C carbides. It
is possible that the latter carbide becomes more stable and dominate with prolonged high
temperature exposure [25, 26]. Regardless, these carbides are typical of air annealed
Hastelloy N. In comparison, silicon-absent variants prepared via vacuum annealing, where
Si-facilitated oxygen gettering is not necessary, form M2C carbides first, and then M.C
carbides transform into coarse planar MeC carbides at a later stage [27, 28]. For case (b),
it was found that increasing Si increases the amount of MeC at the expense of M23Cs in
nickel superalloys. The MsC flakes appear to be interconnected like a semi-continuous
film, which causes severe embrittlement. With further increased Si, MeC evolves into
particles with reduced embrittling effects [29]. For case (c), early studies show that Si can
stabilize carbides, and prevent carbides from being taken into the solid solution at high
annealing temperatures [30]. Such stabilization effect causes carbides to transform into a
high temperature phase such as 6-NiMo intermetallic compounds, which are likely
responsible for embrittlement at high annealing temperatures [30].

Since Si is removed from the solution and enriched at the regions with dislocations
and loops, it is questionable whether they still can act as carbide stabilizers when the
irradiated samples are annealed at higher temperatures or for a prolonged time. The results
of the corrosion test (see Chapter V) conducted at 700°C suggest that despite this

pronounced segregation, Si-mediated secondary phase formation is still possible. This
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agrees with literature showing segregation sensitivity after hundreds of hours of exposure
to temperatures at or above 700°C, either under normal annealing or corrosion conditions
[25, 26, 31, 32]. Gehlbach and McCoy showed precipitation sensitivity in hastelloy N at
temperatures as low as 400°C for air-annealed (i.e., Si-containing) Hastelloy N, but these
results have not be reproduced in contemporary literature [30]. A post-irradiation
annealing experiment is proposed as a following study. Carbides have been proposed as
trapping sites to reduce helium bubble formation, which is important to mitigate the issue
of helium embrittlement for Hastelloy-N [33].

Although Hastelloy-N is generally considered the most promising candidate for
MSRs (see Chapter I discussion), the gap between design needs and current performance
is still large. Hastelloy N is shown in the present study to succumb to embrittlement at
even modest damage levels above 2 or 3 dpa and at face value, would appear only usable
at low-neutron-flux regions in reactors. It is unclear whether such embrittlement would
occur under operation conditions, radiation damage and corrosion influence on point
defect equilibrium will likely alter the segregation behavior of Si. The results of the ex-
situ irradiation/corrosion study (see Chapter V) in fact challenge the assumption that these
Si rich defect structures are stable at higher temperatures at all. The ASME has authorized
use of Hastelloy-N for boilers and pressure vessels, but not for nuclear components.
Although the present study is limited to low dpa damage levels, the knowledge is
important for further evaluation and development of Hastelloy-N. Further evaluation is

necessary, and it is suggested that the study be repeated at 600°C and 700°C.
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The present study used 3 um x 3 wm micro-pillars. The size selection considered
both the needs to have multiple pillars within the proton irradiated region for dpa
dependence (which favors small sizes) and the size effect (which favors large sizes). For
the latter, it is documented that 7,.¢; values obtained from single crystal micropillars
decrease with increasing pillar sizes, following an inverse power law trend in FCC and
BCC metals [7, 34-37]. The decrease continues with increasing pillar size until a critical
pillar size is reached, after which the 7., value matches the bulk value. The size effects
vary among different materials. The size effects are limited for materials of hardening
exponents between 0.21 to 0.48, and are almost ignorable for strong solids of, i.e. n =~ 0.1
[6]. The critical pillar size for Hastelloy N is unknown, but it is believed that the size effect
is small in the present study based on the criterion from the previous studies [6].

For materials with a FCC structure, the yield stress of a polycrystal is observed as
roughly 3 times that of the ¢ for a single crystal [38]. Earlier studies observed a yield
stress of 331 MPa in unirradiated, polycrystal Hastelloy N [39]. The corresponding 7.,
is approximately 108 MPa, which is in close agreement with the 7., of 116 MPa
observed in the unirradiated pillar in the present study. This would further suggest that the
effects from the size of the pillars were minimal. The observed Young’s modulus was an
order of magnitude lower previously published values for bulk Hastelloy-N [40]. Previous
studies show similar observations, with the deformation of the base of the pillar being the
likely cause of the large difference [41]. The same phenomenon could possibly explain

the observation in the current study.
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CHAPTER VII OVERALL CONLCUSIONS

Summary of results

Figure 68 updates the original experiment matrix described in the introduction chapter of

AISI 316/316L Hastelloy N
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Figure 68. The original experiment matrix is presented again with a bulleted

summary of significant findings.
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this document with a bulleted summary of the findings herein. The most important result
for each experiment is listed. A more detailed summary of the results is included in the
proceeding text, which evaluates the degree of success achieved in addressing the
bulleted objectives listed at the end of Chapter I. Additionally, the utility of the findings

and suggestions for future studies are discussed.

Radiation Tolerance of Nickel Coating on 316L Stainless Steel Applied Using Novel

Cage Plasma Treatment

The results of the study show that the surface plasma treatment in a modified
CCPN configuration using nickel as a cage material can deposit a high-quality Ni film on
316L. At a high temperature processing at 800°C, no Ni-Fe intermetallic compound layer
is formed. The deposited layer has no precipitation, cavities or cracks. Nitrogen plasma
treatment introduced a high density of Cr nitride precipitation at grain boundaries some
distance away from the surface. The shallower the depth into the surface, the higher the
grain boundary nitride density. Cross sectional ion irradiation at 600°C shows that the top
nickel-deposited layer has excellent swelling resistance. No voids are observed after 50
peak dpa irradiation. In comparison, for the nitrogen diffusion layer beneath the original
surface, limited void swelling is observed. At much deeper depth in the bulk unaffected
by nitrogen, significant void swelling is observed. Such “graded” swelling is beneficial to
reduce the stress build up due to volume expansion under high damage-level irradiation.

Moreover, the swelling did not appear to adversely affect the adhesion of the coating layer,
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which was likely attributable to the graduation of swelling through the large nitrogen
affected zone. The study suggests the feasibility of using CCPN to coat Ni protective layer
on austenite steels to improve corrosion resistance, especially but not limited to
applications in molten fluoride salt systems.

The viability of corrosion resistant coating for AISI 316L in MSR environments
from the perspective of radiation damage was successfully demonstrated in the study
presented here. The possibility of using of a nickel coating for fluoride salt-facing alloys
has been previously explored with Inconel 800H [1], 316L [2], and Hastelloy N [3-5]. The
results of Olson, et. Al results suggest significant corrosion improvement could be
imparted in MSR systems, provided that the diffusion of chromium through the outermost
nickel layer could be mitigated. Wang, et. Al showed that introduction of a nitride
interlayer between Hastelloy N and the outer nickel coating can effectively arrest this
chromium diffusion through the coating while simultaneously improving mechanical
properties and adhesion of the coating [4, 5]. This two-layer coating system was able to
effectively reduce the corrosion rate when the coating was perfectly intact, but
complications may arise in the event of coating failure which exposures of the bare nitride
substrate to fluoride salt.

In general, utilization of coating technology will require meticulous quality control, as
defects in application can lead to detriment in conditions of fluoride salt coolant loops.
The work of Zhu et. Al and Yadavalli et. Al. showed that Hastelloy N and 316L
respectively benefit significantly from Ni coating in fluoride salt systems, but care must

be taken to mitigate the introduction of oxidation during the coating process. The
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introduction of these oxides, which are susceptible to dissolution in the fluoride salt, risk
sensitization of the system by changing the redox potential of the melt.

The radiation tolerance and the compatibility of the nickel coating with 316L
demonstrated in Chapter 11 bodes well for application of coating systems in MSR reactors.
As previously discussed, commercial systems are expected to accumulate ~200 DPA over
the course of their operational lifetime [6] Peak void swelling temperatures for 316SS are
well characterized. lon and neutron irradiation studies place the peak swelling
temperatures for 316SS at 575°C and 510°C respectively [7, 8]. The latter temperature is
most directly applicable for predicting MSR performance where hot and cold leg
temperatures are expected to range between 600°C and 700°C. 316SS thus can be expected
to benefit from radiation damage at MSR operation temperatures above its peak swelling
region, where recovery and defect recombination will be enhanced. Ni coating on 316SS
substrate can be expected to benefit from a more gradual increase swelling stress through
the void nucleation period of the material, lowering the risk of coating interface

degradation.

Evaluation of irradiation-stress response of 316L through combination of ion irradiation

and three-point bending technique

316/316L SS was subjected to simultaneous stress and heavy ion irradiation conditions
utilizing the three-point bending technique to impart a static loading condition. The

results of the study show distinct change in void size, density, and overall swelling
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volume between the regions of the sample exposed to neutral, compressive, and tensile
stress. Overall, a decrease in swelling was observed transitioning from the compressive
to tensile stress sides of the sample. Swelling response in the tensile stress region
therefore deviated from results documented in literature. It is hypothesized that
suppressed swelling here resulted from increased defect sinking at the sample surface
made possible by changes to migration energy changes under tensile stress. This
conclusion is supported by point-defect kinetics equations modeling on a simplified
surrogate system.

The swelling results of the present work do not contribute significantly to the
body of data which already exists for 316SS. The methodology followed in this work
however, with some minor changes, is valuable for continued to investigation into the
performance of 316SS or any other alloy as a viable alternative to Hastelloy N in MSR
applications. Information on high temperature stress-swelling sensitivity, especially
when historical literature suggests unilateral swelling increase under these conditions,
will be crucial for vetting MSR reactor materials in the near-future. This will be
especially true if MSR design develops to utilize coating systems, as coating interfaces
are already susceptible to elevated stress. Moreover, complex components or those
exposed to static or cyclical stresses thus invite greater chance for coating failure. The
technique laid out in this study can be applied with little change to evaluate the
combined stress-irradiation tolerance of coating systems and thus ensure coating

durability for future MSR systems.
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The complexity of the stress distribution in the three-point bender sample can be
alleviated somewhat by implementing a four-point bending system for future studies.
Eliminating the macroscopic lateral stress induced through three-point bending will help
simplify interpretation of the local normal and deviatoric stress distributions and their

correlation to swelling response.

FLiNaK Corrosion Response of Hastelloy N Under Variable Stress Conditions Using

Three-Point Bending Technique

The corrosion response and stress relaxation of Hastelloy N under static strain
was evaluated by combining the three-point bending technique with submersion in
molten FLiNaK salt at 700°C for 50 hours. Stress application and creep relaxation were
estimated using a finite element model constructed in the ABAQUS software. Initial
stress loading was estimated as 176 MPa, or approximately 0.55 oy. The bent sample
enabled simultaneous evaluation of the effect of compressive and tensile stress states and
their respective effect on corrosion response. The sample was subdivided into six
evaluation regions representing distinct stress states. These sites were evaluated using
EDS and EBSD techniques. The physical mechanisms driving stress-accelerated
corrosion in Hastelloy N were successfully identified and the results show that:

1. Corrosion as measured by the depletion of chromium at the surface of the six

evaluated sites on the stress sample showed more severe corrosion at the site of
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highest tensile stress. Compressive stress in contrast did not appear to accelerate
chromium depletion compared to the neutral stress sites or the control sample.

2. Creep relaxation in the tensile stress region appears to be mediated by
accumulation of geometrically necessary dislocations (GNDs), which agrees with
contemporary literature. More active near-surface restructuring is also observed
as characterized by kernel averaged misorientation (KAM) and mean orientation
spread (MOS). Creep relaxation in the compressive and neutral stress sites
experience a lower accumulation of GNDs and significant twin deformation.

3. A possible explanation for the increased corrosion in the tensile stress region is
proposed based on the higher accumulation of GNDs in the tensile stress region.
GNDs were observed to accumulate more densely at grain boundaries and closer
to the surface where corrosion was most significant. The Cottrell atmospheres
around these dislocations create local stress gradients which may promote the
preferential diffusion and overall egress of chromium from the sample surface. In
contrast, the compressive stress region of the sample alleviated strain primarily
through deformation twinning, preventing the accumulation of GNDs and

enhanced chromium diffusion.

Evaluation of Corrosion response of Hastelloy N in FLiNaK salt after Proton irradiation

Exposing Hastelloy N to corrosion after irradiation up to 1 local DPA using 2.5

MeV protons is demonstrated to exacerbate corrosion as measured by the increased
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depletion of Cr and Mo relative to the control samples. Complex microstructural
evolution was identified after irradiation and corrosion steps of the experiment.
Widespread dislocation networks which formed after irradiation were shown to facilitate
the segregation of Si. After exposing irradiated and control samples to corrosion in static
FLiNaK salt for 500 hours, STEM-EDS data revealed that the dislocation networks
observed in the irradiated sample were partially replaced with fine grain Mo-Si rich
intragranular precipitates. Intergranular precipitates which are typical of aged Hastelloy
N were observed in both irradiated and control samples. Cr and Mo suffered greater
depletion in the irradiated samples. A =6 increase in Cr depletion was measured in the
irradiated samples, which represents a significant sensitization. It is hypothesized that
the dislocation networks formed during irradiation facilitated the egress of chromium
into the fluoride salt through the pipe diffusion phenomenon.

Corrosion in MSR environments is synergistic of several physical processes.
These findings help complete the understanding of irradiation-assisted corrosion in
Hastelloy N as sensitive to not only embrittlement effects, but also raw radiation
damage. The relative importance of this sensitivity will vary depending on the exact
location of salt-facing materials in the MSR. Not considering metallurgical design and
surface preparation, total dose, dose rate, temperature, salt purity, flow erosion and
whether these variables act constantly or cyclically must all be weighed in predicting
corrosion sensitivity. Cyclical dose and corrosion exposure presents a particular
circumstance to which the present work is especially pertinent. Any circumstance in

which a Hastelloy N component is exposed to neutron radiation of energy distribution
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excluding serious He transmutation and then immersed in salt could present a special
degradation risk to that component. A situation might occur with neutron control or
measurement instrumentation constantly exposed to radiation flux in proximity to the

core but only occasionally inserted in the melt.

Evaluation of Mechanical Property Evolution in Hastelloy N After lon Irradiation Via

Micropillar Compression

The current study attempts to qualify and quantify ion irradiation responses and
mechanical property changes of proton irradiated Hastelloy-N. Post-irradiation
characterization was performed on the cross-section of the irradiated sample. A large
grain was selected and multiple micron-pillars were prepared by using FIB. Depending
on the distance away from the surface, each pillar represented a different local dpa.
Compression testing showed that the yield stress of each pillar increased systematically
as a function of dpa. At 2.3 dpa, yield stress increased by 60%. TEM and STEM
characterization showed that the irradiated sample developed complicated defect
structures including interacting dislocation lines, corduroy-like dislocations, and
dislocation pileups. EDS mapping showed that silicon atoms diffused towards and
decorated dislocations, likely under the influence of Cottrell atmospheres. None of the
above dislocation networks and silicon segregation were found in the unirradiated
region. The study suggests that irradiation hardening in Hastelloy-N is most likely

contributed by synergistic effects from multiple mechanisms.
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Radiation embrittlement is a phenomenon with extensive study and operational
experience in the nuclear industry. Even so, the degree of embrittlement observed in this
study was surprising and raises questions about the long-term mechanical stability of salt
facing Hastelloy N components. Sustained ductility is highly important to the
performance of metallic structures under any circumstance, especially for mitigating the
risk of catastrophic component failure through brittle failure. It has been suggested
elsewhere that Hastelloy N may be used as a non-structural container supported by a
scaffolding of high-temperature and radiation hardy material. This may reduce stress
experienced by salt-facing components so that brittle failure is of negligible probability.
It is also possible that the metallurgical variations of Hastelloy N with composition
changes sufficiently resist radiation embrittlement and remove serious concern for long
term failure. In the shadow of persistent embrittlement through helium gas transmutation
and aggregation, as well as fission product uptake, direct radiation damage
embrittlement may be a moot concern. It is also worth considering whether radiation
embrittlement would be mitigated or accelerated at higher temperatures with greater

available energy for defect recombination.
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Suggestions for future work

Protective coatings are proven to be an effective method for corrosion mitigation
under good application conditions. Evaluation under stress-corrosion or stress-
irradiation conditions would further solidify confidence in coating performance for
long term MSR applications. These studies could be performed for any alloy but
would be especially valuable for expanding data in 316SS or Hastelloy N, which
have already demonstrated coating compatibility under neutral stress and irradiation
conditions. Stress-swelling response needs further study and the in-situ stress
irradiation methodology detailed here can facilitate such work given its simplicity
and low cost for laboratory scale experimentation. The three-point bending system
described here is robust enough to be modified for the study of other physical
processes not explored here. Careful experiment design should be considered, and
some recommended changes are listed below for stress-irradiation studies.

e As high of an irradiation energy as possible should be used if implantation is to
be done with heavy ions. it may be prudent to move to lighter ions to increase
range, but this will severely inhibit the level of damage and swelling which can
be achieved. The positive side of this is that doing so will better help isolate void
nucleation effects by reducing dose rate and increasing data sampling area

e Partition of the void analysis volume during TEM microscopy after irradiation
should be carefully considered to avoid the influence of surface effects. This

applies to both heavy and light ion experiments.
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e Proton implantation would be an ideal solution to remedy both the tendency of
dose rate and surface sinking to adversely affect swelling response. The tradeoff
of reduced dose rate may be tolerable if studies are focused on the void
nucleation period rather than advanced steady-state swelling.

e Transition to four-point bending is suggested for future studies to eliminate the

influence of small but potentially important deviatoric stress components

Access to research facilities with in-situ irradiation-corrosion capabilities will become
restricted as demand for these valuable resources increases. This potential bottleneck in
MSR development can be somewhat alleviated through ex-situ irradiation corrosion
experiments. While not a perfect surrogate for the conditions of an active MSR reactor,
this methodology offers a simplified and cost-effective alternative which can serve the
needs of a larger number of research efforts. The data collected here for Hastelloy N can
easily be replicated for any number of candidates MSR alloys and for a wide variety of

relevant temperatures, radiation doses, salts, and corrosion conditions.
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APPENDIX A
EXAMPLE CORROSION REACTIONS FOR FLUORIDE MELTS
Note: This list is a basic summary of redox reactions in fluoride salt systems and not
intended to be comprehensive or complete. For reference purpose only.
Basic modes [1]
e Alloy element removal:
Mes) + MFy = MeFyy + Mg (1.a)

e Me = alloying element
e M = alkali metal

e Fuel fluoride reduction:
CT(S) + UF4(Z) = 2UF3(Z) + CT'FZ(Z) (1b)

Impurity driven modes [1]

e Metallic impurity reduction:

FeFyy + Crs) = CrFyy + Feg) 2
e Oxide film dissolution:

2Fe*™** + Cr = 2Fey + Cr**™ (3)

e Moisture-driven HF production

HZO(g) +2F - 0% + ZHF(g) 4)

MF(Z) + HZO(g) - MOH(Z) + HF(g), whenT > T (53.)
ZMF(I) + HZO(g) - MZO(Z) + ZHF(g) T < Tm (5b)
HFg) = HFq (6)
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xMe + yMFqy — MeyF, + %Hz(g) (")
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