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Abstract

A ferritic-martensitic (FM) steel, HT9, has been studied for use in advanced nuclear
reactors for its excellent swelling resistance and high-temperature strength. However, the effects
of sink strength (SS) on tailoring the radiation responses in HT9 have not yet been fully studied.
The advancement of the mechanistic understanding of how SS affects microstructural evolution is
of great importance to the development of new radiation-tolerant materials in the future.

Additive-manufacturing (AM) has been drawing attention due to the advantage of its
ability to control the complex geometry and composition of the structural components. The SS
effects on radiation responses are studied within by using the as-built (ASB) and the post-built
heat-treated (called ACO3 and FCRD) AM-HT9, with their starting SSs significantly differ from
each other. Heat A of AM-HT?9 in this study demonstrated a SS of 12.2x10'3/m? in the ASB and a
nearly 5-time reduction in SS to 2.4x10"%/m? and 2.7x10'3/m? for the ACO3 and FCRD specimens,
respectively. lon-irradiations focusing on irradiation dose and temperature are conducted to
systematically study the radiation responses and defect evolutions in AM-HTO alloys.

Experimental results showed that the high SS in the ASB drastically suppresses all
microstructural evolution with damage levels up to 250 dpa. A higher normalization temperature
used in the ACO3 results in a reduction of SS compared to the FCRD, leading to a ten-time-higher
swelling rate in ACO3 after irradiation to 250 dpa. The complicated microstructural evolution
including all features contribute to evolving defect sinks that collectively tailor the swelling

behavior in the AM-HT9, which is verified using a simplified rate-theory model that considers the
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ratio of biased to neutral SS, Q. It was found that the analytical model does highlight both the
overall SS and the balance between biased and neutral sinks are strong indicating factors for
increased swelling resistance in AM-HT9. In addition, the Ni/Si/Mn-rich precipitate and
dislocation loop coarsening processes are captured with increasing damage levels, whereas these
processes are either observed to complete at much lower damage levels, or even not observed
indicating an early saturation occurring in the ACO3/FCRD that contain about 5-time lower SS in
the starting microstructures.

Irradiation temperatures also greatly affected the radiation responses of AM-HT9. The
density of a(100) type dislocation loops dropped from 3.2x10?!/m? to 3.0x10%*/m? in the ASB
specimen and dropped from (5.9-6.4)x10*!//m* to (0.3-0.4)x10%*!/m* in the ACO3/FCRD heat-
treated specimens. In addition, the higher irradiation temperatures stabilize the a(100) loops and
enables higher coarsening rates than lower irradiation temperatures. The precipitate evolution is
greatly accelerated by the available kinetic energy at higher temperatures to overcome the pinning
effects imposed by high SS, while cavity swelling exhibits the typical bell-shaped curve in the
heat-treated ACO3/FCRD specimens with varying peak swelling temperatures by 30°C tailored
by SSs.

The overall result of this work is a wide range of microstructural responses under
irradiation that can be obtained by AM fabrication with post-build heat-treatments, through the
tuning of SS in the starting and the irradiated microstructures. The radiation response then needs
to balance with other factors that are tied to the sink strength of AM-HT9 alloys including the
mechanical properties such as tensile strength and fracture toughness. These insights obtained will
stimulate further the optimization of using AM to fabricate materials that are highly radiation

tolerant for advanced nuclear reactor applications.
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Chapter 1 Introduction

Nuclear energy, as a clean and sustainable energy form, contributes about 20% and 10%
of the electricity generation in America and around the globe, respectively [1,2]. It is a critical
alternative energy form to replace fossil fuels for energy production with reduced carbon
emissions. However, one challenge for the safe operation of the current fission reactors and the
advanced Generation IV (Gen IV) nuclear reactor concepts is the high demand placed on the
materials performance. In these nuclear reactors, the in-core materials are expected to sustain
extremely harsh environments that involve elevated temperature and high radiation levels.
Designing, fabricating, and evaluating the performance of resilient structural materials are
essential to the safety, high energy yield and reduced waste production of current and future
nuclear reactors.

Within the core and surrounding structures in nuclear reactors, energetic neutrons bombard
the structural materials. These neutrons can strike an atom contained within the material, and if
sufficient energy is transferred to displace that atom, it is called a primary knock-on atom (PKA).
PKAs get displaced from their lattice sites and can keep displacing more atoms in the target
material. These secondary displaced atoms or second knock-atoms can also keep displacing more
atoms. This process is known as a damage cascade event. The event stops when the kinetic energy
carried by all atoms and/or ions are lower than the threshold displacement energy of atoms in the
lattice of the material. During the process, point defects called interstitials and vacancies are
generated — vacancies refer to the vacant lattice sites previously occupied by an atom, and

interstitials refer to the atoms displaced and come to rest in positions other than their perfect lattice



sites. There are a few fates for these generated point defects. An interstitial and a vacancy can
recombine in the matrix, resulting in the local restoration of the perfect lattice. Another way to
eliminate point defects are through (i) the absorption of point defects at defect sinks, such as line
dislocations, grain boundaries, and interfaces between matrix and precipitates that are incoherent
or semi-coherent; and (ii) enhanced point defect recombination at the interfaces between matrix
and coherent precipitates. The point defects surviving from the recombination and defect
absorption for a given amount of time can agglomerate to form larger features such as dislocation
loops, line dislocations, cavities, and precipitates. Additional elemental segregation can occur at
defect sinks and defects due to mobility imbalances in between solutes and solvents under
irradiation. These irradiation-induced microstructural and microchemical changes result in various
macroscopic mechanical property evolutions such as hardening and embrittlement, swelling,
increase of corrosion susceptibility, and reduction of fraction toughness [3—7].

To suppress the radiation damage in nuclear structural materials, one of the strategies is to
enhance the defect absorption by defect sinks. Zinkle et al. [8] in a review showed that with higher
initial sink strength, (i) the radiation hardening in several ferritic-based steels under low-dose
fission-neutron irradiation at 250-300°C 1is strongly suppressed, and (ii) the void swelling
resistance in ion or fission-neutron irradiated austenitic stainless steels is significantly improved.
In addition, at high temperatures, high densities of defect sinks such as precipitates can efficiently
trap He and thereby suppress high-temperature He embrittlement [8]. Therefore, high-sink-
strength modifications have the potential to beneficially suppress low-temperature radiation
hardening and/or high-temperature He embrittlement and thereby expand the operating

temperature window for structural materials in nuclear energy systems [8].



Ferritic-martensitic (FM) steels are considered candidate materials for Gen IV nuclear
reactors with a range of applications due to their excellent swelling resistance [9-11],
corrosion/oxidation resistance [12,13], and high temperature strength [14,15]. FM steels, such as
HT9 [16-18], Grade 91 (also known as T91 or P91 in literature) [19-22], F82H [6,23,24],
Eurofer97 [25-27], and HCMI12A [28,29], have increased radiation tolerance due to their
increased sink strength because of their hierarchical microstructure consisting of prior austenite
grain boundaries (PAGBs), blocks, packets, laths (e.g., low-angle grain boundaries), sub-grain
boundaries, precipitates, and line dislocations.

In particular, HT9 — a 12Cr-1MoVW (in wt. %) FM steel — is considered for fuel cladding
[30,31] and duct materials [32-34] in fast-fission reactors, as well as use in the first wall and
blanket structures [35,36] in fusion reactor systems [37]. Various studies show the formation of
the above-mentioned microstructural features induced by irradiation in HT9 — dislocation loops,
line dislocations, cavities, Ni/Si/Mn-rich and Cr-rich precipitates, and radiation-induced
segregation that may lead to degradation in mechanical properties [38][3].

Traditionally, wrought HT9 (W-HT9) is fabricated using casting followed by forging.
However, the lack of flexibility with respect to complex geometry control [39] is a challenge with
this fabrication route. Traditional welding techniques have successfully ensured structural integrity
in fabricating components that have more complex geometries, but it still requires the production
of shaped feedstock (e.g., plates, rods, sheets) welded together to form the final product [37].
Additionally, if the welding procedures are not carefully controlled, the heat input from welding
can form fusion zones and heat-affected zones that are considerably different from the base

material in terms of microstructures and properties [37,40—42]. Such heterogeneities between the



base metal, fusion zone, and heat-affected zone may further affect radiation-induced
microstructures [43—45].

Recently, fusion-based additive manufacturing (AM), a 3D printing technique where a
structure is fabricated in a layer-wise manner, is gaining more attention in the materials science
community due to its capability of accurate control over geometries and compositions of the
printed structural components [37]. AM-based techniques give end-users greater computer-aided
control over process parameters and thus enable systematic tailoring of the material’s localized
microstructures. The desired result is a potential for reducing the cost of fabricating components
with geometrical complexity or reducing or eliminating tooling costs of low-volume or custom
components [37]. AM-based techniques overcome the feedstock/retooling requirements and have
thus become attractive considerations for the nuclear materials community [37,46,47].

However, challenges related to localized fusion-based processes as is the case for welding
still exist in process control when it comes to fabricating HT9 alloys via fusion-based AM
techniques [39,48]. Vendors have recently begun to explore a method of process control during
AM called laser-blown powder directed-energy-deposition (DED) to fabricate HT9 alloys (AM-
HT9) for nuclear applications. At the time of writing, process parameters for the DED process
(e.g., cross-hatch spacing, laser power) have been established for AM-HT9, and the mechanical
properties have been characterized and shown to be satisfactory [48,49]. Mechanical properties,
particularly the room and high-temperature tensile properties in the unirradiated state, showed an
increase (>100-200 MPa) of yield strength and ultimate tensile strength in the as-built (ASB) AM-
HT9 compared with those measured for W-HT9 [49]. The mechanical response of the AM-HT9
in the ASB condition can be partially attributed to the anisotropy of the layered structure from the

DED process and the formation of un-tempered martensite as a result of the high cooling rates in



the AM-DED process. The reheating passes led to the formation of the unwanted o-ferrite phases
that could affect the mechanical properties, such as fracture toughness [49], necessitating post-
build heat-treatments. Post-build heat-treatments at typical normalization and tempering
temperatures successfully eliminated the o-ferrite phases and resulted in a tempered martensite
microstructure, even though the heat-treatments could increase the final cost of the product.

Characterizing the ASB condition of the AM-HT9 microstructure showed a high density
of refined carbides and carbon-nitrides, a refined lath structure, and a high density of line
dislocations [49]. The high sink density could greatly enhance the swelling resistance. However,
as mentioned previously, heat-treatments are necessary for tempering the martensitic structure and
eliminating the o-ferrite. Further characterization of the heat-treated AM-HT9 showed that the
normalizing and tempering treatments coarsened the microstructure and led to the recovery of the
dislocations [49]. These microstructural changes would lead to a reduction in sink density from
the ASB AM-HT9. These preliminary results provide prima facie evidence that points to the
possibility of unique microchemical evolution and mechanisms operating in AM-fabricated FM
steels compared with those of their wrought variants under irradiation [49].

The objective of this thesis is to understand the role of starting microstructures and
irradiation parameters on the defect evolution in AM-HT9 using ion irradiation techniques. A
combination of ion irradiation experiments, post-irradiation examination and rate-theory
calculation were used to achieve this objective. Chapter 2 provides a background on ferritic-
martensitic steels and the radiation effects on the microstructural evolution. Chapter 3 summarizes
the objective of the thesis and the approach taken to achieve the objective. Chapter 4 describes the
experimental procedures for the ion irradiation experiments and the post-irradiation examination

techniques used to characterize the microstructures. Chapter 5 summarizes the results gathered



from the experiments and analytical techniques. Chapter 6 offers an interpretation and discussion
of the experimental results and addresses the objective. Chapter 7 provides the conclusions drawn

from this thesis and Chapter 8 suggests future work.



Chapter 2 Background

W-HT9 alloys and their radiation effects have been extensively studied owing to their
exceptional high damage level performance for Gen IV reactor applications. Chen et al. [50]
provided a review of radiation responses in W-HT9. The radiation responses of recently developed
AM-HT?9 alloys, fabricated by laser-blown powder DED coupled with post-build heat-treatments,
however, was not evaluated. This chapter will summarize the metallurgy and microstructures of
the W-HT9 alloy and AM-HT9 alloys, and the changes induced by irradiation in W-HT9 to provide
the foundational understanding needed to evaluate the influence of microstructure on the sink
strength and irradiation performance between the two variants of HT9 Generalized theoretical
work regarding swelling will be outlined in addition, as this lays the foundations for evaluating the

central hypothesis of this work.

2.1 Microstructures of FM Steels

As mentioned before, FM steels are a carbon-bearing Fe-based body-centered cubic (bcc)
material with a complex hierarchical microstructure. A combination of martensite, retained
austenite, and o-ferrite may exist due to incomplete phase transformations during the cooling
process. The 12 wt. % Cr class of FM steels were developed to provide a substitute for low Cr
steels by permitting manufacturing of components that could be used at temperatures at or above
600°C in power generation plants [51-53]. The metallurgical basis and development of high-

chromium wrought FM steels, as well as the fusion-based welding and additive manufacturing



processes applied on FM steels are briefly reviewed here with similarity to [49,54,55]. Factors

determining the constitution, transformation, and tempering characteristics are summarized within.

2.1.1 Wrought FM Steel Processing

The primary elements in FM steels are Fe with varying Cr and C. A phase diagram for the
Fe-Cr-C ternary system with varying Cr content and 0.1 wt. % C is shown in Figure 2.1 [54]. As
can be seen, for HT9 alloy which contains 12 wt. % Cr, the austenitic phase is stable at the
normalization temperatures between 900 to 1050°C, though the y-Fe phase boundary is tailored
by other minor elements existing in HT9 alloys. For example, the austenite-stabilizing elements —
such as C, N, Ni, Mn, Cu, and Co [54] — push the y-Fe phase boundary to the right and expand the
stable formation region. On the other hand, the ferrite-forming elements like Cr, Mo, Nb, V, W,
Si, Ti, and A1 act in contract to this effect [54]. The tempering resistance of the steels is increased
by the addition of the ferrite-forming elements and, consequently, highly alloyed commercial
steels may contain some d-ferrite [54]. The ferrite phase inhibits austenite grain growth, but it

adversely influences the strength and, directly or indirectly, the fracture toughness [54].
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Figure 2.1. Effect of chromium (in wt. %) on Fe-Cr-C steels containing 0.1 wt. % C from [54].

The formation of d-ferrite can be avoided by the addition of the austenite-forming
elements; thus, the balancing of the constitution to ensure 100% austenite at the austenitizing
temperature may be effected [54]. Carbon is the cheapest austenite former, but is not always
favored, as it decreases the toughness and impairs the weldability and corrosion resistance.
Furthermore, higher austenitizing temperatures are required to dissolve carbides of the MX type
(where M is V, Nb, Ti, or Ta, and X is C and N for carbonitrides), resulting in coarser prior

austenite grain sizes and reductions in toughness and creep ductility. Nitrogen can also be utilized



as an austenite stabilizer, but the amount required is generally high compared to those available in
the FM steels. Nickel, although less effective than carbon and nitrogen, is usually not used in steels
for nuclear applications due to the adverse effect of extensive transmutation reaction with high
thermal neutron fluences, resulting in the production of H and He that promote cavity swelling.
Manganese has been considered as an alternative; however, it is inferior to nickel as an austenite
stabilizer, and 0.1% C, 12% Cr steels contain some O-ferrite even with an addition of 6%
manganese [54,56]. The high-manganese steels are also prone to embrittlement during thermal
aging and/or irradiation, possibly because of y-phase formation [56]. Cobalt may also be
employed, but it is expensive and, in common with nickel, must be minimized in steels for
component applications in fusion reactor systems because of the high residual radioactivity
induced by neutron irradiation. The difficulty in eliminating é-ferrite in the 12% Cr martensitic
steels is one of the factors contributing to the lower (7 to 10%) chromium steels being favored for
nuclear fusion applications. The ferrite-forming elements V, Nb, Ta, Ti, and A1l are also effective
in removing the austenite formers carbon and/or nitrogen from solution as insoluble carbides and
nitrides, thereby indirectly affecting the constitution of the steels [54,57].

The austenite present at the austenitizing temperature should transform fully to martensite
during air cooling or rapid quenching to ambient temperature [58]. In the normalized condition,
the microstructure consists of martensite laths with the width in the range of 250-500 nm and
dislocation density greater than 1x10'3/m? [51,52]. The alloying additions made to balance the
constitution or improve the tempering resistance of the steels also lower the martensite start (Ms)
and finish (Mr) temperatures, resulting in a tendency for retained austenite to be present if the Mg
temperature is close to or below room temperature [54]. The retained austenite increases the

toughness of high chromium transformable steels but, in other respects, it is undesirable as
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distortion occurs during its transformation and it decreases the strength. It follows that the
composition of the steel must be adjusted not only to control the constitution but also to maintain
the Ms-Mr temperature range above ambient [54].

Martensite forms in thick sections known as laths due to inhibition of pearlite
transformation and absence of bainite [59]. A continuous cooling transformation (CCT) diagram

is shown in Figure 2.2.
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Figure 2.2. Continuous cooling transformation (CCT) diagram for low-carbon F82H (8Cr-2WVTa) steel
determined after austenitization at 1050°C for 0.5 h, from [54].

The last step is tempering to improve toughness by refining the microstructure, which is
conducted below the austenitization temperature to avoid re-austenitization and thereby achieve
the optimum combination of strength and toughness [54]. Retarded softening occurs during

tempering of a simple, low-carbon 12% Cr steel at temperatures up to about 500°C, while
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pronounced softening occurs at 500°C to 550°C as shown in Figure 2.3 [54]. The rate of softening
decreases progressively above 550°C. During tempering the dislocations recovery occurs reducing
the overall density, and the laths become elongated sub-grains with small-angle lath boundaries.
Meanwhile, undersized carbon atoms are pulled from the matrix to coarsen carbide and
carbonitride precipitates, thus reducing the lattice strain. The result is that a good combination of
strength, ductility and toughness of the HT9 steel can be obtained [51,60] with a proper selection

of normalization and tempering heat-treatment conditions.
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Figure 2.3. Tempering characteristics of a 12Cr-0.14C steel, from [54].

The hardness changes at different tempering temperatures can be correlated with the
microstructural changes as follows [54]:
< 350°C — Fine dispersion of M3C (Fe;C) precipitates forms and grows to a dendritic

morphology.
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450-500°C — Fine needles of M2X nucleate on the dislocations within the martensitic laths,
retarding softening.

500-550°C — M7C3 and M>X phases coarsen with a rapid decrease in hardness.

> 550°C — M7Cs and M>X are replaced by Cr-rich M23Cg precipitates on martensite lath
and PAG boundaries.

> 650°C — M23Cs precipitates grow, reducing dislocation density and forming sub-grains.

> 750°C — Sub-cells grow into equiaxed sub-grains and M23C6 continues to grow.

It follows that over-aging during tempering of these steels is associated with the removal
of M>X from within the martensite laths and the growth of the grain boundary M»3Ce, these
processes allow the dislocations to form polygonal networks. Typical line dislocation densities are
on the order of 10'*-10!> m. A schematic of the typical microstructure is presented in Figure 2.4
[3]. Further coarsening results in the sub-boundaries becoming unpinned and growth of equiaxed
areas of ferrite occurs with the boundaries being composed of well-defined dislocation arrays. This
has been referred to as recrystallization during tempering, but it is really only a form of sub-grain
growth [54].

The addition of W, V, Mo and C promotes the precipitation of carbides and carbonitrides
leading to secondary-phase strengthening [51-53]. Upon normalization the primary precipitate
microstructure is the coarse (60-150 nm) M»3Cs carbides formed on the PAGBs, whereas during
tempering the primary precipitate microstructure is the much finer (20-80nm) MX precipitates (V-
and Nb-rich) [51,61,62] on the lath boundaries and within the laths. The M23Cs carbides stabilize
the PAGBs during normalization, while the MX precipitates serves to stabilize laths and pin mobile

dislocations. These precipitates are important for improving both the creep resistance and the
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radiation resistance, due to the precipitate-matrix interfaces that serve as point defect absorption

sites [51].
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Figure 2.4. Typical F-M microstructure following tempering, from [3].

In summary, the microstructures of the high-chromium FM steels in the normalized-and-
tempered condition are generally similar, as illustrated in Figure 2.5 [63]. They consist of: (a)
martensite laths about 1 um wide and > 5 um long, containing dislocations with a Burgers vector
a/2(111) and a density of approximately 1x10'4/m? [54], and (b) coarse M23Cs particles located at
prior austenite and d-ferrite grain boundaries with finer precipitates within the laths and at the
martensite lath and sub-grain boundaries; M>X precipitates rich in chromium and isomorphous
with (CrMoWV),(CN) within the martensite laths and 6-ferrite phase; primary (Nb,Ta)X; and fine
secondary (V,Nb,Ta)X [54]. Laths within a single packet usually have rather closely aligned

crystal orientations with a few to less than 15 degrees of deviations.
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Figure 2.5. An example of a typical tempered martensite structure of a P92 steel, from [63].

2.1.2 Weld Processing

The use of a high-chromium martensitic steel for first wall and blanket structural
component applications in a fusion reactor will require joining by welding or brazing. It is also
envisaged that the construction and heat treatment of such large and complex structures cannot be
carried out entirely in the fabrication shop and that some field fabrication will be necessary [54].
High-chromium martensitic steels are generally regarded as being more difficult to weld than, for
example, austenitic steels, because it is often necessary to pre-heat before welding to avoid
cracking, and it is essential to carry out a post-weld heat-treatment to temper the brittle martensitic
structures formed in the fusion zone (FZ) and heat affected zones (HAZ) [54].

The microstructures of the FZ and HAZ in weldments of all metallic alloys are usually
complex, but they are further complicated in air-harden-able steels of the type considered here due

to the phase transformations that occur during the heating and cooling cycles of the fusion welding
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process [64]. The various zones in a high-chromium FM steel fusion-welded joint are shown
schematically in Figure 2.6; the microstructures of these respective zones in “as-welded” 0.1-0.2%
C steels can be interpreted based on the temperatures (defined in Figure 2.6) achieved during
welding and consideration of the phase fields in the equilibrium diagram for high-chromium alloys

with low and high net Cr-equivalents (Figure 2.7) [54] as follows:
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where T = temperature achieved during welding
T = melting point of steel
T.; = temperature at which 7 — & transformation is complete on heating
Tt = original tempering temperature of steel
A, = temperature at which ¢ — v transformation starts on heating
A = temperature at which ¢ — v transformation is complete on heating

Figure 2.6. Schematic diagram of the heat-affected zone regions in a fusion weld of high-chromium FM steel.

FZ (T>T,) — The first phase to form during solidification of the molten weld is o-ferrite; the ferrite-
to-austenite transformation occurs on further cooling, and the austenite transforms to martensite
on cooling below the M; temperature. Some o-ferrite is usually retained in the FZ at ambient

temperature, even when there is no ferrite present in the base and filler wire materials, as complete
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transformation to austenite does not occur during cooling at the fast rates typical of the welding
process [65,66]. Since the o-ferrite can have detrimental effects on the mechanical properties,
particularly strength and fracture toughness, of the high-chromium FM steels [67] and welds, the
content should be controlled at <3% by balancing the concentrations of the austenite- and ferrite-
forming elements in the base steels and filler wires. As noted previously, the formation of o-ferrite
can be inhibited in the high-chromium steels by maintaining the Cr-equivalent below
approximately 9%; however, experimental data suggest the net Cr-equivalent concentration has to
be reduced to <7.3 to avoid the presence of o-ferrite in the FZ of autogenous TIG welds of the

MANET-type steel made with a heat input of 1.1 MJ/m [67].

HAZ — Region 1 (T, > T > Tys) — This region (see Figure 2.6) consists of martensite and d-ferrite.
The ferrite is formed along the PAGB as the region is heated into the two-phase (y+9) field during
welding; some of the o-ferrite is again retained at ambient temperature in a band typically 0.3 to
0.5 mm wide adjacent to the fusion line as a result of the rapid cooling after welding [65]. The 6-
ferrite content and width of this region expands with increasing weld heat input and cooling rate;
low heat input welding processes such as narrow gap, electron beam, and laser are consequently

advantageous in minimizing the extent of the ferrite formation in this part of the HAZ.

HAZ — Region 2 (Tys > T > Ac3) — The microstructure is fully martensitic. This region is heated

into the higher temperature part of the y-phase field during welding, and the original carbide

particles are dissolved, resulting in coarse prior austenite grain and martensite lath structures.
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HAZ — Region 3 (T)s > T > Ac3) — The structure of this region, which is heated into the lower
temperature part of the y-phase field, is again martensitic, but it is finer grained than Region 2, as

some of the original carbides are not dissolved and inhibit grain growth.

HAZ — Region 4 (Acs > T > Ac1) — The structure consists of untampered and over-tempered
martensite. Incomplete transformation to austenite and additional tempering of the original
tempered martensite structure of the base steel occur during heating in this intercritical zone, with

the austenite again transforming to martensite on cooling.

HAZ — Region 5 (Ac1 > T > T1) — The original tempered martensite in this narrow zone is further

tempered during welding, but the microstructure is otherwise similar to that of the base steel.

A typical microstructure of a 9Cr-IMoVNbD steel weld is illustrated in Figure 2.8 [68]. Four
regions are delineated — the weld metal corresponds to the FZ of Figure 2.6, the transformed zone
corresponds to Regions 1, 2, 3, and 4, the tempered zone corresponds to Region 5, and the base
metal (BM) is the steel base which was unaffected during the welding process. Thin foil
transmission and extraction replica electron microscopy of a welded and post-weld heat-treated
12Cr-IMoV steel [69] has shown larger sub-grains, lower dislocation densities, and larger and
more spherical undissolved carbide particles in the intercritical Region 4 than in the base steel,
indicating lower strength of the former. The carbide structure in the coarse-grained transformed
Region 2 was similar to that in the original base steel, the carbides having been dissolved during

welding and reprecipitated during PWHT. There were fairly large carbide particles on the PAGB,
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and smaller carbides precipitated on the sub-grain boundaries within the relatively fine prior

austenite grains in Region 3.
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Figure 2.7. Phase diagram for high-chromium steels illustrating the effect of net Cr-equivalent and the

relationship with the HAZ regions observed in fusion welds of 0.1% C low Cr-equivalent and 0.15% C high Cr-
equivalent FM steels [54].
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Figure 2.8. Typical microstructure of a modified 9Cr-IMo steel weld illustrating the weld and two regions of the
HAZ [transformed zone (TZ) and tempered zone (TMPZ)] [68].

2.1.3 Laser-Blown Powder DED AM Material Processing

A typical DED machine consists of a nozzle mounted on a multi-axis appendage, which
enables the deposition of melted material onto the specified surface. The process is similar to
material extrusion or multi-pass welding, but the nozzle can move in multiple directions and is not
fixed to a specific axis. The material, which can be deposited from any angle, is melted upon
deposition with a laser, electron beam, or plasma arc [55,70,71]. The material feedstock is either
metal wire, powder, or metal wire cored wire with powder, as shown in the schematics in Figure

2.9 [55].
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Figure 2.9. In DED, a metal feedstock is introduced to an energy source in the form of a wire (4) or as a powder
(B), from [55].

In the case of using powder as material feedstock, the powder is delivered co-axially with
the laser during fabrication. The nozzle is able to traverse three dimensions in the simplest
configuration, resulting in layer-by-layer construction of a 3-dimensional component. The
technique leads to repeated thermal cycling during fabrication, resulting in the possible formation
of heterogeneous microstructures and a microchemistry leading to gradients in mechanical
properties across or along the fabricated component. The complexity of the phase transformations
that occur during the repeated reheating of deposited layers makes the microstructural evolution
of FM steels significantly more complex compared with other alloy systems such as nickel-based
alloys [49].

To a degree, most fusion-based AM processes are analogous to previously studied welding

techniques, such as multi-pass laser-beam or electron-beam welding, among others. The results
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show a synergy existing between the microstructures developed under welding and those observed
during the AM process, which can be used to understand and exploit the process to form viable
components using FM steels. As mentioned before, in typical welding processes for FM steels, the
first primary phase to form during solidification is the o-ferrite phase, which then can transform to
austenite upon further cooling. For both welding and DED AM processing of FM steels, however,
incomplete phase transformations can be detrimental to materials properties. For example, FM
steels may contain some residual o-ferrite in the microstructure after thermo-mechanical treatment
because the transformation from J-ferrite to austenite does not occur completely; the incomplete
transformation is primarily due to the rapid cooling rates that the process involves [49,54,72].
Niyanth et al. [49] evaluated the feasibility of using AM to fabricate HT9 via the DED AM
technique, coupled with post-built heat-treatments. The room-temperature and high-temperature
mechanical property evaluation showed promising results compared to those of wrought HT9
alloy, warranting further scale-up studies. The characterization showed that the as-built
microstructure consisted of a martensitic matrix with d-ferrite present in the reheat zones between
each pass during the sample fabrication process. The martensitic matrix consisted of an ultrafine
dispersion of carbides and carbonitrides. In addition, between the two, the post-built heat-treatment
with a higher austenitizing temperature and a lower tempering temperature resulted in a fine
dispersion of the carbide structure and a fine-grained lath martensite, indicating the variability
brought by heat-treatments. Low-temperature austenization, while it resulted in a finer prior
austenite grain size, resulted in a significant coarsening of the carbide phases and the lath

substructure, leading to the formation of an equiaxed ferrite structure.

22



2.2 Radiation Damage in Wrought FM Steels

Radiation damage can occur in FM steels induced by the bombardment of energetic
particles including neutron, ion, and electron. The typical radiation damage process has been
described in brief in Chapter 1, where point defects generated from the damage cascade event form
the basis of radiation-induced microstructural changes. Some unique phenomena occur in

irradiated wrought FM steels and will be discussed in this Section.

2.2.1 Cavity Swelling

The high swelling resistance of FM steels is the main reason for its application for high
damage level applications, such as core materials for fast reactors. Therefore, extensive studies
have been conducted on cavity evolution in FM steels. In radiation damage process, surviving
irradiation-induced Frenkel pairs from recombination can get absorbed by various defect sinks.
However, some types of defect sinks such as line dislocations and dislocation loops preferentially
absorb interstitials over vacancies, which could result in higher concentration of vacancies in the
matrix. With the thermo-vacancies that are accommodated within the matrix, excessive and over-
saturated vacancies can agglomerate to form small clusters. The gas atoms in the material, such as
He that forms from (n, o) transmutation reaction, are known to stabilize the small vacancy clusters
and the nucleation of cavities.

The cavity swelling behaviors under irradiation as a function of damage levels are typically
classified with three regimes: an incubation regime, a transient regime, and a linear steady-state
swelling regime [3]. In the incubation regime, the swelling is very low with most cavities nucleated
without significant coarsening. In the linear steady-state swelling regime, the swelling increases
proportionally with the additional increase of damage levels on top of the damage level threshold

of the incubation period. During the steady-state swelling regime, significant coarsening of cavities
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occur that lead to the rapid increase of volumetric swelling. The cavity swelling is strongly affected

by the size of cavities, as shown in Equation 2.1 below:

s
=Y d3
Swelllng = A—V = M Equation 2.1
Vi Vi

where AV is the total material volume change due to the formation of cavities in the microstructure
after irradiation, and V; is the initial total material volume. The total material volume change is
calculated further by summing the volume of each spherically-shaped cavity, with d,,, being the
diameter of each cavity. As can be seen, the swelling has a cubic relationship against the cavity
size. Therefore the coarsening of cavities strongly promote cavity swelling.

Between these incubation and steady-state swelling regimes is a transient period. As can
be seen in Figure 2.10, several FM steels including HT9, T91 and T92 show the clear three-regime
swelling behaviors as a function of damage level [9], with different incubation periods, and steady-
state swelling rates. For the selected irradiation conditions with 10 He appm pre-implantation at
460°C in W-HT9, the incubation period is at about up to 75 dpa, with the steady-state swelling
regime starting from about 130 dpa. The difference in the boundary conditions of three regimes in

the three FM steels could be attributed to different compositions and sink strengths.
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Figure 2.10. (a) Void swelling evolution in 5 MeV Fe**-irradiated HT9, T91 and T92 that are pre-implanted with
10 He appm and irradiated at 460°C, and (b) a more detailed view of the low swelling regime. From [9].

Besides damage levels, irradiation temperatures also strongly affect the cavity swelling
behavior of FM steels. The vacancy super-saturation results in the precipitation of cavities, and the
thermal equilibrium vacancy concentration is greatly affected by temperature. Theory has shown
that the swelling behavior follows a bell-shaped relationship with temperature [73], based on the
melting temperature, T, of the material [3,74]. Swelling reaches maximum within the irradiation
temperature range between 0.3T,, to 0.5T,,, and is called the peak swelling temperature. As the
irradiation temperature deviates from the peak swelling temperature, the swelling goes down. At
temperatures lower than the peak swelling temperature, vacancy mobility is too low to form cavity
embryos so that cavity nucleation cannot occur. At higher temperatures than the peak swelling
temperature, cavities are not stable and begin to emit thermal vacancies. The higher solubility of
vacancies in the matrix provides the driving force to break down cavities or vacancy clusters.

Dvoriashin and colleagues [75] studied a ferritic-martensitic steel EP-450 after irradiation

in a fast reactor. Swelling was studied as a function of temperature in the range of 275°C - 690°C.
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A peak swelling rate is observed around 420°C. Considering the lower damage data points at 11
dpa have a larger swelling rate than those at either 46 dpa or 89 dpa, it is likely that these swelling
rates are representative are more representative of a nucleation rate rather than a growth rate, and
therefore demonstrating that nucleation follows a similar bell-curve.

Ayrault [76] studied the effect of irradiation temperatures above 450°C on a 9Cr-1Mo steel.
No swelling peak was found, but the highest swelling occurred at 450°C. This may suggest that
the tail-end of a temperature peak was caught in this study and the peak would appear somewhere
close to 450°C.

Hide et al. [77] studied the response to irradiation of six different ferritic alloys with
200keV C+ and 3 MeV Ni+: MA957 (an ODS alloy), HT9, Fe-12Cr, 12Cr-2Mo, 9Cr-8Mo-4Ni
(solution anneal), 9Cr-8Mo-4Ni (aged). These metals were studied at damage levels ranging from
50 — 200 dpa and temperatures from 425-625°C. All of the samples were pre-injected with helium
to a fixed ratio of 0.1 appm/dpa. All alloys exhibited peak swelling at 575°C. Although this value
is higher than the previously suggested values between 400-500°C, the higher damage rate is
expected to shift the swelling bell-curve to higher temperatures [78,79].

Kai and Kulcinski [80] studied HT9 irradiated with nickel ions at three different
temperatures: 400°C, 500°C, and 600°C. Cavities were only observed at 500°C.

Schmidt et al. [81] observed a peak swelling temperature of 500°C in HT9 and 550°C in
EM-12 after irradiation with 2.8 MeV Fe+ ions up to 250 dpa [60]. The dependence of swelling as
a function of temperature is shown in Figure 2.8 [60].

Sencer et al. [33] irradiated HT9 in FFTF and found a peak swelling temperature at about
443°C. However, it must be noted that the damage level was also highest at this temperature (155

dpa compared to 28 dpa at 384°C), which may cloud the effect of temperature.
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Wakai et al. [82] showed highest swelling at 470°C, which then decreased with increasing
temperature. Ferritic-martensitic steel F82H was irradiated with a triple beam system (Fe+, He+,
and H+) at temperatures from 470°C to 600°C. It is likely that a peak swelling temperature is

present at a temperature lower than that studied in this paper.

2.0 TEMPERATURE DEFENDENCE OF
SWELLING AT 150 DPa IN COMMERCIAL FERRITICS

8.0
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Figure 2.11. Temperature dependence of swelling at 150 dpa for EM-12 and HT9, with a clear bell-shaped swelling
behavior near the peak swelling temperature observed. From [81].

Getto et al. [83] studied swelling in HT9 at temperatures ranging from 400°C to 480°C
after irradiation up to 375 dpa using Fe*" ions and 10 or 100 appm helium pre-implanted. The peak
swelling temperature was determined to be near 460°C. At lower and higher temperatures 480°C
and 440°C, it was determined that the onset of swelling was delayed relative to experiments
performed at 460°C. The swelling behavior as a function of temperature at 188 dpa is shown in
Figure 2.12. This set of experiments suggested that cavity nucleation was enhanced closer to the

peak swelling temperature [60].
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Figure 2.12. Temperature dependence of swelling, diameter, and number density at 188 dpa for HT9. From [83].

Cavities formed under irradiation are known to act as neutral defect sinks [84], having no
preference for absorbing interstitials and vacancies [85]. Some recent simulation efforts [86,87],
however, indicate that when cavities are small in size, they are potentially biased towards
absorbing interstitials. Here, the vacancies are treated as neutral defect sinks due to the existing
rate-theory models that were comprehensively established. Either way, the formation of cavities
affects the swelling evolution with progressively higher damage levels under irradiation.

In addition, the co-injection rate of He in dual-ion irradiation experiments also affects the
swelling behavior as a function of damage levels. Woodley [11,59] conducted a systematic study
of the effects of helium co-injection rate and damage levels on the cavity evolution in terms of the
diameter, density and swelling, as illustrated in Figure 2.13. It was shown that the helium-to-dpa
ratio at which the maximum swelling occurs shifts to lower helium-to-dpa levels as the damage

level increases in FM steels. In addition, the helium stabilized bubbles increase the cavity sink
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strength of the microstructure and reduce the growth rate of voids, with this trend holding true for

multiple heats and alloys of FM steels.
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Figure 2.13. (a) Cavity diameter, (b) cavity density and (c) swelling in T91 as a function of damage level with 0
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2.2.2 Dislocation Loops and Line Dislocations

The formation of dislocation loops originates from the point defect clusters of either
interstitials or vacancies. These clusters form 2-dimentional configurations, preferentially aligned
on certain crystallographic planes, called habit planes, in different material systems. In irradiated
FM steels that are body-center-cubic (BCC) Fe-based, two types of dislocation loops are
extensively observed: a(100){100} and a/2(111){111}, where a is the lattice parameter, {100}
and {I111} are habit planes, and a(100) and a/2(111) are Burgers vectors of the two types of
dislocation loops, respectively. These two types of dislocation loops in FM steels have different
characteristics in many ways. First, a(100) loops are considered sessile, whereas a/2(111) loops
are highly mobile [86] due to its Burgers vector along (111), which is the close-pack direction
within BCC materials. For this reason, a(100) loops are considered to contribute more to
irradiation hardening compared to mobile a/2(111) loops [74]. Second, a(100) loops are very
stable at high irradiation temperatures, compared to a/2(111) loops that can easily interact with
each other or with line dislocations to form entangled dislocation networks. The formation
mechanism and high-temperature stability of the a(100) loops in irradiated BCC Fe-based
materials have long been a puzzle in nuclear materials field, as computer simulation efforts tend
to predict that a/2(111) loops have a lower formation energy thus favorable configuration in theory
[88], though there are other theories such as a direct punch-out from displacement cascade
mechanism [89] that try to explain the formation of a(100) loops.

The extensive nucleation of these dislocation loops occurs usually with low damage levels
of well below 20 dpa. At higher damage levels, dislocation loops usually coarsen by absorbing
more point defects or by interacting with each other or with line dislocations to open up and form

entangled dislocation networks. Gliding line dislocations provide the plasticity and ductility for
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FM steels, while they become undesirable when the density becomes too high such that strain
hardening occurs to make materials hardened, brittle, and susceptible to fracture or failure. The
annealing effect of high temperature can significantly decrease the line dislocation density with or
without irradiation.

J.J. Kai et al. [90] conducted neutron irradiation in the Materials Open Test Assembly
(MOTA) of the Fast Flux Test Facility (FFTF) at 420°C up to 35 dpa. The size of dislocation loops
observed is about 100 nm and the loop density was about 5 x 10?%/m?.

In another fast neutron irradiation study carried out at Phenix fast breeder reactor,
Dubuisson et al. [91] observed a high density of dislocation loops in a group of high-Cr FM steels,
including HT9, irradiated to ~100 dpa. Although no quantitative measurements were reported in
the study, it was found that the dislocation structure became unstable above 500°C in FM steels
and the dislocation density reduced rapidly with increasing irradiation temperature.

Sencer et al. [92] examined the HT9 fuel assembly duct material irradiated in FFTF at
443°C to 155 dpa. They found the network dislocation density was about 3 x 10'/m?. The majority
of network dislocations were a/2(111) type, and a(100) type were about 1/4 of the total population.
The density of dislocation loops (predominant a(100) type) was 3 x 10*°/m? and the mean size was
about 18 nm.

Zheng et al. conducted in-situ experiments and showed that in FM steels T91 [93] and HT9
[94] under irradiation with 1 MeV Kr?*, both a(100) loops and a/2(111) loops nucleate with higher
densities at low damage levels of less than 4 dpa, whereas they interact with line dislocations to
form dislocation networks at higher damage levels. a/2(111) loops are more affected by the
interaction with line dislocations as compared to a(100) loops, resulting in a decrease of

dislocation loop density.
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Line dislocations and dislocation loops have significant effects on microstructural
evolution in irradiated FM steels. It is in generally considered that these features acting as defect
sinks have slight bias toward absorbing interstitials over vacancies. Therefore, their existence
could result in the over-saturation of vacancies in the matrix, which leads to the precipitation of
cavities and subsequent swelling. In addition, dislocation cores are known to provide
heterogeneous nucleation sites for precipitates, such as Ni/Si/Mn-rich clusters in FM steels, and

Cu-rich clusters in RPV steels.

2.2.3 Precipitates and Segregation

Another important factor that affects microstructural evolution in FM steels is irradiation-
induced precipitates and segregation. The most common irradiation-induced secondary phases
include Cr-rich o', Fe/Mo-rich M¢X laves-phase (), Fe/Si/Ni/Mo/P-rich y-phase, Ni/Si/Mn-rich
G-phase, and P-rich sigma-phase (o) [54]. The precipitate-matrix interfaces provide defect sinks
to annihilate point defects generated from irradiation. Evolution in the density and morphology of
these precipitates can also contribute significantly to irradiation hardening by impeding motions
of line dislocations.

Spencer et al. [17] and Anderoglu et al. [34] examined an HT9 duct after long-term
exposure at FFTF up to 155 dpa between 380°C and 460°C. A high density of o’ and Ni/Si/Mn-
rich precipitates were observed. The precipitation was more sensitive to the irradiation temperature
than neutron dose.

Radiation induced precipitation was also reported in an irradiation conducted at the
Experimental Breeder Reactor II (EBR-II) [95] and some ion irradiation studies [80]. Klueh and
Harries [54] reviewed a large amount of work on precipitates in various high-Cr FM steels. Table

2.1 summarizes the information concerning HT9 [38].
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Table 2.1. Major Radiation-induced Precipitation in HT9 (after [54]). From [38]

Irradiation Precipitate Temperature (°C) | Damage Level (dpa) Reference
Facility
FFTF o’y 420 35 [90]
n 407 47 [96]
o, G 380—440 20—155 [92,97]
Phenix o’ 400-530 30-116 [91]
n 419 79 [91]
EBR-II o, % G 400, 425 25-60 [95]
HFIR o', 400 7.4 [98]
G 300, 400, 500 10-12, 38 [95,96]
14 MeV Ni o’y 300-600 200 [80]

Zheng et al. [18] examined the self-ion irradiated HT9 steel to 1 and 10 dpa at 470°C and
to 20 dpa at 420°C, 440°C and 470°C using ChemiSTEM and APT techniques. Radiation-induced
Ni and Si segregation to defect sinks (grain boundaries, dislocation lines and carbide/matrix
interface) was observed in all irradiation conditions. The formation of Ni/Si/Mn-rich precipitates
were found in all conditions except 1 dpa at 470°C. Some of the Ni/Si/Mn-rich precipitates were
found to nucleate heterogeneously at defect sinks.

Jiao et al. [99] showed that segregation of various elements at the grain boundary was
detected in HCM12A following both proton irradiation to 7 dpa at 400°C and Fe?" irradiations to
100 dpa at 500°C. Large variations (from depletion to enrichment) in Cr segregation at different
grain boundaries were observed. Ni, Si and P were found to enrich at all grain boundaries.
Segregation behavior of Cr, Ni and Si at dislocation lines/loops in T91 and HCM12A is consistent
with that at the grain boundary. The magnitude of segregation is smaller at dislocation loops than
that at dislocation lines.

In addition, the strong interaction between irradiation-induced point defects and solute
atoms leads to the net influx or outflux to the defect sinks, such as grain boundaries, dislocation

cores, cavity surfaces, and precipitate-matrix interfaces. As a result, certain minor elements enrich
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or deplete near the defect sinks. For example, Ni and Si are often reported to enrich near grain
boundaries and cavity surfaces, whereas Cr usually depletes [100,101]. The elemental segregation
at dislocation loop cores could affect their growth as well [102]. These elemental redistribution

and segregation are known to affect corrosion susceptibility in FM steels.

2.2.4 Heat-to-Heat Variability on Swelling

The heat-to-heat variability as well as the variability from different heat-treatments on the
same heat of FM steels are well-known for their different cavity swelling behaviors under
irradiation. Scattered data in the literature are available [14,33,90,92,103—107] from neutron
irradiations at the Fast Flux Test Facility (FFTF) and the High Flux Isotope Reactor (HFIR), and
are shown in Figure 2.14 [9]. The overall trend for the swelling rate is about 0.01%/dpa in the
steady-state swelling regime. In addition, the maximum swelling observed is less than 3%, which
highlights the good swelling resistance of FM steels. Chemical compositions and heat-treatments
can significantly vary the starting microstructures and sink strength of these various FM steels,

which then results in the different responses to cavity swelling.
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Figure 2.14. Summary of different heats of FM steels HT9 and T91 with varying heat-treatments irradiated in-
reactor up to 208 dpa at temperatures varying from 400°C to 443°C, reproduced from [9].

2.2.5 Neutron and Heavy Ion Irradiation of FM Steels

Under neutron irradiation, the amount of helium generation via (n, o) reactions is affected
by the neutron energy spectrum of a particular nuclear reactor, as well as the different reaction
cross-section for each element and their concentration in the material [60]. Typical helium
production has been estimated for fast reactors from 0.1 He appm/dpa to 1.0 He appm/dpa
[108,109] but varies strongly with composition [60]. In order to understand the radiation responses
of FM steels at an accelerated rate, ion irradiation experiments with significantly higher damage
rates have been extensively used to simulate the effects of neutron irradiation damage, especially
at high damage levels [60]. Using ion irradiation has the benefits of low cost, higher damage rate,

and better experimental condition controls of beam current and temperature, as compared to
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neutron irradiation. This Section reviews the heavy ion irradiation studies within literature, with
similarity to [60].

The FM steel T91 was studied by Gigax et al. [110] using 3.5 MeV iron ions at 475°C up
to 550 dpa at the region examined. The swelling response indicated low swelling (<3%) up to 410
dpa but a sudden increase to 22% swelling at 550 dpa for a rate of 0.11%/dpa. Maximum swelling
occurred at approximately half of the projected ion range, supposedly due to the defect imbalance
effect [111]. Swelling of T91 had an incubation period of swelling of ~400 dpa at the depth of
peak swelling, greater than incubation periods from neutron irradiated T91. However, in reactor
the production of helium will drive cavity nucleation and therefore, decrease the incubation period
for swelling. This ion irradiation study was conducted without considering the effects of helium
and this may account for the delay in the incubation period.

The swelling and microstructure evolution of ferritic-martensitic alloys HT9, T91, and T92
were investigated by Getto et al. [9] using iron ions and 10 appm helium pre-implanted to obtain
systematic evolution from 75 to 650 dpa. Contrary to the previous study, for the least swelling
resistant alloy (HT9), a swelling rate of 0.033%/ dpa was observed from 188 to 650 dpa. Swelling
resistance was higher in T91 at a rate 0.007%/ dpa. The decrease in swelling/swelling rate in T91
was primarily due to suppression of cavity nucleation, rather than growth, which proceeded at
approximately 0.1 nm/dpa. Swelling resistance was highest in T92, which had not yet reached
steady state swelling by 650 dpa due to a low density of small cavities, indicating suppression of
both nucleation and growth. Analysis of additional heats of T91 indicated that alloy composition
was not the primary factor in determining swelling resistance. In addition to swelling increasing
with damage level, the volume fraction of Ni/Si/Mn-rich G-phase precipitates and line length of

dislocation were found to evolve in the microstructure up to 650 dpa as shown in Figure 2.15,
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though significant carbon contamination from irradiation experiments was observed and might
affect microstructural evolution [9]. The use of ion irradiations has been instrumental in
determining that the microstructure of ferritic-martensitic steels will continue to evolve with

damage level beyond intended reactor lifetimes.
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Figure 2.15. Microstructural evolution of HT9 irradiation with 5 MeV iron ions at 460°C from 130 to 650 dpa,
from [9].
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Chapter 3 Objectives

The objective of this work is to determine the effects of (i) the initial sink strength from as-
received microstructures including line dislocations, lath boundaries and prior austenite grain
boundaries, and (ii) the evolving sink strength from irradiation-induced features including
precipitates/clusters, dislocation loops, and cavities, on the microstructural evolution of AM-HT9
alloys with and without post-build heat-treatments. This is ultimately evaluated by two primary
irradiation campaigns, one where irradiation dose is increased from 16.6 dpa to 250 dpa at 445°C
and all other irradiation parameters are held constant, and the other where the temperature is altered
from 400°C to 500°C at 50 dpa with all other parameters held identical within the experimental
variation. This design of experiment is developed to evaluate two primary hypotheses for the
behavior of all microstructural evolution including cavities, dislocation loops, and precipitates as
a function of damage levels and temperatures are presented as follows:

1. The radiation-induced swelling response as a function of damage level of AM fabricated
HT9 components can be tailored through controlled evolution of the hierarchical microstructure
of the alloy via conventional normalizing and tempering treatments. The prediction of this degree
of swelling retardation can be made using a simplified theoretical model that accounts for starting
and evolutional sink strengths, which are governed by all microstructural evolution under

irradiation.
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2. The peak swelling response as a function of temperature of AM fabricated HT9 can be
tuned using the principals of sink strength tailoring permitting the ability to retard swelling in AM-
fabricated materials at specific temperatures.

To test these hypotheses, the variability of radiation responses of three conditions of AM-
HT9 alloys that were fabricated using DED technique are evaluated and determined, with (i) one
as-built condition without post-built heat-treatment, and (ii) two conditions with similar but
varying post-built heat-treatments. The drastically different starting microstructures between the
two heat-treated conditions of AM-HT9 and the other as-built condition enabled gross and quick
evaluation of the hypotheses for this complex material system. The investigation was achieved
through a combination of dual-ion irradiation experiments with careful scanning/transmission
electron microscopy (S/TEM) and atom-probe tomography (APT) characterization of the
irradiated microstructures in the three conditions of AM-HT9 alloys.

For hypothesis 1, the characterization results at different damage levels were used to
develop the evolution of sink strengths in order to calculate theoretical swelling rates and compare
to those obtained from the experimental results. All microstructures were considered when the
calculation of sink strengths was conducted — grain boundaries, cavities, dislocation loops, line
dislocations, and precipitates induced by irradiation. Although the primary focus is on the cavity
evolution and swelling behaviors of the three conditions of AM-HT9, the evolution of dislocation
loops and precipitates will be closely examined as well as they contribute to both sink strength and
cavity evolution, as well as mechanical property degradation.

The sink strength dependence of microstructural evolution will then be used to provide an

explanation of the experimental observation obtained for Hypothesis 2.
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Chapter 4 Experimental Procedures and Methodology

This chapter documents the experimental procedures used to prepare, irradiate, and
characterize the AM-HT9 samples. In addition, the methodology used to calculate sink strength

and theoretical swelling rate based on the characterization results is introduced in detail.

4.1 Alloy and Sample Preparation

The HT9 alloys used were fabricated using laser-blown powder DED additive
manufacturing (AM-HT9) [49]. There are two HT9 powders developed to fabricate two heats of
fabricated AM-HTO9. One is developed by TerraPower LLC, or Heat A, and the other is developed
by ORNL, or Heat B. The nominal compositions are listed in Table 4.1, as defined by ASTM
A826/A826M-95 [112]. The composition of the powder was tailored to be identical to heats of
HT9 recently studied by TerraPower LLC [113—115]. Gas-atomized HT9 powder in a size range
of 40-120 pm diameter was used to fabricate samples [49]. Following powder procurement,
samples for evaluation in the as-built condition and after post-build heat-treatment were fabricated
using a DMD 103D blown-powder AM process housed at the Manufacturing Demonstration
Facility [116] at ORNL. The DMD 103D was run with a 1 kW diode laser with a wavelength of

910 nm, a beam diameter of 1.5 mm, and a nominal layer height of 0.6-0.8 mm [49].

Table 4.1. Nominal composition in wt. % of the HT9 powder feedstock based on ASTM A826/A826M-95 standard
[112].

Fe Cr C Mn P S Si Ni Mo Nb Y Al \Y
Bal 11.0- | 0.17- | 0.40- | 0.04 0.01 | 0.20- | 0.30- | 0.80- | 0.05 | 0.40- 0.05 0.25-
) 12.5 0.23 0.70 max max 0.30 0.80 1.20 max 0.60 ) 0.35
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After obtaining the two heats of the as-built condition of AM-HT9 (ASB), additional post-
built processing treatments were sought to alter the total effective sink density of the specimen
prior to irradiation. An additional desire of the heat-treatments was to mimic traditional heat-
treatment routes typically applied for fabricating W-HT9 [49], called ACO3 and FCRD, where (i)
ACO3 stands for the ACO3 hex-duct irradiated in Fast Flux Test Facility (FFTF) (Heat 84425),
and (i) FCRD represents the Fuel Cycle Research and Development (FCRD) program [117],
respectively. The heat-treatment used for the ACO3 condition of AM-HT9 consisted of
normalizing at 1065°C for 30 min followed by air cooling and tempering at 750°C for 60 min
followed by air cooling. The FCRD condition of AM-HT9 consisted of normalizing at 1040°C for
30 min followed by air cooling and tempering at 760°C for 60 min followed by air cooling. As
discussed later, these two heat treatments led to similar but still varying sink strengths that were
vastly different from that of the ASB samples in both heats. An additional benefit of the ACO3
and FCRD heat treatments was the reduction of the §-ferrite phase compared to that of the ASB
condition of AM-HT9, where the &-ferrite phase formation was a result of incomplete
transformation to austenite phase during the rapid cooling process [49,54]. Note, within this work
the focus is on the tempered-martensite phase instead of the §-ferrite phase persistent in the ASB
conditions of AM-HT?9.

After obtaining the three conditions, i.e., ASB, ACO3 and FCRD, of AM-HT9 alloys from
the two different powder lots, bulk samples were cut into half-bars with dimensions of 1.5x1.5%10
mm using electrical discharge machining (EDM). Another ferritic-martensitic steel with
comparable heat transferability was cut into full-bars with dimensions of 1.5x1.5%20 mm using

EDM. All half- and full-bar samples were mechanically polished with a 1200-grit grinding-paper
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finish, followed by electropolish to remove residual surface strain layer to achieve mirror-like
surface conditions. Electropolish was conducted by using a mixture of solution containing 10%
perchloric acid and 90% methanol, with temperatures between -40°C and -50°C. All samples were
electropolished for 40s with a voltage of 40V applied between the sample (anode) and the
conducting platinum mesh (cathode). This step of electropolish will remove the sample surface
with thickness of a few microns, which is enough to remove all the surface strain layer with
thickness of typically a few hundred nanometers. A schematic of the electropolishing setup before

ion irradiation is shown in Figure 4.1.

DC Power
‘I‘ Supply

Platinum Mesh _—1 \
(cathode) / Electrolyte Solution

{10% Perchloric Acid,
/ 0% Methanol)

Bar Sample (anode)

.,

Methanol Bath

Magnetic Stirrer

Figure 4.1. A schematic of the electropolishing setup used for samples prior to ion irradiation, from [60)].

All the half-bar bulk samples were then used for (1) TEM sample preparation to characterize
the as-received microstructures, and (i1) irradiation experiments. All the full-bar bulk samples were
used to serve as guide bars for monitoring irradiation temperatures. More details about radiation

experiments are discussed in Section 4.2. The procedures for characterization of both as-received
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microstructures and irradiated microstructures are identical. Therefore, please refer to Section 4.3:
post-irradiation examination (PIE) to find details on sample preparation and S/TEM

characterization.

4.2 Ton Beam Irradiations

Ion beam irradiations were carried out at the Michigan Ion Beam Laboratory (MIBL). All
three conditions of AM-HT9 of Heat A or Heat B were irradiated at the same time for each
radiation condition. Defocused 5 MeV Fe?" ions were used to create irradiation damage in all
radiation conditions, and raster-scanned 2.85 MeV He?' ions, with horizontal and vertical scan
frequency of 117.19 Hz and 1019 Hz, respectively, were used to perform helium co-injection in
dual-ion irradiations. The damage rate of 5.8x10™* dpa/s was kept the same for all radiation
conditions. To clarify, there are three groups of irradiations conducted:

(1) A single-ion irradiation with a damage level of 50 dpa at 460°C for Heat A

This single-ion irradiation served as a rapid screening study of the microstructural
evolution for Heat A, with the emphasis on microchemical evolution. In addition, a similar
condition had been used to irradiate a traditionally-made wrought HT9 alloy with ACO3 heat-
treatment, therefore this single-ion irradiation campaign allowed cross-comparison of the radiation
responses between the AM and wrought HT9 alloy without consideration of He effects. However,
it was later identified that Cu impurities were introduced into the Heat A of AM-HT9 and formed
extensive clustering after irradiation. Therefore, Heat B of AM-HT9, without significant amount
of Cu detected, was then used for the following dual-ion irradiation experiments.

(i1) A series of dual-ion irradiations with varying damage levels of 16.6, 50, 75, 100, 150,

and 250 dpa at 445°C for Heat B
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This damage level series of dual-ion irradiation experiments were conducted to study the
dose-dependence of the radiation responses in the AM-HT9 of Heat B without noticeable Cu
impurities. In wrought HTO it is known that 445°C is close to the peak swelling temperature in
dual-ion irradiation, therefore the dose series of experiments at 445°C were conducted in AM-
HT9. 16.6 dpa condition was used to compare with the results obtained from wrought HT9 with
ACO3 heat-treatment, where cavity nucleation occurred significantly in the wrought HT9. 50 dpa
and 75 dpa in wrought HT9 were known to be close to the end of incubation period and the start
of stead-state swelling. 100 dpa, 150 dpa, and 250 dpa dose conditions were used to investigate
the stead-state swelling behaviors of three conditions of AM-HT9 of Heat B.

(ii1) A series of dual-ion irradiations with varying temperatures of 400, 445, 460, and 500°C
with a damage level of 50 dpa for Heat B.

This temperature series of dual-ion irradiation experiments were conducted to study the
temperature dependence of the radiation responses in the AM-HT9 of Heat B without noticeable
Cu impurities. To study the peak swelling temperature of AM-HT9, temperatures ranging from
400°C and 500°C, which is believed to cover the peak swelling temperatures of AM-HT9, were
used.

All irradiation conditions and corresponding completion dates are listed in Table 4.2.
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Table 4.2. The experimental details for ion irradiations conducted as part of this thesis.

Damage .
(quick Helium Co- Heat
Date of chil chin- Temperature | Damage Rate | Injection Rate | He injected number of
completion Pease model, (°O) (dpa/s) (He (appm) AM-HTO
dpa) appm/dpa)
12/13/2018 50 460+ 4 5.8x10* 0 0 A
01/10/2020 16.6 443 +5 5.8x10* 4 66.4 B
03/05/2021 50 445 +£3 5.8x10* 4 200 B
09/30/2020 75 445+9 5.8x10* 4 300 B
11/01/2020 100 446 + 4 5.8x10* 4 400 B
01/22/2021 150 445 £8 5.8x10* 4 600 B
05/10/2021 250 445+4 5.8x10* 4 1000 B
08/13/2021 50 400+3 5.8x10* 4 200 B
01/09/2021 50 460+ 6 5.8x10* 4 200 B
08/05/2021 50 500+ 5 5.8x10* 4 200 B
10/01/2020 50 460 £3 5.8x10* 0 0 B

4.2.1 Irradiation Stage Setup

The configuration of the stage setup is shown in Figure 4.2. A stage made of (1) copper for
lower temperature irradiation (below 450°C) or (ii) stainless steel and nickel for higher temperature
irradiation (above 450°C) was used for all the irradiations. At the back side of the irradiation stage,
a heater was connected to heat up the stage. There was also a thermocouple mounted at the back
of the stage to monitor the temperature near the heater. A cooling air flow was connected as well
to quickly cool down the stage temperature immediately after the irradiation was finished, so that
the post-irradiation thermal annealing was minimized in the samples.

At the front side of the irradiation stage, four half-bar samples containing all three
conditions of a single heat (either Heat A or Heat B only) of AM-HT9 were positioned at the center
of the stage, with two full-bar samples placed at both sides of the half-bar samples. A 0.25 mm
thin ductile copper sheet was put in between the stage front surface and the bottom of the samples
to ensure good thermal contact. The gaps among all six pieces of samples were minimized to

ensure the best possible thermal contact, so that the front surface temperatures were consistent
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among them. On top of the samples, a shim and two hold-down bars were positioned to apply
pressure to further improve thermal contact between the samples and the stage. Finally, to monitor
the temperature during the irradiation experiment, four J-type thermocouples with temperature
detection range of 0°C to 750°C were welded on the surface of the two full-bar samples, with the
caution of not shadowing the Fe?" and He?" beams to reach the surface of the four half-bar samples.
Because of the previously mentioned procedures to ensure good thermal contact, the temperature

readings on the two full-bar samples are reasonably representative of the four half-bar samples.
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Figure 4.2. Stage setup schematics with (a) a cross-sectional view from the side of the stage, adapted from [52],
and (b) a top-down photograph of a fully assembled stage.

4.2.2 Irradiation Setup

A multi-beam chamber (MBC) was used for all irradiations [59,60,118]. The MBC was
designed to provide a fixed intersection point for each of the three accelerators at MIBL to achieve
the multi-ion irradiation capability, with the schematic of the MBC provided in Figure 4.3.

Radially directed ports around the MBC allowed direct access to the irradiation stage for the
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accelerators and monitoring equipment and a flat back panel or easy access while minimizing
chamber volume which is necessary to achieve high vacuum [59,60,118]. Two back panels were
made for the chamber with different angles for the 6” ConFlat flange for the stage port to allow
the stage to face any of the beam lines [59,60,118]. All of the irradiations within this thesis were
performed with the sample surface and stage facing beamline 4 (BL4). BL4 delivers 5 MeV Fe**
ion beam from the 3 MV Pelletron accelerator and is normal to the sample surface on the stage.
BL7 delivers the 2.85 MeV He?" helium ion beam from the 1.7 MV General Ionex Tandem

Accelerator and it is 60° from BL4 in the horizontal plane, as shown in Figure 4.2 and Figure 4.3.

Multi-Beam Chamber

_ . lon Gauge
Residual Gas Analyzer
IFaraday Cup
Faraday Cup Foil Degrader

BPM

BL4™ BL5 BL7
WOLVERINE BLUE MAIZE

Figure 4.3. Multi-beam chamber with connecting beamlines. Each beamline is equipped with Faraday cups to
record the ion beam current, slit apertures to define the irradiation area, and a beam profile monitor (BPM) to
assess the beam shape. The image is adapted from [118].
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The stage was mounted to the back panel of the chamber using a copper gasket and
tightened down with nuts and bolts. Once mounted a resistive cartridge heater was inserted into
the back of the stage. The cartridge heater was approximately 4 cm long and 1 cm in diameter,
with a temperature rating of up to 760°C. The heat was then conducted from the back to the front
of the stage, where samples were heated up to be a few °C lower than the target temperatures
during the experiment. Minor beam heating of 2-5°C occurred when the Fe?*" beam was allowed
to pass through the beamline and hit the sample surface. Additionally, a contact Type J
thermocouple was inserted into the back of the stage into an approximately 1mm diameter hole to
monitor the temperature close to the heater. Cables from a computer readout were attached to
thermocouple feedthroughs, and the air lines for cooling the stage were also attached [59,60,118].

To ensure the quality of the irradiation experiments, several diagnostic instruments were
connected to the MBC. An Evactron EP was used to plasma clean the chamber and the stage with
samples, prior to irradiation to minimize carbon-contamination. A double-walled Dewar for liquid
nitrogen was connected to a copper frame nearby the samples on the stage, acting as a cold trap
before and during the irradiation to minimize contamination and oxidation with vapor at high
irradiation temperatures. An Inficon Transpector® MPS Residual Gas Analyzer was used to
monitor the partial pressure of each existing gas species in the MBC. An InstruTech Inc. model
IGM402 hot cathode ionization vacuum gauge was used to monitor the pressure in MBC, and was
maintained to be below 2x107 torr (2.67x107° Pa), as a result of the mentioned plasma cleaner and
the use of the cold trap. The MBC has several quartz windows to allow live viewing of the
irradiation stage. A Nikon digital camera was connected for the alignment of the ion beam position

prior to irradiation, with detailed procedures to be discussed in Section 4.2.2. A 2D FLIR® infrared
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thermal pyrometer was connected to MBC, together with thermocouples mounted on the sample
surface, to monitor the sample surface temperatures on user-defined areas of interest at a rate of
3.125 Hz. Detailed procedures for temperature monitoring will be discussed in Section 4.2.4.

A slit aperture system with four slits that can be moved independently - on the top, bottom,
left, and right side of the stage - was used on each beamline to perform the alignment of the ion
beam position, define the irradiation area on the samples, and measure the current around the
rectangular irradiation area defined by the four slits. For the defocused Fe?" beam, irradiation area
was kept at 5x5 mm so that all six samples on the stage can be irradiated. The raster-scanned He**
beam needed to go through a rotating aluminum foil acting as an energy degrader so that the
resulting ratio of implanted He concentration to damage was a constant, with more details
discussed in Section 4.2.3. The scattering of the He?’" beam through the aluminum foil was

sufficient that He*" beam was able to cover all the area of interest on the irradiation stage.

4.2.3 SRIM Damage and Helium Injection Calculation

The Stopping and Range of Ions in Matter (SRIM) 2013 was used to calculate the damage
and the injection of He as a function of depth from the sample surface, with the Quick Kinchin-
Pease mode. An ion energy of 5 MeV and beam angle of 0° for the Fe** beam was entered as
inputs. The displacement energy for each element from Table 4.1 was extracted from the ASTM
Standard E591 [119] as inputs into the SRIM program. The atomic percentage inputs for each
element was converted from the weight percent in Table 4.1 by using the median value from the
composition ranges. At least 100,000 ions were used for calculation to obtain smooth profiles. The
depth of 600 nm from the sample surface was used as the nominal damage for all irradiation

experiments. This is because this depth is far from (i) the sample surface so that the surface effect
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is minimized, and (ii) the depth of the peak injected interstitial profile so that the injected interstitial

effect is also minimized [37]. To calculate the damage (dpa) profile, Equation 4.1 was used:

SRIMggmage X ®

damage (dpa) = Equation 4.1

Nyro
where SRIM 34 qge tepresents the SRIM damage event output values as a function of the depth,
® represents the irradiation ion fluence, and Nyrq is the atomic density of the HT9 alloy, which is
8.34x10?? at/cm® [120]. Note, the damage caused by He?" is orders of magnitude lower than that
cause by Fe?", and thus was neglected during the calculation and experiment design.

Once the damage level at the target depth of 600 nm was designed for an irradiation
experiment, the ® can be calculated and subsequently used to derive two other key quantities for
the radiation experiments: Fe injected interstitial concentration profile and Fe?" ion current. The

Fe injected interstitial concentration profile was calculated using Equation 4.2:

SRIMygnge X ®

Fe (at%) = N
HT9

Equation 4.2

where SRIM .4, 4¢ 1s the SRIM range file output values as a function of depth. Note, Fe (at%) is
a unitless quantity as a function of depth to measure the atomic percent of the injected Fe ion with
respect to the matrix atoms. Another key quantity to calculate using ®, coupled with the designed
damage rate ¢ in dpa per second (dpa/s), is the Fe** current. The current was determined by the

following equations:

| = % Equation 4.3
NedA
I = et Equation 4.4
I = Ne®A Equation 4.5
= damage/o quation 4.
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where Q is the total charge of the Fe?" particles, t is the amount of time during which the
accumulative charge of Fe?* reaches to Q, N is the number of electrons per Fe?" particle which is
2, e is the charge per electron which is 1.6x10'°C, and A is the irradiation area which is 5x5 mm.
An example of calculated damage and injected Fe?* interstitial profiles as a function of depth is

shown in Figure 4.4, assuming the designed nominal damage level at 600 nm is 75 dpa.
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Figure 4.4. Calculated damage (in black) and injected interstitial concentration (in red) profile in AM-HT9
irradiated by 5 MeV Fe2+ ions.

The calculation of the He?" beam for dual-ion irradiations was more complicated. Although
the depth of 600 nm was used for nominal damage level, microstructures within the 500-700 nm
range of depth was actually examined during the post-irradiation examination. Therefore, the
design of the dual-ion irradiations intended to achieve a constant ratio of He injection
concentration to damage level of 4 He appm/dpa within the depth range of 500-700 nm. This was

achieved through the injection of He** ions with varying energy throughout the irradiation, so that
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the superimposed injected He concentration profile matched with the intended shape. The varying
He beam energy was achieved by a single-energy He ion beam with 2.85 MeV going through a
rotating aluminum foil with 6.2 pum thickness, because the effective thickness thus traveling
distance in the aluminum foil resulted in different energy loss of the He beam. The aluminum foil
rotated in period from -60° to 60°, with the 0° being the position where the aluminum foil was
normal to the Beamline 7 (BL7) — the He ion beam direction. The amount of time that the
aluminum foil stayed at each angle can be digitally controlled. At 0°, the effective thickness of the
aluminum foil was the lowest of 6.2 um, resulting in the greatest depth of He injection. Note, He
ion may get scattered in the aluminum foil, thus changing the traveling direction of the He beam
as a function of the aluminum foil angle. SRIM was used to calculate (i) the reduced energy,
position, and velocity of each exiting He ion from the foil at each foil angle, and (ii) the resulting
He injection profile into the AM-HT9 samples. Python was used to automatically perform this
series of calculations by propagating appropriate parameters into the SRIM program. Details
regarding this methodology of customizing implantation profile can be found in the previous work
by S. Taller [121].

After the injection profiles of He with different foil angle were obtained, different recipes
of the foil control — with varying stopping time at each angle between -60° and 60° — were tried
out, so that the resulting ratio of the He injection concentration to damage in the depth range of
500-700 nm is a constant of 4 He appm/dpa. The calculated He** injection profile, damage, and

their ratio as a function of depth is shown in Figure 4.5.
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Figure 4.5. Injected He concentration (in red), calculated damage (in black), and their ratio (in blue) profiles in
AM-HT9 irradiated by 5 MeV Fe2+ ions with 2.85 MeV He2+ injection using aluminum foil energy degrader.

As a result, with designed (i) damage rate of all the irradiation experiments of 5.8x10
dpa/s resulting from 5 MeV Fe?" beam, and (ii) He injection rate of all the dual-ion irradiation
experiments of 4 He appm/dpa resulting from 2.85 MeV He?" beam coupled with an aluminum
energy degrader, the ideal Fe’" and He?" current density was calculated as 4.4 nA/mm? and 2.25
nA/mm?, respectively. Note, (i) the mentioned He** beam current density refers to the current
density after He>" beam going through the aluminum foil positioned at 0°, and (ii) the irradiation
area defined by the position of slits were different for each beamline, and details can be found in

Section 4.2 .4.

4.2.4 Running the Irradiation

After the stage was mounted into the MBC, the chamber was first pumped down to 1-2x10
! torr with an oil-free scroll pump. An Evactron EP with a forward power of 15 W was then used
for 2 hr to plasma clean the chamber by removing hydrocarbon contaminations. Afterwards, a

cryopump was used for at least 10 hr to pump the pressure of the chamber down to the 1x107 torr
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level. After that, the cold trap was then turned on to further drop the chamber pressure down to 6-
7x108 torr by absorbing water vapor and minor contaminations. This last process could take more
than 2-3 hours.

While the cold trap was turned on, the ion source was started and the ion beams in BL4 for
Fe?" and BL7 for He?" were prepared, respectively, so that the designed current can be obtained.
Very importantly, ion beams needed to be properly aligned by moving the four slit positions so
that the desired region of interest (5x5mm) on the stage was hit by the ion beams. For the He?"
beam, because the targeted 4 He appm/dpa injection rate and the corresponding current density
can be relatively easily achieved, the slit positions were set up so that the beam area was large
enough to cover the whole stage without the necessity of a high accuracy alignment down to
millimeter-level. Moreover, the scattering of the He*" beam from the aluminum foil further
increase the effective area covered by the He?" ion beam. The left, right, top, and bottom slit (when
the stage is viewed from the source and beamline) positions were set at 3, 3, 5, and 5 mm,
respectively, resulting in the slit-defined area of 60 mm? and the He?" current measured after the
aluminum foil positioned at 0° of 135 nA.

The Fe?" beam, however, requires very high accuracy alignment due to the fact that the
desired Fe*" beam current was slightly lower than the maximum amount of beam, which is
governed by multiple factors, including (i) the beam production limit of the Peabody source, (ii)
the beam loss due to the striper gas efficiency, and (iii) the beam loss due to the bending magnets
and steering. In addition, the Fe?" beam needed to be defocused and kept uniform with less than
10% variation in beam intensity across the 5x5 mm area. To reach this purpose, a pre-aligned laser
beam and a piece of alumina ceramic right in front of the stage were used. The laser beam and the

Fe?" beam were pre-aligned to match with small positional offsets on the irradiation stage. The
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procedure to align the beam was as follows: (i) the laser was turned on to illuminate the irradiation
stage; (i1) slits position were moved so that the laser beam was centered on the area of interest on
the stage, with the desired irradiation area; (iii) the alumina piece facing BL4 was inserted right in
front of the stage so that the laser beam projected on the ceramic piece; (iv) the Fe** beam was
turned on to be projected on the ceramic piece; and (v) move the slits position so that the new laser
beam location matched the previous Fe?" beam position, by a small amount. The Nikon digital
camera was used during the processes to take high resolution images and monitor the laser and
Fe?* beam positions.

Once the beam alignment was completed, a beam profile monitor (BPM) was used to assess
the beam profile. The quadrupoles at the high energy end and the Einzel lenses at the low energy
end were adjusted to make profiles as flat and uniform as possible in both X and Y directions on
the BPM. To confirm the uniformity (less than 10% variation), a moving 2D profiler in both X and
Y directions were then used to measure the differential current in the irradiation area. Note that
when the profilers entered the tested area with ion beam, there was anomaly arising from the
electronic-irradiation interaction of the profiler that resulted in an artificial peak near the entering
position in the plotted beam profile. To obtain the true beam profile, the forward-and-back
movement mode of the 2D profiler was used to ensure at least one valid datapoint collection was
made for every position tested.

Once this was completed, the irradiation was ready to start. The stage was then heated up
by a digitally controlled cartridge heater inserted into the back side of the stage to quickly reach
the target irradiation temperature, monitored by the four thermocouples. During the heat-up, outgas

could occur and drive the pressure up to 3-5x1077 torr in MBC. The pressure would go back down
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with the cryopump and cold trap functioning to reduce hydrocarbons and water vapor in the initial
first two hours.

After the target temperature was reached, the thermal imager was then used to calibrate the
temperature of each area of interest (AOI) by assigning an appropriate emissivity of each AOI. At
least two AOIs were created for each half-bar sample, so that AOIs can cover most surface area of
the sample, while the edge of all AOIs are slightly within the edges of the sample to avoid unstable
and inaccurate emissivity readings. Figure 4.6 shows the typical thermal imager program with
AOIs on the samples. Once the temperature was calibrated near the target value, the irradiation
was started by removing the Faraday cup in each of the two beamlines and placing the beam on

the stage.
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Figure 4.6. A typical thermal imager program used to monitor temperature with at least two AOIs set up on each
half-bar samples.
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Throughout the irradiation, several parameters were monitored to ensure a successful
experiment. Temperatures were monitored by thermocouple readings, as well as AOI readings
with maximum error of 10°C. The LabView™ program interfacing with the FLIR was set to alarm
if any AOI temperature reading was more than +10°C than the target temperature. The heater
power was then adjusted so that the temperature went back to the set value. The current of the Fe**
and He?" ion beams were measured by inserting a Faraday cup located after the four slits for each
beamline every 25-30 min. The measurement of the He** beam was conducted after pausing the
rotation of the aluminum foil energy degrader at 0°. There were two goals for monitoring the ion
beam: (i) the current value needed to be kept at an acceptable range of maximum 10% variation
from the target value; and (ii) the beam shape remained the desired way. For the defocused Fe?*
beam, the beam profile from the BPM needed to stay flat so that the beam intensity was uniform
throughout the irradiation area. For the raster-scanned He?" beam, the slits current needed to be
balanced between the left and right, as well as the top and bottom slits readings. If the balance of
the beam was not acceptable, the bending magnet strength was used to balance the beam in X
direction and the magnetic Y-steerer was used to balance the beam in Y direction. The pressure of
the MBC chamber needed to be monitored as well. The steady-state pressure depended on the
irradiation temperature and ranged from 6x107 torr to 3x107 torr for the irradiation temperature
range of 400-500°C in this work. This pressure range below 3x107 torr normally resulted in
acceptably small amount of surface oxidation, so that the bulk material surface quality was good
enough for performing electron backscatter diffraction (EBSD) when completing a targeted lift-
out TEM sample preparation. More details regarding EBSD experiments will be discussed in

Section 4.3.1.1.
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Once the cumulative fluence reached the target value, the irradiation was complete. All the
Faraday cups in BL4 and BL7 were inserted to block the ion beams. The heater power was then
turned down to 0, and the air cooling was turned on so that the stage temperature could be dropped
to below 100°C within 3-5 min. Next, the cold trap was turned off, so that liquid nitrogen could
evaporate and the cold trap was heated up to the room temperature before the chamber was finally

vented. This step was used to avoid any condensation of the water steam from outside the chamber.

4.3 Post-Irradiation Examination (PIE)

After the irradiation, samples were removed from the MBC and the irradiation stage. The
sample surface was observed to confirm the minor to minimum amount of oxidation during
irradiation, which was usually the case for the low chamber pressure achieved. For the post-
irradiation examination (PIE), microstructural responses before and after irradiation were obtained

by advanced characterization techniques including S/TEM and APT.

4.3.1 S/TEM Sample Preparation

Unirradiated and irradiated bulk samples were adhered to scanning electron microscopy
(SEM) stubs using a common carbon tape, so that the samples were electrically coupled to the
SEM stubs. The “lift-out” method [122] was used to prepare cross-sectional electron-transparent
S/TEM specimens of ~100 nm thick by using a dual-bream Thermo Fisher Helios 650 Nanolab
Scanning Electron Microscope/Focused Ion Beam (SEM/FIB) system at Michigan Center for
Materials Characterization (MC?). The SEM/FIB system utilized an electron beam normal to the
stage when the stage was tilted to 0° and a Ga ion beam 52° from the electron beam direction. Both
beams were able to image the sample, and the ion beam was also used for milling and sputtering.

The current and energy of both beams can be controlled independently. Depending on the
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application, they were varied throughout the sample preparation process. For the purpose of this
study, the Ga ion energy was kept at 30 kV. Besides the conventional “lift-out” method, several
additional procedures were taken to ensure the production of S/TEM samples with the highest

quality possible for the purpose of the next-step S/TEM characterization.

4.3.1.1 Electron Backscatter Diffraction (EBSD)

Before the “lift-out” procedure, the orientation of the extracted cross-sectional S/TEM
sample was determined by the technique called EBSD, with an EBSD detector equipped on the
SEM/FIB system. The crystallographic plane of the extracted S/TEM samples were selected to be
close to the (001) orientation. The reason to prepare the S/TEM samples in this orientation was
because of the ease of characterization of dislocation loop types in the irradiated microstructures
at this orientation of [001] [123], which is further illustrated in Section 4.3.2.1.

The EDAX TEAM™ EDS Software Suite for SEM software was used to collect EBSD
data. Several parameters within the software prior to data collection needed to be correctly set up.
The working distance between the bulk material surface and the electron gun was 10.5 mm. The
stage needed to be tilted to 60° angle facing the EBSD detector to increase the contrast in the
resultant electron backscatter diffraction pattern. The software could also conduct the image tilt-
correction based on the stage tilting angle, so that the resulting data sets were adjusted to plan-
view of the sample surface. The electron beam energy was set to be at a maximum value of 30 kV
to ensure enough penetration into the sample surface. The penetration depth can be calculated

[124] using Equation 4.6:

E1.67

BSE = W cos6 Equation 4.6
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where IDgsp (nm) is the information depth of the backscattered electron (BSE) emission,
A (g/mol) is the atomic weight of the tested material, E (keV) is the energy of incident electrons,
p (g/cm?) is the density of the tested material, Z is the atomic number, and 8 is the stage tilting
angle. In this study, after plugging in the parameters of the AM-HT9 material, 30 keV maximum
electron energy and 60° stage tilting angle, the maximum penetration depth is calculated to be
about 400 nm, which is slightly shallower than the lower bound of the 500-700 nm target area of
interest in the irradiated AM-HT9.

The electron beam current was ~6 nA or ~13 nA to ensure sufficiently high signal-to-noise
ratio during data collection. The binning was set as 4x4 with gain at ~10, frame at ~167, and
optimized exposure values based on selected electron beam current. Further, the candidate crystal
structure of Fe-bce-ferritic phase with the lattice constant of 2.87A was pre-selected in the software
database to help determine the grain orientation. After the background signal was subtracted and
the target area was located, the data collection was ready to start. After the EBSD data collection,
all the data were transferred to OIM Analysis™ software for the 3D visualization of the
crystallographic orientation of the grain of interest. To determine the (001) orientation of the
extracted TEM sample, the inverse pole figure (IPF) alone was not enough; the 3-dimensional
information of how the BCC cubic crystal was placed for a grain at the sample surface was critical.
For example, as shown in Figure 4.7, the EBSD-IPF mapping on the left indicates the “in”
orientation of the grains where red, green and blue colors represents [100], [110] and [111]
orientations, respectively. The cubic on the right indicating the crystal orientation for the grain
with [100] “in” orientation in red highlighted with a white circle shows that there exists two

possible ways of obtaining a {100} lift-out sample, when the extracted slice of material is along
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the side of the cubic. Using this 3-dimensional EBSD information of a particular grain, in theory,

a TEM sample on any common low-index crystallographic planes can be made by FIB.

{100} plane

.‘ @{100} plane

Two ways of conducting Pt
_ deposition to obtain TEM sample
% on the (100) crystallographic plane

101

Figure 4.7. An example of using EBSD to determine how to extract a TEM sample using FIB that is along any
crystallographic plane, and in this case, the {100} planes.

4.3.1.2 FIB Lift-out

The whole process is demonstrated in Figure 4.8, with detailed procedures described

below.
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Figure 4.8. The “lift-out” process in the SEM/FIB system, adapted from [125]. (a) A platinum protective layer
deposited on the sample surface. (b) Two trenches were made along the long side of the platinum layer. (c) An
inserted OmniProbe to lift out the S/TEM specimen. (d) The specimen attached to the TEM half grid (on the left).
(e) A final view of the thinned S/TEM specimen, viewed in SEM. (f) A final view of the thinned S/TEM specimen,
viewed using ion beam. The final thickness for all specimens was 150-180 nm.

Once the (001) orientation of the lift-out was determined on a grain, the stage needed to be

tilted to 52° with a working distance of ~4mm from the electron gun to the sample surface, which
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was close to the eucentric height position of the SEM/FIB system. At this height, the same area of
view on the sample using both electron and ion beams with a 52° angle provided a 3D full picture
of the observed sample, to allow accurate operation in the lift-out process. The carbon gas injector
needle was inserted to deposit a carbon layer with 0.2 um thickness and 1.5 um width, for the
purpose of probe alignment in the STEM. The current of the ion beam was at 40 pA to ensure the
production of a dense carbon layer. The direction of the deposited carbon layer matched the EBSD
result so that the extracted S/TEM specimens were close to (001) crystallographic orientation.
Afterwards, the platinum gas injector needle was inserted to further deposit a platinum layer with
3.5-4.0 um thickness and 1.5 um width to protect the sample surface from being damaged by the
Ga ion beam. The ion beam current of 0.23 nA was used for the deposition of the platinum layer.
The energy used for the Ga ion beam was 30 kV, and such thickness of a few micrometers of the
platinum protective layer was more than enough to shield the materials beneath.

After that, two big trenches using a regular cross-section pattern were made along the long
side of the platinum layer, with the ion beam current of 9.3 nA. The width and depth of the pattern
were 8 um and 4 um, respectively. A lower current of 2.5 nA was then used to further clean the
cross-sectional cut. The stage was then tilted back to 0° to make a near U-shape cut by using a
regular rectangular pattern with 2.5 nA ion beam. The U-shape cut was not cut all the way through
to have some remaining material connecting the S/TEM sample and the bulk material. An
OmniProbe™ needle was then inserted and moved very close to the corner of the S/TEM sample.
Platinum deposition was made to weld the sample and the OmniProbe together by using 40 nA ion
beam. Finally, 2.5 nA ion beam was used to cut through the remaining joint between the specimen

and the bulk material, so that the OmniProbe lifted the attached sample out of the bulk sample.
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After the specimen was lifted out, the sample needed to be mounted on a TEM half grid
for S/TEM characterization. The gold-coated TEM half grids, made by cutting a whole grid into
halves, were used to ensure successful flash electropolishing experiments. Details on flash
electropolishing are discussed in Section 4.3.1.3. The OmniProbe carrying the specimen was
moved to approach the tip of the TEM half grid, and a platinum pattern was used to weld the
specimen with the grid. Finally, the platinum joint between the specimen and the OmniProbe was
cut off, so that the OmniProbe was moved back to its original parking position. The stage was then
rotated 180° to deposit another platinum pattern at the back side of the specimen to ensure steady
joint between the specimen and the grid. At this point, the specimen was still ~1.5 pm thick.

The specimen needed to be thinned down to 150-180 nm thickness prior to flash
electropolishing. This was conducted by ion beam milling at the stage tilting angle of 52°+£1°. At
52°, the specimen appeared edge-on when viewed from the ion beam image, which was an ideal
position to measure the sample thickness. A slight tilting of 1° up or down would allow efficient
removal of the materials to be thinned down to the final thickness, without completely removing
the protective platinum protective layer. The ion beam current was 0.79 nA when the specimen
thickness was greater than 800 nm, and 0.23 nA current was used to finally thin down the specimen

to the targeted 150-180 nm thickness.

4.3.1.3 Flash Electropolishing

Unlike traditional final thinning method using 5 kV and 2 kV ion beams in the SEM/FIB
system, flash electropolishing was used to serve several purposes. First, it was more time efficient
to perform flash electropolishing as compared to the traditional low-energy FIB cleaning,
especially when the final cleaning for more than two samples is needed. Second, flash

electropolishing can remove the FIB induced damage layers on the two surfaces of the S/TEM
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specimens. Third, the samples were kept flat during the flash electropolishing, rather than likely
being bent during the low-energy FIB cleaning. The removal of the artifacts during the final
thinning using flash electropolishing tremendously improved the quality of microstructural
characterization with significantly higher signal-to-noise ratio of the S/TEM images. This was
particularly important for dislocation loop characterization in irradiated samples, because ion beam
in FIB induced small black dot defects that were small-size dislocation loops in-nature. The
removal of these small features ensured all features captured during S/TEM characterization were
indeed induced by irradiation to bulk materials, rather than artifacts. Several successes of applying
this technique were reported in recent years on different material systems [7,102,126—135].

An example of the microstructure of an ion irradiated Ni-based high entropy alloy
specimen before and after flash electropolishing is shown in Figure 4.9. As can be seen, before the
flash electropolishing, the FIB induced black dot damages are visible throughout the whole region
of the sample. After the flash electropolishing, a clear radiation-induced defect band is visible,
indicating the radiation affected region, whereas a clean and undamaged deep region can be

observed.
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Before “flash polishing”

Sample surface

After “flash polishing”

200nm

Figure 4.9. An example of an ion irradiated Ni-based high entropy alloy (a) before and (b) after flash
electropolishing, adapted from [125].

A typical setup of the flash electropolishing experiment is shown in Figure 4.10. The
working mechanism of flash electropolishing of S/TEM specimens and the regular flash
electropolishing of bulk materials are same, but different parameters were used. The voltage was
15 V for the studied AM-HT9 material, and the polishing temperature was -40°C ~ -45°C. A
mixture of solution containing 4% perchloric acid and 96% ethanol was used as the electrolyte. A
self-closing gold-coated tweezer holding the grid acted as anode of the circuit, and a platinum
mesh in a hollow square shape that was dipped into the electrolyte was used as conducting cathode
of the circuit. The only difference in the circuit between bulk electropolishing and flash

electropolishing was that the amount of time for flash electropolishing S/TEM specimens is ultra-
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short, at around 0.1-0.3 s, because of the small amount of material to be removed. To accurately
control this small amount of time, a timer relay was used to serve the purpose. A set amount of
time can be programed into the timer, so that the circuit was connected for the set amount of time
after the triggering by pressing a manual button, and automatically disconnected immediately
afterwards. After the specimens were flash electropolished, the tweezer carrying the grid was put
immediately in a successive fashion into four beakers containing reagent alcohol to clean and
remove the residual electrolyte on the specimen and the grid to avoid corrosion. Cleaning lasted
for 5 min for each specimen in the four beakers. After the flash electropolishing, the final thickness

of the S/TEM specimen usually ranged from 70 nm to 100 nm.

Figure 4.10. The setup for flash electropolishing of S/TEM specimens, adapted from [75].

4.3.2 S/TEM Characterization
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All S/TEM characterization was conducted on a Thermo Fisher Talos F200X G2 S/TEM
operated at 200kV, either housed at ORNL or MC2. The Talos S/TEM was equipped with (i) a
Gatan One View camera with 4K x 4K resolution to collect CTEM images and diffraction patterns;
(i1) four STEM image detectors — bright field (BF), low-angle-annular-dark-field (LAADF),
medium-angle-annular-dark-field (MAADF), and high-angle-annular-dark-field (HAADF) with
4K x 4K resolution as well with increasing collection angles to simultaneously collect four STEM
images; (ii1) four energy-dispersive X-ray spectroscopy (EDX) detectors to collect elemental
distribution information with high efficiency; and (iv) a high-speed electron energy loss
spectroscopy (EELS) DualEELS system to measure sample thickness.

After loading the S/TEM specimen on the sample holder with double tilt capability, the
holder and the specimen were plasma cleaned using an Ar/O recipe for 5 min to remove residual
carbon contaminations. Afterwards, the holder was carefully inserted into the S/TEM with caution

of not breaking the vacuum of the system.

4.3.2.1 Dislocation Loop and Line Dislocation Imaging: On-Zone [001] STEM-BF

The on-zone STEM bright field (STEM-BF) technique was used for dislocation loop
characterization. This technique has been demonstrated to be applicable to various irradiated
material systems, including BCC ferritic-based alloys [37,123,136,137], face-center-cubic (FCC)
Ni-based concentrated solid solution alloys [7,127,131,132,135,138], and uranium nitrides [139].
In this work, on-zone [001] STEM-BF was used, with the advantages [127] over the traditional
kinematic two-beam condition imaging [102,126,129,130,133,140,141] in the CTEM mode: (i)
improving signal-to-noise ratio due to suppressed bend contours and thickness fringes [142]; (ii)
exhibiting all dislocation loop and line dislocation structures [143]; and (iii) enabling reliable and

convenient identification of dislocation loop type from the morphology [127,144].
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AM-HT9 has a BCC ferritic crystalline structure, and two types of dislocation loops with
different Burgers vectors are well-known to form: a(100) and a/2(111) [123], where a represents
the lattice parameter of the unit cell of AM-HT9. The projected dislocation loop morphology is
demonstrated in Figure 4.11. As can be seen, dislocation loops with edge-on and in-plane
morphology were identified as a(100) type, whereas elliptical dislocation loops with major axes

normal to each other were identified as a/2(111) type.

Figure 4.11. The developed dislocation loop morphology map developed by B. Yao [123], and an on-zone [001]
STEM-BF image of an irradiated AM-HT9 alloy with loop type labeled: a/2(111) in red and a(100) in blue. Two
images are rotated so that the orientation matches each other.

After the sample holder with the specimen was loaded into the S/TEM, the stage was
moved so that the specimen was brought into the field-of-view in the conventional TEM (CTEM)
mode. The TEM was then aligned to ensure the best beam and imaging quality. As mentioned, the

targeted depth of interest was 500-700 nm from the sample surface, or the interface between

69



platinum protective layer and the matrix. The grain at the target depth was then located, preferably
has reasonably large grain size and close to [001] crystallographic orientation. The sample was
then tilted to be exactly on-zone [001]. The diffraction pattern was then taken as a reference for
later-on identification of dislocation loop types. Then, the S/TEM was switched to STEM mode
for imaging dislocation loops. The 4K x 4K high resolution images were collected for all studied
samples, with the vender-indicated magnification of 320 kx and the dwell time set up resulting in
the collection time of 40 s.

After the image collection, Imagel software was used to measure the diameters of all the
observed dislocation loops. Regardless of the morphology of the dislocation loops (in-plane thus
circular, inclined thus elliptical, or edge-on), the longest axes were measured as the diameter of
each dislocation loop with the assumption that most dislocation loops are in circular shape. In this
case, the length of the longest axes is always the length of the diameter. All reported dislocation

loop sizes were measured in this way in diameter.

4.3.2.2 Clustering Imaging: STEM-EDX

The four STEM-EDX detectors were inserted to collect EDX signals at the same time. The
magnification used was either 225 kx or 450 kx for all EDX data collection, with 1K x 1K
resolution. The dwell time was selected so that each frame was completed within 5 s to minimize
sample drifting within each frame. All elements in Table 4.1 were selected. Data collection usually
took 10 min to develop significant visualization of elemental distributions in the specimen with a
count rate of 100 kcps or greater. Spot size 1-2 (vendor indicated) within the Talos STEM was
used to achieve this high count rate.

The Bruker ESPRIT software coupled with the Talos S/TEM at ORNL or the Velox

software coupled with the Talos S/TEM in MC? was used for the STEM-EDX data collection. Two
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types of images were generated in different ways. For the STEM-EDX maps that contained one
element, images were directly obtained by a simple output using the Bruker ESPRIT or Velox
software. For the Bruker ESPRIT-collected STEM-EDX maps containing four elements, as shown
in Section 0, the overlay images were generated by data manipulation achieved by using a custom,
in-house Python code [145], attached in We have been awarded a Nuclear Science User Facilities
(NSUF) Rapid Turnaround Experiment (RTE) project entitled . The code was used to generate
overlay images that highlight the various cluster populations found in the raw data. The code
generates the images by completing the following steps [37]:

1) Individual text files for each element of interest (Cr, Nb, Ni, and Cu) that contain the
integrated peak counts of the given element at each pixel were exported from the Bruker ESPRIT
software.

2) A low-level threshold (e.g., <I-5 counts) for the counts at each pixel was applied to
filter out systematic background for each element.

3) A Gaussian filter using the scikit-image package and a sigma value between 2 and 4.5
[146] was used to smooth out the elemental maps.

4) A single-color ramp was assigned to each element.

5) Final mapping was obtained by overlaying four maps together.

6) The zero channel in the integrated image color ramp was converted from black to white.

After the image collection, Imagel software was used to measure the diameters of all the

observed precipitates. All reported precipitate sizes were measured in this way in diameter.

4.3.2.3 Thickness Measurement: EELS
This method estimated the thickness of the sample by measuring the amount of electron

energy loss as the beam passed through the sample, using a built-in algorithm in the
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DigitalMicrograph® software. The BF, LAADF and MAADF detectors were taken out to avoid
blocking the beam from going through to reach the EELS detector. After aligning and sharpening
the zero-loss peak in the EELS spectrum collected by placing a stationary beam in the vacuum
area so that there was no energy loss of the electrons, the exposure time was maximized to increase
the signal-to-noise ratio of the spectrum, while the EELS camera was not over-exposed to avoid
the damage cause by the strong beam. Then the area of interest on the specimen was selected to
collect the mapping of the EELS spectrum by scanning the beam within this region. The step width
of the EELS mapping was selected to be about 3-5 nm to ensure reasonably good spatial resolution.
The average of the thickness spectrum within this region was then used as nominal thickness to
compute feature volumetric density.

The thickness measurement is dependent on the selected divergence angle, collection
angle, assumed specimen atomic mass, electron beam energy, and other factors. With the same
procedure used every time, the error was consistent among all experiments and thus can be set to
a fixed value of around 10% [62] as a result of systematic uncertainties in the assumed variables

within the calculation.

4.3.2.4 Cavity Imaging: Through-Focus TEM

The Talos S/TEM was switched back to CTEM mode for cavity imaging. The off-zone
through-focus method [147,148] was used for the purpose. The procedures are described as
follows. The area of interest was first located at the region where the thickness was measured. The
selected area aperture was then inserted to select this region. After switching the CTEM into
diffraction mode, the diffraction pattern showed up. The objective aperture was then inserted to
include only the transmitted beam, so that when switched back to CTEM, BF mode was chosen.

If dislocation and dislocation loop contrast were visible, the sample was then randomly tilted
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slightly to an off-diffracting condition, so that most of the diffraction contrast from these features
disappeared. The sample was then brought to the eucentric height by moving the Z-height of the
stage control. The focus knob was then turned to apply defocus in the TEM-BF images. Both
under-focus and over-focus images were collected with the magnification of 190 kx and the
resolution of 4K x 4K. The Fresnel contrast [126,130,133,149,150] around the edge of the cavities
in the irradiated TEM samples developed as the image was brought out of focus. Images were then
captured for statistical counting. Another commonly used imaging method of STEM high-angle-
annular-dark-field (STEM-HAADF) was not used in this work. This method would work well for
imaging large cavities by utilizing the Z-contrast, but it fails when used to image small cavities of
a few nanometers in size, such as those that nucleated and had not undergone significant growth.
On the other hand, the mentioned Fresnel contrast-based method in the CTEM mode allows
effective imaging of both small and large cavities.

After the image collection, Imagel software was used to measure the diameters of all the

observed cavities. All reported cavity sizes were measured in this way in diameter.

4.3.3 Counting Statistics, Sink Strength Calculation, and Error Analysis

For all the reported statistics from counting, an effort was made to minimize the errors.
There are three types of error that are needed to be accounted for: error due to TEM resolution,
error due to EELS thickness measurements, and error due to counting statistics. The TEM image
resolution is 0.08 nm/pixel, which is much lower than the measured feature size of a few
nanometers or larger. Therefore, the error due to TEM resolution is considered negligible in this
work. The fitting of the EELS zero loss method for measuring the sample thickness exhibits an
error of 10%, as mentioned before. This thickness measurement affects the calculation of number

density but is not dependent on any other factors,
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o =10% Xt = 0.1t Equation 4.7
where t is the measured sample thickness using EELS zero loss method.
To compute density of features using area as two-dimensional information such as line

dislocations,

Nap

=2 Equation 4.8
It

P2p =

where N, is the number of intersections between line dislocations and the cross-sectional cut-
plane defined by a randomly drew straight line on a TEM micrograph, [ is the length of the line,
and t is the thickness of the TEM sample. The error associated with it is calculated as
0p,p = 0.1p2p Equation 4.9
To compute density of features using volume as three-dimensional information such as

cavities, precipitates, and dislocation loops,

N3D

=— Equation 4.10
abt

P3p

where N;p is the counted amount of a specific feature, a and b are the width and length of the area
of interest. The error associated with the feature density is then
Op,p = 0.1p3p Equation 4.11
For the computed swelling,

T
gZ dgav
Vs
abt — EZ dgav

Swelling = Equation 4.12

where d_,,, 1s the measured diameter of each cavity. The error associated with the swelling is then

computed as

0.1abt
Ty g3
abt — gZ dcav

Oswelling = Swelling X Equation 4.13

74



To calculate the sink strength of cavities, which are considered neutral sinks, the following

equation is used,

Scavip = 2T Z dcavPeav Equation 4.14

21 .
Scavip = @Z deav Equation 4.15

Therefore, the error associated with the cavity sink strength is
OS cav iv = O'lscav L Equation 4.16

Similar to cavities, to calculate the sink strength of Ni-rich and Cr-rich precipitates, which

are considered incoherent thus neutral sinks, the following equations are used,

21 .

Niip = @Z dyi Equation 4.17
2n '

Scriv = ﬁi der Equation 4.18

where dy; and d., are measured diameters of each Ni-rich and Cr-rich precipitate, respectively.
Therefore, the error associated with the Ni-rich and Cr-rich precipitate sink strengths are
OSniiy = 0.1Sy; i Equation 4.19
Oscrin = 0.1S¢r i v Equation 4.20
Dislocation loops are considered to be biased towards preferentially absorbing interstitials

over vacancies. The sink strength of dislocation loops is as follows

71. .
Sio0pv = %Z dioop Equation 4.21

n .
Stoop i = Zioop i X %Z dio0p Equation 4.22
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where d;,,, 1s the measured diameters of each dislocation loop, regardless of a/2(111) or a(100)
dislocation loop types, and z;40p ; 18 1.25 [151-153]. The error associated with the sink strength of
dislocation loops is
TS 100p v — 0-15100p i Equation 4.23
Similarly, line dislocations are also considered to be biased towards interstitial absorption.
The sink strength of line dislocations is calculated by
Saisv = Pdis Equation 4.24
Saisi = Zaisi X Pdis Equation 4.25
where pg;s is line dislocation density, and zjqp i is 1.07 [151-153]. The error associated with the
sink strength of line dislocations is
Osgisin = 0-1Sais iv Equation 4.26
The total sink strength of vacancies, S,,, and interstitials, S;, can then be calculated by
summing up individual contributors such as line dislocations, dislocation loops, cavities,

precipitates, and grain boundaries,

Sy = Z Sjv Equation 4.27
j
Si = Z Sji Equation 4.28
J
with the error calculated by
Os, = Z Uszjv Equation 4.29

Os; = ’Z Os; Equation 4.30
J
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4.3.4 Numerical Solutions to the Cavity Growth Rate Equation and Error Analysis

Before discussing the results of the irradiation experiments, it is helpful to describe a
common analytical framework in this section to be used in the analysis. The cavity growth rate
equation depends on several parameters from the microstructure, the irradiation conditions, and
the material properties. With the analytical solution from the defect balance equations, the
theoretical swelling rate can be computed to compare with the experimental results and provide
insights of the factors governing the swelling rate in the three conditions of irradiated AM-HT9

alloys. Starting from the defect balance equations [79],

dc .
dt” = K, — K;,C;C, — D,,C,S, Equation 4.31
dc; .
d—t‘ = K, — K;,C;C, — D;C;S; Equation 4.32

where C,, and C; are irradiation-induced vacancy and interstitial concentrations (dimensionless),
respectively. K, is the damage rate in dpa/s or s”!, and K;,, is the defect recombination rate in s’
D, and D; are vacancy and interstitial diffusion coefficients, respectively, and S, and S; are total
sink strength for vacancy and interstitial absorption, respectively.
During the steady state, % and % are zero, giving
K, - K;,C;C, — D,C,S, =0 Equation 4.33
K, — K;,C;C, — D;C;S; =0 Equation 4.34
and the steady-state concentrations of irradiation-induced vacancies and interstitials can then be

solved as
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Equation 4.35

Equation 4.36

Note that among all the irradiation-induced vacancies that survive from either
recombination or absorption by defect sinks, a small amount of thermal vacancies can be
accommodated in the matrix of the material, resulting in a slightly lower amount of effective

vacancies that are able to contribute to the cavity growth. Thus,

ceffective _ C, — Clghermal Equation 4.37

v

where Cff Jective is account for the effective vacancy concentration that actually contributes to

cavity growth, and C5"¢"™al is the thermal vacancy concentration representing vacancies that are
accommodated in the matrix without contributing to the cavity growth.

In order to calculate the cavity growth rate, Equation 4.38 is used,

diavyv 1 d@vyv
% = ?0 X % Equation 4.38

where 247 i the swelling rate in dpa™!, @ is the damage level in dpa, AV /V is the swelling, t is

the time in s, and the swelling rate with respect to time can be further expanded as

d(AV/V) _ 4’7Trczavpcav T
dt 0 cav

Equation 4.39

Here, 1.4, is the average cavity radius, 7., is the cavity radius growth rate with respect to time,
Peav 18 the cavity number density, (2 is the atomic volume, or, the volume taken by each atom.

Finally, with the last piece of equation below,

Teavleav = -Q(Dvcveffe“ive — D;Cy) Equation 4.40
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the numerical solution of the theoretical swelling rate with respect to the damage level can be
obtained by plugging in the above-mentioned solution of steady-state effective vacancy and

interstitial concentrations:

d(av)v) nD;D, 4KyK;y
——Z2=d —2 14+ ——1(-S
d¢) Ca'l]pca‘l] [ KOKlv DleSlSv ( L 1.7)
Equation 4.41
27TDV Cghermal
— —KO

Here, statistical results of d.4y, Pcav, Si and S, from experiments need to be introduced into
Equation 4.41 to solve for the theoretical swelling rate from the current state, or damage level, to
the next state, or the next higher damage level. For all the irradiations conducted within, the
damage rates were kept at 5.8x10™* dpa/s. Other parameters in the final solution can be calculated
separately as detailed below.

_ Zw(D; + Dy)

> Equation 4.42
)

iv

where K;;, of 500 is the combinatorial factor [3], a, is the lattice parameter of the material and in

this case, is 2.89x10'%m [79]. The interstitial and vacancy diffusion coefficient can be computed

as,
E™
D; = Dj{exp (—ﬁ Equation 4.43
B
m
D, = Djexp (—ﬁ Equation 4.44
B

where DJi of 6.59x107 m%s and D[} of 5.92x10° m?/s are pre-exponential factors for Fe
interstitial and vacancy diffusion respectively, E/™ of 0.36 eV and EJ* of 0.77 eV are activation

energy for Fe interstitial and vacancy diffusivity respectively, in FM steels [154]. kg is the
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Boltzmann constant of 1.38x10°2* J/K, and T is the irradiation temperature in Kelvin. The thermal

vacancy concentration is calculated by

f

Clghermal = exp (— ﬁ Equation 4.45
B

where E{: of 1.6 eV is the activation energy for Fe vacancy formation [155].

All the parameters used to obtain the computed theoretical swelling rate are listed in Table

4.3.

Table 4.3. Parameters used to compute the theoretical swelling rate.

Symbol Physical meaning Values
m pre-exponential factor for Fe 7.9
Dio interstitial diffusion 6.59x10"m’s
m pre-exponentlal'fact(.)r for Fe 5.99%10-6 m?/s
vacancy diffusion
m activation energy for Fe interstitial
Ei diffusivity 0.36eV
m activation energy for Fe vacancy
Ey diffusivity 0.77 eV
£ activation energy for Fe vacancy 1.6 eV
v formation
a, lattice parameter 2.89x10"m
K, damage rate 5.8x10 dpa/s
Ziy combinatorial factor 500
. ) dcav/v) . .
Lastly, the error of the theoretical swelling rate e if defined by f;, is developed
using error propagation,
or, = f1 X deav ) | (Leav) 4 (L2 Equation 4.46
f1 1 d f.
cav Pcav 2
where f, is defined as
nD;D, 2mD, Ccthermal
= Si—8Sy) ———— Equation 4.47
2 KO Ki ( i v) KO q
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and its error is

of,

Equation 4.48

2

O-Si 2 O-Sv 2 2 2

2K, K;y (S_L) + (ﬁ) . 1 s /,f“si +0g,

D;D,S;S KKy [ aRK. s
iYvoidv 1+ —DiDvSiSv 1+ DL-D:jSiLg'v -1 i v

4.3.5 Atom-Probe Tomography

- Sv)

To fully quantify the composition of precipitates observed in STEM-EDX in Heat A, APT
was performed using the CAMECA® LEAP 5000XS with an approximately 80% detection
efficiency at the Northwestern University Center for Atom-Probe Tomography (NUCAPT) [37].
APT was performed in laser mode (355 nm wavelength ultraviolet laser) at 25 pJ laser pulse energy
and a 50 K base temperature for the ASB specimens. For the ACO-3 and FCRD specimens, APT
was performed at 30 pJ laser pulse energy and a 60 K base temperature with a 1-2% detection rate
and a 250-500 kHz laser pulse repetition frequency. Two to three APT tips for each sample
condition were run, and there were 20—70 million atoms for each run. Finally, the analyzed
volumes were reconstructed, and the data were processed using CAMECA’s Integrated
Visualization and Analysis Software package, version 3.8. During sample reconstruction, the
image compression factor (k) was held constant at 1.65, and the field factor (k) was tuned to
provide correct interplanar distances for various identified crystallographic poles in the detector
hit map. The k values ranged between 3.2 and 3.84 [37].

For global composition calculations, peak deconvolution was employed to separate mass

spectra peaks for species such as **Cr?*/**Fe?" and **Fe?*/°®Ni?**. Precipitation was identified using
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the isoconcentration method. Compositional information for the identified precipitates was
obtained by employing the proximity histogram concentration profile methodology for APT and
extracting the average “core” concentration of identified clusters [156]. Because few atoms at the
core of the identified precipitates were available, peak deconvolution of the precipitate cores was
not practical and some minor variation in Fe/Ni concentrations might be expected in reported
precipitate compositions. Because few precipitates were identified in each specimen, size and
dispersion information was not computed by this method and was instead computed using the

STEM-EDX results as mentioned in Section 4.3.2.2 [37].
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Chapter 5 Results

This chapter presents the results of the characterization of the ion irradiation-induced
microstructures in three thermally-treated conditions of two heats of AM-HT9. The results are
divided into three sections based on the irradiation campaign undertaken. The first section focuses
on the screening results on microchemical responses across the three conditions of AM-HT9 of
Heat A under single-ion irradiations. The second and the third sections focus on the results of dual-
ion irradiation on the Heat B of three conditions of AM-HT9. Specifically, the second section
focuses on the results with varying irradiation damage levels, while irradiation temperatures,
damage rates, and helium co-injection rates are kept the same; the third section focuses on the
results with varying irradiation temperatures, while damage levels, damage rates, and helium co-

injection rates are kept the same.

5.1 Unirradiated Microstructures of AM-HT9

The unirradiated microstructures of three conditions (ASB, ACO3 and FCRD) of Heat A
of AM-HT9 were characterized by Sridharan et al [49], as shown in Figure 5.1 and Figure 5.2
using optical microscopy, SEM, EBSD, and S/TEM respectively. The corresponding sink
strengths of ASB, ACO3 and FCRD specimens were calculated as 12.2, 2.4, and 2.7 x 10'%/m?,

respectively [49].
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a) el
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10 pm

Figure 5.1. Optical micrographs showing the general martensitic structure, SEM secondary electron
micrographs showing carbide decorations, and EBSD micrographs showing grain orientation relationships in
the (a) ASB, (b) ACO3, and (c) FCRD conditions of AM-HT9 in Heat A. From [49]
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Figure 5.2. STEM micrographs and EDS maps showing the general lath structure and distribution of precipitates
in the Heat A of AM-HT?9 in (a) ASB, (b) ACO3, and (c) FCRD conditions. Color scale arbitrary, size scale
identical for all images. From [49].

Due to the Cu uptake from the AM and processing history in Heat A, as discussed in
Section 5.2 and Section 6.1, Heat B was fabricated with no observation of Cu uptake. Very similar
grain structures between the Heat A and Heat B revealed by EBSD are shown in Figure 5.3 and
optical micrographs in Figure 5.4. In addition, the in-grain dislocation microstructures within
ACO3 and FCRD specimens of Heat B of AM-HT9 are shown in Figure 5.5, with ASB sample

containing highly defective microstructures with high density of line dislocations and grain
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boundary area. The sink strengths in three conditions of AM-HT9 in Heat B are calculated as 7.5,
1.9,and 2.4 x 10" (/m?) for ASB, ACO3, and FCRD respectively. The most dominant sink features
are grain boundaries for ASB and line dislocations for ACO3 and FCRD, which are considered

within as neutral and biased sinks, respectively.

F igure 5.3. EBSD mzcrographs showzng the similar gram structuré of the two heats of AM- HT 9 (al) ASB (Heat
A), (b1) ACO3 (Heat A), (c1) FCRD (Heat A), (a2) ASB (Heat B), (b2) ACO3 (Heat B), and (c2) FCRD (Heat B),
respectively.
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HT 9-0RNL AC03- Z

HT9-ORNL FCRD- Z

Figure 5.4. Optical micrographs showing the (a) layered structures within the ASB condition of AM-HT9 (Heat
B), with microstructures homogenized after heat-treatments shown in (b) ACO3 and (c) FCRD. Build direction is
lefi-to-right in the images.
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Figure 5.5. STEM-BF micrographs showing the in-grain microstructures in the Heat B of AM-HT9 in (a) ASB,
(b) ACO3, and (c) FCRD conditions, respectively. The ACO3 and FCRD microstructures were characterized at

on-zone [001] STEM-BF conditions showing all line dislocation structures.

5.2 Microchemical Responses in Heat A of AM-HT9 under Single-Ion Irradiation

The three conditions of Heat A of AM-HT9 were single-ion-irradiated with 5 MeV Fe?* to
50 dpa at 460°C to cross-compare their microstructural responses. High-magnification (450 kx)
STEM-EDX mapping coupled with STEM low-angle annular dark-field (LAADF) images was
obtained to ascertain details of the microchemical evolution within the grain and matrix before and
after irradiation. The results are shown for the ASB, ACO-3 and FCRD conditions of AM-HT9
(Heat A) in Figure 5.6. There are several points to note. First, STEM-LAADF images are reported
here because they exhibit the best contrast among images obtained from all four detectors (BF,
LAADF, MAADF, and HAADF) for the clustering present in the microstructures. Second, the
following elements with significantly different distributions before and after irradiation are
included in the STEM-EDX results: Ni, Cu, Nb, and Cr, because of the identification of V/Nb-
rich, Ni/Si/Mn-rich, Cr-rich carbides and Cu-rich precipitates/clustering in some or all the samples
either before or after irradiation. Third, the unirradiated STEM-EDX maps reported here were

obtained past the irradiation-affected depth, which went through the thermal cycle during the 24 h
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irradiation. Fourth, no significant differences in precipitate types or morphologies in the
unirradiated microstructures were observed with and without the thermal cycle.

Ni/Si/Mn-rich clusters are observed to form in all irradiated conditions of AM-HT9 (Heat
A) under single-ion irradiation with the damage level of 50 dpa at 460°C. In addition, Cu-rich
clusters are observed to form only in the ACO3 and FCRD conditions, whereas no Cu-rich clusters
are observed in the ASB condition of AM-HT9 (Heat A). Representative Ni/Si/Mn-rich and Cu-
rich precipitates induced by irradiation are shown in Figure 5.6. The full statistics of Ni/Si/Mn-
rich and Cu-rich precipitates are summarized in Table 5.1. As can be seen, the Ni/Si/Mn-rich
precipitates have a size of 6.1 + 1.7 nm, 9.7 & 2.3 nm, 10.5 £ 3.1 nm and a density of 1.3 (£ 0.2) x
10%%/m3, 2.9 (£ 0.5) x 10*!//m3, 3.7 (= 0.8) x 10?!/m? in the ASB, ACO3, and FCRD respectively.
The Cu-rich precipitates have a size of 8.1 £2.1 nm, 10.0 £ 2.8 nm, and a density of 2.9 (= 0.5) X

10*!/m3, 3.8 (£ 0.7) x 10*!/m? in irradiated ACO3 and FCRD, respectively.
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Figure 5.6. STEM-LAADF images in (al) ASB, (b1) ACO3, and (c1) FCRD coupled with STEM-EDX mapping
in (a2) ASB, (b2) ACO3, and (c2) FCRD show precipitates past the irradiated region in the TEM specimen, in
which materials underwent the thermal cycle; STEM-LAADF images in (d1) ASB, (el) ACO3, and (f1) FCRD
coupled with STEM-EDX mapping in (d2) ASB, (e2) ACO3, and (f2) FCRD show precipitates after single-ion

irradiation to 50 dpa at 460°C in Heat A of AM-HT9. From [37].
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Table 5.1. Diameter size (d, in nm) and density (p, in /m’) of Ni/Si/Mn-rich and Cu-rich precipitates/clustering in

three conditions of AM-HTY9 (Heat A) before and after irradiation to 50 dpa at 460°C [37].

ASB ACO3 FCRD

Before d not observed not observed not observed

Ni/Si/Mn | irradiation | p not observed not observed not observed

rich After d 6.1 (x1.7) 9.7(x2.3) 10.5(£3.1)
irradiation | p 1.3(£0.2) x 10% 2.9 (£0.5) x 10%! 3.7 (£0.8) x 10%!

Before d not observed 4.9 (£0.9) 6.6 (£2.7)

Cu rich irradiation | p not observed 3.0 (£0.5) x 10%! 1.1 (£0.3) x 10%!

After d not observed 8.1 (£2.1) 10.0 (£ 2.8)
irradiation | p not observed 2.9 (£0.5) x 10%! 3.8 (£0.7) x 10*!

The APT reconstruction results are shown in Figure 5.7, where different elements of
interest were represented using different color — Green for Ni, Grey for Si, Yellow for Mn, and
Orange for Cu, respectively. To fully quantify the precipitates in the irradiated microstructure, the
precipitate core compositions were measured using the proximity histogram method from the APT
data. The proximity histograms averaged over all Ni/Si/Mn-rich and Cu-rich precipitates observed
in three conditions of AM-HT9 specimens are shown in Figure 5.8. The measured precipitate core
compositions in at. % are shown in Table 5.2. As can be seen, the Ni composition in Ni/Si/Mn-
rich precipitates is 28.7 (£ 2.1) at. %, 33.4 (£ 0.8) at. %, and 35.3 (£ 1.5) at. %, in irradiated ASB,
ACO3, and FCRD, respectively. In addition, the Cu composition in Cu-rich precipitates is 75.7 (=

1.4) at. %, and 68.0 (= 1.5) at. % in irradiated ACO3 and FCRD, respectively.

91



Ni Si Mn Cu Fe+isosurfaces

- = -
?) ﬂ-‘-ﬂ in
< | : : .0._ __g‘
b ¥ e
* pa o o 30 nm
G| » ' o
. >
a | & i
G % e
b .P. $ &
‘ 30 nm

Figure 5.7. APT reconstructions of ASB, ACO3, and FCRD conditions of AM-HT9 (Heat A) after the irradiation.
For each condition, ion maps of Ni, Si, Mn, and Cu are shown in Green, Gray, Yellow, and Orange, respectively.
On the right, global maps highlight various microstructural features overlaid atop 0.1 at. % of black Fe atoms. In
the “Fe+isosurfaces” maps, green features are isoconcentration surfaces containing at least 10 at. % of the
combined Ni+Si+Mn ions; gray features are (Ni,Si)-enriched line dislocations (for ASB and ACO3) or low-angle
grain boundaries (for FCRD), and are shown using 0.5 at. % Ni isoconcentration surfaces. Orange
isoconcentration surfaces show Cu clusters with concentrations exceeding 5 at. %. Lastly, one brown 1 at. % C
isoconcentration surface shows a M»3;Cs carbide in the ACO3 condition. From [37].
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Figure 5.8. Proximity histograms obtained by averaging over all Ni/Si/Mn-rich (green) and Cu-rich (orange)
precipitates observed in (a) ASB, (b) ACO-3, and (c) FCRD AM-HTY (Heat A) specimens after the irradiation.
The value of 0 nm on the x-axis represents the interface associated with isoconcentration surfaces using a
threshold of 3 at. % Ni or Cu. Error bars indicate the standard deviation from the mean for elemental
concentrations in each interval (bin width = 0.1 nm). The legend provided in (a) is applicable to all proximity
histograms shown. From [37].
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Table 5.2. Measured precipitate core compositions in at. % in three conditions of AM-HT9 (Heat A) using the
proximity histogram method* [37]. N.O. indicates that the feature was not observed.

treifr?lte_:n ¢ | Precipitate type Fe Cr Ni Si Mn Cu
ASB Ni/Si/Mn-rich 25.6+2.1 47+1.0 287+2.1 | 28.1+2.1 10,0+ 1.4 0.0+0.0
Cu-rich N.O.
ACO3 Ni/Si/Mn-rich 20.2 +£0.8 1.8+0.9 334+0.8 | 26.9+0.8 15.5+0.9 1.3+09
Cu-rich 18.6+1.3 1.7+0.4 27+0.5 04+0.2 0.5+0.2 75.7+1.4
FCRD Ni/Si/Mn-rich 192+ 1.7 1.7+1.9 353+1.5 | 249+1.6 154+1.7 27+19
Cu-rich 173+1.2 2.8+0.5 6.2+0.8 20+04 2.7+0.5 68.0+1.5
*Balance elements (total <1 at. %) of Co, V, Nb, Mo, W, P, C, O, N not shown because of non-significant quantities
measured

Note from Figure 5.6 and Figure 5.7, that there is a clear spatial relationship between the
Cu-rich and Ni/Si/Mn-rich precipitates in the heat-treated ACO3 and FCRD samples. The co-
precipitation behavior will be discussed in Section 6.1.

Besides precipitation formation under irradiation, APT also revealed that Ni/Si enrichment
occurs near common defect sinks, such as dislocations, dislocation loops, and low-angle grain
boundaries after irradiation, as shown in Figure 5.7. This observation is supported by the low-
magnification correlated STEM-BF, -DF2, and -EDX mapping covering the whole irradiated
regions in ASB, ACO3, and FCRD, as shown in Figure 5.9. STEM-BF and -DF2 images present
the grain and carbide structures, as well as Ni/Si/Mn-rich clusters with high diffraction contrast.
Each STEM-EDX mapping contains at least one edge-on grain boundary that shows Ni enrichment
near the grain boundary within the irradiated region. One detailed high-magnification STEM-EDX
mapping was performed near an edge-on grain boundary in the ACO3 specimen, as shown in

Figure 5.10.
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Figure 5.9. Low-magnification of correlated STEM-BF (in the first row), STEM-DF?2 (in the second row), and
STEM-EDX mapping (in the third row) images showing the RIS of Ni-enrichment near the edge-on grain
boundaries in irradiated (a) ASB, (b) ACO-3 and (c) FCRD specimens. More defect sinks in the ASB specimen
result in more trapping of Ni, whereas reduced sink density in the heat-treated specimens of ACO3 and FCRD
enables higher content of Ni release into the matrix that form more mature Ni/Si/Mn-rich clusters under irradiation.
From [37].
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Figure 5.10. STEM-EDX mapping of ACO3 condition of AM-HT9 of Heat A after the irradiation. Selected
representative elements show segregation near the grain boundary. (a) The HAADF STEM image with enriched
elements including (b) Ni and (c) Si, as well as depleted elements, including (e) O, (f) Cr, (g) Mo, and (h) V. The

(f) Cu map shows no segregation, whereas Cu-rich cluster nucleation was observed. From [37].

In addition, no cavity or swelling was observed within all three conditions of AM-HT9 of
Heat A at this irradiation condition, indicating the damage level is still within the incubation period

for swelling evolution.

5.2 Microstructure Evolution in Heat B of AM-HT9 under Dual-Ion Irradiation: Variable
Damage Levels and Fixed Irradiation Temperatures (445°C)

This section of the results will be further broken up into three subsections: swelling and
cavity evolution, dislocation loop evolution, and cluster evolution.

5.2.1 Swelling and Cavity Evolution

Cavities are observed to form in irradiated ACO3 and FCRD conditions of AM-HT9 (Heat
B) regardless of the damage level from 16.6 dpa up to 250 dpa, while cavities are observed to form

in ASB condition of AM-HT9 only with a damage level of 100 dpa or greater. Representative

96



cavity microstructures induced by irradiation are shown in Figure 5.11, where cavities are shown
in the under-focus condition leading to white contrast centers with a dark Fresnel fringe. The
manual counting results of cavity size (in diameter) with standard deviation, number density, and
swelling are shown on each image where cavity formation is observed. A violin plot is made for
each condition to show the size distribution of the irradiation-induced cavities, as shown in Figure
5.12. The swelling curve as a function of damage level in three conditions of AM-HT9 (Heat B)
are shown in Figure 5.13. The full statistics of cavities and sink strength are summarized in Table
5.3.

As can be seen in Figure 5.12, Figure 5.13 and Table 5.3, in the ASB specimen, the cavities
start to form at 100 dpa, with the average size remaining unchanged with further increasing damage
levels to 250 dpa. Meanwhile, the cavity density increases from 5.3 (+ 0.5) x 10*!/m? at 100 dpa
to 104.1 (+ 10.4) x 10*!/m? at 250 dpa, which results in the increase of overall cavity swelling from
0.01 +£0.00% to 0.15 = 0.02%.

In the ACO3 specimen, however, the cavity evolution is much more drastic. The average
size of cavities in ACO3 doesn’t seem to increase much according to Table 5.3, and this is because
of the co-existence of both cavity nucleation of coarsening processes. According to Figure 5.12,
highest population of nucleated cavities have the average size of less than 5 nm, which is
represented by the peak in the violin plot and the peak position does not change with increasing
damage levels. Meanwhile, the growth of cavities in ACO3 can be clearly seen in Figure 5.12,
where a tale indicating the upper limit of size of all observed cavities in the microstructure becomes
longer and longer with increasing damage levels. The former process of continuous nucleation
leads to high population of small cavities, which decreases the average cavity size, while the later

process leads to growth of cavities that results in the significant swelling increase. This can be
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clearly seen in Figure 5.13, where the swelling of ACO3 specimen keeps increasing at higher
damage levels within the steady-state swelling regime starting from 75 dpa or 100 dpa. The
swelling at 75 dpa and 100 dpa are 0.25 + 0.03% and 0.40 £+ 0.04%, respectively, whereas the
swelling significantly increases to 4.51 + 0.45% at 250 dpa.

In another heat-treated FCRD specimen, however, a slower swelling increase is observed.
Although the same trend of increasing upper bound of cavity size is reflected in the violin plot in
Figure 5.12, the growth is much slower than ACO3. Even at 250 dpa, the largest cavity observed
in FCRD is about 25 nm, as compared to 50 nm in the ACO3 specimen. Another interesting
observation is that from 100 dpa to 250 dpa, within FCRD, the nucleation seems to slow down,
with universal growth occurring. The high population of smaller cavities represented by the peak
in Figure 5.12 have their size increased from 1-2 nm at 100 dpa to 4-6 nm at 250 dpa. As a result,

the overall swelling increases from 0.51 + 0.05% and 100 dpa to 0.74 £ 0.07% at 250 dpa.
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Figure 5.11. Cavity microstructures in dual-ion irradiated AM-HT9 (Heat B) alloys at 445°C with increasing
damage level: (a) 16.6 dpa, (b) 50 dpa, (c) 75 dpa, (d) 100 dpa, (e) 150 dpa, and (f) 250 dpa, with the three
columns representing ASB, ACO3, and FCRD from the left to the right, respectively. The cavity size (in
diameter), the density, and the swelling are labeled on the top right corner of each image.
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Figure 5.12. Cavity size (in diameter) distribution in dual-ion irradiated AM-HT9 (Heat B) alloys with increasing
damage level from 16.6 dpa to 250 dpa at 445°C.
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Figure 5.13. Swelling in three conditions of AM-HTY (Heat B) as a function of damage levels at 445°C.

Table 5.3. Summary of characterization results for cavities in dual-ion irradiated AM-HT9 (Heat B) at 445°C with a
damage rate of 5.8x10 dpa/s and a helium co-injection rate of 4 He appm/dpa. N.O. indicates that the feature was

not observed.

Cavity . . Cavity Sink
Damage (dpa) Diameter CaV1t3;IDer;s1ty Swelling Str'ength
(hm) (107 /m? e
(10" /m?)
16.6 N.O. N.O. 0 0
50 N.O. N.O. 0 0
ASB 75 N.O. N.O. 0 0
100 2.7+0.9 53£0.5 0.01 +£0.00 % 9.0+£09
150 24+1.1 67.8+6.8 0.11+0.01 % 100.8 £ 10.1
250 23+1.1 104.1 £10.4 0.15+0.02 % 149+ 14.9
16.6 2.7+0.9 12+1.2 0.07+£0.01 % 30.2+3.0
50 3.8+£2.2 69.3+7.0 0.48 £ 0.05 % 163 +£16.3
ACO3 75 33+£2.7 29.7+3.0 0.25+0.03 % 62.4+6.2
100 2.84+22 66.8 + 6.7 0.40 £ 0.04 % 116 £11.6
150 3.5+£4.0 63.4+6.3 1.54+0.15% 140 +£14.0
250 3.0+£3.6 1789+ 17.9 4.51+£0.45 % 3334+33.3
16.6 2.7+1.5 4.7+0.5 0.01 +£0.00 % 8.1+0.8
50 44+13 259+2.6 0.15+0.02 % 71.5+£72
FCRD 75 2.7+1.7 26.9+27 0.08 £ 0.01 % 458 +4.6
100 22423 105.4+£10.5 0.51+0.05 % 147.6 £ 14.8
150 5.1+£43 20.7+2.1 0.64 = 0.06 % 66.2+6.7
250 52+1.8 61.6+6.2 0.74+0.07 % 202 +£20.2
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5.2.2 Dislocation Loop and Line Dislocation Evolution

Dislocation loops of types a(100) and a/2(111) are observed to form in all irradiated AM-
HT9 (Heat B) regardless of the damage level or the condition of the alloy. Representative
dislocation loop microstructures induced by irradiation are shown in Figure 5.14. The dislocation
loop size (in diameter) and density as a function of damage levels are plotted in Figure 5.15. The
full statistics of dislocation loops and sink strength are summarized in Table 5.4.

As can be seen in Figure 5.15 and Table 5.4, in the ASB specimen, the dislocation loop
size gradually increases and density decreases slightly with increasing damage levels, regardless
of the dislocation loop type of a(100) or a/2(111). The a(100) dislocation loop size of 4.6 = 0.5
nm at 16.6 dpa increases to 24.7 = 10.1 nm at 250 dpa with significant growth, with the density
changing from 4.1 (£ 0.4) x 10*!/m® at 16.6 dpa to 3.4 (+ 0.3) x 10*!/m? at 250 dpa. Similarly,
a/2(111) dislocation loops grow significantly from 5.6 £ 1.6 nm at 16.6 dpa to 16.4 + 3.1 nm at
250 dpa in size, with the density dropping from 4.7 (+ 0.5) x 10?!/m? to 2.1 (+ 0.2) x 10?!/m°.

On the other hand, the dislocation loop size and density do not change much with increasing
damage levels in the heat-treated ACO3 sample, as indicated in Figure 5.15 and Table 5.4. At 16.6
dpa, the a(100) and a/2(111) dislocation loops have a size of 27.9 + 10.0 nm and 30.0 = 5.0 and a
density of 5.1 (£ 0.5) x 10?!/m3 to 0.7 (+ 0.1) x 10?!/m?, respectively. At 250 dpa, the a(100) and
a/2(111) dislocation loops have a size of 19.7 = 11.2 nm and 25.7 + 7.9 and a density of 6.0 (+
0.6) x 10%!/m? to 0.8 (£ 0.1) x 10*!/m?, respectively. The average size of dislocation loops drop
slightly with increasing damage levels for both type of dislocation loops

Similar to the ACO3 sample, no significant change of the size or density is observed in the

heat-treated FCRD sample, according to Figure 5.15 and Table 5.4. At 16.6 dpa, the a(100) and
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a/2(111) dislocation loops have a size of 21.5 = 8.7 nm and 15.1 £ 5.6 and a density of 3.5 (£ 0.4)
x 10?!/m? to 4.4 (£ 0.4) x 10?!/m>, respectively. At 250 dpa, the a(100) and a/2(111) dislocation
loops have a size of 14.9 + 8.4 nm and 15.6 + 5.5 and a density of 6.9 (£ 0.7) x 10?!/m> to 1.6 (+
0.2) x 10?!/m3, respectively.

Besides the dislocation loop evolution within each one of three conditions of AM-HT9
with increasing damage levels, interesting results are obtained when comparing the loop statistics
across three specimens under the same irradiation conditions. The dislocation loop size reported
to form in the irradiated ASB sample is in general much smaller than the ACO3 and FCRD

samples, especially at relatively low damage levels of 16.6 dpa.
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Figure 5.14. Dislocation loop microstructures in dual-ion irradiated AM-HTY (Heat B) alloys at 445°C with
increasing damage level: (a) 16.6 dpa, (b) 50 dpa, (c) 75 dpa, (d) 100 dpa, (e) 150 dpa, and (f) 250 dpa, with the
three columns representing ASB, ACO3, and FCRD from the left to the right, respectively. All images were
collected using on-zone [001] STEM-BF.
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Figure 5.15. Dislocation loop size (in diameter) and density in dual-ion irradiated (a) ASB, (b) ACO3, and (c)
FCRD conditions of AM-HTY (Heat B) as a function of increasing damage level at 445°C.
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Table 5.4. Summary of characterization results for dislocation loops in dual-ion irradiated AM-HT9 (Heat B) at
445°C with a damage rate of 5.8 <10 dpa/s and a helium co-injection rate of 4 He appm/dpa.

a(100) a(100) a/2(111) al2(111) Dislocation | Dislocation
Damage Dislocation Dislocation Dislocation Dislocation Loop Sink | Loop Sink
(dpa) Loop Loop Loop Loop Strepgth Strength
Diameter Density Diameter Density 1 A
(nm) (10%' /m?) (nm) (10%! /m?) (10" /m?) | (10" /m?)
16.6 4.6+0.5 41+04 56£1.6 4.7+£0.5 1.8+£0.2 14+0.1
50 129+54 3.5£04 7.5+2.1 1.6+£0.2 23+£0.2 1.8+0.2
ASB 75 182+7.5 2.8+£0.3 10.1+£24 1.9+£0.2 2.7+£0.3 22402
100 13.0+£4.1 1.7+£0.2 10.5+3.6 41+04 2.6+0.3 2.0+£0.2
150 171+7.5 1.3+0.1 109+34 1.0+0.1 1.3+£0.1 1.0+ 0.1
250 24.7+10.1 34+£03 16.4+3.1 2.1+0.2 4.7+0.5 3.8+04
16.6 27.9+10.0 5.1+£0.5 30.0+5.0 0.7+0.1 6.4+0.6 5.1+£0.5
50 24.8+9.0 3.0£03 27.1+8.7 1.0+0.1 4.0+£04 32+0.3
ACO3 75 144+8.0 50£0.5 10.9+3.9 2.1+0.2 3.7£04 3.0+0.3
100 19.2+73 2.8+£0.3 14.0+4.0 24+0.2 34+£03 2.7+0.3
150 23.8+10.2 2.9+0.3 21.0+8.8 1.1£0.1 3.7£04 2.9+0.3
250 19.7£11.2 6.0£0.6 257+79 0.8+0.1 55£0.6 44+04
16.6 21.5+8.7 3.5£04 15.1£5.6 44+04 55£0.6 44+04
50 233+87 2.0+£0.2 17.2+£4.7 1.7+£0.2 29+0.3 24402
FCRD 75 20.3+9.0 2.7+£0.3 21.0+7.1 2.9+0.3 4.5+0.5 3.6+04
100 20.7+10.1 39+04 16.5+5.6 1.9+£0.2 44+04 35+04
150 24.4+9.7 22+0.2 141+5.0 0.5+0.1 24+0.2 1.9+0.2
250 149+84 6.9+0.7 15.6+5.5 1.6+£0.2 50£0.5 40+04

As expected, line dislocations exist in all irradiated AM-HT9 (Heat B) regardless of the

damage level or the condition of the alloy. The full statistics of line dislocations and sink strength

are summarized in Table 5.5. Quite scattered data on the line dislocation density are observed in

all three conditions of AM-HT9 according to Table 5.5. Note that in general, line dislocation

density is higher in the ASB specimen, as compared to the heat-treated ACO3 and FCRD

specimens. Therefore, the sink strength in the ASB specimen is also higher than the ACO3 and

FCRD at almost all damage levels.
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Table 5.5. Summary of characterization results for line dislocations in dual-ion irradiated AM-HT9 (Heat B) at 445°C
with a damage rate of 5.8 %10 dpa/s and a helium co-injection rate of 4 He appm/dpa.

Damage | Line Dislocation Density Line Dislocatioin Sink Strength | Line Dislocation Sink Strength
(dpa) (1014 /m2) (1014 /m2) (lolr/mZ)
16.6 23.2+23 24.8+2.5 232+23
50 5.1£0.5 54+0.5 5.1+£0.5
ASB 75 304+3.0 32.5+32 30.4+3.0
100 124+1.2 13.3+1.3 124+1.2
150 6.8+0.7 73+£0.7 6.8+0.7
250 9.8+1.0 10.5+1.1 9.8+1.0
16.6 104+1.0 11.1+1.1 104+1.0
50 2.6+0.3 2.8+0.3 2.6+0.3
75 93+0.9 99+1.0 9.3+0.9
ACO3 100 53+0.5 5.7+£0.6 53+0.5
150 2.0+0.2 2.1+£0.2 20+0.2
250 42+04 45+0.5 42+04
16.6 82+0.8 8.8+0.9 8.2+0.8
50 5.6+£0.6 6.0+0.6 5.6+0.6
75 6.9+0.7 74+0.7 6.9+0.7
FCRD 100 3.7£04 39+04 3.7£04
150 42404 45+0.5 42+04
250 3.1£0.3 3.3+0.3 3.1+0.3

5.2.3 Precipitate Evolution

Ni/Si/Mn-rich clusters are observed to form in irradiated ACO3 and FCRD conditions of
AM-HT9 (Heat B) regardless of the damage level from 16.6 dpa up to 250 dpa, whereas they are
observed to form only at 75 dpa or higher in the ASB condition of AM-HT9. Representative
Ni/Si/Mn-rich cluster microstructures induced by irradiation are shown in Figure 5.16. The
Ni/Si/Mn-rich precipitate size (in diameter) and density as a function of damage levels are plotted
in Figure 5.18. The full statistics of Ni/Si/Mn-rich precipitates and sink strengths are summarized
in Table 5.6.

As can be seen in Figure 5.18 and Table 5.6, in the ASB specimen, the Ni/Si/Mn-rich
precipitates only form at 75 dpa or higher damage levels, with the size increasing slightly and
density decreasing slightly with increasing damage levels. The Ni/Si/Mn-rich precipitate size of

6.1 = 2.4 nm at 75 dpa increases to 7.7 = 2.8 nm at 250 dpa with mild amount of growth, and the
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density decreases from 8.8 (£ 0.9) x 10?!/m? at 75 dpa to 5.3 (+ 0.5) x 10?!/m? at 150 dpa. In the
ACO3 sample, the Ni/Si/Mn-rich precipitates form at all damage levels. The average size increases
slightly with increasing damage levels, from 9.0 £ 1.9 nm at 16.6 dpa to 10.4 = 4.3 nm at 250 dpa,
according to Figure 5.18 and Table 5.6. On the contrary, the density decrease is much more
significant, dropping from 12.1 (x 1.2) x 10*!/m?® at 16.6 dpa to 5.7 (x 0.6) x 10?!/m? at 250 dpa.
A more significant growth and coarsening process occurs in the FCRD sample. The average size
of Ni/Si/Mn-rich precipitates rapidly increases from 5.2 = 2.3 nm at 16.6 dpa to 10.5 + 3.2 nm at
250 dpa, whereas the density drops from 16.7 (+ 1.7) x 10*!/m? at 16.6 dpa to 5.5 (+ 0.6) x 10*!/m’
at 250 dpa.

Besides the Ni/Si/Mn-rich precipitate evolution within each one of three conditions of AM-
HT9 with increasing damage levels, interesting results are obtained when comparing the
precipitate statistics across three specimens under the same irradiation conditions. Table 5.6 shows
that with increasing damage levels, Ni/Si/Mn-rich precipitate size does not change much in the
ASB or ACO3 samples, though a consistently smaller size in ASB is observed compared to that in
ACO3. On the other hand, the size change of Ni/Si/Mn-rich precipitates in FCRD is much more
significant than either ASB or ACO3, while the maximum average size observed at 250 dpa is
comparable with that of ACO3.

Cr-rich clusters are observed to form extensively in irradiated ASB condition of AM-HT9
(Heat B) regardless of the damage level from 16.6 dpa up to 250 dpa, whereas very minor if not
negligible amount of Cr-rich clusters form in the ACO3 and FCRD conditions of AM-HT9.
Representative Cr-rich cluster microstructures induced by irradiation in the ASB sample are shown

in Figure 5.17. The Cr-rich precipitate size (in diameter) and density as a function of damage levels
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are plotted in Figure 5.18. The full statistics of Cr-rich precipitates and sink strengths are
summarized in Table 5.6.

As can be seen in Figure 5.18 and Table 5.6, in the ASB specimen, drastic evolution of Cr-
rich precipitates occurs. The average size monotonically increases from 3.5 = 1.1 nm at 16.6 dpa
to 18.8 = 11.8 nm at 250 dpa, whereas the density increases first from 16.1 (£ 1.6) x 10*!/m?® at
16.6 dpa to 41.0 (£ 4.1) x 10*!/m? at 50 dpa, then significantly decreases to 5.5 (£ 0.6) x 10*!/m?
at 250 dpa. Again, minimal Cr-rich clusters are observed in the heat-treated ACO3 and FCRD

specimens.
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Figure 5.16. Ni/Si/Mn-rich cluster microstructures in dual-ion irradiated AM-HT9 alloys (Heat B) at 445°C with

increasing damage level: (a) 16.6 dpa, (b) 50 dpa, (c) 75 dpa, (d) 100 dpa, (e) 150 dpa, and (f) 250 dpa, with the
three columns representing ASB, ACO3, and FCRD from the left to the right, respectively.
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Figure 5.17. Cr-rich cluster microstructures in dual-ion irradiated ASB condition of AM-HT9 (Heat B) alloys at
445°C with increasing damage level: (a) 16.6 dpa, (b) 50 dpa, (c) 75 dpa, (d) 100 dpa, (e) 150 dpa, and (f) 250
dpa, respectively.
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Table 5.6. Summary of characterization results for Ni/Si/Mn-rich and Cr-rich precipitates in dual-ion irradiated
AM-HT9 (Heat B) at 445°C with a damage rate of 5.8 <10 dpa/s and a helium co-injection rate of 4 He appm/dpa.

N.O. indicates that the feature was not observed.

Ni/ Si/Mn- Ni/ Si/Mn- Ni/Si/Mn— Cr-rich Crrich Crrich Prec%pitate
Damage r1.cl.1 r1.c}.1 H.C}.I Precipitate | Precipitate | Precipitate Sink

Precipitate | Precipitate | Precipitate . . Strength

(dpa) Diameter Density Phase Diameter Dezlllsn}g Pha§e L,v
(nm) (102! /m®) | Fraction (nm) (107 /m?) | Fraction (10" /m?)
16.6 N.O. N.O. N.O. 3.5+£1.1 16.1£1.6 0.05% 3604
50 N.O. N.O. N.O. 51+£1.2 41.0£4.1 0.34% 13.1+£1.3
ASB 75 6.1+£2.4 8.8+0.9 0.15% 99+23 189+19 1.11% 151+1.5
100 8.0+3.9 8.6+0.9 0.44% 12.0+6.9 9.2+0.9 2.46% 11.3+1.1
150 7.5+2.3 53+£0.5 0.15% 16.8+11.2 | 47+0.5 3.59% 7.5£0.8
250 7.7+2.8 9.4+0.9 0.31% 188+ 11.8 | 55+0.6 5.18% 11.0+1.1
16.6 9.0+1.9 12.1+£1.2 0.54% N.O. N.O. N.O. 6.9+0.7
50 82+238 16.5+1.7 0.66% N.O. N.O. N.O. 8.6+0.9
ACO3 75 79+£25 114+1.1 0.39% 13.2+7.1 0.6+0.1 0.15% 6.2+0.6
100 10.1+£3.6 6.1£0.6 0.47% 11.2+25 0.24+0.0 0.02% 40+04
150 10.8 3.8 6.4+0.6 0.58% N.O. N.O. N.O. 43+04
250 104+43 5.7+0.6 0.52% N.O. N.O. N.O. 3.7+04
16.6 52+£23 16.7+1.7 0.21% N.O. N.O. N.O. 5.5+0.6
50 6.8+2.2 154+£1.5 0.34% N.O. N.O. N.O. 6.6 +0.7
FCRD 75 94+22 9.6+1.0 0.48% N.O. N.O. N.O. 5.6+0.6
100 88+2.6 7.1£0.7 0.32% 82+39 1.0+0.1 0.05% 44+04
150 9.5+3.7 7.4+0.7 0.49% 21.5+£99 1.2+0.1 1.07% 6.0+ 0.6
250 10.5+3.2 55£0.6 0.43% 18.0+6.7 1.3+0.1 0.57% 5.1+0.5

As can be seen, the Ni/Si/Mn-rich clusters coarsen slowly with increasing damage levels,
whereas the Cr-rich clusters coarsen significantly especially in the ASB condition of AM-HT9. It
is worth noting that, unlike in Heat A, no Cu-rich precipitates were observed in irradiated Heat B

of AM-HT9 regardless of the irradiation conditions.

5.2.4 Sink Strength and Swelling Rate

The total sink strengths for vacancy and interstitial absorption, S,, and S; are calculated for
each damage level. As can be seen in Figure 5.13, the end of incubation period and the start of
steady-state cavity swelling in three conditions of AM-HT9 (Heat B) are around 75 dpa. Therefore,

theoretical swelling rates at 75 dpa, 100 dpa, and 150 dpa are calculated from the experimental
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input parameters including S,,, S;, d 4y, and p.qv, and are then compared to the direct experimental

swelling rate results, as listed in Table 5.7.

Table 5.7. Summary of total sink strength, average cavity radius and density, as well as theoretical and experimental
swelling rates in dual-ion irradiated AM-HT9 (Heat B) at 445°C with a damage rate of 5.8 %10 dpa/s and a helium
co-injection rate of 4 He appm/dpa. N.C. indicates that the value was not calculated. N.O. indicates that the feature

was not observed. N.A. indicates that the calculation was not applicable.

Total Total .
Vacanc Interstitial Cavit, Ratio of
Dam Aancy . et Cavity Theoretical Experimental Theoretical
Sink Sink Radius, . . .
age Strength Strength d Density, pcay Swelling swelling rate to
(dpa) S ’ < ’ (IICItIllv) (1021 /m3) Rate (%/dpa) (%/dpa) Experimental
(1 015”/m2) (1015l/m2) Swelling Rate
16,6 | 57+£0.2 | 59+0.3 N.O. N.O. N.C. N.C. N.A.
50 48+0.1 | 49+0.1 N.O. N.O. N.C. N.C. N.A.
AS 75 7.6+03 | 79+0.3 N.O. N.O. 0.000 0.0004 0
B 100 | 55+£0.1 | 5.7+0.2 | 2.7+0.9 53+0.5 0.001 0.0020 0.5
150 | 54+£0.1 | 55+0.1 | 24+1.1 67.8£6.8 0.004 0.0004 10
250 | 6.8+£0.2 | 7.0£0.2 | 23£1.1 | 104.1+10.4 N.C. N.A. N.A.
166 | 3.3£0.1 | 3.5+0.1 | 39+1.8 12+1.2 N.C. N.C. N.A.
50 38+02 | 39+02 | 3.8+2.7 69.3+7.0 N.C. N.C. N.A.
ACO3 75 324+0.1 | 34+0.1 | 33+£22 29.7+3.0 0.005 0.0060 0.8
100 | 3.1+£0.1 | 32+0.1 | 2.84+2.2 66.8 +£6.7 0.007 0.0228 0.3
150 | 3.1+£0.1 | 32+0.2 | 3.5+4.0 63.4+6.3 0.007 0.0297 0.2
250 | 53+£03 | 55+03 | 3.0£3.6 | 1789+17.9 N.C. N.A. N.A.
166 | 28£0.1 | 29+0.1 | 2.8+ 1.5 47+0.5 N.C. N.C. N.A.
50 30+£0.1 | 3.1+0.1 | 44+1.7 259+2.6 N.C. N.C. N.A.
FCRD 75 29+0.1 | 3.1+£0.1 | 27+1.3 26.9+2.7 0.004 0.0172 0.2
100 | 3.5+£0.2 | 3.6+£0.2 | 22+£23 | 1054+10.5 0.009 0.0026 3.5
150 | 2.7+£0.1 | 2.8+0.1 | 5.1+43 20.7+2.1 0.003 0.0010 3
250 | 41+£02 | 42+02 | 52+1.8 61.6+6.2 N.C. N.A. N.A.

5.3 Microstructure Evolution in Heat B of AM-HT9 under Dual-Ion Irradiation: Variable

Irradiation Temperatures and Fixed Damage Levels (50 dpa)

This section of the results will be further broken up into three subsections: swelling and

cavity evolution, dislocation loop evolution, and cluster evolution.

5.3.1 Swelling and Cavity Evolution
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Cavities are observed to form in irradiated ACO3 and FCRD conditions of AM-HT9 (Heat
B) regardless of the irradiation temperature from 400°C up to 500°C, while cavities are only
observed to form in ASB condition of AM-HT9 (Heat B) with irradiation temperature of 500°C.
Representative cavity microstructures induced by irradiation are shown in Figure 5.19. The manual
counting results of cavity size with standard deviation, number density, and swelling are shown on
each image where cavity formation is observed. A violin plot is made for each condition to show
the size distribution of the irradiation-induced cavities, as shown in Figure 5.20. The swelling
curve as a function of irradiation temperature in three conditions of AM-HT9 (Heat B) are shown
in Figure 5.21. The full statistics of cavities are summarized in Table 5.8.

As can be seen in Figure 5.20 and Table 5.8, in the ASB specimen, the cavities are not
observed to form at the irradiation temperature between 400°C to 460°C. Very small amount of
cavities are observed in ASB at 500°C, with the size and density to be 2.4 £ 0.5 nm and 35.1 (+
3.5) x 10?!/m?, respectively. Only the nucleation without any growth is observed, which leads to
the low swelling of 0.03 + 0.00% as shown in Table 5.8.

On the contrary, cavities are observed in ACO3 and FCRD at irradiation temperatures at
50 dpa. The violin plot in Figure 5.20 indicates that ACO3 has more cavity growth with increasing
irradiation temperatures, with the upper bound of cavity size growing from around 6 nm at 400°C
to 20 nm at 500°C. The overall swelling, however, undergoes a typical bell-shaped swelling
behavior with varying irradiation temperatures, shown in Figure 5.21. The swelling increases from
0.19 £ 0.02% at 400°C to 0.62 = 0.01% at 460°C, then decreases to 0.16 £ 0.02% at 500°C. In
FCRD, a similar bell-shaped swelling behavior is observed, with the swelling increasing from 0.12

+0.01% at 400°C to 0.15 + 0.02% at 445°C, then decreasing to 0.04 + 0.00% at 500°C. In addition,
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it is worth noting that the overall swelling in FCRD is consistently lower than ACO3 at all

irradiation temperatures.

2.5+0.7 nm
1.2x10%3 /m?
0:12%

¢ 37421 nm
9x10?%/m?

g : 2.54£1.3 nm
4;11102‘?.:’[!13 S 3.1x102 /m?
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‘:-K} 30, am, ¢ » / :so

Figure 5.19. Cavity microstructures in dual-ion irradiated AM-HT9 (Heat B) alloys at 50 dpa with increasing

irradiation temperature: (a) 400°C, (b) 445°C, (c) 460°C, and (d) 500°C, with the three columns representing
ASB, ACO3, and FCRD from the left to the right, respectively.
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Table 5.8. Summary of characterization results for cavities in dual-ion irradiated AM-HTY (Heat B) at 50 dpa with
a damage rate of 5.8 <10 dpa/s and a helium co-injection rate of 4 He appm/dpa. N.O. indicates that the feature

was not observed.

Tem(liegl ture Cavity Diameter (nm) Cavity Density (10! /m?) Swelling
400 N.O N.O. 0
445 N.O N.O. 0
ASB 460 N.O. N.O. 0
500 24+0.5 35.1+£3.5 0.03 = 0.00 %
400 2.6+0.7 156.3 £ 15.6 0.19 + 0.02 %
ACO3 445 3.8+£22 69.3+7.0 0.48 + 0.05 %
460 42+34 414+4.1 0.62 + 0.01 %
500 3.7+18 25.0+2.5 0.16 + 0.02 %
400 2.5+0.7 1167 £11.7 0.12+0.01 %
FCRD 445 44+13 259426 0.15 + 0.02 %
460 25+13 31.0+3.1 0.06 + 0.01 %
500 21+1.0 342434 0.04 + 0.00 %
irradiation
temperature (°C)
400~460- cavifies not observed
500 —— ASB
445 > ACO3
500 e —
460 _’k -
500 _’
T T LI L T L L T T
0.0 25 50 15 100 125 150 175 200

Figure 5.20. Cavity size distribution in dual-ion irradiated AM-HT9 (Heat B) alloys with increasing irradiation
temperatures from 400°C to 500°C.
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Figure 5.21. Swelling in three conditions of AM-HTY (Heat B) as a function of irradiation temperatures to the
damage level of 50 dpa.

5.3.2 Dislocation Loop Evolution

Dislocation loops of type and a(100) are observed to form in all irradiated AM-HT9 (Heat
B) regardless of the irradiation temperature or the condition of the alloy, whereas a/2(111) loops
are observed to form in all conditions of AM-HT9 (Heat B) with all irradiation temperatures except
500°C. Representative dislocation loop microstructures induced by irradiation are shown in Figure
5.22. The dislocation loop size (in diameter) and density as a function of damage levels are plotted
in Figure 5.23. The full statistics of dislocation loops are summarized in Table 5.9.

As can be seen in Figure 5.23 and Table 5.9, the a(100) dislocation loop size increases and

density decreases significantly with increasing irradiation temperatures, regardless of the
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conditions of AM-HT9. In the ASB specimen, the a(100) dislocation loop size of 7.4 £ 1.9 nm at
400°C increases to 23.2 = 7.9 nm at 500°C, with the density changing from 3.2 £ (0.3) x 10*!//m?
at 400°C to 0.3 (£ 0.0) x 10*!/m? at 500°C. In the ACO3 specimen, the a(100) dislocation loop
size of 11.5 £ 5.6 nm at 400°C increases to 38.1 + 15.4 nm at 500°C, with the density changing
from 6.4 (£ 0.6) x 10*!/m? at 400°C to 0.3 (+ 0.0) x 10?!/m* at 500°C. In the FCRD specimen, the
a(100) dislocation loop size of 10.3 £ 5.1 nm at 400°C increases to 42.2 + 16.3 nm at 500°C, with
the density changing from 5.9 (£ 0.6) x 10*!/m? at 400°C to 0.4 (+ 0.0) x 10*!/m? at 500°C. The
growth of a(100) dislocation loops in all three specimens is very significant with increasing
temperatures, with their size increasing by three to four times. Besides the dislocation loop
evolution within each one of three conditions of AM-HT9 with increasing irradiation temperatures,
interesting results are obtained when comparing the loop statistics across three specimens under
the same irradiation conditions. The a(100) dislocation loop size reported to form in the irradiated
ASB sample is in general smaller than the ACO3 and FCRD samples at all tested irradiation
temperatures.

On the other hand, the statistics for a/2(111) dislocation loops are more scattered. In the
ASB sample, the size of a/2(111) dislocation loops increases from 5.2 + 1.9 nm at 400°C to 10.1
+ 4.1 nm at 460°C, with scattering data in density going down first from 5.5 (£ 0.6) x 10*!/m? at
400°C to 1.6 (£ 0.2) x 10?!/m* at 445°C, then going up again to 2.2 (+ 0.2) x 10*!/m> at 460°C. In
the ACO3 sample, the size of a/2(111) dislocation loops increases from 9.3 + 3.6 nm at 400°C to
27.1 £ 8.7 nm at 445°C then decreases to 11.3 = 5.6 nm at 460°C. The density of a/2(111)
dislocation loops in ACO3 specimen decreases consistently, from 4.2 (+ 0.4) x 10?!/m? at 400°C
to 0.5 (£ 0.1) x 10*'/m? at 460°C. In the FCRD sample, both size and density of a/2(111)

dislocation loops vary consistently with increasing irradiation temperatures, with monotonical
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increase of size from 9.3 £+ 4.3 nm at 400°C to 22.0 + 7.8 nm at 460°C and decrease of density
from 2.5 (£ 0.3) x 10?!/m? at 400°C to 0.7 (£ 0.1) x 10?!/m? at 460°C. The disappearance of
a/2(111) dislocation loops at the highest test irradiation temperature of 500°C occurs across all

three conditions of AM-HT9.
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Figure 5.22. Dislocation loop microstructures in dual-ion irradiated AM-HT9 (Heat B) alloys at 50 dpa with
increasing irradiation temperature: (a) 400°C, (b) 445°C, (c) 460°C, and (d) 500°C, with the three columns
representing ASB, ACO3, and FCRD from the left to the right, respectively. All images were collected using on-
zone [001] STEM-BF.
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Figure 5.23. Dislocation loop size (in diameter) and density in dual-ion irradiated (a) ASB, (b) ACO3, and (c)
FCRD conditions of AM-HTY (Heat B) as a function of increasing irradiation temperature at 50 dpa.
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Table 5.9. Summary of characterization results for dislocation loops in dual-ion irradiated AM-HT9 (Heat B) at 50
dpa with a damage rate of 5.8 <10 dpa/s and a helium co-injection rate of 4 He appm/dpa. N.O. indicates that the
feature was not observed.

a(100) {100) a/2(111) Dislocation | a/2(111) Dislocation
. . Dislocation
Temperature | Dislocation Loop Loop Loop
- . Loop . .
(°C) Diameter . Diameter Density
Density 21 /03
(nm) (1021 /mS) (nm) (10 /1’1’1)
400 74+1.9 32+0.3 52+19 55+0.6
ASB 445 129+54 3.5+04 7.5£2.1 1.6+0.2
460 16.5+7.1 4.0+04 10.1+4.1 22402
500 232+79 0.3+0.0 N.O. N.O.
400 11.5+5.6 6.4+0.6 93+£3.6 42+04
ACO3 445 24.8+9.0 3.0+03 27.1+87 1.0+0.1
460 28.5+13.5 34+0.3 11.3+5.6 0.5+0.1
500 38.1+154 0.3£0.0 N.O. N.O.
400 10.3+£5.1 59+0.6 93+43 2.5+0.3
FCRD 445 233+8.7 2.0+0.2 17.2+4.7 1.7+0.2
460 273+11.9 23+0.2 220+7.8 0.7+0.1
500 42.2+16.3 04+£0.0 N.O. N.O.

5.3.3 Precipitate Evolution

Ni/Si/Mn-rich clusters are observed to form in irradiated ACO3 and FCRD conditions of
AM-HT9 (Heat B) regardless of the irradiation temperatures from 400°C to 500°C, whereas they
are observed to form only at 460°C and 500°C in the ASB condition of AM-HT9 (Heat B).
Representative Ni/Si/Mn-rich cluster microstructures induced by irradiation are shown in Figure
5.24. The Ni/Si/Mn-rich precipitate size (in diameter) and density as a function of damage levels
are plotted in Figure 5.26. The full statistics of Ni/Si/Mn-rich precipitates and sink strengths are
summarized in Table 5.10.

As can be seen in Figure 5.26 and Table 5.10, in the ASB specimen, the Ni/Si/Mn-rich
precipitates only form at 460°C and 500°C, with the size increasing and the density decreasing
significantly with higher irradiation temperatures. The Ni/Si/Mn-rich precipitate size of 6.6 + 1.7

nm at 460°C increases to 14.7 £ 6.5 nm at 500°C, and the density decreases from 10.7 (£ 1.1) x
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10*!/m? at 460°C to 2.4 (£ 0.2) x 10*!/m? at 500°C. In the heat-treated ACO3 and FCRD sample,
the Ni/Si/Mn-rich precipitates form at all irradiation temperatures. In ACO3, the average size
increases with increasing damage levels, from 5.6 = 1.7 nm at 400°C to 12.4 = 5.6 nm at 500°C,
while the density drops from 20.5 (£ 2.0) x 10*!/m? at 400°C to 4.7 (£ 0.5) x 10*!/m? at 500°C,
according to Figure 5.26 and Table 5.6. In the FCRD sample, similarly, the average size increases
with increasing damage levels, from 6.5 = 1.9 nm at 400°C to 14.8 £ 9.1 nm at 500°C. the density
first increases from 11.4 (£ 1.1) x 10*!/m? at 400°C to 15.4 (£ 1.5) x 10?!/m? at 445°C, then
decreases to 4.3 (£ 0.4) x 10?!/m? at 500°C.

Cr-rich clusters are observed to form at all irradiation temperatures in the ASB sample,
whereas they are not observed to form in the ACO3 and FCRD conditions of AM-HTO9.
Representative Cr-rich cluster microstructures induced by irradiation in the ASB sample are shown
in Figure 5.25. The Cr-rich precipitate size (in diameter) and density as a function of irradiation
temperatures are plotted in Figure 5.26. The full statistics of Cr-rich precipitates and sink strengths
are summarized in Table 5.10.

As can be seen in Figure 5.26 and Table 5.10, in the ASB specimen, drastic evolution of
Cr-rich precipitates occurs. The average size first decreases from 8.1 + 2.7 nm at 400°C to 5.1 +
1.2 nm at 445°C, then increases significantly to 19.6 + 15.2 nm at 500°C. Meanwhile, the Cr-rich
precipitate density varies in the opposite way, where it first increases from 25.2 (£ 2.5) x 10?!/m?
at 400°C to 41.0 (£ 4.1) x 10*!/m? at 445°C, then sharply decreases to 3.9 (£ 0.4) x 10?!/m? at

500°C.
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representing ASB, ACO3, and FCRD from the left to the right, respectively.
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Figure 5.25. Cr-rich cluster microstructures in dual-ion irradiated AM-HT9 (Heat B) alloys at 50 dpa with
increasing irradiation temperature: (a) 400°C, (b) 445°C, (c) 460°C, and (d) 500°C, with the three columns
representing ASB, ACO3, and FCRD from the left to the right, respectively.
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Table 5.10. Summary of characterization results for Ni/Si/Mn-rich and Cr-rich precipitates in dual-ion irradiated
AM-HT9 (Heat B) at 50 dpa with a damage rate of 5.8 <10 dpa/s and a helium co-injection rate of 4 He appm/dpa.
N.O. indicates that the feature was not observed.

Ni/Si/Mn-

Ni/Si/Mn-

Ni/Si/Mn-rich rich rich Cr-rich Cr-'ri.ch Cr-'ri.ch
Temperature Prgcipitate Precipitat Precipitate Pre;cipitate Premplltate Precipitate
°O) Diameter reciptate P Diameter Density Phase
(nm) Density Phase (nm) (10" /m® | Fraction
(10*' /m3) Fraction
400 N.O. N.O. N.O. 8.1+£2.7 252+25 0.96%
ASB 445 N.O. N.O. N.O. 51+£1.2 41.0+4.1 0.34%
460 6.6+1.7 10.7£1.1 0.19% 62+1.6 349+3.5 0.52%
500 14.7+6.5 24402 0.63% 19.6+152 | 39404 5.81%
400 5.6+1.7 20.5£2.0 0.25% 93+33 0.8+0.1 0.04%
ACO3 445 82+238 16.5+1.7 0.66% N.O. N.O. N.O.
460 9.1+23 9.8+1.0 0.47% 122+59 0.6+0.1 0.09%
500 124+5.6 4.7+£0.5 0.86% 36.3+£10.0 | 0.1£0.0 0.38%
400 6.5+1.9 114+1.1 0.20% N.O. N.O. N.O.
FCRD 445 6.8+2.2 154+1.5 0.34% N.O. N.O. N.O.
460 87+23 10.1+1.0 0.42% 20.7+19.8 | 0.940.1 1.84%
500 14.8+9.1 43+04 1.93% 274+72 0.5+0.1 0.65%
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Chapter 6 Discussions

The discussion of the results presented in Chapter 5 will be divided into three main sections.
The first Section discusses the role of sink strength in the starting microstructures and varying
damage levels and irradiation temperatures on precipitate evolution of AM-HT9 in both Heat A
and Heat B, which directly addresses the objective of determining the mechanisms that govern
microchemical evolution in the AM-HT9 steel. The second Section discusses the evolution of
dislocation loops in irradiated AM-HT9 in Heat B with varying damage levels and irradiation
temperatures, which are governed by both the sink strengths in the starting microstructures and
irradiation conditions. The second Section directly addresses the objective of determining the
mechanisms that govern dislocation loop evolution in the AM-HT9 steel. In the third Section, the
cavity growth rate equation is used to examine the swelling behaviors with varying irradiation
parameters to directly address both objectives. The first two Sections are used to assist the
discussion of the third Section, so that all microstructural evolution are taken into consideration to
evaluate swelling behavior. Because the damage levels achieved within this work reach the steady-
state swelling regime, the discussion will mainly focus on cavity growth rather than the nucleation

of cavities.

6.1 Effects of Sink Strength and Irradiation Parameters on Microchemical Evolution

The effects of sink strength and irradiation parameters on microchemical evolution in AM-
HT9 are discussed here with three Sections. Similarity to [37], effects of sink strength in the

starting microstructures on radiation-induced segregation and precipitate evolution with a single
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irradiation condition in Heat A of AM-HT9 are discussed in the first two Sections. In the third
Section, the combined effects of both sink strength and radiation parameters, with series of varying
damage levels and temperatures, on precipitation evolution are discussed. As shown in Figure 5.1
and Figure 5.2, Sridharan et al. [49] showed that the ASB condition of AM-HT?9 fabricated by the
DED process contained a significantly higher density of defect sinks compared with heat-treated
ACO3 and FCRD, such as smaller grain size and higher density of grain boundaries, higher density
of line dislocations, o-ferrite phases, and finer precipitates [37,49]. As shown in Section 5.1, the
sink strength in the ASB condition of AM-HT9 is 1.22 x 10'6/m?, about five times higher than that
in the heat-treated conditions, ACO3 and FCRD, of AM-HT?9. In the Section, the effects of sink

strength on cluster evolution and radiation-induced segregation are discussed in detail.

6.1.1 Radiation-Induced Segregation in Heat A

As shown in Figure 5.7 and Figure 5.9, the higher density of grain boundaries in the ASB
trapped more Ni-solute atoms, whereas reduced sink density in heat-treated ACO3 and FCRD
specimens enabled more Ni existence in the matrix. As a result, more mature and more coarsened
Ni/Si/Mn-rich clusters, as well as potentially stronger radiation-induced segregation (RIS)
behavior per boundary, exist in the heat-treated ACO3 and FCRD specimens under irradiation.
The irradiation-induced Ni enrichment near the grain boundaries was expected because it has been
extensively reported [18,157—-159] for RAFM steels in which undersized solutes of Ni and Si tend
to enrich, whereas oversized solutes of Cr and Mo tend to deplete. From Figure 5.10, where a
detailed high-magnification STEM-EDX mapping was performed near an edge-on grain boundary
in the ACO3 specimen, confirms this expectation. Interestingly, several Cu-rich clusters are shown
to be nucleated heterogeneously near the Ni-enriched grain boundaries without Ni/Si/Mn-rich

clusters in the heat-treated specimens, whereas no obvious segregation of Cu at the grain boundary
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is observed. This result indicates that Ni/Si/Mn-rich clusters might not necessarily have provided
heterogeneous nucleation sites for the Cu-rich clusters, whereas grain boundaries and dislocations
are very likely to do so. This is consistent with the APT observations in Figure 5.7 in which the
coprecipitation between Ni/Si/Mn-rich and Cu-rich clusters occurs mostly at the line dislocations

or at the grain boundaries.

6.1.2 Ni/Si/Mn-rich and Cu-rich Precipitate Evolution in Heat A

As shown in Figure 5.6 and Figure 5.7, Ni/Si/Mn-rich clusters form in all conditions of
AM-HTO9 of Heat A, whereas Cu-rich clusters only form in the heat-treated ACO3 and FCRD
specimens. Although Cu was not included in the specification parameters for the HT9 powder, the
presence of Cu is not unexpected because it is a common and inevitable impurity that is introduced
from the fabrication and heat-treatment process [160]. Thus, its effects on microstructural
evolution under irradiation are important to evaluate. The STEM-EDX mapping of the ASB
sample in Figure 5.6 clearly shows that the pre-existing V/Nb-rich precipitates and very minor Cu-
rich clustering before irradiation in Figure 5.6 (a2) get dissolved into the matrix after irradiation
in Figure 5.6 (d2). At the same time, the Ni/Si/Mn-rich precipitates in Figure 5.6 (d2) form with
irradiation with the size of 6.1 + 1.7 nm and density of 1.3 (£0.2) x 10*2/m?, as indicated in Table
5.1. However, in the ACO3 and FCRD samples shown in Figure 5.6, the precipitation of Ni/Si/Mn-
rich clusters and Cu-rich clusters are much more extensive and coarser than those of the ASB
sample. In the ACO3 condition, the size and number density of the Ni/Si/Mn-rich precipitates are
9.7 2.3 nm and 2.9 (+0.5) x 10*!/m?, and in the FCRD condition, the size and density are 10.5 +
3.1 nm and 3.7 (£0.8) x 10*!/m>. Significant differences in the Cu-rich clustering between the ASB
and two heat-treated ACO3 and FCRD specimens were observed. Although no obvious Cu-

clustering was observed in the ASB irradiated specimen, the ACO3 and FCRD specimens
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contained significant amounts of Cu-rich clustering with number densities of 2.9 (£0.5) x 10*!/m?
and 3.8 (£0.7) x 10?!/m?, respectively, after irradiation. The average size of the Cu-rich clustering
also increases by at least 50% in both the ACO3 and FCRD heat-treated specimens.

Another interesting observation from the STEM-EDX mapping regarding the Ni/Si/Mn-
rich precipitates and Cu-rich clustering in the heat-treated ACO3 and FCRD samples is that they
appear to exhibit correlated precipitation under irradiation, as shown in Figure 5.6 (e2) and Figure
5.6 (f2). As shown, most Ni/Si/Mn-rich and Cu-rich clusters form precipitation pairs under
irradiation in the heat-treated ACO3 and FCRD specimens, whereas this formation is not observed
in the ASB condition because of the nonexistence of Cu-rich clusters.

Detailed APT 3D reconstruction for the three irradiated conditions of AM-HT9 samples
further confirms this coprecipitation behavior between the Ni/Si/Mn-rich and Cu-rich clusters in
the ACO3 and FCRD heat-treated specimens, as shown in Figure 5.7. APT also confirmed the
absence of Cu-rich clusters in the ASB specimen. Most of the precipitates in all three conditions
of AM-HT9 were observed to occur at or near dislocations or grain boundaries, and a few occurred
inside the matrix. This is likely a result of heterogeneous nucleation sites provided near or at the
dislocations and grain boundaries. Additionally, the precipitates’ size and density trend in ASB,
ACO-3, and FCRD obtained by APT matches the STEM-EDX results presented in Table 5.1, both
showing significant coarsening of Ni/Si/Mn-rich clusters with greater size and lower density.

The proximity histograms in Figure 5.8 fully quantified the core compositions of
precipitates in the irradiated microstructure from the APT data. The proximity histograms averaged
over all Ni/Si/Mn-rich and Cu-rich precipitates observed in three conditions of AM-HT9
specimens. Note that near the Ni/Si/Mn-rich precipitate-matrix interface in the ACO3 and FCRD

specimens shown in Figure 5.8 (b1) and Figure 5.8 (c1), Cu enrichment at or near the interface can
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also be observed. This is a direct result of the coprecipitation of Ni/Si/Mn- and Cu-rich clusters
observed in the STEM-EDX and APT data presented in Figure 5.6 and Figure 5.7, respectively,
rather than the Cu enrichment uniformly around the Ni/Si/Mn-rich clusters. The precipitate core
compositions are shown in Table 5.2; minor elements are omitted because of their much lower
significance in terms of quantities measured compared with the major elements identified in the
precipitates.

As Table 5.2 shows, Cu-rich clusters are observed only in the irradiated heat-treated ACO3
and FCRD specimens with no other elements enriching in these clusters. As for the Ni/Si/Mn-rich
clusters, the concentration of Ni is higher in the heat-treated ACO3 and FCRD specimens than in
the ASB specimen. Additionally, Mn was found to have mild enrichment in the Ni/Si/Mn-rich
clusters because its concentration is higher in ACO3 and FCRD as well. The results obtained using
the proximity histogram method confirm that the heat-treated ACO3 and FCRD conditions of AM-
HT9 contained more mature (i.e., increased Ni and Si concentrations, as shown in Table 5.2) and
more coarsened (i.e., greater size and lower density, as shown in Table 5.1) Ni/Si/Mn-rich clusters
than those observed in the ASB condition. One might expect that the excessive grain boundaries
and dislocations have provided “highways” for fast solute pipe-diffusion in the ASB specimen
under irradiation whereas slower bulk diffusion is more prominent in the heat-treated ACO3 and
FCRD specimens because of the lower sink density. As a result, more solute atoms should reside
near the defect sinks rather than the matrix. However, the observation of less mature Ni/Si/Mn
clusters in the ASB condition of AM-HT9 suggests that a high density of defect sinks could provide
faster diffusional pathways, but the higher density of isolated heterogeneous nucleation sites
overweighs the diffusional-coarsening response for the Ni/Si/Mn-rich clusters as compared with

the heat-treated ACO3 and FCRD specimen. As a result, the amount of solute atoms per Ni/Si/Mn
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cluster decreased and led to less mature Ni/Si/Mn precipitates as indicated by Table 5.2, with
higher density as shown in Table 5.1 in the ASB specimen. Although Cu-rich clustering has been
extensively reported in reactor pressure vessel steels because of its well-known contribution to
material hardening and embrittlement after irradiation [161-167], only a few studies have reported
such cluster formation in FM steels, such as T91 [168—170], HCM12A [169], and HT9 [160] under
irradiation. Moreover, the coprecipitation behavior between Cu-rich and Ni/Si/Mn-rich clusters
was first reported by Jiao et al. [168,169]. The precipitation of Cu-rich clusters is likely enhanced
through a radiation-enhanced diffusion mechanism of Cu atoms [167,171]. Additionally, the
supersaturation and thus precipitation of Cu could be caused by the particularly low solubility in
pure a-Fe of less than 0.1 wt.% at 460 °C [172].

Cu is a common impurity that can be introduced into BCC steels during fabrication and
processing [173—177]. Unique to the DED process, Cu-rich alloys are routinely used in the
components of the manufacturing device, such as the nozzle components, in which high-velocity
powder can come into contact with and erodes Cu atoms from the nozzle, resulting in the Cu uptake
of the AM-HT?9 alloys. Thus, Cu uptake could be intrinsic to the AM process. An evaluation of
the powder and build chemistry indicates this is the case in this study. A net increase of 19.30 ppm
was observed after the DED process; the initial Cu level of the powder was measured at or below
1 ppm. Later experiments on various lots of HT9 further confirmed the possibility of Cu uptake,
which also coincided with Zn uptake. These later studies indicated that the Cu uptake in the print
of materials fabricated in the DMD 103D system was caused by the scrubbing process on brass
components in the powder process stream. These results were initially unexpected but logical, and
they highlight the unique future challenges of adopting AM processes in the fabrication of nuclear-

grade components. For instance, the existence of Cu-rich clusters in the irradiated microstructure
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resulting from Cu uptake from the manufacturing system should be considered because these
clusters are well known to cause radiation hardening and embrittlement in BCC steels [162,178].

The coprecipitation behavior of Cu-rich clusters and Ni/Si/Mn-rich clusters that was mostly
observed at the dislocations and grain boundaries in the ACO3 and FCRD specimens shown in
Figure 5.7 can be partially explained by heterogeneous nucleation. Defect sinks including line
dislocations, dislocation loops, and mature Ni/Si/Mn-rich clusters formed in ACO3 and FCRD
specimens under irradiation could have provided a limited amount of heterogeneous nucleation
sites for the Cu-rich clusters [179,180]. However, the highly dispersed Ni/Si/Mn-rich clusters with
delayed evolution, as well as the high-density defect sinks containing dislocations and grain
boundaries, could have provided an abundance of potential heterogeneous nucleation sites for the
Cu-rich clusters. The abundance of these sites could have resulted in less Cu per site on average
and thus no visible Cu-rich clusters that can be observed in the ASB specimen. Another factor that
might contribute to the absence of Cu-rich clusters in the ASB specimen by both STEM-EDX and
APT characterization is that the high-density defect sinks and traps in the ASB specimen could
significantly decrease the diffusivity of the solute, resulting in reduced formation and coarsening
kinetics of Cu-rich clusters at the irradiation temperature of 460°C. Both effects discussed could
cause a highly dispersed distribution of Cu in the ASB specimen’s microstructure.

Although the Cu-rich cluster evolution is speculated to be strongly delayed in the ASB
specimen at the 50 dpa and 460°C test condition, the Cu-rich clusters might be able to nucleate
and coarsen at a higher damage level. If so, then the clusters will affect the radiation responses of
the ASB AM-HT9 specimen by providing even more defect sinks at the precipitate-matrix
interface. Additionally, the post-build heat-treatments could release Cu from trapping sites before

irradiation (e.g., leaching Cu from grain boundaries, precipitates, dislocations), resulting in a
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greater amount of free Cu being present in the matrix of ACO3 and FCRD specimens before
irradiation. As a result, significant amounts of Cu-rich clusters are more easily precipitated under

irradiation, as observed in Figure 5.6.

6.1.3 Ni/Si/Mn-rich and Cr-rich Precipitate Evolution in Heat B

Within the Heat B of AM-HT?9, the focus is on the formation of Ni/Si/Mn-rich precipitates
in all conditions and Cr-rich precipitates in ASB condition. In any conditions of AM-HT9 (Heat
B), no Cu-rich precipitates are observed, because they would have precipitated out under
irradiation due to the low solubility of Cu in the ferritic Fe-based matrix [172]. The absence of Cu-
rich precipitates indicates a success in significantly reducing, if not preventing, Cu uptake from
the AM or heat-treatment processes, as compared to Heat A. This Section of discussion will be
divided into two subsections with different focuses on the damage level effects and the temperature
effects, coupled with the sink strength effects on the evolution of Ni/Mn/Si-rich and Cr-rich

precipitates.

6.1.2.3 Damage Level Effects

According to Figure 5.18 and Table 5.6, the damage levels from 16.6 dpa to 250 dpa
strongly affect the Ni/Si/Mn-rich precipitation behavior, especially in the heat-treated FCRD
specimens with irradiation temperature of 445°C. The dependence on damage levels in ASB or
heat-treated ACO3 specimens seem to be much lower. In the FCRD specimen, a typical precipitate
growth behavior is observed from 16.6 dpa to 250 dpa, where average size increases and density
decreases with increasing damage levels. Meanwhile, the phase fraction significantly increases
with increasing damage levels.

The complete Ni/Si/Mn-rich precipitate growth process in FCRD specimen captured using

the selected irradiation conditions indicates that at 16.6 dpa, nucleation occurs extensively without
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significant growth. At the same time, a significant amount of Ni solute atoms still stays in the
matrix without being extracted out to precipitate. With increasing damage levels (and increasing
time at the irradiation temperature of 445°C) however, these solutes keep being pulled to
precipitate out, potentially nucleating to form new Ni/Si/Mn-rich clusters; or more likely, these
solutes or small clusters get absorbed by existing Ni/Si/Mn-rich precipitates to assist the growth
behavior. The growth mechanism seems more dominant compared to the nucleation of new
clusters, as the average size increases and the density decreases monotonically.

On the contrary, Ni/Si/Mn-rich precipitate evolution is much less drastic in the other heat-
treated specimen, ACO3. At 16.6 dpa, a much larger size in ACO3 of 9.0 = 1.9 nm as compared
to 5.2 +£2.3 nm in FCRD is observed. With damage levels higher than 100 dpa, the size or density
do not change much further in ACO3, indicating a saturation is achieved at 100 dpa. The sharp
comparison between the two heat-treated samples indicates that the cluster evolution is much faster
in the ACO3 specimen, with significant growth already occurring at lower damage levels. At the
highest damage level of 250 dpa, it is interesting to note that both size and density are nearly
identical (with 1.0% and 3.5% difference for the size and density, respectively) for ACO3 and
FCRD specimens. The primary difference is then the dose to reached Ni/Si/Mn-rich precipitate
saturation (e.g., when nucleation and growth reach nearly asymptotic responses) where the much
lower damage level of 100 dpa is needed for ACO3, as compared to 250 dpa for FCRD.

In the ASB specimen, damage levels also show weaker dependence on Ni/Si/Mn-rich
precipitates. At 16.6 dpa and 50 dpa, no Ni/Si/Mn-rich precipitates are observed, indicating a
sluggish nucleation behavior compared to ACO3 and FCRD. At 250 dpa, the Ni/Si/Mn-rich
precipitate size of 7.7 = 2.8 nm of ASB is significantly smaller than 10.4 + 4.3 nm in ACO3 and

10.5 £+ 3.2 nm in FCRD, with the density of 9.4 (+ 0.9) x 10?!/m?® much higher than 5.7 (+ 0.6) x
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10*!/m® in ACO3 and 5.5 (= 0.6) x 10*!/m? in FCRD. Again, sluggish growth behavior is also
observed in the ASB specimen as compared to both ACO3 and FCRD samples.

The drastically different Ni/Si/Mn-rich precipitation evolution as a function of damage
levels within ASB, ACO3 and FCRD specimens can be explained, in part, by their sink strength
in the starting microstructures. In the as-received ASB sample, high density of line dislocations
and grain boundaries result in the sink strength of 7.5 x 10'%/m?, which is higher than 1.9 x 10'3/m?
in ACO3 and 2.4 x 10'3/m? in FCRD. As illustrated in Section 6.1.1, a high-density of defect sinks
provide heterogeneous nucleation sites for Ni/Si/Mn-rich precipitates in Heat A, which is likely to
be the case within the ASB specimen here for Heat B. Although many more nucleation sites exist
within ASB to promote the nucleation process, the average Ni solute composition per nucleated
cluster decreases dramatically, so that much of the small clusters cannot be captured when STEM-
EDX mapping was conducted with limited signals. In ACO3 and FCRD however, a lower density
of defect sinks provides limited nucleation sites, but there are also increased free solute atoms
within the matrix to diffuse and form extended Ni/Si/Mn-rich precipitates. This general mechanism
explains why at 16.6 dpa and 50 dpa, Ni/Si/Mn-rich precipitates are not observed within the ASB
specimen but are observed in the heat-treated specimens. A higher irradiation damage level of 75
dpa i1s needed in ASB to form Ni/Si/Mn-rich precipitates with appreciable Ni content within to be
detected from the STEM-EDX images. Afterwards, the precipitate evolution seems to progress
extremely slowly with further increase of damage levels, if saturation is not reached already. A
limited amount of Ni/Si/Mn-rich precipitates are pinned by the high density of defect sinks,
including those pre-existing prior to irradiation such as line dislocations and grain boundaries, and
those form under irradiation such as dislocation loops, cavities and other secondary phases, like

Cr-rich ones. The formation of Cr-rich precipitates, which will be discussed later on within this
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Section, is actually believed to be a principle driving factor for the sluggish evolution of
microstructures in ASB, including the Ni/Si/Mn-rich precipitate evolution. The strong pinning
effects prevent further growth of Ni/Si/Mn-rich clusters at high damage levels such as 250 dpa,
and result in the observed limited evolution progress.

A similar explanation can be applied to the comparison of different Ni/Si/Mn-rich
precipitate evolution in the ACO3 and FCRD samples. The higher sink strength in FCRD than
ACO3 in the starting microstructures retards the coarsening process. Below 16.6 dpa, significant
growth occurs already in the ACO3 specimen, whereas in FCRD nucleation is more dominant than
growth. Slightly higher sink strength and sink density in FCRD provides more heterogeneous
nucleation sites for Ni/Si/Mn-rich clusters, and they also make the growth of these clusters
sluggish. At higher damage levels, however, the annealing and the microstructural evolution under
irradiation in FCRD at 445°C reduce the pinning effects. Line dislocation and dislocation loop
density drop with longer irradiation time as shown in Figure 5.14 and Figure 5.15, so more
Ni/Si/Mn solutes or small clusters are released from these defect sinks to assist with the coarsening
process. That explains why ACO3 with lower sink strength sees early-on saturation and Ni/Si/Mn-
rich precipitation, whereas FCRD catches up later at higher damage levels.

The similar catch-up behavior of Ni/Si/Mn-rich precipitation in ASB is not observed, for a
few potential reasons. First, a potentially much higher damage level than 250 dpa is needed so that
Ni/Si/Mn solutes can be released and contribute to coarsening. Second, new microstructures such
as cavities, dislocation loops, and other secondary phases forming under irradiation, where Ni
and/or Si segregation may occur, can contribute to the delayed evolution of Ni/Si/Mn-rich
precipitates. Within the ASB specimen, limited cavity formation is observed under irradiation as

shown in Figure 5.11 and Table 5.3, and dislocation loops tend to open up and form line
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dislocations with higher damage levels that are susceptible to an annealing effect, both of which
are believed to have limited contribution. However, as mentioned before, a high density of Cr-rich
precipitates form in the ASB specimen, which could greatly contribute to the pinning effects of
small Ni/Si/Mn-rich clusters.

As shown in Figure 5.18 and Table 5.6, Cr-rich precipitates form extensively within the
ASB specimen. On the contrary, their formation in the heat-treated ACO3 and FCRD specimens
is minimal. The result is expected, because Cr solutes mostly diffuse and are incorporated into Cr-
rich carbides and carbonitrides form to stabilize PAGBs and martensitic lath structure developed
during the heat-treatment processes for the ACO3 and FCRD. As a result, the Cr content of 12
wt.% within the matrix is much higher in ASB compared to ACO3 and FCRD specimens — note,
this hypothesis will be confirmed in future, on-going work using APT. Under irradiation, Cr
solutes easily precipitate out to form Cr-rich clusters within ASB. The large-size and low-density
Cr-containing carbides and carbonitrides are not believed to contribute much to microstructural
evolution within the matrix, as they primarily reside at grain boundaries and have limited
precipitate-matrix interfacial area. This assumption is used in the sink strength calculations.

From 16.6 dpa to 50 dpa, both the size and the density of Cr-rich clusters increases, which
indicates a mixture of on-going nucleation and growth processes. With further increase of damage
levels, the average size keeps going up, while the density keeps going down, which is a typical
precipitate growth process. These formed Cr-rich precipitates are dense and dispersed throughout
the irradiated region within the matrix as shown in Figure 5.17, thus are believed to strongly affect
other microstructural evolution within the ASB specimen. As can be seen in Table 5.6, the

additional sink strengths provided by these formed Cr-rich precipitates and Ni/Si/Mn-rich
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precipitates are about 3-4 times higher in ASB compared to ACO3 and FCRD, due to the extensive

precipitate-matrix interfacial area.

6.1.2.4 Irradiation Temperature Effects

According to Figure 5.26 and Table 5.10, irradiation temperatures from 400°C to 500°C
with the 50 dpa damage level drastically alters the precipitation responses in AM-HT9, regardless
of the precipitate type (Ni/Si/Mn-rich or Cr-rich) or the sample condition (ASB, ACO3 or FCRD).

For the Ni/Si/Mn-rich precipitates, they are not observed in ASB at lower temperatures of
400°C and 445°C. Apparently, not enough kinetic energy at these relatively low temperatures is
available to overcome the pinning effects previously discussed within the ASB specimen with high
sink strength. At higher temperatures of 460°C and 500°C, however, Ni/Si/Mn-rich precipitates
form with a typical precipitation behavior. The size increases, and the density decreases
significantly in the ASB specimen at high temperatures. Note that, the Ni/Si/Mn-rich and Cr-rich
precipitates seems to be in pairs with spatial relationships, which is similar to the co-precipitation
behavior between Ni/Si/Mn-rich and Cu-rich observed and discussed for Heat A of AM-HTO.

On the contrary, Ni/Si/Mn-rich precipitates form at all selected irradiation temperatures in
ACO3 and FCRD specimens with different evolution behaviors. In ACO3, the Ni/Si/Mn-rich
precipitate size and density monotonically increase and decrease respectively, with increasing
irradiation temperatures. In FCRD, the size of Ni/Si/Mn-rich precipitates increases from 400°C to
500°C, while the density first increases from 400°C to 445°C, then decreases all the way to 500°C.
Very interestingly, although the similar growth behavior of Ni/Si/Mn-rich precipitates is observed
in both ACO3 and FCRD, their differences can be linked to their sink strength in the starting

microstructures.
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At 400°C, the density of Ni/Si/Mn-rich precipitates in FCRD is only about the half of that
in ACO3. The higher sink strength and sink density in FCRD than ACO3 are likely to provide
more heterogeneous nucleation sites, but also lower the average solute compositions within each
cluster. More importantly, 400°C is still a relatively low temperature regime, and not enough
thermal energy is available to overcome the pinning effects and agglomerate small clusters. At
445°C, however, more kinetic energy in FCRD helps with the nucleation of Ni/Si/Mn precipitates
that are visible within the STEM-EDX mapping, whereas the average size does not change much.
At the same time in ACO3, extensive growth occurs at 445°C compared to 400°C. The average
size increases from 5.6 £ 1.7 nm at 400°C to 8.2 + 2.8 nm at 445°C, with the density dropping
from 20.5 (£ 2.0) x 10?!/m> to 16.5 (£ 1.7) x 10*!/m>. At even higher temperatures of 460°C and
500°C, the kinetic energy available is enough to completely overcome the pinning effects imposed
by defects sinks in ACO3 and FCRD, thus a similar statistics and evolution progress of Ni/Si/Mn-
rich precipitates are observed. At these high temperatures, the small difference in sink strengths in
the starting microstructures between the two heat-treated conditions of AM-HT9 is not the
determining factor anymore, on the contrary of the case of lower temperature of 400°C where sink
strength effect is dominant.

For the Cr-rich precipitates in ASB, a similar two-regime behavior is observed. When the
irradiation temperature increases from 400°C to 445°C, more heterogeneous nucleation of Cr-rich
precipitates occurs, with the density going up. At higher-temperature regime of 460°C and 500°C,
the Cr-rich precipitate size goes up and the density drops quickly. In ACO3 and FCRD, the amount
of Cr solute atoms is significantly lower than ASB. Therefore, minimal Cr-rich precipitates form

under irradiation, especially at low temperatures. FCRD contains more Cr-rich precipitate phase
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fraction than ACO3 at 460°C and 500°C, possibly because of slightly higher Cr-content in the

matrix as a result of the heat-treatment history.

6.2 Effects of Sink Strength and Irradiation Parameters on Dislocation Loop Evolution

The effects of sink strength and irradiation parameters on dislocation loop evolution in
AM-HT9 (Heat B) are discussed here with two Sections, with two series of varying damage levels

and irradiation temperatures.

6.2.1 Damage Level Effects

According to Figure 5.15 and Table 5.4, both a(100) and a/2(111) types of dislocation
loops form under irradiation at all damage levels from 16.6 dpa to 250 dpa at 445°C. In the ASB
specimen, the growth behavior of dislocation loops is observed. The size of both a(100) and
a/2(111) types of dislocation loops increase with increasing damage levels, with the density
decreasing slightly. As can be seen in Figure 5.14 and Table 5.5, the line dislocation density in the
ASB specimen about twice as high compared to ACO3 and FCRD. Together with a high density
of grain boundaries, as well as Ni/Si/Mn-rich and Cr-rich precipitates, the elevated sink strength
in the ASB specimen results in increased annihilation of irradiation-induced point defects over a
defined period of time or damage levels. The reduced density of surviving point defects in the ASB
specimen leads to less point defects for agglomeration and the lower size of dislocation loops at
16.6 dpa. With the course of irradiation damage with more point defect generation, these
dislocation loops grow and then coarsen in the ASB specimen. In the ACO3 and FCRD specimens,
however, a/2(111) dislocation loop size and density remain relatively unchanged, and this is
because the lower initial sink strength allows for saturation in the a/2(111) loop evolution process

to occur before 16.6 dpa. The a/2(111) dislocation loops achieve saturation at lower damage levels,
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and the dependence of damage levels becomes weak at higher damage levels. The a(100)
dislocation loops, however, increase their average size slightly in ACO3 and FCRD specimens.
The properties between a(100) and a/2(111) types of dislocation loops are very different.
Besides their difference in Burgers vector and habit plane, their stabilities are different as well.
The a/2(111) type of dislocation loops is known to be more mobile, because their Burgers vector
is along the close-pack direction in the BCC material system. Upon heating, they also tend to
coarsen more quickly or interact with gliding line dislocations, to open up themselves and form
entangled dislocation networks. The a(100) type of dislocation loops, however, is more stable,
especially at higher temperatures [181]. The observation made within this work proves that the
a(100) type of dislocation loops can slowly coarsen even at high damage levels of 250 dpa or
potentially more, whereas a/2(111) dislocation loops easily become entangled dislocation
networks rather than keeping their growth. The exhibition of the dislocation loop growth behavior
in the ASB specimen shows that the high sink strength in the ASB specimen greatly delays the

dislocation loop evolution of both types.

6.2.2 Irradiation Temperature Effects

As shown in Figure 5.23 and Table 5.9, a(100) type of dislocation loops forms at all
selected irradiation temperatures from 400°C to 500°C at 50 dpa in all conditions of AM-HT9. On
the contrary, a/2(111) dislocation loops form at all temperatures except S00°C at 50 dpa, also in
all conditions of AM-HT?9. Irradiation temperatures have a strong impact on the dislocation loop
evolution [181]. In general, both types of dislocation loops grow up in size, and the density
decreases rapidly with higher temperatures.

Within the ACO3 specimen, a decrease of a/2(111) dislocation loop size from 445°C to

460°C is observed, and that is simply because larger a/2(111) dislocation loops open up to form
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entangled dislocation networks at the higher temperature of 460°C. At the same time, new and
small a/2(111) dislocation loops nucleate and form, which drags down the average a/2(111)
dislocation loop size. At 500°C, a/2(111) dislocation loop growth is so fast that they are no longer
stable in any conditions of AM-HT9.

Meanwhile, a(100) type of dislocation loops remains to be stable, especially at higher
temperatures. In all three conditions of AM-HT9, a(100) dislocation loops grow larger
consistently. Interestingly, sink strength greatly tailors the a(100) dislocation loops evolution. At
all selected irradiation temperatures, a(100) dislocation loop size in the ASB specimen is
consistently lower than that in the ACO3 and FCRD specimens. This result is expected, because

the higher sink strength results in smaller amount of surviving point defects.

6.3 Effects of Sink Strength and Irradiation Parameters on Swelling Behaviors

The effects of sink strength and irradiation parameters on dislocation cavity and swelling
evolution in AM-HT9 (Heat B) are discussed here with three Sections, with two series of varying
damage levels and irradiation temperatures. For the damage level series, calculation of theoretical
swelling rate as well as the effect of a microstructural-based parameter, Q, on swelling evolution

are discussed in another Section.

6.3.1 Damage Level Effects

According to Figure 5.12 and Table 5.3, cavities form under irradiation in the two heat-
treated ACO3 and FCRD conditions of AM-HT9 at all damage levels from 16.6 dpa to 250 dpa at
445°C, while in the ASB specimen cavities form only at 100 dpa or higher damage levels.

From the size distribution shown in Figure 5.12, the notable growth, reflected by the long

tail at the higher end of the size distribution, of cavity size with increasing damage levels can be
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observed in ACO3 and FCRD specimens. Much slower growth of cavities is observed in the ASB
specimen from 100 dpa to 250 dpa. Note that there is always a peak showing high density and
population of small cavities with size (in diameter) smaller than 5 nm. These cavities represent the
ones that are newly nucleated under irradiation, which indicates that significant nucleation of
cavities always occurs even in the ACO3 specimen at high damage levels, where cavity growth is
also significant. Although the two processes occur at the same time, among these cavities that have
a rather broad size distribution, those nucleated without significant coarsening do not contribute
much to the overall volumetric swelling of the materials. Larger size cavities contribute
significantly more to the volumetric swelling, because volume has a cubic relationship against the
cavity size.

The overall swelling presented in Figure 5.13 shows the consistent trend with the size
distribution in Figure 5.12, where the most coarsened cavities in ACO3 result in higher swelling
at high damage levels. The typical three regimes for swelling evolution are observed from Figure
5.13. The whole tested damage level of 0-250 dpa for the ASB sample is likely within the
incubation and the transient regime at the irradiation temperature of 445°C, where barely any
cavity or swelling is observed. Most nucleated cavities do not experience significant coarsening.
The transient regime for the ASB sample could extend to much higher damage levels above 250
dpa, followed by the linear steady-state swelling regime which is not observed here. In ACO3, the
incubation regime is likely to be around 75 dpa, followed by a short transient regime between 75
dpa to 100 dpa. Above 100 dpa, the steady-state swelling regime is achieved, with the high
swelling rate of about 0.03 %/dpa. During the steady-state swelling regime, significant coarsening

of cavities occurs, which leads to the rapid increase of volumetric swelling. In FCRD, the swelling
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rate is much lower at around 0.003 %/dpa, with the three swelling regimes pretty much the same
as the ones of ACO3.

The theoretical swelling rates within the steady-state swelling regime are calculated using
Equation 4.39, with the comparison of theoretical and experimental swelling rate listed in Table
5.7. As can be seen, the calculated swelling rates match reasonably well (within one order of
magnitude of difference) with experimental swelling rates. The key variables governing the
theoretical swelling rate calculations are cavity density, cavity size, and steady-state equilibrium
vacancy and interstitial concentrations. The last two terms are obtained by solving the defect
balance equation pairs shown in Equation 4.33 and Equation 4.34, which is related to all the sinks
existing in the microstructure. The theoretical swelling rate calculation takes all the microstructural
features or defect sinks, some are pre-existing, the others are irradiation-induced, into
consideration. It is worth noting that, in this work, both Ni/Si/Mn-rich and Cr-rich precipitates are
treated as neutral sinks and the sink strength calculation is therefore conducted with the same
formula. However, the sink strength of precipitates depend on the lattice mismatch between the
precipitates and matrix, as well as the precipitate type and composition [3]. Therefore the
calculation in theory ideally should take the difference between different precipitate type into
consideration. In this work, such distinction is not made due to the lack of modeling efforts to
enable such quantitative calculation.

The dependence of experimental and theoretical swelling rates in three conditions of AM-
HT?9 irradiated at 445°C is shown in Figure 6.1. The swelling rates are experimentally measured
or theoretically calculated at 75 dpa, 100 dpa, and 150 dpa. Interestingly, data points for ACO3
locate at the left side of the y = x black line, which reflects that the experimental swelling rate is

higher than the theoretical one. This could be explained by how the experimental data obtained by
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characterization are used as inputs into the equations. In the previously mentioned equations that
are used to calculate theoretical swelling rate, the average cavity size was used. However, the
major contributor to the overall swelling are larger cavities. ACO3 has more coarsened cavities
than FCRD and ASB, therefore the calculation can underestimate the theoretical swelling rate if
sufficient counting statistics are not acquired. In this work, an average of 375 cavities are counted
per condition. In addition, the use of the average cavity size could “smear out” or reduce the large
cavity contributions. To confirm the validity of it, more data points are needed to complete the full
picture of the comparison between the experimental and theoretical swelling rate data. In addition,
the differences in the sink strength of Ni/Si/Mn-rich and Cr-rich precipitate structures in the ACO3
and the FCRD specimen are not accounted for in the theoretical calculation, as discussed
previously, which could be a significant driving factor in the observed disparity. Additional studies
on the coherency of precipitates as a function of composition and size are needed to complete the

full picture study of the swelling response under irradiation.
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Figure 6.1. Dependence of experimental and theoretical swelling rates in three conditions of AM-HT9 irradiated
at 445°C. The swelling rates are experimentally measured or theoretically calculated at 75 dpa, 100 dpa, and
150 dpa. The black line indicates the equal values between the two.

6.3.2 Relationship between Experimental Swelling Rate and Q-Value

Besides the swelling rate calculation done in Section 6.3.1, Mansur [109] proposed using

a microstructural-based quantity, Q, to predict the swelling rate of materials under irradiation:

ZqivPd

ancavpcavzcav i,v

Qi Equation 6.1

where z, ; ,, is the bias factor of line dislocations, p is the line dislocation density, Z 4, ; ,, 1S the
bias factor of cavities. Essentially, the ratio of sink strength of biased (line dislocations) against

neutral (cavities) sinks controls the Q;,, value that further determines swelling rate. The cavity

Q
(1+9Q)?

swelling rate is proportional to [109]. Mathematically, the swelling approaches the

maximum when the Q value approaches 1, meaning that when the biased and neutral sink strengths

are approximately equal, or comparable to each other, the maximum swelling rate can be achieved.
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Figure 6.2. Experimentally observed swelling rates as a function of Q for FM steels in literature. Points are
swelling rates calculated from swelling data and curves are drawn to aid the eye. From [109].

As shown in Figure 6.2 [109], various data points for experimental swelling rates as a
function of their Q values from microstructures are plotted, with a curve indicating the general
trend of theoretical swelling rate as a function of Q. At low damage levels, dislocations typically
are the dominant sink, and Q > 1. At high damage levels, cavities become the dominant sink in
the microstructure, and Q <« 1. In either case, the swelling rate decreases, as Q deviates away from

1 when the maximized Q is reached.

150



The swelling rates and Q values calculated using Equation 6.1 for three conditions of AM-
HT9 of Heat B are then plotted together with the data in the literature, as shown in Figure 6.3. As
shown, the data points obtained in this work is consistent with the original Mansur’s theory [109],

with larger swelling rates achieved when the Q values approach 1.
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Figure 6.3. Experimentally observed swelling rates as a function of Q for FM steels in literature, together with
swelling rates with Q calculated by Equation 6.1.

The model described in Equation 6.1, however, was developed assuming that the only
biased sinks exist in the microstructure are line dislocations, and the only neutral sinks are cavities.
In reality, additional biased sinks such as both types of dislocation loops, together with additional

neutral sinks such as incoherent precipitates form under irradiation. Also, the previously
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mentioned model does not consider the contribution of grain boundaries as neutral sinks, either.
To generalize this equation, the full microstructure features are taken into consideration: biased
sinks include line dislocations, a(100) and a/2(111) types of dislocation loops; neutral sinks
include cavities, Ni/Si/Mn-rich precipitates, Cr-rich precipitates (excluding large carbides), and
grain boundaries. The generalized equation is then used to calculate the Q values as shown in
Figure 6.4. As can be seen from Figure 6.4, maximum swelling rates occur with Q values of 0.2 to
0.3 in ACO3, which are lower than the Q values calculated and shown in Figure 6.3 using the
original model developed by Mansur [109]. In fact, all the Q calculated using the generalized
model observe a shift towards lower values as compared to the original model. This is an indication
that the full effects of neutral sinks on tailoring the Q, and thus swelling rate, should be accounted
for.

In addition, some recent simulation work [87] showed that small cavities have bias towards
absorbing interstitials over vacancies, making small cavities potentially biased sinks rather than
neutral sinks. If that is the case, then a further correction on the generalized model as described
previously, resulting in an increase of calculated Q values as expected. This is due to the increase
of biased sink strength and the decrease of neutral sink strength when small cavities are treated
differently from being neutral to biased. The shift of Q value calculation due to small, biased
cavities is expected to affect the ACO3 specimen the most, due to the fact that high density of
small cavities keeps nucleating in the microstructure even at high damage levels with large-size
cavities existing, according to Figure 5.12 where 2-3 nm size of small cavities exist from 100 dpa
to 250 dpa. On the other hand, small cavities in the FCRD specimen increase in size from 2-3 nm
at 100 dpa to about 5 nm at 250 dpa. Therefore, more small size cavities that are potentially biased

in ACO3 could result in a higher amount of increase of Q value calculation, as compared to FCRD.
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Figure 6.4. Experimentally observed swelling rates as a function of Q for FM steels in literature, together with
swelling rates with Q calculated by using the generalized model considering all microstructural features,
including line dislocations, a(100) and a/2(111) types of dislocation loops as biased sinks; cavities, Ni/Si/Mn-
rich precipitates, Cr-rich precipitates, and grain boundaries as neutral sinks.

Another factor to consider is the impact of RIS on grain boundaries and their sink strength.
In AM-HT9, most common grain boundaries are lath boundaries, which are low-angle grain
boundaries as compared to PAGB that are of high-angle characteristics. Previous work by Field et
al. [100,182,183] indicated a reduction of sink strength of laths boundaries compared to PAGB or
high angle grain boundaries due to likely RIS, such as Ni near the grain boundaries. This reduction
of grain boundary sink strength will further increase the calculated Q values, and the increased

amount is expected to be the highest for the ASB specimen with the highest density of grain
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boundaries. The RIS around dislocation loops and cavities also can have an impact on sink
strength, thus more work is needed to identify the RIS on these various features and simulation

efforts are needed to investigate how sink strength of these features is affected by RIS.

6.3.3 Comparison between the Swelling Behaviors of AM-HT9 and W-HT9

The swelling evolution of AM-HT9 is compared with that of tradionally-made W-HT9 or
wrought FM steels [160] under irradiation, as shown in Figure 6.5. As can be seen, under neutron
irradiation in the test reactors, the common swelling rate ranges from 0.002%/dpa to 0.01%/dpa.
The swelling rates observed in this work for AM-HT9 (Heat B) however, are 0.001%/dpa,
0.003%/dpa, and 0.03%/dpa for ASB, FCRD, and ACO3, respectively. The heat-to-heat variability
of W-HT9 results in a range of swelling rates; while the heat-treatment variability following the
AM-DED process in this work results in much broader range of swelling rate. The drastically
different starting microstructures and sink strengths lead to this very wide range of materials
performance under irradiation. The comparison between AM-HT9 and W-HT9, though, is not
strictly “apple-to-apple”, because the irradiation temperatures, He contents, or irradiating particles
thus damage rates, are all different. However, a much wider deviation of swelling behaviors in
AM-HTO still shows very promining applications of AM techniques on fabrication structural
materials for nuclear applications. AM process followed by potential heat-treatments allows for
much greater flexibility of materials responses under irradiation, which in this case the swelling is

significantly tailored by the sink strength in starting microstructures.
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Figure 6.5. Swelling as a function of damage levels in W-HT9 irradiated in test reactors, from [160], with three
lines overlapped showing experimental swelling curve in this work of AM-HTY irradiated using dual-ion at

445°C.

6.3.4 Irradiation Temperature Effects

According to Figure 5.20 and Table 5.8, cavities form under irradiation in the two heat-

treated ACO3 and FCRD conditions of AM-HT9 at all irradiation temperatures from 400°C to

500°C at 50 dpa, while in the ASB specimen few cavities form only at 500°C.

The high sink strength in the ASB specimen is responsible for the suppression of cavity

nucleation under irradiation. In the ACO3 and FCRD specimens, the density of cavities drops

quickly with

increasing irradiation temperatures. At the same time, ACO3 have consistently higher

density than FCRD, indicating that the nucleation of cavities is suppressed by higher sink strength

in FCRD. The size distribution of cavities in Figure 5.20 indicates significant growth of cavities

in the ACO3 and FCRD specimens at higher irradiation temperatures. Similar to the size

distribution of cavities with varying damage levels shown in Figure 5.12, there are also peaks
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showing high density of small, nucleated cavities with average size (in diameter) lower than 5 nm
in all three conditions of AM-HT9 with varying irradiation temperatures.

The overall swelling as a function of irradiation temperatures is presented in Figure 5.21.
It is very interesting to notice that, although the bell-shaped curve for swelling behavior with
varying irradiation temperatures is obtained in ACO3 and FCRD, their peak swelling temperatures
seem to shift between the two. The peak swelling temperature of ACO3 may be close to 460°C,
whereas the peak swelling temperature of FCRD may be lower than 445°C. Alloying elements and
impurities are well known to modify the swelling behavior of a material [184—187], with possible
impact on the peak swelling temperature. In addition, microstructure also plays a key role on the
swelling behavior [91]. Different post-build heat-treatments could change the matrix compositions
of ACO3 and FCRD; in addition, the microstructures are demonstrated to be changed by heat-
treatments as discussed previously. Therefore, a combination of different microstructures and

matrix compositions are responsible for the peak swelling shift between ACO3 and FCRD.
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Chapter 7 Conclusions

This chapter presents the significant conclusions drawn from the results presented in

Chapter 5 and the discussions in Chapter 6. The conclusions first focus on addressing the objective

proposed in Chapter 3 to determine the effects of sink strength on microstructural evolution in ion

irradiated AM-HT9 steel over a range of damage levels and irradiation temperatures. Additionally,

several other conclusions are presented.

Cyclic thermal history used in the AM DED process enable higher initial sink strength
of 12.2 x 10"°/m? in the as-built condition of AM-HT9. Post-build heat-treatments
result in about 5-time reduced sink strengths of 2.4 x 10'*/m? and 2.7 x 10'*/m? for
ACO3 and FCRD, respectively compared to the as-built state of AM-HT9, with much
lower density of line dislocations, grain boundaries, and precipitate-matrix interfaces.
Although the overall gross irradiation response of swelling, dislocation loop, and
Ni/Si/Mn-rich precipitate evolution remains the same between conventional and AM
processes, the detailed evolution and quantitative magnitude of these responses are
ultimately different between conventional and AM-HT9. Thus, a greater ability exists
to fine tune the irradiation response of AM-HT9 over conventional means due to the
higher initial sink strength in the as-built conditions.

Solute atoms, such as Cr, diffuse and are precipitated out from the matrix to form large-
size carbides near the grain boundaries during the post-build heat-treatments leading to

coarsening based on precipitation thermodynamics and kinetics. Conversely, the lack
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of post-build heat-treatments in the as-built condition of AM-HT9 prevents Cr diffusion
leading to a high remaining content of Cr in the matrix of the as-built state of AM-HTO.
The increased Cr matrix concentration is then precipitated out to form extensive Cr-
rich secondary phases under irradiation in the as-built AM-HT9. Cr-rich precipitation
in the as-built state further increases the sink strength at high dose driving increased
point defect annihilation and significantly delaying additional microstructural
evolution under irradiation.

High sink strength (>10 x 10'3/m?) provides significant amount of heterogeneous
nucleation sites for precipitation under irradiation. This includes Ni/Si/Mn-rich, Cu-
rich, and Cr-rich precipitate formation, with the type and population depending on the
initial alloy composition and thermal history of the alloy. As the damage levels
increase, defect sinks significantly delay the coarsening process by pinning the
nucleated clusters and retarding coalescence. As the irradiation temperatures increase,
the pinning effects are reduced because of the higher kinetic energy available to
overcome the energy barrier.

High sink strength strongly suppresses the growth of dislocation loops of both a(100)
and a/2(111) types with increasing damage levels, and a(100) loops show significant
growth and stability with higher irradiation temperatures. This response is identical in
both additive manufactured and traditionally processed high-Cr steels.

The complicated and varying microstructural evolution of dislocation loops,
precipitates, and cavities in the as-built and heat-treated AM-HT9 results in drastically
different swelling behavior with increasing damage levels. 0.03 %/dpa, 0.003 %/dpa,

and 0.001 %/dpa swelling rates in ACO3, FCRD, and ASB respectively are obtained
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with increasing damage levels. A 30°C peak swelling temperature shift between the
two heat-treated specimens is also obtained. The complicated microstructural evolution
including all mentioned features contribute to evolving defect sinks with irradiation
dose that collectively tailor the swelling behavior in the three conditions of AM-HT9,
which is verified using a simplified and a generalized rate-theory model and Q value
calculation. It was found through this analysis that a simplified or generalized approach
for AM-HT9 is not sufficient to ascertain a 1:1 prediction of the swelling rate, but the
analytical model does highlight that both the overall sink strength as well as the balance
between biased and neutral sinks are strong indicating factors for increased swelling
resistance in AM-HTO.

A high variability of microstructural responses under ion irradiation is obtained in HT9
fabricated using AM DED techniques coupled with different post-build heat-treatment
routes. The tuning of higher sink strength in the starting and the irradiated
microstructures greatly affects the defect evolution by retarding the coarsening of
cavities, dislocation loops, and precipitates. These insights obtained within this work
will stimulate further research and development of using AM to fabricate tailored-
response materials, including but not limited to FM steels, that are highly radiation

resistant for advanced nuclear reactor applications.
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Chapter 8 Future Work

The results and findings of this dissertation provide insights into the roles of (i) sink
strength in the starting and irradiated microstructures, as well as (i1) the irradiation parameters such
as damage levels and irradiation temperatures on microstructural evolution in AM-HT9 under ion
irradiation. However, there are many unanswered questions and areas which merit further study.

First, the full compositions of irradiation-induced precipitates in dual-ion irradiated AM-
HTO of Heat B have not been studied. We have been awarded a Nuclear Science User Facilities
(NSUF) Rapid Turnaround Experiment (RTE) project entitled “The sink strength and radiation
parameter effects on microchemical evolution in dual-ion irradiated additively manufactured and
wrought HT9”. This project focuses on detailed APT studies on the microchemical evolution in
AM-HT9 under various irradiation conditions, and with results obtained under one of the
irradiation conditions compared with W-HT9 to probe into the variability of precipitation and
chemical-segregation responses of HT9 under irradiation.

Second, the varying ion irradiation conditions studied in this work have been concentrating
on damage levels and irradiation temperatures. Within the damage levels of 250 dpa, a high
swelling rate, thus a steady-state swelling behavior is observed in the heat-treated ACO3 specimen;
however, in the FCRD and ASB specimens, such behavior is not observed. A potentially much
higher damage level needs to be achieved to fully exhibit the full three-regime swelling behavior
in these two samples. In addition, many other irradiation conditions can be varied to study the

radiation responses of the three conditions of AM-HT9 in order to reflect the effects on sink
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strength on the microstructural evolution. For example, the variation of helium co-injection rate
and the damage rate can be applied during ion irradiation. Neutron irradiation experiments using
test reactors such as High Flux Isotope Reactor (HFIR) will also provide valuable data directly
with neutron irradiation environment, with closer to in-service low damage rate as compared to
ion irradiations. The precipitate evolution is well-known to be strongly affected by damage rates.
For example, Cr-rich o' only form with low enough damage rates and will undergo ballistic
dissolution at higher damage rates such as those used in typical ion irradiations. The additional
sink strength provided by these precipitates could further affect swelling behavior of the three
conditions of AM-HT?9.

Finally, the calculation of sink strengths of various features in this work is based on theory
in the literature. For example, Ni/Si/Mn-rich and Cr-rich precipitates are both incoherent with the
matrix, thus their sink strength calculation is treated the same. However, the exact sink strength of
precipitate-matrix interface is affected by the lattice mismatch, as a higher degree of lattice
mismatch can accommodate more point defects. High-resolution S/TEM characterization may
need to be conducted to fully quantify the lattice mismatch. Similarly, grain boundaries with
different mismatch angle could also change the sink strength. Different types of dislocation loops
may also have different bias factor of absorbing interstitials and vacancies. Ideally, model alloys
with single sink type need to be fabricated to isolate its effects on absorbing point defects;
meanwhile, simulation needs to be conducted to further the understanding of sink strength of
different defect types. All of these efforts, if made, will greatly benefit the calculation, therefore

understanding, of sink strength in nuclear structural materials.
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Appendices

Appendix A. Python Code Used for Generating STEM-EDX Overlay Images with

Scalebars

# credit: Kevin G. Field (kgfield@umich.edu) wrote this code, Pengyuan Xiu (xiupy@umich.edu) modified it

from matplotlib import pyplot as plt

from PIL import Image

import numpy as np

import pandas as pd

import seaborn as sns

import cv2 as cv

from skimage.filters import threshold otsu
from skimage.filters import threshold_triangle
from skimage.filters import threshold minimum
from skimage.filters import threshold yen
from skimage.filters import threshold li

from skimage import filters

defread data(file name):
n=[]
with open(file_name,'r") as file:
for line in file:
n.append(
line.strip().split(;"))
df = pd.DataFrame(n)
matrix = df.astype(int).to_numpy()

return matrix

def NormalizeData(data):
return (data - np.min(data)) / (np.max(data) - np.min(data))

### Read data and make pixel value dataframe

# add in the elements of interest
Ni_file ='ASB-unirradiated Ni.txt'
Cr_file ='ASB-unirradiated Cr.txt'
Cu_file ='ASB-unirradiated Cu.txt'
Nb_file = 'ASB-unirradiated Nb.txt'
Si_file ='ASB-unirradiated_Si.txt'

Ni_cts =read data(Ni_file)
Cr_cts =read _data(Cr_file)
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Cu_cts =read_data(Cu_file)
Nb_cts =read_data(Nb_file)
Si_cts =read data(Si_file)

Perform simple threshold to remove background/noise in data:

# apply a low count threshold to filter noisy data, may need to change depending on the elements selected
Cu_cts[Cu_cts<5]=0

Ni_cts[Ni_cts<2] =0

Cr_cts[Cr_cts<5]=0

Nb_cts[Nb_cts<2] =0

Si_cts[Si_cts<1]=0

Perform a gaussian blur on each map to help with noise to signal ratio, then convert to 0-255 value scale

#Norm_Ni=NormalizeData(cv.blur(Ni_cts,(5,5)))*255
#Norm_Cr=NormalizeData(cv.blur(Cr_cts,(5,5)))*255
#Norm_Cu=NormalizeData(cv.blur(Cu_cts,(5,5)))*255
#Norm_Nb=NormalizeData(cv.blur(Nb_cts,(5,5)))*255

# apply gaussian filter to smooth out the map. may need to change the sigma values here. higher the sigma, more
smooth/blurred the image will be

Norm_Ni=NormalizeData(filters.gaussian(Ni_cts,sigma=3))*255
Norm_Cr=NormalizeData(filters.gaussian(Cr_cts,sigma=3))*255
Norm_Cu=NormalizeData(filters.gaussian(Cu_cts,sigma=2))*255
Norm_Nb=NormalizeData(filters.gaussian(Nb_cts,sigma=4.5))*255
Norm_Si=NormalizeData(filters.gaussian(Si_cts,sigma=3))*255

Norm_Ni[np.isnan(Norm_Ni)]=0
Norm_Cr[np.isnan(Norm_Cr)]=0
Norm_Cu[np.isnan(Norm_Cu)]=0
Norm_Nb[np.isnan(Norm_Nb)]=0
Norm_Si[np.isnan(Norm_Si)]=0

Perform adaptive thresholding (triangle alogrithm) to remove background and apply false color for each map,
could be map as loop

if np.any(Norm_Ni):

Norm_Ni[Norm_Ni<threshold triangle(Norm_Ni)] =0
colNi=np.repeat(Norm_Ni[:, :, np.newaxis], 3, axis=2)
col=np.array((0,1,0))
colNi=col*colINi

colNi=colNi.astype(int)
#colNi[np.all(colNi<l, axis=2)] = 255

figl, ax = plt.subplots(1,3)
ax[0].imshow(Ni_cts)
ax[0].axis('off")
ax[1].imshow(Norm_Ni)
ax[1].axis('off")
ax[2].imshow(colNi)
ax[2].axis('off")

e e — —
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plt.subplots_adjust(wspace=0, hspace=0, left=0, right=2, bottom=0, top=1)
plt.show()

if np.any(Norm_Cu):
Norm_Cu[Norm_Cu<threshold_triangle(Norm_Cu)] =0

colCu=np.repeat(Norm_Cu[:, :, np.newaxis], 3, axis=2)
colCu[:,:,0]=colCu[:,:,0]*(255/255)
colCu[:,:,1]=colCu[:,:,1]*(178/255)
colCu[:,:,2]=colCu[:,:,2]*(102/255)

colCu=colCu.astype(int)

#colCu[np.all(colCu<l1, axis=2)] = 255

fig2, ax = plt.subplots(1,3)

ax[0].imshow(Cu_cts)

ax[0].axis('off")

ax[1].imshow(Norm_Cu)

ax[1].axis('off")

ax[2].imshow(colCu)

ax[2].axis('off")

plt.subplots_adjust(wspace=0, hspace=0, left=0, right=2, bottom=0, top=1)
plt.show()

if np.any(Norm_Cr):
Norm_Cr[Norm_Cr<threshold triangle(Norm_Cr)] =0

colCr=np.repeat(Norm_Cr[:, :, np.newaxis], 3, axis=2)
colCrtl[:,:,0]=colCr[:,:,0]*(103/255)
colCrl[:,:,1]=colCr[:,:,1]*(0/255)
colCrl[:,:,2]=colCr[:,:,2]*(103/255)

colCr=colCr.astype(int)
#colCr[np.all(colCr<1, axis=2)] = 255
fig2, ax = plt.subplots(1,3)
ax[0].imshow(Cr_cts)

ax[0].axis('off")
ax[1].imshow(Norm_Cr)
ax[1].axis('off")

ax[2].imshow(colCr)

ax[2].axis('off")

plt.subplots adjust(wspace=0, hspace=0, left=0, right=2, bottom=0, top=1)
plt.show()

#if np.any(Norm_NbD):
# Norm_Nb[Norm_Nb<threshold yen(Norm Nb)] =0

if np.any(Norm_Nb):
Norm_Nb[Norm_Nb<threshold triangle(Norm_Nb)] =0

colNb=np.repeat(Norm_Nb[:, :, np.newaxis], 3, axis=2)
coIND[:,:,0]=coINb][:,:,0]*0
coINb[:,:,1]=coINb[:,:,1]1*1
coINb[:,:,2]=coINb[:,:,2]*1

colNb=colNb.astype(int)
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#colNb[np.all(colNb<1, axis=2)] = 255

fig2, ax = plt.subplots(1,3)

ax[0].imshow(Nb_cts)

ax[0].axis('off")

ax[1].imshow(Norm_Nb)

ax[1].axis('off")

ax[2].imshow(colNb)

ax[2].axis('off")

plt.subplots_adjust(wspace=0, hspace=0, left=0, right=2, bottom=0, top=1)
plt.show()

e e —

if np.any(Norm_Si):
Norm_Nb[Norm_Si<threshold yen(Norm_Si)] =0

colSi=np.repeat(Norm_Si[:, :, np.newaxis], 3, axis=2)
colSi[:,:,0]=colSi[:,:,0]*1
colSi[:,:,1]=colSi[:,:,1]*0
colSi[:,:,2]=colSi[:,:,2]*1

colSi=colSi.astype(int)
#colNb[np.all(colNb<l1, axis=2)] = 255

fig2, ax = plt.subplots(1,3)

ax[0].imshow(Si_cts)

ax[0].axis('off")

ax[1].imshow(Norm_Si)

ax[1].axis('off")

ax[2].imshow(colSi)

ax[2].axis('off")

plt.subplots_adjust(wspace=0, hspace=0, left=0, right=2, bottom=0, top=1)
plt.show()

Perform additive color mixing of maps of interest and then annonate the image with necessary outputs

interim_ l=np.maximum(colNb,colCu)
interim_2=np.maximum(interim_1,colNi)
test=np.maximum(interim_2,colCr)
#test=colNi + colCu + coINb +colCr +colNb
print(test)

#test=colINi + colCu + colNb +colCr #+colNb

#Convert background from black to white
test[np.all(test<10, axis=2)] =255

#Adding color block legend
test[900:1000,0:100,0]=0
test[900:1000,0:100,1]=255
test[900:1000,0:100,2]=0

test[900:1000,100:200,0]=255
test[900:1000,100:200,1]=178
test[900:1000,100:200,2]=102
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test[900:1000,200:300,0]=0
test[900:1000,200:300,1]=255
test[900:1000,200:300,2]=255

test[900:1000,300:400,0]=103
test[900:1000,300:400,1]=0
test[900:1000,300:400,2]=103

#White background for scale bar
test[915:1000,740:960,0]=255
test[915:1000,740:960,1]1=255
test[915:1000,740:960,2]1=255

#Make a scale bar - this needs to change for the given pixel/nm
test[975:990,743:957,01=0
test[975:990,743:957,11=0
test[975:990,743:957,21=0

#Scaled for 10 in by 10 in
fig2 = plt.figure(figsize = (10,10))

plt.imshow(test)

#Add text to colorblock legend and scale bar

plt.text(50,950,Ni',color="white', horizontalalignment='center',verticalalignment='center’,
fontsize=30,fontfamily='serif',fontweight="bold")

plt.text(150,950,'Cu’,color="white', horizontalalignment='center',verticalalignment='center',
fontsize=30,fontfamily="serif",fontweight='bold")

plt.text(250,950,"Nb',color='white', horizontalalignment='center',verticalalignment='center’,
fontsize=30,fontfamily="serif",fontweight='bold")

plt.text(350,950,'Cr',color="white', horizontalalignment='center',verticalalignment='center',
fontsize=30,fontfamily="serif',fontweight='bold")

plt.text(850,950,'50 nm',color="black’, horizontalalignment='center',verticalalignment='center",
fontsize=30,fontfamily="serif",fontweight='bold")

plt.axis('off")
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Appendix B. Python Code Used for Generating STEM-BF/LAADF/MAADF/HAADF

Greyscale Images with Scalebars

# credit: Pengyuan Xiu (xiupy@umich.edu) wrote the code

from PIL import Image

from numpy import asarray

import numpy as np

from matplotlib import pyplot as plt

import pandas as pd

import seaborn as sns

import cv2 as cv

from skimage.filters import threshold otsu
from skimage.filters import threshold_triangle
from skimage.filters import threshold minimum
from skimage.filters import threshold yen
from skimage.filters import threshold li

from skimage import filters

# To normalize the counts data based on the min and max of all the pixel counts by using a 256 full scale for
greyscale plot
def NormalizeData(data):

return (data - np.min(data)) / (np.max(data) - np.min(data)) * 255

# This function takes in an image file (tiff for example), trim out the data to make a squre-shaped dataframe
(1024 by 1024 for example)
def process_img(file name):

tiff = Image.open(file_name)

numpydata = asarray(tiff)

numl = numpydata.shape[1]

num2 = numpydata.shape[0]

#this step removes the excessive data from the scale bar added by the TIA software when outputting the tiff
images

trimmed_data = np.delete(numpydata, slice(num1,num?2), 0)

#to normalize the data and convert it to 255 scale with 1 dimension

Norm_data = NormalizeData(trimmed_data)

#increase the dimension to 3d array from 1d, and keep the grey scale (r=g=b)

Norm_3d data = np.repeat(Norm_data[:, :, np.newaxis], 3, axis=2)

#convert all data to integer

Norm_3d data=Norm_3d data.astype(int)

#add white background for scale bar

Norm_3d_data[915:1000,740:960,0]=255
Norm_3d_data[915:1000,740:960,1]=255
Norm 3d data[915:1000,740:960,2]=255
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#make a black scale bar. Here, 50 nm = 215 pixel for a 1024 x 1024 pixel image, affecting left2 and right2
values!

Norm_3d data[975:990,743:957,0]

Norm_3d data[975:990,743:957,1]

Norm 3d data[975:990,743:957,2]

0
0
0

plt.text(850,950,'50 nm',color="black’, horizontalalignment='center',verticalalignment='center',
fontsize=30,fontfamily="serif',fontweight='bold")

return Norm_3d_data

plt.figure(figsize=(20, 20))

ASB = process_img('DF2_FCRD UN_Z.tif)
plt.imshow(ASB)

plt.axis('oft")

plt.show()

plt.savefig('ACO3 unirr test.png', format="png', dpi=1200)
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Appendix C. Raw Data for Irradiation Experiments
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Appendix Figure 1. Temperature histograms for the 50 dpa, 460°C irradiation of Heat A of AM-HT9 with 5 MeV
Fe?* ions without He implantation.
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Appendix Figure 2. Thermocouple readings of temperature for the 50 dpa, 460°C irradiation of Heat A of AM-
HT9 with 5 MeV Fe’* ions without He implantation.
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Appendix Figure 3. Pressure history for the 50 dpa, 460°C irradiation of Heat A of AM-HT9 with 5 MeV Fe**
ions without He implantation.
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Appendix Figure 4. Temperature histograms for the 16.6 dpa, 445°C irradiation of Heat B of AM-HT9 with 5
MeV Fée?* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 5. Thermocouple readings of temperature for the 16.6 dpa, 445°C irradiation of Heat B of AM-
HT9 with 5 MeV Fe’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 6. Pressure history for the 16.6 dpa, 445°C irradiation of Heat B of AM-HT9 with 5 MeV Fe’*
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ions for implanted He levels of 4 appm/dpa.

173




Tmean =444.6°C HEl Bottom Tmean =444.8°C HEl Bottom
26=4.7°C - Top 26=5.0°C - Top
(a) (b)
400 410 420 430 440 450 460 470 480 490400 410 420 430 440 450 460 470 480 490
Temperature (°C) Temperature (°C)
Thean = 444,5°C EEl Bottom Tonean = 444.5°C EEl Bottom
26=5.1°C " Top 26=4.8°C - Top
(c) (d)
400 410 420 430 440 450 460 470 480 490400 410 420 430 440 450 460 470 480 490

Temperature (°C)

Temperature (°C)

Appendix Figure 7. Temperature histograms for the 50 dpa, 445°C irradiation of Heat B of AM-HT9 with 5 MeV
Fe*" ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 8. Thermocouple readings of temperature for the 50 dpa, 445°C irradiation of Heat B of AM-
HT9 with 5 MeV Fe’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 9. Pressure history for the 50 dpa, 445°C irradiation of Heat B of AM-HT9 with 5 MeV Fe*
ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 10. Temperature histograms for the 75 dpa, 445°C irradiation of Heat B of AM-HT9 with 5
MeV Fée’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 11. Thermocouple readings of temperature for the 75 dpa, 445°C irradiation of Heat B of AM-
HT9 with 5 MeV Fe’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 12. Pressure history for the 75 dpa, 445°C irradiation of Heat B of AM-HT9 with 5 MeV Fe?*
ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 13. Temperature histograms for the 100 dpa, 445°C irradiation of Heat B of AM-HT9 with 5

Temperature (°C)
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MeV Fée’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 14. Thermocouple readings of temperature for the 100 dpa, 445°C irradiation of Heat B of AM-
HT9 with 5 MeV Fe’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 15. Pressure history for the 100 dpa, 445°C irradiation of Heat B of AM-HT9 with 5 MeV Fe’*
ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 16. Temperature histograms for the 150 dpa, 445°C irradiation of Heat B of AM-HT9 with 5

MeV Fé’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 17. Thermocouple readings of temperature for the 150 dpa, 445°C irradiation of Heat B of AM-
HT9 with 5 MeV Fe’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 18. Pressure history for the 150 dpa, 445°C irradiation of Heat B of AM-HT9 with 5 MeV Fe**
ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 19. Temperature histograms for the 250 dpa, 445°C irradiation of Heat B of AM-HT9 with 5
MeV Fe’" ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 20. Thermocouple readings of temperature for the 250 dpa, 445°C irradiation of Heat B of AM-
HT9 with 5 MeV Fe’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 21. Pressure history for the 250 dpa, 445°C irradiation of Heat B of AM-HT9 with 5 MeV Fe**
ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 22. Temperature histograms for the 50 dpa, 400°C irradiation of Heat B of AM-HT9 with 5
MeV Fée?* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 23. Thermocouple readings of temperature for the 50 dpa, 400°C irradiation of Heat B of AM-
HT9 with 5 MeV Fe’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 24. Pressure history for the 50 dpa, 400°C irradiation of Heat B of AM-HT9 with 5 MeV Fe**
ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 25. Temperature histograms for the 50 dpa, 460°C irradiation of Heat B of AM-HT9 with 5
MeV Fe’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 26. Thermocouple readings of temperature for the 50 dpa, 460°C irradiation of Heat B of AM-
HT9 with 5 MeV Fe’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 27. Pressure history for the 50 dpa, 460°C irradiation of Heat B of AM-HT9 with 5 MeV Fe**
ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 28. Temperature histograms for the 50 dpa, 500°C irradiation of Heat B of AM-HT9 with 5
MeV Fe’" ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 29. Thermocouple readings of temperature for the 50 dpa, 500°C irradiation of Heat B of AM-
HT9 with 5 MeV Fe’* ions for implanted He levels of 4 appm/dpa.
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Appendix Figure 30. Pressure history for the 50 dpa, 500°C irradiation of Heat B of AM-HT9 with 5 MeV Fe**
ions for implanted He levels of 4 appm/dpa.
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Appendix D. Full Feature Statistics and Q Calculations in the Damage Level Series

a2y | NS Nsiv Corich
a(100) a(100) a/2(111) Dislocat rich n-rich Cr-rich Precipita
PAGB Lath Dislocation Cavity Cavity Dislocatio Dislocation | Dislocatio ion . . | Precipita | Precipita P Q with Q with
i . Damage . X . Precipi te R .
Grain Size Size (dpa) Density Diameter Density n Loop Loop n Loop Loop tate te te Densi simplifie | generalize
(um) (nm) P (10'%/m?) (nm) (10?"/m?) Diameter Density Diameter Density Diamet Density | Diamete (107 /Hti; d model d model
(nm) (10?"/m?) (nm) (10*"/m? or (10*"/m? r (nm) )
) (nm) )
0 8.48 +£0.8 N.O. N.O. N.O. N.O. N.O. N.O. N.O. N.O. N.O. N.O. 0 0.3
166 232423 N.O. N.O. 46405 | 41504 | 5616 | 47205 | No. | No. | 35211 | 1% o 058
50 5.09+0.5 N.O. N.O. 129+54 3.5+04 75+£2.1 1.6+02 N.O. N.O. 51+12 41"01i ) 0.2
6.1+ 189+
247.4 75 30.4+3.0 N.O. N.O. 182+7.5 2.8+03 10.1+2.4 1.9+02 88+09 | 99+23 ) 0.7
ASB 32+1 +66.0 2.4 1.9
100 124+1.2 2.7+09 53+0.5 13.0+4.1 1.7+0.2 10.5+3.6 41+04 Sé’ogi 8.6+0.9 126'09i 9.2+09 13.8 0.4
7.5+ 16.8 +
150 6.82+0.7 24+1.1 67.8+6.8 17.1+7.5 1.3+0.1 109+3.4 1.0+ 0.1 23 53+0.5 12 4.7+0.5 0.7 0.2
104.1 £ 247 + 7.7+ 18.8 +
250 9.81 +1.0 23+1.1 104 10.1 34+03 164 +3.1 2.1+02 58 9.4+09 118 5.5+£0.6 0.7 0.2
0 1.92+0.2 N.O. N.O. N.O. N.O. N.O. N.O. N.O. N.O. N.O. N.O. ) 0.3
166 104510 | 27209 | 12512 | 0% 105 | 30050 | o7x01 | 05 | 1LE 1 N0, N.O. 34 0.9
82+ 16.5+
50 2.62+0.3 38+22 69.3+7.0 24.8+9.0 3.0+03 27.1+£8.7 1.0+ 0.1 N.O. N.O. 0.2 0.2
2.8 1.7
ACO 377.6 75 9.27+0.9 33+27 29.7+£3.0 144+ 8.0 50+0.5 10.9+3.9 2.1+0.2 79 1.4+ 132+ 0.6+0.1 1.5 0.6
3 22+7.8 £195 2.5 1.1 7.1
100 532+0.5 28+22 66.8 £ 6.7 192+73 2.8+03 14.0+4.0 24+02 1(;'16i 6.1£0.6 112.25i 02+0.0 0.5 0.3
150 1.98+0.2 3.5+4.0 63.4+6.3 2?(_)821 29+03 21.0+8.8 1.1+0.1 1(;'88i 6.4+0.6 N.O. N.O. 0.1 0.2
250 ame04 | 30+36 | E0F el 60406 | 257479 | 0s8+01 | '94% | 57206 | NoO. N.O. 0.1 02
0 3.31+0.3 N.O. N.O. N.O. N.O. N.O. N.O. N.O. N.O. N.O. N.O. 0 0.4
166 822408 | 27515 | 47205 | 215587 | 35204 | 1s1ss56 | 44x04 | 25 | 16T No. N.O. 10.1 058
6.8 = 154+
50 5.62+0.6 44+13 259+2.6 233+8.7 2.0+02 17.2+4.7 1.7+02 59 s N.O. N.O. 0.8 0.4
FCR 70+25 368.1 75 6.89 £ 0.7 27+1.7 269+2.7 20.3+£9.0 27+03 21.0+7.1 29+0.3 9242i 9.6+ 1.0 N.O. N.O. 1.5 0.6
b o =14 1054+ 207+ 88+
100 3.66+0.4 22+23 165 16 1 39+04 16.5+5.6 1.9+0.2 26 7.1+0.7 | 82+£3.9 1.0+ 0.1 0.2 0.3
9.5+ 21.5+
150 4.19+04 5.1+43 20.7+2.1 244+9.7 22+02 14.1+5.0 0.5+0.1 37 74+0.7 99 1.2+0.1 0.6 0.3
250 3.07+0.3 52+1.8 61.6+6.2 149+8.4 6.9+0.7 15,6 +5.5 1.6+02 1(;'52i 5.5+0.6 186,(;1 1.3+0.1 0.2 0.2
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