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ABSTRACT

Due to the high void-swelling resistance and good mechanical, thermal and
chemical properties, FeCr based ferritic-martensitic steels are promising structural
materials in future nuclear reactors. However, they suffer from the well-known “475 °C
embrittlement” phenomenon due to formation of Cr-rich alpha prime (o’) precipitates.
Despite the extensive observation of o’ after neutron irradiations, o’ formation was seldom
reported after high dose rate ion irradiations.

In this study, high purity FeCr alloys with Cr concentrations of 5-18% were
irradiated by 8 MeV Fe ions at -123 °C to 450 °C, 10° — 107 dpa/s to mid-range doses of
0.37-3.7 dpa, and by 800 keV protons at 250 — 450 °C, 2x107° dpa/s to 2 dpa. Solute
distribution and formation of solute clusters were characterized mainly by the atom probe
tomography (APT) technique.

After heavy ion irradiations at the high temperature range (300 °C — 450 °C), Cr
precipitates were observed in Fe-(12-18)Cr alloys in a large portion of irradiation
conditions. These precipitates feature much lower Cr concentrations compared to the
thermal equilibrium values, which can be attributed to the modifications introduced by
displacement damage cascades. Furthermore, both the near-surface and implanted ion
regions were observed to suppress o’ precipitation.

Proton irradiations at 350 to 450 °C resulted in the formation of homogeneously
distributed o’, which have near-equilibrium compositions, and can be attributed to a
radiation enhanced precipitation mechanism. At 250 °C, highly concentrated Cr clusters
and their positional association with dislocation loops was revealed in Fe-(5-8)Cr alloys.
These agglomerated clusters are attributed to radiation-induced precipitation due to the
preferential coupling of Cr atoms with interstitials.

Irradiations at cryogenic- to room- temperature using heavy ions were conducted
to study the radiation-induced dissolution rate. Both FeCr and FeCu alloys with pre-
existing solute clusters were simultaneously irradiated up to 0.6 dpa. Gradual dilution of
Cu precipitates was observed after irradiations. However, Cr precipitates show relatively

high resistance to the dissolution induced by displacement cascades, in contrast to the



behavior observed at 300— 450 °C. This low temperature behavior is inconsistent with the
radiation enhanced diffusion/ballistic dissolution theory. Further investigations are
required to elucidate these puzzling observations.
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CHAPTER ONE
INTRODUCTION AND MOTIVATION

High Cr Ferritic-Martensitic steels are promising structural materials for potential
use as the fuel pin cladding and wrapper material in fast fission reactors and the blanket
and first wall structure in fusion reactors. They have numerous attractive properties
including good void swelling resistance, high creep-rupture strengths, good corrosion and
oxidation resistance, high thermal conductivity, and good weldability and formability [1].

A particularly severe problem limiting their applications is the well-known ‘475 °C
embrittlement” phenomenon after neutron irradiation or long-time thermal aging at
intermediate temperatures [2-4]. The degradation of mechanical properties was generally
associated with a decrease in impact strength as shown in Figure 1.1(a), an increase of yield
strength and ultimate tensile strength accompanied by the decrease of uniform elongation
in Figure 1.1(b), and an increase of ductile to brittle transition temperature (DBTT). This
phenomenon was known to be related to the formation of Cr-enriched o’ precipitates,
which can be seen from the atom probe tomography (APT) results shown in Figure 1.1(c).

Although o’ precipitation has been extensively studied in previous years, several
unresolved issues remain such as the discrepancy in precipitation behavior under heavy ion
vs. neutron irradiations. In recent years, ion irradiations are becoming more and more
popular due to the relatively low cost, short time to achieve high irradiation dose, and
because the irradiation temperatures, dose rates and doses can be easily and precisely
monitored and controlled. Unlike neutron irradiations or thermal aging, which usually give
well-formed o’ precipitates [5, 6], large discrepancies exist regarding the o’ precipitation
behavior during ion irradiations. The precipitates were observed in some studies [7-9] but
not in others [10], which are attributable to a competition between radiation enhanced
diffusion (which promotes the formation of a’) and radiation mixing/ballistic dissolution
processes associated with energetic displacement cascades (which suppresses o’
formation). One point to note is that not all reported observations of o’ precipitates are fully
developed to have the equilibrium Cr content, which makes the claim that o’ forms via a
radiation enhanced precipitation mechanism questionable. The relatively shallow depth of
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the damaged region and introduction of injected ions, which are characteristic of most ion
irradiation studies, also generate potential artifacts that may suppress o’ formation.
Besides, the Cr concentration in the investigated specimen (Cr supersaturation relative to
the solvus concentration) will also influence this precipitation process by providing strong
to weak/zero thermodynamic driving force for o/a’ phase separation. Currently, the
association between o’ precipitates and dislocation loops is also unclear.

Although o’ precipitation has been extensively studied in previous years, several
unresolved issues remain such as the discrepancy in precipitation behavior under heavy ion
vs. neutron irradiations. In recent years, ion irradiations are becoming more and more
popular due to the relatively low cost, short time to achieve high irradiation dose, and
because the irradiation temperatures, dose rates and doses can be easily and precisely
monitored and controlled. Unlike neutron irradiations or thermal aging, which usually give
well-formed o’ precipitates [5, 6], large discrepancies exist regarding the o’ precipitation
behavior during ion irradiations. The precipitates were observed in some studies [7-9] but
not in others [10], which are attributable to a competition between radiation enhanced
diffusion (which promotes the formation of a”) and radiation mixing/ballistic dissolution
processes associated with energetic displacement cascades (which suppresses o’
formation). One point to note is that not all reported observations of o’ precipitates are fully
developed to have the equilibrium Cr content, which makes the claim that o’ forms via a
radiation enhanced precipitation mechanism questionable. The relatively shallow depth of
the damaged region and introduction of injected ions, which are characteristic of most ion
irradiation studies, also generate potential artifacts that may suppress o’ formation.
Besides, the Cr concentration in the investigated specimen (Cr supersaturation relative to
the solvus concentration) will also influence this precipitation process by providing strong
to weak/zero thermodynamic driving force for a/a’ phase separation. Currently, the
association between o’ precipitates and dislocation loops is also unclear.

With all these unsolved questions, in general it is currently not possible to quantify
the critical condition (the lower bound of temperature and upper bound of dose rate) for o’
formation or dissolution under ion irradiations and to determine the difference between the
ion irradiation-controlled steady states and the phase diagram-controlled thermal
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equilibrium states. Wide variances exist in the bulk Cr content, impurity atom content,
temperature, injected ion type and energy, knock-on atom spectrum, dose rate and dose
among different studies, which makes it difficult to directly compare the results from
different researchers.

In this study, we performed a systematic study of heavy ion irradiations over a wide
range of conditions (-123 to 450 °C, 10°-10" dpa/s and 0.1-0.6 dpa) on high purity Fe-(10-
18)% Cr samples. These heavy ion irradiations were supplemented by proton irradiations
at 250-450 °C, 2x107° dpa/s and 2 dpa on the similar Fe-(5-18)Cr samples in order to
investigate effects of primary knock-on energy (ballistic dissolution and mixing) on o’
stability. A limited number of complementary irradiations were also performed on Fe-0.7
at. %Cu in order to compare precipitate evolution in another well-studied Fe-base binary
alloy system that forms nanoscale precipitates under thermal aging and irradiation. Solute
distributions and cluster formations are identified and quantified mainly by the APT
technique. The objective is to investigate 5 major phenomena:

(1)  Effect of dose rate and temperature on o’ formation in Fel8Cr

(2)  Effect of surface and injected ions on o’ formation in Fel8Cr

(3)  Effect of bulk Cr concentration on o’ formation in Fe(10-18)Cr

(4)  Using proton irradiation and thermal aging to determine the phase

boundary

(5)  Quantitative comparison of ballistic dissolution behavior of Cr and Cu

precipitates for low temperature heavy ion irradiations.



CHAPTER TWO
LITERATURE REVIEW

2.1 Radiation damage in FeCr alloys

FeCr-based steels have been considered for in-reactor nuclear applications since
the 1970s due to their supreme void-swelling resistance and overall favorable mechanical
properties combined with extensive industrial fabrication experience. The in-reactor
environment requires structural materials to maintain dimensional stability and mechanical
property integrity over a long service time. Irradiation damage is caused by the
displacement of lattice atoms from their equilibrium positions and the creation of impurity
atoms in solid or gas states. The irradiation induced damages in ferritic-martensitic (FM)
steels are mainly manifested as void swelling, irradiation creep, radiation hardening and
embrittlement, and fracture toughness decrease, in which generally the most severe
problem limiting their application is the irradiation induced/enhanced embrittlement and

hardening.

2.1.1 The history of using FeCr alloys as nuclear materials

Fast fission and fusion reactors require structural materials to operate and sustain
at extreme conditions including high temperatures and radiation damage to high fluences,
the typical ranges of which are given in Figure 2.1 [11]. The major difference between
these two types of environments is the neutron energy spectrum: neutrons are created with
an average kinetic energy of about 1-2 MeV for fission and 14.1 MeV for D-T fusion. FM
steels, SiC/SiC composites and vanadium alloys are the most promising structural materials
for fusion energy applications [12, 13]. Compared to alternative structural materials, FM
steels have high void swelling resistance, thermal stress resistance, adequate creep strength
up to 600 °C, good fabricability and weldability, rich industrial experience of being used
for massive structures and well existing production and fabrication technologies [1].

The development of 9-12% Cr steels originated in 1912 for the application of steam
turbine blades [1, 14]. The additions of Mo, W, Nb, V, N, and the reduction of C elements
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greatly increased the high-temperature creep-rupture strength of these steels from 35 MPa
and 180 MPa [14].

The commercial Cr-Mo ferritic-martensitic steels were first considered for fast
fission reactor applications in the early 1970s and for fusion reactor applications in the late
1970s. Before that, austenitic stainless steels were the primary candidates, but they suffer
from a high void swelling rate, low thermal conductivity, and high thermal expansion
coefficient, which results in high thermal stress. For FM steels, their coolant compatibility
and elevated temperature strength limit their application for fission technologies and the
possible ferromagnetic interactions may limit their fusion applications. After it was
revealed that the ferromagnetic problem could be solved by reasonable reactor design and
they have superior swelling resistance compared to austenitic steel, these FM steels became
of great interest [15]. However, two major limitations of FM steels are that they exhibit a
ductile to brittle transition at a certain temperature and the well-known 475 °C
embrittlement behavior [2]. Both phenomena may limit the low temperature operating limit
for FM steels.

For next-generation fission reactors, many wrought FM steels have been considered
as wrapper materials, which operate at 400-560 °C [16]. In order to increase their
toughness, several attempts have been conducted: ensuring a fully martensitic structure
without o-ferrite, limiting the N content to a maximum of 0.01%, and refining the grain
size of prior austenite. For fusion reactors, the potential uses of FM steels are as the
structural material for the first wall and tritium breeding blanket components. They are
required to sustain good performance under electromagnetic and mechanical loading,
thermal stress, high-energy neutron fluxes, and bombardment with the ions or atoms from
the plasma.

The reduced activation FM steels (RAFM) and oxide dispersion strengthening
(ODS) FM steels are two important variants of conventional FM steels. The RAFMs aimed
at reducing the time for the radioactivity to decay by eliminating or minimizing Nb, Cu,
Ni, Mo and N [12]. The ODS FM steels have better creep-rupture strength at temperatures
>550 °C due to the introduction of oxide particles, so they could be used as cladding and
work at 670-700 °C [17, 18].



2.1.2 Effect of irradiation on dimensional stability

Cavity swelling happens when the materials are irradiated at a temperature range
of 0.3-0.5 Tm (absolute melting temperature) and to intermediate or high neutron fluences
[19-21]. The materials show an increase in volume and a decrease in density due to the
formation of voids and dislocation loops. Although the same amount of vacancies and
interstitials are produced by irradiation, dislocations have a bias to interact more with
interstitials due to their larger stain field, which leads to fewer interstitials remaining for
recombination, and the resultant excess vacancies migrate and coalesce to form voids.

The general trend of volumetric swelling with dose is a negligible amount below
an incubation dose, followed by a regime in which the total swelling linearly increases with
dose. The austenitic steels exhibit a constant swelling rate of about 1% per dpa [22] above
the incubation dose, while the steady state swelling rate of FM steels is around 0.2 % [23].
The FM steels also show a longer transient stage, which is dominated by void nucleation
[23]. As for the effect of Cr content, a peak in swelling was observed at around 9% Cr in
some studies [24-27]. The effect of He on swelling is not monotonic. Adding the He/dpa
ratio to some extent could enhance the formation of bias-driven, large voids [28], but
further increasing it could lead to the formation of a high density of small bubbles, which
act as neutral sinks for vacancies and interstitials and prohibit the swelling [29-31].

The superior swelling resistance of FM steels compared to austenitic steels has been
attributed to multiple possible reasons, including the special dislocation structure [32], the
solute trapping effect [33], the microstructure of tempered martensite, and the lower
relaxation volume [34, 35]. It has been proposed that the <100> loops have a strong bias
to interstitials, while the ¥2<111> loops are almost neutral sinks for both types of point
defects, which reduces the migration of vacancies to voids [32, 36-38]. The strong
interaction of interstitials and Cr atoms retards the diffusion of interstitials to sinks and thus
promotes their recombination with vacancies [33]. A large number of lath boundaries and
sub-grain surfaces in martensitic steels lead to a high sink strength and reduce point defect
supersaturation. The open structure and low relaxation volume of the body centered cubic
(BCC) phase result in a lower dislocation bias for SIAs and higher He mobility which

reduce the formation of He-stabilized bubbles [34, 35]. In general, the superior swelling
8



resistance of FM steels is considered to be due to the multiple different microstructural

aspects, with none of these mechanisms alone being solely responsible [39].

2.1.3 Effect of irradiation on mechanical properties

2.1.3.1 Tensile properties

How irradiation influences the tensile properties of steels depends on the irradiation
temperature. At very low temperatures (20 to about 360 °C), a significant decrease in the
work-hardening capacity or uniform elongation is observed [40], which has been attributed
to the dislocation channeling deformation mechanism [41] or exhaustion or work hardening
capacity [42]. Atabout 360 °C (0.35 Tm), small vacancy and interstitial loops are produced.
At slightly higher temperatures (0.35-0.4 Tm), larger loops and network dislocation
structures form from their smaller-sized precursors and irradiation-induced or -enhanced
precipitation occurs. These microstructures introduce hardening effects to the system,
which generally decrease as temperature increases in this range. The resulting changes in
the stress-strain curve are an increase in yield and ultimate tensile stress and a decrease in
the uniform and total elongation. At temperatures higher than about 0.4 T, irradiation
produced defects anneal out, and thermally stable precipitates form and coarsen rapidly, so
softening or little change is often observed at this temperature range [43, 44].

The low temperature irradiation induced hardening effect could start at doses below
0.1 dpa and approach saturation values at a higher dose of about 1 to 10 dpa [45].

According to Ref. [1], the effect of transmutation He on the tensile properties of
FM steels at temperatures where radiation hardening occurs (< about 0.4 Tr) is minor.
More recent studies have reported variable hardening and embrittlement associated with
He co-generation, but in general the contribution of He to low temperature irradiation
hardening is considered to be moderate [46]. At higher irradiation temperatures (> 0.5 Tm),
He gas could also cause irradiation embrittlement by forming He-containing bubbles on
grain boundaries, which is reflected as a decrease in tensile ductility. BCC steels with a
high Cr concentration generally have a higher resistance to He embrittlement than face

center cubic (FCC) steels.



2.1.3.2 Impact properties and fracture toughness

A major concern for the application of FM steels as structural materials is the
irradiation induced embrittlement, which is manifested as an increase in the ductile to
brittle transition temperature (DBTT), decrease in the upper shelf energy (USE), and a
decrease in fracture toughness [47]. This embrittlement behavior is associated with prior
grain size, irradiation-produced dislocations, and precipitate formation such as M23Cs and
o’ when irradiated at T<0.4 Tnm.

Charpy absorbed energy and fracture toughness tests are the main methods to
quantify the amount of embrittlement, in which the former measures the energy to initiate
and propagate a crack to produce a complete fracture, while the latter measures the critical
load or energy to extend a pre-existing crack. The results obtained from fracture toughness
tests are relatively limited compared to Charpy tests. The Griffith criteria (Kc), J-integral
approach (Jc) and tearing modulus (T) are the quantities generally used to quantify the
amount of embrittlement [1].

In Charpy tests, the DBTT shift and USE reduction generally increases rapidly at
low fluence and approaches saturation at a relatively lower dose compared to that for tensile
behavior. At the irradiation hardening related temperature regimes, the amount of DBTT
shift generally decreases with increasing irradiation temperature [48]. At higher
temperatures without any irradiation induced hardening, the shift either saturates or
increases due to precipitate coarsening, which leads to lower fracture stress [44].

The effect of Cr on DBTT shift is not monotonic and the 8-9Cr steels show the least
irradiation induced embrittlement as presented in Figure 2.2 [49]. The reason for the high
DBTT shift for Cr content >9% is attributed to a’ formation, while that for the low Cr side
is still unclear. As for the effect of alloying elements, it has been experimentally observed
that Ta, Ni and Pt decrease the DBTT of Fe-based alloys while Mn and Si increase it [50].
Although He has no significant effect on the hardening, the presence of He was known to
exacerbate the DBTT shift by decreasing the fracture stress and promoting intragranular
fracture. The reason is that the bubbles on a precipitate/matrix interface could enhance

crack nucleation and propagation or become nuclei for fracture under stress [1].
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2.1.3.3 Irradiation creep

Thermal creep, which becomes important at temperatures >0.5 Tm, is the
mechanical behavior in which plastic deformation inside the materials accumulates with
time at constant applied stress or loading. For high Cr FM steels operating at <600 °C, the
processes contributing most to thermal creep are dislocation glide and climb and the
resulting sub-grain formation. At the condition of simultaneous elevated temperature and
irradiation, creep could happen at much lower temperatures due to the preferential
absorption of self-interstitials (SIAs) by dislocations and the resulting dislocation motion,
which is termed irradiation creep [51].

The Preferred Absorption Glide (PAG) creep [52] and the Stress Induced
Preferential Absorption (SIPA) creep [53] were proposed to correlate the irradiation creep
strain rate with stress. The strain rate was found to have a linear or quadratic dependence
on stress if the SIPA or PAG mechanism is dominant, respectively [54]. It was suggested
that the SIPA mechanism dominates at lower stresses while the PAG becomes more
important at higher stresses [55].

Different behaviors have been observed for the temperature dependence of
irradiation creep rate. At the low temperature regime, the creep rate was found to be
insensitive to temperature in Ref. [56], while the creep rate was much higher than its two

higher temperature variants in Ref. [57].

2.2 Diffusion and precipitation in FeCr alloys

In binary FeCr alloys, Cr-enriched o’ clusters are the main precipitate type, which
is known to cause the 475 °C embrittlement phenomenon. One major problem inhibiting
the study and understanding of this precipitation behavior is the lack of a precisely defined
phase boundary between o and a+a’ phases. In commercial Ferritic-Martensitic steels, the
introduction of other alloying elements improves the mechanical properties of materials
while also increases the complexity of microstructure with additional precipitation species.
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2.2.1 FeCr phase diagram and a’ precipitates

The temperature range relevant to the nuclear application of FeCr alloys is 300-700
°C, within which the materials show hardening and embrittlement after long term thermal
aging (or shorter-duration neutron irradiations) due to the formation of o’ precipitates [2].
These precipitates mainly consist of Cr atoms with BCC structure and are fully coherent to
the Fe-enriched matrix. o’ precipitates in dual-phase (Austenite + Ferrite) steels could also
be enriched with other Ferrite forming elements such as Mo, Si and W [1].

The phase boundary between o and o+a’ phases is hard to precisely determine
because of the very slow diffusion rate of Cr atoms at temperatures below 450 °C. Typical
phase diagrams proposed by different authors are presented in Figure 2.3. The conventional
phase boundary calculated by the CALPHAD database predicted a very low solubility of
Cr atoms in the Fe-enriched matrix at low temperatures [58]. It is inconsistent with the
findings that the sign of mixing entropy changes from negative to positive and the existence
of short range ordering for Cr content < 10% at 427 °C [59, 60]. Based on thermal aging
and neutron irradiation experimental results, Bonny et. al. suggested a new solvus line with
much higher Cr solubility and a very steep solvus line at lower temperatures, and a
substantial increase in the Cr solubility at higher temperatures as indicated by the green
curve in Figure 2.3 [61]. Their hypothesis that o’ clusters form in a radiation enhanced
precipitation mechanism, and the solubility limit of Cr atoms in the Fe-enriched matrix is
not modified by irradiations or the alloying elements, made the phase boundary they
proposed debatable as argued by Xiong et al [62]. Xiong et al. didn’t present an exact line
for the phase domain, but an area containing possible positions of this line, which is the
smooth connection between the thermal aging results and the solubility predicted by ab
initio calculations at 0 K as shown in Figure 2.3.

Density function theory (DFT) simulation was used to explain the experimentally
observed ordering and clustering in terms of the electron band and magnetic properties of
Fe and Cr [63, 64]. The ordering in dilute alloys was explained by the tendency of Cr atoms
to be distributed away from each other to avoid magnetic frustration and to be isolated in
the Fe matrix to lower the energy. With the higher Cr concentration, the Cr-Cr interactions

could not be avoided, which leads to positive heat of mixing and Cr clustering [63, 64].
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The increase in solubility at higher temperatures was attributed to the increasing
importance of vibrational entropy [61]. Using an advanced atom probe tomography (APT)
technique to characterize the distribution of Cr atoms, recent experiments provide more
precise data points related to phase boundary positions. Novy et al. found the solubility
limit is about 14 at. % at 500 °C through long time thermal aging [66]. Tissot et. al. used
electron irradiation to accelerate the diffusion and found the limit is about 9 at. % at 300
°C [67].

Density function theory (DFT) simulation was used to explain the experimentally
observed ordering and clustering in terms of the electron band and magnetic properties of
Fe and Cr [63, 64]. The ordering in dilute alloys was explained by the tendency of Cr atoms
to be distributed away from each other to avoid magnetic frustration and to be isolated in
the Fe matrix to lower the energy. With the higher Cr concentration, the Cr-Cr interactions
could not be avoided, which leads to positive heat of mixing and Cr clustering [63, 64].
The increase in solubility at higher temperatures was attributed to the increasing
importance of vibrational entropy [61]. Using an advanced atom probe tomography (APT)
technique to characterize the distribution of Cr atoms, recent experiments provide more
precise data points related to phase boundary positions. Novy et al. found the solubility
limit is about 14 at. % at 500 °C through long time thermal aging [66]. Tissot et. al. used
electron irradiation to accelerate the diffusion and found the limit is about 9 at. % at 300
°C [67].

Within the miscibility gap, there are two domains, which are separated by the phase
decomposition mechanism to form the Fe-enriched o phase and Cr-enriched o’ phase: the
classical nucleation and growth or the spinodal decomposition. In the first case, o’
precipitates nucleate with its equilibrium composition followed by the growth and
coarsening by the addition of solute atoms from the matrix, while in the case of spinodal
decomposition, domains enriched with Cr or Fe form through the solid solution and then
develop both in composition and size toward their equilibrium states [68]. The spinodal
decomposition activated region is located at the center of the miscibility gap while the
nucleation and growth region is located at the outskirts on both sides. Microstructures
formed from these two mechanisms are different: the first one is characterized by isolated
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and spherical clusters while domains interconnected to each other are usually observed in
the latter case. However, the lower threshold Cr content for the start of spinodal
decomposition is not well determined due to multiple reasons: the low atomic mobility at
low temperatures, possible errors in identifying its early stage by characterization methods,
and the complicated magnetic property of the FeCr alloy system [62]. The earlier work
performed by Miller et al. found the specimen with 24% Cr presented isolated clusters
while the one with 32% Cr exhibited a vein-like structure after prolonged age at 500 °C
[69], so they were attributed to nucleation and growth mechanism, and spinodal

decomposition mechanism, respectively.

2.2.2 Other precipitates in FeCr-based alloy system.

Alloying elements such as Mo, Nb, V and W have been introduced into the FeCr
alloy systems for the purpose of optimizing their mechanical properties. Generally, they
can be classified as Austenite stabilizing (Cu, Ni, Mn, N, C) and Ferrite stabilizing (Cr, Al,
Mo, W, Nb, V, Ti, P, Si) elements, the quantities of which determine the ratio of Martensite
and Ferrite after normalizing or quenching [70]. However, these elements also interact with
each other to form complicated carbides, nitrides or intermetallic compounds, which have
a significant influence on the toughness, high-temperature deformation and susceptibility
to cracking behaviors of materials [1]. The precipitate phases that can potentially form
during thermal aging at 400-750 °C or creep-rupture testing at 550-700 °C, together with
their lattice structures, chemical compositions, and general distributions are listed in Table
2.1.

The most stable carbide form in this alloy system is M23Cs, in which the M stands
for metallic atoms including Cr, Fe, Mo and W with various ratios [21]. The M2X
precipitates forming after normalizing or tempering are gradually replaced by MX and
Laves phase during high temperature creep testing or thermal aging. The Laves phase
containing Mo and/or W is the main intermetallic phase in the temperature range of 450-
650 °C. Its volume fraction increases with the Mo and W content. Chi phase has been

observed after thermal aging up to 5000 hours, which could be considered either as a
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Table 2.1 Major precipitation in high-chromium steels after normalized-and-tempered, aged,
creep-rupture tested and irradiated. Reproduced from Ref. [1].

Crystal Structure

Pr(:)cr:g;teate and Lattice Typical Composition Distribution of Precipitates
Parameter
Coarse particles at prior
M2sCe FCC (CreéFesM0)Cs austenite grain and
a=1.066 nm (CrsFe12Mo04Si2WV)Ce | martensite lath boundaries
and fine intra-lath particles
FCC NbC, NbN, VN, Undissolved particles and
MX a =0.444-0.447 (CrV)N, Nb(CN), fine precipitates at martensite
nm (NbV)C lath boundaries
Martensite lath boundaries
(Cr2N and Mo.C); prior
Hexagonal austenite grain boundaries
M2X a=0.478 nm Cr2N, Mo2C, W2C (Mo2C); intra-lath (Mo2C
¢ =0.444 nm and W-C); &-ferrite in duplex
steels [Cr2(CN) and
(CrM0)2(CN)]
Tetragonal Large plate-like particles in
Z-phase a=0.286 nm (CrVNDb)N the matrix after creep
c=0.739 nm straining at 600 °C
_ Diamond cubic MeC Prior al_Jstenite grain an_d
n-carbide a=1:07-1.22 nm | (FessCrsMoaSizo) C martensite lath boundaries
' ' and intra-lath
Vanadium FCC. V.C Low number density in the
carbide a = 0.420 nm -3 matrix
Hexagonal Fe,Mo Prior agstenite grain an_d
Laves a=0.4744 nm FeoW and martgnsne lath bounqarl_es
_ and intra-lath; 5-ferrite in
¢=0.7725nm Fe2(MoW) q
uplex steels
Chi(x) BCC MeX, M1gC or Intra_l-m_artensite lath;
a=0.892 nm FessCri2Mo10C d-ferrite in duplex steels
G phase FCC . I\/In7NileS_i17_ On dislocation_netwqus in
a~1.14nm [71] | with many variations. large &-ferrite grains
Large sheets engulfing
Tetragonal T
a= 0.45-%.52 nm |  Similar to the Chi Mz3Cs precipitates. Other
o phase _ . shapes including thin
€ =0.88-1.02 nm | phase with more Mo .
[72] ribbons, globular and rods
[73].
. BCC . Homogeneously distributed
¢ a=0.291 nm Mainly Cr gWithin g);ains
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carbide or an intermetallic compound. G phase and o phase are usually observed under

irradiations.

2.2.3 Diffusivity of point defects and their clusters

The configuration and motion of point defects and their clusters are often studied
with DFT based simulations. According to a comprehensive review by Fu et al [74], the
earlier studies before 2003 were based on empirical potentials, which predicted very similar
energies for the interstitials in <111> or <110> dumbbell configurations, and interstitials
diffuse very fast mainly in one dimension, associated with occasional thermally activated
reorientation. However, later ab initio calculations found that the energy difference is about
0.7 eV for these two configurations and the <110> dumbbell is the most stable one in both
pure Fe and dilute FeCr alloys, which put the motion mechanism accepted earlier into
question [75]. Fu et al suggested the most energetically favorable interstitial motion
mechanism is the nearest-neighbor translation-rotation jump, which has a migration energy
of 0.34 eV and agrees well with the value of 0.3+0.03 eV obtained through experiments.
Small clusters with up to 4 interstitials are found to be at the lowest energy when they are
made of parallel <110> dumbbells and migrate with slightly higher energy (0.42-0.43 eV).
For larger clusters, they are more energetically favorable if they are made of <111>
dumbbells, and they migrate mainly through 1D gliding due to a lower activation energy.

Vacancy clusters are less stable and migrate through successive nearest-neighbor
mono-vacancy jumps. The migration energy of monovacancy is ~0.65 eV [74, 76-81], and
generally it increases with the number of vacancies in clusters.

Previous experiments suggested that the binding between Cr atoms and vacancies
is very weak (binding energy <0.1 eV [82]), so Cr atom diffusion in Fe-Cr alloys by the
the vacancy drag mechanism is very unlikely. a’ precipitates denuded zone observed in the
vicinity of voids indicate the preferential exchange of Cr atoms with vacancies and thus
diffusion by the inverse Kirkendall mechanism: vacancies migrate to sinks while the Cr
solute atoms diffuse in the opposite direction, which leads to the local depletion of solute

atoms at the sink [33]. This was further confirmed by the absence of o’ near grain

18



boundaries reported by Borodin et al [83] and a precipitate-denuded zone with a width

<150 nm along grain boundaries by Konobeev et al [84].

2.2.3 Diffusivity of point defects and their clusters

The configuration and motion of point defects and their clusters are often studied
with DFT based simulations. According to a comprehensive review by Fu et al [74], the
earlier studies before 2003 were based on empirical potentials, which predicted very similar
energies for the interstitials in <111> or <110> dumbbell configurations, and interstitials
diffuse very fast mainly in one dimension, associated with occasional thermally activated
reorientation. However, later ab initio calculations found that the energy difference is about
0.7 eV for these two configurations and the <110> dumbbell is the most stable one in both
pure Fe and dilute FeCr alloys, which put the motion mechanism accepted earlier into
question [75]. Fu et al suggested the most energetically favorable interstitial motion
mechanism is the nearest-neighbor translation-rotation jump, which has a migration energy
of 0.34 eV and agrees well with the value of 0.3+0.03 eV obtained through experiments.
Small clusters with up to 4 interstitials are found to be at the lowest energy when they are
made of parallel <110> dumbbells and migrate with slightly higher energy (0.42-0.43 eV).
For larger clusters, they are more energetically favorable if they are made of <111>
dumbbells, and they migrate mainly through 1D gliding due to a lower activation energy.

Vacancy clusters are less stable and migrate through successive nearest-neighbor
mono-vacancy jumps. The migration energy of monovacancy is ~0.65 eV [74, 76-81], and
generally it increases with the number of vacancies in clusters.

Previous experiments suggested that the binding between Cr atoms and vacancies
is very weak (binding energy <0.1 eV [82]), so Cr atom diffusion in Fe-Cr alloys by the
the vacancy drag mechanism is very unlikely. o’ precipitates denuded zone observed in the
vicinity of voids indicate the preferential exchange of Cr atoms with vacancies and thus
diffusion by the inverse Kirkendall mechanism: vacancies migrate to sinks while the Cr
solute atoms diffuse in the opposite direction, which leads to the local depletion of solute

atoms at the sink [33]. This was further confirmed by the absence of o’ near grain
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boundaries reported by Borodin et al [83] and a precipitate-denuded zone with a width
<150 nm along grain boundaries by Konobeev et al [84].

Experimentally observed radiation induced segregation (RIS) or depletion of Cr
atoms at grain boundaries provide important information on the diffusion of Cr atoms in
the FeCr alloy system. Existing literature reported both grain boundary Cr depletion and
enrichment after irradiations [85]. Was et al found that Cr enrichment is more likely in
dilute alloys (T91 with 9% Cr) at 400 °C, while Cr depletion is preferred in concentrated
alloys (HCM12A and HT9 with 12% Cr) at 500 °C, which was explained by the relative
exchange rate of Fe and Cr atoms with vacancies [86]. Hu et al observed the reduction of
Cr enrichment at high angle grain boundaries in Fe-15Cr after ion irradiation at 350 °C,
while the enrichment of Cr at grain boundaries with low misorientation angles was
increased. It was attributed to the vacancy-exchange mechanism being dominant in the
high sink strength situation while the interstitial-drag mechanism being dominant in the
low sink strength situation [87]. In a study where Cr enrichment was observed on
dislocation loops, the Cr content was ~22-35%, and it was tentatively explained by the
reasoning that Cr atoms are coupled with point defects and move toward the dislocation
loops, which then trap Carbon atoms and form stable C-Cr complexes [88].

Ab initio results found that Cr atoms diffuse faster than Fe atoms in both interstitial
drag and vacancy exchange mechanisms, and vacancy drag is very unlikely at all
temperatures of interest [89]. The depletion or enrichment of Cr at sinks is therefore
determined by the relative flux of both types of point defects to sinks [89]. DFT studies by
Terentyev et al found the diffusivity of SIAs in FeCr alloys depends strongly on Cr content,
while long-range vacancy migration is not altered by the presence of Cr atoms [90]. The
dependence of SIA diffusion on Cr concentration was explained in terms of the formation
of Fe-Cr mixed dumbbells and the existence of SIA trapping configurations. The migration
energy of SIAs decreases with increasing Cr content because the mixed dumbbells move
faster than the dumbbells made of pure Fe. However, the pre-factor decreases significantly
with increasing Cr content, which was explained by the strong attraction between SIAs and
Cr atoms, and the configurational traps, the strength and concentration of which increase
radically with Cr content. The combined effect is that SIAs diffuse faster in pure Fe at
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higher temperatures, while SIA motion is faster in more concentrated FeCr alloys at lower
temperatures as presented in Figure 2.4. They also mentioned that both vacancy-exchange
and SIA-drag mechanisms are active in dilute alloys, so the RIS behavior is determined by
the relative strength of these two processes. However, in concentrated alloys, long range
diffusion through SIA drag is very unlikely due to the unavoidable formation of Cr-Cr
dumbbells, thus depletion is expected. This reasoning agrees with the results from Was et
al [86].

Carbon with a concentration of a few appm can make big difference in the point
defects formation and diffusion in Fe and FeCr alloys. It interacts with vacancies very
strongly by forming carbon-vacancy or dicarbon-vacancy complexes, which result in an
increase in the migration energy of vacancies [91]. On the other side, carbon can also form
immobile carbon-SIA or carbon-di-S1As clusters and increase the diffusion energy of SIAs
[92]. Since carbon atoms widely exist in a variety of steels and carbon contamination is
difficult to be totally avoided during ion irradiation experiments, carbon influence on the
microstructure evolution must be considered during the interpretation of experimental

results.
2.3 The stability of o’ precipitates under irradiation

2.3.1 Theoretical background

2.3.1.1 Radiation enhanced diffusion

One important effect of irradiation is enhanced diffusion by the production of
supersaturated point defect concentrations. Without irradiation, the concentrations of
vacancy and SIA point defects are controlled by thermal activation (point defect formation
energy and temperature) alone. However, a large quantity of point defects is continuously
produced during irradiation. At temperatures where point defects are mobile, they could be
lost by mutual recombination, migrating to sinks or aggregating to form defect clusters of
larger size. These production and annealing processes result in a steady state point defect
concentration, which is much higher than the thermal equilibrium value at intermediate

temperatures.

21



0® B

D (cm®/sec)

107

2E3900 600 300

F T T T T ) J 3

: = pure Fe 3
Temperature (K) [ goucr |

10

10 15 20 25
1/KT (1/eV)

Figure 2.4 The diffusivity of single SIA in pure Fe and Fe-(0.2-15%)Cr as a function of

temperature calculated

from molecular dynamic simulation. Reproduced from Ref. [90].
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Figure 2.5 Diffusion coefficients for a nickel-based alloy under thermal and irradiation
conditions. Dy is the radiation enhanced diffusion coefficient calculated from rate theory
equations. Dy, and Dy, are diffusion coefficients from radiation mixing and thermal activations,
respectively. p is sink annihilation probabilities. Reproduced from Ref. [93].
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The general trend of the diffusion rate with temperature under thermal or irradiation
conditions is presented in Figure 2.5. At the low temperature regime, where all the defects
are immobile, atomic motion is provided only by athermal ion mixing. At very high
temperatures, the thermal equilibrium vacancy concentration dominates over the radiation
created vacancy concentration, so the diffusion coefficient is controlled by temperature and
independent of the irradiation flux.

At intermediate temperatures, the diffusion rate depends either on the dose rate or
on both temperature and dose rate. The radiation enhanced diffusion rate could be
considered as a linear superposition of various accessible diffusion paths, and it is generally
acceptable to consider only the contributions of mono-vacancies and mono-interstitials.
Thus, the radiation-controlled diffusion coefficient D;,.,- could be written as:

Diyr = f,C,Dy + fiCiD;
f» and f; are correlation factors, which are 1 for pure metals. C,, C; are the vacancy or
interstitial concentration and D,,, D; are their self-diffusion coefficients. The simplest rate
theory model, which considers only the monomers in a homogeneous system, gives the

concentration evolution by:

dc,
dt = Ko — Ki,CiC, — Ky Gy D,
dc;
ar = Ko = Kiwlily — KisCiD;
In which K, is the defect production rate. K;, = W is the recombination

coefficient, with 7. being the spontaneous recombination radius. K;; and K, are the sink
strength for interstitials and vacancies respectively. At higher temperatures, point defects
have enough time to migrate to and get annihilated in sinks. If the annihilation by
recombination is neglected, the steady state concentrations are:

¢, = o
v KVSD‘U

K

Ci = 0
KisD;

In this case, the diffusion coefficient in pure metal is linearly dependent on the dose rate:
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K, K
Diry = K_:)s + K_io

For this sink dominant condition, the radiation enhanced diffusion coefficient is
independent of temperature, which is understandable since each point defect jumps a fixed
number of steps until it reaches a sink, which is independent of how fast it jumps.

At lower temperatures, point defect concentration is typically controlled mainly by
direct recombination, so the corresponding recombination-dominant limit for steady state

point defect concentration is:

Ko
Cl = Cv = K_
iv
K,Q
Dy = AT x (D; + Dv)l/z
c

The radiation enhanced diffusion coefficient depends on the dose rate with a square root
relation and exponentially on 1/T (T is temperature). In general, point defect
supersaturation behavior under irradiation depends on both recombination and sink

strength (i.e., intermediate between the two limits summarized above).

2.3.1.2 lon mixing
Irradiation with energetic particles generally leads to the displacement of target

atoms away from their initial sites, which is often referred to as ion beam mixing (IM). As
a particle with high energy interacts with a solid target, a cascade structure is initiated.
Some of the atoms within the cascade receive energy higher than their threshold
displacement energy (Eq) and get ejected from their original lattice sites. Recoils are
produced continuously until the energy of knock-on atoms falls below Eq or the value to
eject another atom. This process is termed recoil implantation, and it is rather well
described by the modified Kinchin-Pease model considering only binary collisions:

0 T < Ey,
!1 E, <T < 2.5E,,

T > 2.5E,,

24



Here v(T) is the number of produced Frenkel pairs as a function of the primary
knock-on atom (PKA) energy (T) and Ep is the damage energy. In this calculation,
spontaneous recombination is implicitly considered in the threshold displacement energy.
The long-range component of ion mixing is mainly caused by this mechanism.

When the recoil energies fall below a few hundred eV, the binary-collision
approximation starts to break down, and the ion mixing occurs by focused replacement
collision sequences (RCSs). It is characterized by multiple replacements among
neighboring atoms with the production of only one vacant site and one interstitial atom.
The number of atomic displacements is much larger compared to the high energy recoil
implantations because the energy distribution of recoils is weighted toward low energies.

This mechanism is called cascade mixing, and the resultant quantity of ion mixing is [94]:

D _1 GA?
CM_6a

Where a is the number of replacements per displacement and G is the dose rate in dpa/s. A
is the jump distance, which could be approximated as the interatomic spacing. The RCS
mainly leads to displacements of a few atomic spacings, although longer replacement
chains could form in some special cases [95].

No point defects can be produced as the energy falls below a few eV, at which
condition the cascade enters the thermal spike cooling phase, which is characterized by a
local hot spot or melting region in the lattice. Since the energy of the initial recoil is
partitioned among all atoms in the cascade, they are highly disordered and excited [96].
This phase of the ion mixing generates the most atomic disordering of the ordered phase
(or the dissolution of precipitates if they exist).

With the cascade volume V. and the atomic density N,, The energy density within

a cascade O, in eV/atom is given by:

Ep
@ —_
A
The effective temperature can be estimated as:
Op
T, = ——
¢ 3kg

kg is the Boltzmann constant. The lifetime 7 of the cascade is:
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4a 4O N,

a is the thermal diffusivity and @ = k/C, in which k is the thermal conductivity and C is
the specific heat capacity.

Consideration of ion mixing in the thermal spike phase occurs when the cascade
temperature is close to the melting temperature of the target material and the local hot
region persists for at least a few lattice vibrations. Taking the characteristic values of 0, =
0.3 eV /atom and D = 1012 nm? /s, a 1 keV cascade has a thermal spike lifetime of about
1.5x1012s,

2.3.1.3 Precipitation mechanism under irradiation

Three mechanisms were proposed to account for the precipitation behavior under
irradiation conditions: radiation enhanced, induced, or modified precipitation [97].

Radiation enhanced precipitation is a direct result of radiation enhanced diffusion.
The newly formed second phase could form during thermal annealing, but it takes a very
long time. This phase separation kinetics is largely accelerated during irradiation due to the
production of supersaturated point defects. The equilibrium state is not expected to be
altered by the irradiation conditions and the clusters will be thermally stable if annealing
at the irradiation temperature is performed following irradiation. The formation of o’
clusters after irradiation at a variety of conditions was categorized as this mechanism from
previous literature [5, 61].

The radiation induced precipitation phenomenon is often closely related to the
radiation induced segregation (RIS) of solute atoms to point defect sinks such as
dislocations or grain boundaries, which is a non-equilibrium process. Depending on the
binding energy between solute atoms and point defects if the diffusion occurs in a vacancy
or interstitial drag mechanism, or the self-diffusivity of each atom species if the inverse
Kirkendall mechanism is dominant, the enrichment or depletion of certain elements at sinks
was often observed. In the case of enrichment, the local solute concentration could exceed
the solubility limit, which provides the driving force for the excess solutes to precipitate as

a second phase. This phase does not appear under thermal annealing and is expected to
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dissolve during post-irradiation annealing. NiSiPCr-enriched clusters observed by
Kuksenko et al in neutron irradiated FeCr alloys were claimed to form via this mechanism
[98].

The radiation modified precipitation mechanism is also closely related to the
coupling effects between solute atoms and point defect flux. At the thermal equilibrium
state, the chemical composition of the precipitates is determined by the phase diagram.
During irradiations, this composition could be significantly modified due to RIS, especially
in multicomponent systems. If the defect fluxes from the matrix to the second phase are
maintained, the precipitates will act like sinks and be enriched with the elements carried
by the fluxes. An example of modified precipitation behavior is the presence of M23(C, Si)e
phase in irradiated austenitic steels, which is simply a modified version of the commonly
observed carbide M23Cs [99]. The composition of the precipitation phase will gradually

revert to the thermal equilibrium value if annealing is performed after irradiation.

2.3.1.4 Models accounting for the stability of precipitates under irradiation

The stability of precipitates under irradiation is determined by the competition
between the ballistic dissolution rate to destroy the precipitates and the radiation enhanced
diffusion rate to recover them. Different behaviors of the precipitation phase including
dissolution, conventional and inverse Ostwald ripening were reported in the literature [100-
102]. Typical mathematical models proposed by Nelson et al (NHM model), Frost et al and
Martin et al are summarized in this section [100, 103, 104].

In the NHM model [100], one of the cluster dissolution mechanisms is recoil
dissolution. The solute atoms within clusters are ballistically recoiled into the surrounding
matrix due to collisional displacements. The dissolution rate expressed in the change rate
of the precipitate volume is proportional to the damage rate:

awv Amrie
dt N
where r is the precipitate radius, N is the atomic density and ¢~101*G /cm? x s is the flux

of atoms lost by precipitates, in which G is the damage rate in dpa/s. The radiation enhanced

diffusion rate D;,., can be estimated (e.g., sink dominant condition or recombination
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dominant condition) depending on the specimen and irradiation conditions. If the thermal
diffusion coefficient is neglected, which is generally acceptable at intermediate

temperatures, by applying the boundary condition of constant solute concentration in the
system C = gncpnr3 + cm, inwhich ¢, and c,, are the solute concentration in precipitates

and matrix, and n is the number density of precipitates, the growth rate is written as:
dv
dt
So the net change rate of the precipitate radius is:

dr ¢ 3D, C

E_ N 4-7TCpT

= 3DyrCmt/Cp

- nDirrrz

The NHM model predicted an equilibrium cluster radius determined by irradiation
conditions and the diffusivity of solute atoms. The limitations of this model are that the
dissolving distance of solutes from the precipitates is unreasonably large, and neither the
nucleation nor the flux of solute atoms from the matrix to clusters is included [105, 106].

A more advanced model proposed by Frost et al introduced R as the longest recoil
distance beyond which there are no recoils from precipitate to the matrix, and the spacings
between clusters are finite [103]. The evolution of cluster size with time is shown in Figure
2.6, in which an equilibrium cluster radius rm was used as the target of each evolution.
Clusters larger than rm will shrink to this size (Inverse Ostwald Ripening) while the ones
smaller than rm will grow to this size (Conventional Ostwald Ripening), so the Frost model
generally predicts the tendency for a precipitate to coarsen or shrink by comparing the
irradiation dose rate with the critical dose rate (S) calculated with the equation:

96D;,aV,,

~ ORIR,Tir)
Co IS the solute concentration at interface, o is the surface energy of the precipitates, 1, is
the molar volume of the precipitation phase, R, is the gas constant and Ty, is the
irradiation temperature. If the irradiation dose rate is higher than S, Inverse Ostwald
Ripening is anticipated, while if the experimental dose rate is lower, Conventional Ostwald

Ripening is expected. The limitation of this model is that it only predicts the size change
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of the precipitates without giving a critical flux at which the precipitate will be completely
dissolved. This limitation was overcome by the model proposed by Martin et al [104].

The most important result of Martin’s mode is to yield an effective temperature
(Terf), which is typically higher than the irradiation temperature. The steady state reached
at T;,, is the same as the equilibrium state at T.;r. The effective temperature T,y is
calculated with:

Dy
D irr

Teff = Tirr(]- + )

where Dy, is the ballistic diffusion coefficient caused by forced mixing and D, is the
radiation enhanced diffusion coefficient. Dy can be calculated with D, = A2aG /6, which
is the same as the equation to calculate the ion mixing in the cascade mixing phase as
introduced before. In this model, if the effective temperature is inside the single phase

region, irradiation will lead to the complete dissolution of precipitates.

2.3.2 Experimental background

2.3.2.1 o’ formation after electron irradiation

Electron irradiations do not produce damage cascades, so the resultant effects are
mainly radiation enhanced diffusion without a significant contribution from the ballistic
dissolution. a' precipitates are expected to form if the alloy composition is located at the
phase separation (a+a’) region of the phase diagram. The results available for the formation
of a” phase under electron irradiation are very limited. A major contributor to the lack of
experimental observations in electron irradiated samples is the nm-scale nature of these
clusters and their lattice parameter being comparable to the Fe-enriched matrix, which
historically made it nearly impossible to detect the o’ phase by conventional TEM
characterization methods.

In 1995, Wakai et al observed the formation of o' precipitates through the Moire
fringe contrast on dislocation loops in Fe-9Cr and Fe-18Cr after electron irradiation at 300
- 500 °C to 1 dpa [107]. At 300 °C, the precipitates were observed as black dots isolated

from each other on the loop, while they became semi-continuous lines with Moire fringes
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at 500 °C. Due to the spatial correlation of the o' precipitates with dislocation loops, the
radiation induced precipitation mechanism due to RIS was proposed to account for this
precipitation behavior.

o' precipitates were also reported by Tissot et al in 2016 after electron irradiations
of Fe-14Cr at 300 °C and 3.9x107° dpa/s up to 0.7 dpa [67]. The clusters were characterized
by the APT technique, so more details including radius, number density, core Cr
concentration and volume fraction of the o' phase were obtained. o' phase with Cr content
of ~ 96 at. % were observed to be homogeneously distributed in the matrix, without any
clear association with loops, so a radiation enhanced precipitation mechanism was

suggested [67].

2.3.2.2 o’ formation after neutron irradiation

o’ precipitates have been extensively observed after neutron irradiations in different
test reactors within a relatively wide temperature range (290-550 °C). The early post-
irradiation characterizations were mainly conducted with the conventional transmission
electron microscope (TEM) or small angle neutron scattering (SANS) techniques, so the
available information regarding these precipitation behaviors is simply their presence or
absence. In a few cases, the cluster Cr content was reported if the scanning transmission
electron microscope with energy dispersive X-ray spectroscopy (STEM-EDX) technique
was used. The results about the observed presence/absence of the o’ clusters are
summarized in Fig. 2.6. The phase boundary suggested by Bonny et al, which was deducted
mainly from the neutron irradiation results, is presented as a reference feature [61]. o’ was
observed by many researchers in FeCr alloys with Cr content >9 at. % at ~300 °C and in
specimens with Cr concentration >12 at. % at 400-450 °C. At the temperature range of
~350-450 °C, several conflicting results were reported near the suggested phase boundary,
which may be related to the unstable temperature control during neutron irradiations, or

the difficulty to identify the o’ clusters at the early stage of their formation.
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Figure 2.7 The presence/absence of o’ precipitates in FeCr alloys after neutron irradiation at
different temperatures. The orange-colored symbols (ending with N in the legend) refer to the
absence of precipitates while the green ones (ending with Y in the legend) refer to the observation
of precipitates [5, 6, 33, 83, 84, 98, 108-123]. The phase boundary proposed by Bonny et al
(dashed line) is included for comparison [61].
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The results reported in recent years (after 2013) provided more detailed quantitative
information by using APT to characterize the precipitates. Kuksenko et al found the
formation of o’ precipitates in Fe-9Cr and Fe-12Cr alloys with 55-60 at. % Cr in clusters
after neutron irradiation at 300 °C up to 0.6 dpa [98]. The precipitate radius was in the
range of 1.4-2.4 nm and the number density was ~10%*/m®. Bachhav et al irradiated Fe-(3-
18)%Cr alloys at 300 °C to 1.82 dpa. Clusters were observed for bulk Cr content > 9.36 at.
% [5]. The Cr concentration was about 85 at. % in clusters and ~ 9 at. % in the matrix
regardless of the bulk Cr content. Cluster radius was in the similar range of 1.2-2.4 nm and
the number density was 10?2-10%4/m? depending on the global Cr concentration. The radius
decreased with Cr content while the number density exhibited the opposite trend. Reese et
al reported o’ precipitate formation in Fe-(9-18)%Cr after irradiation at 320-455 °C [6].
The cluster Cr concentration reached up to 96 at. %. Except for the clusters with a radius
of ~7 nm in irradiated Fe-12Cr, the radius and number density in other conditions were in

a similar range to the results of Refs. [5, 98].

2.3.2.3 o’ formation after ion irradiation

Although it is normal to observe o’ precipitates after neutron irradiations, they were
not observed after ion irradiations for many years. In the early research works, FeCr alloys
were irradiated by heavy ions at room temperature up to 500 °C, and no o’ precipitates
were revealed even in the highly supersaturated Fe-18Cr alloy [124-126].

A typical research compared the precipitation behavior in Fe-9Cr and Fe-12Cr
specimens after ion or neutron irradiations at 300 °C to 0.5 dpa or 0.6 dpa [10]. o’
precipitates were revealed after neutron irradiation, but not after ion irradiation. This
discrepancy was attributed to the large difference in dose rates for these two irradiation
conditions, which were 1.3x107 dpa/s for neutrons and 2.2x10* dpa/s for ions,
respectively. It was further explained that the Cr atoms don’t have enough time to migrate
together to form clusters due to the irradiation time being largely shortened at the high dose
rate condition.

o’ precipitates formation after ion irradiation was first reported in 2016 by Tissot
et al [7]. The Fe-15Cr alloy was irradiated by 2 MeV Fe ions at dose rates of 3-6.1x107
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dpa/s and 300 °C up to 1 dpa. They found the Cr-enriched cluster formation was suppressed
by the injected Fe ions by comparing the Cr clustering behaviors after irradiation to the
same dose, but with different injected atom concentrations. They concluded that the
absence of o’ precipitation in previous ion irradiation studies was due to the multi-stage
irradiation method, which introduced injected ions to the whole irradiation damage area
and thereby suppressed o’ formation.

Reese et al irradiated a Fe-18Cr alloy with either neutrons or heavy ions at 300 °C
and 107-10* dpa/s [8]. o’ precipitates were detected in all irradiation conditions. They
suggested the effect of high dose rates (typical for ion irradiations) is to increase both the
point defect recombination rate and the ballistic dissolution rate.

A high purity Fe-14Cr was irradiated by He, Ne or Kr ions with different energies
to create a variety of cascade sizes (PKA energies) in Ref. [9]. The irradiation temperature
was 300 °C for all cases and the dose rates were 10 or 107 dpa/s. o’ precipitation was
observed in all investigated conditions. At the same dose rate, the number density of
precipitates decreased as the cascade size increased. Therefore, they claimed that cascade
size (PKA energy) had a significant effect on this precipitation behavior.

The cluster Cr concentration measured by Tissot et al [7] after ion irradiation was
in the range of 35-50 at. % and the maximum value measured by Reese et al. [8] was ~55
at. %, which are both much lower than the value predicted by the phase diagram [65].
Among possible reasons for the low measured Cr content in the solute clusters are the
dilution effect due to the trajectory aberration in APT characterization, the effect of minor

alloying elements, and enhanced ballistic dissolution effects [8, 10].

2.4 Surface and injected ions effect on ion irradiation induced

microstructure evolution

2.4.1 Surface effect

Due to the relatively shallow depths (~1-2 um) and the nonuniform damage

distribution of ion irradiation, great care must be paid to interpret the results and to relate
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them with the local dose or dose rate levels. The main artifacts introduced by ion
irradiations compared to neutron irradiations are the surface effect and injected ions effect.
To avoid the complexity of these artifacts, characterization is often performed in the mid-
range. However, it is necessary to understand these artifacts so that the results from a single
irradiation experiment could be fully understood.

The free surfaces act as perfect sinks for both vacancies and interstitials and modify
the local point defect evolution. The vacancy and interstitial concentrations at the near-
surface area are calculated to approach the (much lower) thermal equilibrium values [127,
128]. One example is given in Figure 2.8, in which the profiles of point defect
concentration, displacement damage, and injected ions concentrations are plotted as a
function of depth. While approaching the surface, the point defect drops more significantly
compared to their production rate, which is solely controlled by the damage rate or ion
flux.

This phenomenon will affect microstructural evolutions relying on point defect
diffusion such as void formation, precipitation, and radiation induced segregation. Void
depleted zones were observed in the vicinity of grain boundaries, which is one type of
surface defect [129]. In Ref. [128], a ~100 nm wide void-denuded zone was observed in
high purity nickel after irradiation at 525 °C. The influence from the surface then
diminished beyond a depth of ~500 nm. However, the surface effect on secondary
precipitate formation is rarely reported, although it is expected due to the necessity of solute
diffusion to form clusters with different chemical compositions compare to the matrix

phase.

2.4.1 Injected ions effect

During ion irradiations, the bombarding ions produce displacement damage along their
paths and stop at depths ranging from the peak to the end of the damaged area. At
locations where the extra ions stay, the local point defect evolution is modified: an

additional interstitial production term must be added to the rate theory equations for the

steady state point defect concentration calculation. As summarized by Doyle et al, earlier
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Figure 2.8 The evolution of point defect concentration, irradiation damage rate and injected ions
concentration with depth in nickel after irradiation with 14 MeV nickel ions. Reproduced from
Ref. [128].
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rate theory calculations and experiments on materials with FCC structures suggested that
the influence of injected ions on the formation of voids became significant at locations
where the injected ion concentration is higher than ~10* atomic fraction per dpa (100
appm/dpa). A higher sensitivity in BCC materials is anticipated due to the lower bias of
dislocations to absorb interstitials over vacancies. As for the precipitations under
irradiation conditions, they were observed to be modified by implanted ions with a
threshold concentration of 100 appm or higher [130]. Further complexity is introduced if
the broadening of the implanted ion profile is considered, which is important when
irradiation is performed at low dose rates to high final doses, or in a material system with
high diffusivities [130].

Experimentally, injected ions were found to suppress both the void swelling and
precipitation behavior. This suppression of void swelling was found to be most significant
for irradiations that occur at lower temperatures, high dose rates, or for materials with a
low sink strength (point defects lost mainly by recombination). A void denuded zone from
the middle to peak damaged region was observed by Whitley in nickel after irradiation by
14 MeV Cu ions at 400 °C [131], which was attributed in part to the suppression effect of
injected ions. Behind the peak damaged region, voids were still able to nucleate despite the
high concentration of implanted ions. It was explained that the low dose rate leads to a low
point defect supersaturation, so the recombination is insignificant.

Tissot et al compared the clustering that occurred at different depths along the
damage profile [7]. They found that the cluster formation was suppressed at depths
irradiated to the same dose but with different injected ion concentrations. The regions
closer to the depth corresponding to the peak implanted ion concentration showed less
precipitate formation. This discrepancy was attributed to the additional interstitials from
the injected ions, which slow down the diffusion by promoting the recombination of

vacancies and interstitials, and the formation of point defect sinks such as SIA clusters.
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2.5 Cu precipitates in FeCu binary alloys

2.4.1 Cu precipitates formed from thermal aging.

The formation of Cu-enriched precipitates in FeCu alloys after thermal aging has
been studied since several decades ago. In the early years, TEM was used to characterize
the crystal structure and distribution of Cu precipitates. During thermal aging, they undergo
a series of phase transformations with increasing precipitate sizes. Since most aging
experiments were performed at 500 °C, the phase transformation sequence is summarized
based on the precipitate size measured and aging times used at this temperature. The Cu
precipitate radii measured after thermal aging for different time lengths in FeCu alloys with
bulk Cu concentrations of 0.4-1.4 at. % are plotted in Figure 2.9 (a), in which both axes are
in linear scales. In Figure 2.9 (b), radii datapoints are plotted against the cubic root of time,
which can be well fitted using a linear equation; therefore it agrees with the conventional
precipitate coarsening mechanism.

The nucleation, growth and coarsening of Cu precipitates are accompanied by a 4-
step phase transformation sequence [132]. In the first several hours (<5 hours) of thermal
aging, the average precipitate radii are smaller than 2nm. They have a BCC structure and
are coherent with the BCC-Fe in matrix. With extended aging time for more than 10 hours,
the precipitates have radii larger than 2-3 nm and they transform into a 9R structure
containing multiple twins inside precipitates. When precipitates reach a typical size of ~10
nm, their crystallographic structure further transforms into a 3R structure (distorted FCC)
through the detwinning of the 9R structure. Continuing thermal aging for a longer time will

lead to the final phase transformation into an FCC structure [132, 133].

2.4.2 Cu precipitates formed after irradiations.

Cu-rich precipitates have been recognized as the dominant source of the irradiation
embrittlement of reactor pressure vessel (RPV) steels containing high Cu concentrations.
Therefore, it is crucial to study their evolution subject to irradiation environments. Unlike

Cr precipitates in the FeCr alloy system, Cu precipitates have much higher stability and
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Figure 2.9 (a) the radii of Cu precipitates in Fe-(0.4-1.4)%Cu alloys after thermal aging for
different time lengths. (b) The same radii datapoints are plotted as a function of aging time', in
which they can be linearly correlated. Datapoints are from Refs [134-145]
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they were extensively observed under a variety of irradiation conditions including heavy
ion irradiations. Details about the irradiation conditions for each study, the size and Cu
concentrations of Cu precipitates after irradiations are summarized in Table 2.2. Most
precipitates are in nano-meter scale (radius <5 nm) and generally smaller than that observed
after thermal aging, which might be partially attributed to the lower temperature of ~300
°C selected for irradiation experiments versus ~500 °C for thermal aging. Precipitate Cu
contents show large variations among studies, and they are all well below the values
predicated by the Calphad database [146]. Due to the difference in irradiation conditions,
specimen compositions including Cu concentration and type of alloying elements, and the
various characterization techniques, the discrepancy in Cu contents might originate from

multiple factors.
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Table 2.2 Results of Cu precipitates radii measured after irradiations in literature.

Cu Tempe Dose rate Dose Radius Precipitate
content rature  Particle (dpa/s or (dpa or (nm) Cu Reference
(at. %) (°C) flux) fluence) content
5 MeV 3
0.78 -20 Ni 3.6x10 90 0.6 - Xu, 2016
078 300 >NV 3ex10° 90 25 i [140]
078 200 MV 3207 003 1.80 i
70 MeV .
0.78 290 Fe 3.2x10 0.3 1.78 - Shu 2018
0.78 290 0 Egev 1.2x10° 11 1.81 - [147]
078 200 MV 32x0¢ 3.0 176 i
0.18 290 2'4;\26\/ 2.5x10* 1 0.71+£0.04 - Watanabe
2016
018 350 MV 5500+ 1 0.73+0.74 i [148]
12 19
078 290  Neutron  2x107 004<I0% 006 54
n/cmexs n/cm
7.5x10% 0.51x10%° Shu 2018
078 290  Neutron 0o Sz 2:2x0.02 64+7 [141]
12 19
078 290  Neutron  2x07  1O0XIO® 50007 664
n/cmexs n/cm
5.5x10%
13
0.62 290 Neutron 3x12 n/cm? 2-3 15-30
n/cméxs Auger
(0.1 dpa)
- 1994
310 5.5x10 [142]
1.23 290 Neutron n/emexs n/cm? 2-3 20-40
(0.1 dpa)
0.11 290 Neutron 2x1010 0.058 1.3 15
0.11 290 Neutron 8x10° 0.099 1.1 11 Fujii 2005
0.14 290  Neutron  4x10° 0.054 1.05 11 [149]
0.14 290 Neutron 8x10° 0.094 1.05 9
11 19
041 304  Neutron O/8x10% 080%™ 4.,515 35
n/cm=xs n/cm
11 19
041 304  Neutron 078107 37XI0%a5.003 ~38 Toyama
n/cmexs n/cm 2007
11 19
041 304  Neutron 078107 S9IOT 010030 a1 [150]
n/cm=xs n/cm
11 19
026 304 Neuron 089x10% 083xI0% 1 o005 36
n/cmxs n/cm
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Table 2.2 continued

Cu Tempe Dose rate Dose Radius Precipitate
content rature  Particle (dpa/s or (dpa or (nm) Cu Reference
(at. %) (°C) flux) fluence) content
11 19
026 304 Newron 00030 STAOT 1001028 -40  Toyama
2007
11 19
026 304  Neutron Orf/gf’r’;zlfs Sr}/zrng 3.16+040  ~45 [150]
Auger
0.62 290 Electron 1.8x10°  2.25-55 20-60 1994
[142]
5 MeV 8
0.11 290 Electron 2x10 0.022 0.5-1 4 Fujii 2005
0.14 290 > MeV 2x108 0.022 0.5-1 5 [149]
Electron
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CHAPTER THREE
MATERIALS AND METHODS

3.1 FeCr and FeCu Specimens

The high purity FeCr binary alloys used in this work have a wide range of Cr
concentrations including 0-18 wt. % (0-19 at. %). The rod-shaped samples were provided
by Dr. Jean Henry of Université Paris-Saclay, France. The fabrication of the Fe-Cr binary
alloys has been carried out within the framework of the EUROfusion Consortium and has
received funding from the Euratom research and training program 2019-2020 under Grant
Agreement No. 633053. These specimens were manufactured through the induction
melting method at Ecole des Mines de Saint Etienne, France. Cold reduction followed by
heat treatment at a high temperature (750-860 °C) was performed and the resulting
microstructure is in a recrystallized state with pure ferrite. Their chemical compositions
measured by Glow Discharge Mass Spectrum (GDMS) method and grain sizes are listed
in Table 3.1. These alloys have very high purity with the content of each impurity species
less than 10 ppm. The grain sizes are relatively large for all alloys, ranging from 68 to 650
um. The dislocation density was measured to be <102/m? as reported in previous works
[7, 88]. The rod-shaped samples were cut into disks having a diameter of 3 mm and
thickness of 1 mm, or 2x5x1 mm? rectangular-shaped specimens using the electronic
discharge machining (EDM) technigue. Oxidation layers introduced by EDM were
removed using sand papers before thermal aging or ion irradiations.

FeCu specimens were provided by Dr. Brian Wirth at the University of Tennessee,
and originally came from the group of Dr. G. Robert Odette at the University of California,
Santa Barbara. The FeCu alloy has a Cu concentration of ~0.7 at. % (detailed compositions
are listed in Table 3.1). They were solution treated at 775 °C for 17 hours, followed by
quenching at 450 °C in a salt bath for 3 minutes, and then cooled to room temperature in
the atmosphere [141, 147].
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Table 3.1 Chemical compositions and grain sizes for the FeCr alloys.

. element concentration gr_ain
P Cr Cu C S 0 N p size
(wt. %)  (at.%) (at. %) (ppm) (ppm) (ppm) (ppm) (ppm)  (um)
PUre 5 ppm ) 4 2 4 1 <5 183
iron
Fe3Cr 3.05 3.27 - 4 2 6 2 390
Fe5Cr 5.4 5.78 - 4 3 6 2 <5 68
Fe8Cr 7.88 8.41 - 5 2 7 2 320
FelOCr 10.1 10.77 - 4 4 4 3 <5 82
Fel2Cr  11.63 12.38 - 5 2 4 500
Fel4Cr  14.25 15.15 - 5 7 4 5 <10 141
Fel8Cr  17.97 19.05 - 7 2 6 5 650
Fe25Cr  24.97 26.33 - 4 1 3 3 570
FeCu - - 6.75 25 510 - - -
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3.2 Thermal aging

A subset of the FeCr samples in TEM-disk shapes and FeCu samples in rectangular
shapes were thermally aged to form Cr rich o’ precipitates and Cu precipitates,
respectively. The oxidation layers introduced by EDM cutting were removed by grinding
with sandpapers. The specimens were then sealed in quartz tubes followed by evacuated or
filled with vacuum or Nitrogen gas. Both thermocouples inherent to the furnace and an
external K-type thermocouple were used to monitor the temperature throughout the thermal
aging experiments. A summary of the aging conditions is given in Table 3.2.

3.3 lonirradiations

3.2.1 Sample preparation

Mechanical grinding was performed to remove the oxidation layers and reduce the
thickness of the specimens to ~0.4 mm. The samples were then polished with diamond
suspensions down to 0.5 um and finished with 0.05 um colloidal silica. The backside of
samples was also grinded using sandpapers with grid sizes up to 1200 to avoid potential

oxygen contamination from oxides and to get a flat surface.

3.2.2 lon irradiation conditions

lon irradiations were performed in the Michigan lon beam laboratory (MIBL) using
the 3 MeV Tandem particle accelerator Wolverine. A schematic plot of the accelerator’s
arrangement is shown in Figure 3.1. Plasma cleaning of the sample surface for ~ 2 hours
was conducted before irradiations to reduce carbon contamination. A combination of
wobbling and defocused beams were used during irradiations, so the beam profiles are
homogeneous, and all specimens were irradiated without pulsed/rastered beam conditions.
Individual sample temperatures were continuously monitored by a 2D thermal imager for

each of the irradiations, and the variance of the individual specimen to the target
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Table 3.2 Aging conditions for FeCr and FeCu alloys conducted in this work.

Specimens Temperature (°C) Time (h)

FelOCr, Fel2Cr,
Fel4Cr, Fel8Cr 450 Half year/4380, 1 year/8760
Fel8Cr, Fe25Cr 475 100, 300, 900
FelOCr, Fel2Cr,
Fel4Cr, Fel8Cr 475 3100 - 4000

Fel8Cr 500 100, 300, 900

FeCu 500 1.5, 10, 100, 1000
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Figure 3.1 The arrangement of 3 accelerators located at MIBL. Only the Wolverine was used in
this study. Reproduced from Ref. [151].
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temperatures was well controlled. The target chamber pressure was maintained at 10 to
8x107" Torr through the irradiations. Since multiple sets of irradiations for different
research objectives were conducted, they will be summarized by groups: high temperature
heavy ion irradiations, cryogenic - room temperature heavy ion irradiations, and proton

irradiations.

3.2.2.1 High temperature heavy ion irradiations

The first set of irradiations was designed for the purpose of determining the critical
irradiation conditions for o’ precipitates formation/dissolution and studying the effect of
bulk Cr concentrations on o’ formation at the application relevant temperatures. All
samples used in these irradiations were in disk shape with a diameter of 3 mm and thickness
of 0.2-0.4 mm. An example of specimens loaded on the irradiation stage is presented in
Figure 3.2 (a). The disk-shaped specimens were loaded into the sandwich-structure sample
holders. The top plate has holes to let the beam go through and hit the specimens. The
specimens were held by two plates and extra shims to compensate for the height difference.
A defocused beam of 8 MeV Fe ions was used to create a total range of ~2 um. The
irradiations were performed between 300 and 450 °C for two ion fluences: 8.8x10* and
8.8x10%° ions/cm?. The irradiation conditions and specimens used are listed in Table 3.3,
which covers a wide range of dose rates and temperatures. The variance of the individual
specimen to the target temperature was less than 6 °C. The ion fluxes and irradiation times
ranged between 2.5x10%° to 2.5x10'? ionsxcm2st (midrange dose rates: 107 to 107 dpa/s)
and 6 minutes to 9.7 hours respectively.

Figure 3.2(b) gives the depth-dependent distribution of irradiation dose and injected
ion concentrations predicted using SRIM-2013 for the 0.37 dpa midrange dose condition.
The calculation was performed using the full-cascade mode and damage energy method
with the displacement energy of Fe set to 40 eV, as recommended in a recent
comprehensive evaluation [152]. The kinetic energy absorbed by recoils from the
E2RECOIL.txt file and the integrated ionization by recoil from the IONIZ.txt file was used
to calculate the irradiation damage. The resulting midrange dose was 0.37 dpa at a depth

of 1 um for the low fluence and 3.7 dpa for the high fluence, which are only slightly higher
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Figure 3.2 (a) specimens loaded on the stage for irradiations. (b) SRIM prediction of the depth-
dependent displacement damage and injected ion concentration of pure Fe irradiated by 8 MeV
Fe ions to 8.83x10%* ions/cm?, corresponding to the low fluence irradiation. Both values are 10
times higher for the high fluence irradiation. The analysis depth is marked by the gray-shadowed

area.
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Table 3.3 The matrix for high temperature heavy ion irradiation conditions. All materials were
irradiated in a single sample holder for each condition. 0, 3, 5, 8, 10, 12, 14, and 18 stand for
FeCr alloys with the corresponding weight percent of Cr content. H1, H3 and H9 represent the
Fe-18Cr aged at 500 °C for 100, 300 and 900 hours.

Flux/mid-
. Mid-range/  Fluence range dose Estimated
Materials Peak dose (ions* rate Temperatures time
(0]
(dpa) cm?)  (ions*cm?.s?t (°C) (minutes)
/ dpa.s?)
0,3,5,8, 10
10, 12, 14, 0.37/0.93  8.83x10%* 2521)(()150 / 450 9.6 hours
18
01 31 51 81 11
10,12, 14,  0.37/0.93  8.83x10% 2'51’&9 / 450 58 minutes
18
0,3,5,8, 11
10, 12, 14, 3.7/9.3 8.83x10%° 25?814? / 450 9.6 hours
18
0,3,5,8, 11
10, 12, 14, 0.37/0.93  8.83x10™ 252;81? / 350 58 minutes
18
0,3,5,8, 11
10,12, 14,  3.7/9.3  8.83x10% 252_;’8?? / 350 9.6 hours
18
12,14, 18, 1 2.52x10'/ .
H1. H3. HO 0.37/0.93  8.83x10 10 300 58 minutes
12, 14, 18, 1 2.52x10%?/ .
H1 H3. H 0.37/0.93  8.83x10 102 450 5min50s
12, 14, 18, 4 2.52x10%?/ .
H1 H3. H 0.37/0.93  8.83x10 102 350 5min50s
12, 14, 18, 1 2.52x10%?/ .
H1 H3. H 0.37/0.93  8.83x10 102 300 5min50s
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than the values calculated from the VACANCY .txt file in SRIM-2013 Kinchin-Pease mode
(0.35 and 3.5 dpa). The injected ion concentrations were almost identical in these two

modes.

3.2.2.2 Cryogenic to room temperature heavy ion irradiations

High temperature heavy ion irradiations represent the conditions where radiation
enhanced diffusion and ballistic dissolution effects are comparable or one of them is
slightly stronger. In order to study the dissolution rate of pre-existing precipitates,
irradiations using 8 MeV Fe ions were conducted at -123 °C (150K) to R. T. (below or near
the onset temperature for vacancy migration), so the back diffusion of solute atoms can be
largely suppressed. The irradiation doses were 0.1, 0.2 and 0.6 dpa, and thus the gradual
dissolution of precipitates was expected to be observed. The specimens used for these
irradiations were FeCu and Fe-18Cr alloys pre-aged to form Cu and Cr clusters,
respectively. As a compromise to control the beam current and irradiation time more easily
for the 0.1 dpa irradiation, the dose rate was set to 3x10** dpa/s. The same dose rate was
used in the two other higher dose irradiations for consistency. Therefore, the time for each
irradiation ranged between 6 to 33 minutes. The irradiation conditions and specimen status
before irradiation are summarized in Table 3.4. The sample arrangements on the irradiation
holders were different from the ones used during the high temperature heavy ion
irradiations to avoid potential temperature control issues. For these low temperature
irradiations, samples were loaded on Cu plates (dimensions are 15mmx20mmx1.5mm)
using the high temperature compatible silver paste, followed by curing at ~90 °C for 2
hours to achieve stronger bonding between samples and Cu plate's surface. An example
showing the arrangement of specimens after loading on the irradiation stage, and the
damage and injected ions profiles calculated using SRIM-2013 are given in Figure 3.3. The

analysis region was extracted from the mid-range of ~1um.

3.2.2.3 Proton irradiations
Due to the slow diffusion of Cr atoms in the FeCr alloy system at temperatures

<450 °C, the low temperature phase boundary between o and a+a’ two phase region has
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Table 3.4 The details of cryogenic to room temperature heavy ion irradiation conditions. All
materials were irradiated in a single sample holder for each condition. Preirradiation heat
treatment conditions are listed in the Materials column.

Mid- Flux/mid-range .
Materials range Fl_uence dose rate Temperatures Estl_mated
(ions* . time
dose cm?) (ions*cm2.s1/ (°C) (minutes)
(dpa) dpa.s?)
Fel8Cr S.S.
Fel8Cr 475 °C 100h
Fel8Cr 475 °C 900h
11
Feca e 01 2maoe X, I 1231150k 6
FeCu 500 °C 10h
FeCu 500 °C 100h
FeCu 500 °C 1000h
Fel8Cr 475 °C 100h
Fel8Cr 475 °C 900h 7 5x10%/ Room
FeCu 500 °C 1.5h 0.2 5x10 '3x10_4 temperature 11
FeCu 500 °C 10h /~20
FeCu 500 °C 100h
Fel8Cr 475 °C 100h
Fel8Cr 475 °C 900h 7 5x10%/ Room
FeCu 500 °C 1.5h 0.6  1.5x10% ' temperature 33

4
FeCu 500 °C 10h 3x10 1~20

FeCu 500 °C 100h

s.s.: as-received solid solution state

Temperatures and times in the Materials column are for the aging conditions prior to irradiations.
The FeCu 500 °C 1.5h aging followed by 0.2 dpa irradiation specimen was irradiated in repeated
irradiation due to unexpected issues.
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Figure 3.3 (a) specimens loaded on the stage for irradiations. (b) SRIM prediction of the depth-
dependent displacement damage and injected ion concentrations of pure Fe irradiated by 8 MeV

Fe ions to mid-range doses of 0.1, 0.2 and 0.6 dpa.
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long been unclear. In an attempt to accelerate the phase separation kinetics and to study the
precipitation evolution in the radiation enhanced diffusion dominant conditions, proton
irradiations were performed at 3 selected temperatures (250, 350 and 450 °C). Since the
major challenge associated with proton irradiations is a large amount of heat deposited on
the sample surface, a lower beam current and lower proton energy are desired for proper
temperature control. However, if the beam current is too low, it will take an unacceptably
long time to achieve the target mid-range dose. Therefore, an intermediate dose rate is
optimal to balance the heat dissipation and irradiation time, which was set as 2x107 dpa/s
(at mid-range depth) for this study. For the 3 MeV Tandem accelerator, the available beam
current generally decreases with lower proton energy at <1 MeV range. 800 keV turned
out to be the lowest energy that the target mid-range dose rate or ion flux (1.75x10%
ions/cm?xs) can be stably maintained. Considering the acceptable irradiation time length
and a dose likely to be high enough to achieve the steady state, a final dose of 2 dpa was
selected, which resulted in an irradiation time of ~28 hours for each experiment. The
displacement damage profile calculated by SRIM-2013 is plotted in Figure 3.4. The whole
range of irradiation damage is ~6 um, and the analysis region was taken from the mid-
range of ~3 um below the sample surface. The sample sizes and arrangements for these
proton irradiations are similar to the settings used for the low temperature heavy ion
irradiations, and thus are not presented here. 4 specimens were irradiated at each irradiation
condition, the chemical compositions of which are listed in Table 3.5. The solubility limit
of Cr in Fe can be measured from the matrix Cr concentration of specimens with o’ (Fe-
18Cr with high supersaturation of Cr atoms is selected for this purpose). The matrix Cr will
equal the solubility limit if the thermal equilibrium state is reached and higher than the
solubility limit if the equilibrium is not reached. The accuracy of this limit can be further
confirmed by the bulk Cr concentration of specimens with or without a’, so two additional

specimens with a Cr content of 8-12% are selected at each temperature.

53



20
|800 keV Proton in Fe| f'
15 ['\
— ]
g |
o
Z .0 Analysis region - \
g 10 . F
I} 3!..LI'I'I . .
o
= i
I.Ill \
5-_ *.. &
! |
0 MAALARELLEE LLLLELELLELLLELELLLE LEELLEELLEE LA ! I'IF_I """"
0 1 2 3 4 5 6
Depth (um)

Figure 3.4 SRIM prediction of the depth-dependent displacement damage of pure Fe irradiated by
800 keV proton to mid-range doses of 2 dpa.

Table 3.5 Temperatures and specimens used in the 3 proton irradiations. The specimens before
irradiations were in a solid solution state if not specified.

Temperature (°C) Cr concentration in specimens

250 5,8, 10, 18
350 8, 10, 18, 18 (aged 475 °C, 900 hours)
450 10, 12, 18, 18 (aged 475 °C, 900 hours)
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3.4 Characterizing o’ precipitates with APT

3.4.1 Principles of APT

The APT technique evolved from Field lon Microscopy (FIM), which provides an
image of the sample surface with atomic resolution. During the operation of FIM, the sharp
needle is positively charged and surrounded by an atmosphere of rare gas. The electric field
at the vicinity of the needle tip is in the order of 10%° V/m, so the rare gas could be ionized
and then accelerated by the electric field. The flying gas ions are detected and registered
by the phosphor screen, which displays the ion distribution related to the electric field of
the needle surface and thus corresponds to the local tomography such as crystallographic
orientation.

For the APT technique, the specimens are also very sharp needles. The difference
is that the analysis chamber is under ultra-high vacuum conditions below 10%° Torr, and
the atoms from the samples are stripped away by the combined effect of a standing
electrostatic field (DC) and either a voltage or laser pulse applied on the tip surface. A
schematic view of the APT setup is presented in Figure 3.5. The evaporated atoms are
accelerated and detected by a position sensitive detector (PSD), which records the position
and hitting time of the arrived atoms. The data recorded in the PSD, combined with the
history of DC, can be used for the reconstruction of 3-D needles from 2-D histograms.

The evaporation of atoms from the tip surface can be triggered either by a high-
voltage (HV) pulse or a laser pulse. In the HV pulsing mode, atoms evaporate due to the
additional voltage and get accelerated by both the DC and the pulse voltage. The issue with
this mode is that some atoms are not evaporated at the peak energy and don’t acquire all
the energy of the pulse, which is named as energy deficit and facilitated as the long tail in
the mass spectrum. The application of the HV pulse requires the specimen to be
electronically conductive, and it tends to cause the fracture of brittle specimens due to the
cyclic high electrostatic loading up to tens of GPa. Using a laser pulse to assist the
evaporation process could enable the characterization of materials with low electric
conductivity and decrease the possibility of early fracture. Although many physical

processes occur during the interaction of an electromagnetic wave with the atoms located
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at the needle apex, it is widely accepted that the evaporation of atoms is thermally activated.
The energy from the laser pulse is absorbed by the specimen and increases the temperature
of its surface, which causes the atoms to overcome the energy barrier and get evaporated
[153].

3.4.2 Artifacts of APT

3.4.2.1 Preferential evaporation

Preferential evaporation occurs when the atom species within a single specimen
have large differences in their evaporation fields. For the FeCr system studied here, the
evaporation field is 33 V/nm for Fe and 29 V/nm for Cr, so the occurrence of this artifact
is expected [154]. The experimental parameters must be chosen carefully to make sure that
all the evaporations are triggered only by HV or laser pulses. The main parameters that can
be adjusted to avoid preferential evaporation are the base temperature and pulse amplitude.
The base temperature must be low enough to maintain a low probability of evaporation
between pulses. As shown in Figure 3.6, in case (a), the parameters are correctly selected,
S0 evaporation occurs only with the application of the pulse. If the base temperature is too
high such as that in case (b), atom A can evaporate even without the additional heat or
voltage from pulses, which introduces uncertainties in the calculation of the time of flight
and locations in the mass spectrum. The preferential evaporation could also be reduced by
applying a high pulse fraction and thus the DC is lowered. However, this option leads to
the pollution of the sample with residual impurities and increases the amplitude of the
cyclic electrostatic load, so the risk of early fracture is increased as well. In this study, a

base temperature of 50 K and a pulse fraction of 20% are used to mitigate this artifact.

3.4.2.2 Local magnification

Local magnification artifact is a direct result of preferential evaporation. If the
precipitates have different evaporation field from the matrix, aberrations of the ion
trajectories appear in the vicinity of the matrix-precipitate interface. In FeCr alloys, the o’

precipitates are Cr enriched and thus have a lower evaporation field compared to the Fe-
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Figure 3.6 Influence of the temperature and electric field on the evaporation of a specimen

containing atom species A and B. A proper operation condition is presented in (a) while
preferential evaporation occurs in (b). Reproduced from Ref. [70].
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Figure 3.7 The trajectory aberrations at the cluster-matrix interface and the resulting density
change inside precipitates in the case of (a) a low-field precipitate and (b) a high-field precipitate.
Reproduced from Ref. [153].
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enriched matrix, which corresponds to condition (a) in Figure 3.7. The precipitates
evaporate faster than the matrix, which leaves a flatter surface and results in a region with
a lower field that deflects the ion trajectories inwards. During reconstruction, the atoms at
the interface will be treated as they evaporate from the clusters, and thus the atomic density
in clusters is increased. High-field precipitates, on the other hand, will result in a lower
density in precipitates because of the increase in local curvature.

The trajectory aberration of interface atoms will modify the shape of the clusters
and potentially influence the measurement of cluster chemical compositions. However, it
mainly blurs out the atoms at the interface, so the core composition in the cluster should
not be largely changed [155]. Currently, there is no known technique for adjusting the

running conditions to completely avoid the local magnification artifact.

3.4.2.3 Isotopes overlap

Isotope overlaps can cause errors in chemical composition measurement. The
elemental flavor of each atom is determined by its mass to charge ratio (m/n in the unit of
Da) in the mass spectrum. If two isotopes have the same m/n value, it is impossible to
unambiguously determine which element this atom belongs to. In FeCr alloys, Cr atoms
have isotopes with masses of 50, 52, 53 and 54 amu, while Fe atoms have masses of 54,
56, 57, and 58. Fe and Cr atoms are most likely to be detected at a charge state of 2+ when
the tips are run in HV pulsing mode, so the resulting mass to charge ratios are 25, 26, 26,5
and 27 Da for Cr, and 27, 28, 28.5 and 29 Da for Fe, respectively. An overlap occurs at 27
Da as shown in Figure 3.8. For the calculation of chemical compositions, this overlap can
be accommodated by introducing a correction factor based on the natural abundance of
each isotope. If the peak at 27 Da was initially assigned to Fe, a correction factor for Cr
concentration could be obtained by:

_ Acrso + Acrsz + Acrsz + Acrsa

= 1.024
AcrsotAcrsz + Acrss

Cr

A is the natural abundance of each isotope with the atom name and mass denoted by the
subscripts. The concentrations of Cr and Fe are then calculated with:

Cer-c = Cor—uc X Fer
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Figure 3.8 The mass spectrum of an APT dataset collected for the as-received Fe-18Cr specimen.
The peak overlap at 27 Da is highlighted.
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Cre—c = Cre—uc — Cor—uc X (Fer — 1)
In which Cg,_. and C.,_,. are the corrected and uncorrected Cr concentrations,

respectively. The same naming style is also applied to Fe.

3.4.3 APT sample preparation and data acquisition

APT specimens were lifted out and sharpened with the FEI Nova 200 Dual-Beam
scanning electron microscope equipped with the focused ion beam (SEM/FIB) located at
the Center for Nanophase Materials Sciences (CNMS) of the Oak Ridge National
Laboratory (ORNL). A tip length of around 800 nm below the Platinum cap was removed
by Ga beam sputtering in the final polishing step so that the mid-range irradiated region
could be easily achieved during the APT tip evaporation. The samples were analyzed by a
LEAP 4000X HR model APT with a detection efficiency of 36%. The temperature of
needle-shaped samples was cooled down to 50 K to avoid the preferential evaporation of
Cr atoms. The evaporation of tips was laser pulsed with a pulse energy of 50-60 pJ or
voltage pulsed with a pulse fraction of 20%, and a pulse repeating rate of 200 kHz. The
detection rate was set to 0.2-0.5%.

3.4.4 Reconstruction

The reconstruction of as-collected raw data was done by using the Integrated
Visualization and Analysis Software (IVAS) 3.8.4 based on the point-projection model.
This model simplifies the initial radial movement and subsequent straight trajectory into
one straight line starting from the point sitting behind the center of the spherical cap. The
compression of the field lines resulting from this approximation is reflected by an image
compression factor &, which is taken as 1.65 for this study. The evaporation field F, of Fe
(33 V/nm) is used here. The initial radius R was calculated by fitting the interplanar spaces
along the <110> or <200> directions. The field factor k is obtained through the equation

below:

= RE
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An example of the detector event histogram is given in Figure 3.9 (a), in which the
<110> pole facilitated as a low hit region with a 2-fold symmetry can be easily identified.
The initial radius R was carefully adjusted to make sure that the distance between
neighboring peaks is 0.203 nm in the spatial distribution map along the z-axis (shown in
Figure 3.9 (b)). Cr segregating to poles was observed in most datasets, which were removed
before performing the analysis of o’ precipitates.

After reconstruction, the mass spectrum was exported from IVAS and analyzed by
self-developed peak searching algorithm. The range for each peak was taken as the
locations of the Full Width Tenth Maximum.

3.4.5 Measuring solute clustering statistically

Several methods are available to determine if there is any inhomogeneous
distribution of solute atoms in an APT data set. As shown in Figure 3.10 (a-c), needle-
shaped Cu clusters in AlCu alloys can be observed to become more obvious with the aging
time from the Cu atom map, which provides the most direct and simple way to qualitatively
determine the clustering behavior. The problem with this method is that minor clustering
could be easily overlooked such as the Cu clustering in condition (a), where the atom map
shows an almost homogeneous distribution of Cu atoms.

The Chi? method compensates for the disadvantage of atom maps by providing a
frequency distribution of solute concentration within blocks containing a constant number
of atoms, and comparing it with the random distribution (Figure 3.10 (d)). The value of

Chi? for each dataset is calculated with:

2 e )
‘ fo )

n=0

ny, is the degrees of freedom and n is the number of solute atoms in one block (50 - 500
typically). fy (n) and e(n) are the counts of blocks containing n solute atoms for binomial
distribution and experimental dataset, respectively. The major problem with this method is
that the value of y,?2 increases with the size of the dataset. In a larger dataset, the null

hypothesis, which claims the homogeneous distribution of solute atoms, is more likely to
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Figure 3.9 (a) an example of the detector event histogram in IVAS and (b) the spatial distribution
map along the z-axis corresponding to the <110> pole region highlighted in (a).
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Figure 3.10 The Cu atoms distribution in Al-1.7at. %Cu after (a) As-quenched, aged at 100 °C for

(b) 2 hours and (c) 4 hours. (d) the corresponding frequency distribution of Cu concentration and
(e) evolution of Pearson coefficient. Reproduced from Ref. [153].
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be rejected, instead, the existence of clustering is indicated. Direct comparison among
differently sized datasets is also difficult.

Pearson et al came up with a method to normalize the y,.2 value, so the problem
with datasets having too many atoms can be solved and datasets with different sizes could
be directly compared [156]. Taking N as the number of blocks in one dataset, the Pearson
coefficient p could be obtained by:

Xe®
B= N+ X
It lies between O and 1. 1 indicates complete phase separation and 0 means random
distribution. p has a strong block size dependence, thus the same block size must be
maintained for all analyses. The evolution of the Pearson coefficient in AlCu alloys with
aging time is presented in Figure 3.10 (e). We found the value of u is very sensitive to how
the peaks in the mass spectrum are ranged (Full Width Tenth Maximum or Full Width Half
Maximum) and the presence of poles in the dataset, so it was not used in this work.
A method proposed by Thuvander et al [157] suggested comparing the standard
error (s) of the experimental data with the standard deviation (c) of the random distribution

(Binomial distribution) defined with the equations below (Thuvander method):

1 <
§2 = ——— (- &)’
b =3

0% = co(1 —co)/Np

For an ordered dataset, s is smaller than o, while for a dataset with phase separation, s is

larger than . In solid solution datasets, these two parameters are comparable.

Due to the unacceptable disadvantages of atom map, Chi? and Pearson methods,
the Thuvander method is applied in this work to quantify the clustering of Cr atoms after
ion irradiations. Examples are given in Figure 3.11 for Fe-18Cr in the as-received state and
after ion irradiation at 450 °C, 10 dpa/s to 0.37 dpa. Overlap of the two curves in Figure
3.11 (a) indicates the alloy was in a solid solution state before irradiation, while splitting

of them suggests phase separation occurred after it.

64



o]

_ (a)
S — = Binomial (o)

Ba —e— Pristine (s)

©

531

%)

—a—e g 2 g o o |

7 (b)
NS —=— Binomial (o)
—e— jrradiated (s)

)]

Sigma (at. %)
w A~
We

..:00 9o o ¢ o
"l”flﬁiﬁiﬁlfffl77.772:

N
1

100 200 300

N

T
00 500
Block size (atoms)

Figure 3.11 Comparison of the standard error (s) of the Cr atoms distribution in an experimental
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state and (b) Fe18Cr after ion irradiation at 450 °C, 10 dpa/s to 0.37 dpa.
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To further quantify the deviation from randomness, a quantity named clustering
coefficient defined by the following equation is introduced. The range of block size from
50 to 500 was suggested by Thuvander et al [157]. A larger clustering coefficient indicates

more clustering or phase separation in the dataset.
500

clustering coeficient = z (s — 0)?
Nb=50

3.4.6 Identifying clusters with self-developed Python codes.

The cluster analysis was first conducted using the maximum separation method
inherent to the Integrated Visualization and Analysis Software (IVAS) according to the
Dmax and Nmin Selection algorithm described in Ref. [5], but misleading results inconsistent
with the statistical results (clustering coefficient) were obtained. Therefore, we have
developed a concentration-based filtering algorithm using Python codes to identify and
quantify the Cr-enriched clusters. The radius, number density and volume fraction of
precipitates were calculated in this method.

This algorithm is similar to the one mentioned in Refs. [10, 155], which was found
to be more effective in identifying clusters in concentrated alloys than the maximum
separation method [158]. The steps to identify the clusters are listed below:

1. By using the software 3Depict [159], the local Cr concentration at each atom
position was calculated in a spherical volume with a radius of 0.94 nm, which corresponds
to about 100 atoms. This method was applied during the analysis of Fel8Cr specimens
irradiated by heavy ions at 300-450 °C. In the later analyses, the algorithm was revised and
improved, so this step was successfully implemented into the Python algorithm using the
BallTree module in the scikit-learn package.

2. For the Fe-18Cr specimen, a threshold concentration of 30 at. % was then applied
to filter the atoms. This threshold value was determined from the frequency distribution of
the pristine Fe-18Cr at a block size of 200 atoms. The Cr content value at which the count
goes to O was selected as the threshold to remove the contributions from random

fluctuations. However, this value was found to decrease with the block size as shown in
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Figure 3.12. The block sizes of 100, 150, 200 and 400 atoms give thresholds of 39, 34.5,
30 and 26.25 at. %, respectively. By visually comparing the filtered atoms and Cr atom
map, 30 at. % was found to give the best fit and thus selected as the threshold. As a result,
a block size of 200 atoms was used to determine the threshold Cr content for alloys with
lower bulk Cr concentrations, and the thresholds were 24%, 22% and 20.5% for Fe-14Cr,
Fe-12Cr and Fe-10Cr alloys, and 4.5% for FeCu alloys respectively.

3. After the filtering step, the selected atoms were judged to form clusters if their
distances were shorter than 0.5 nm, and clusters with less than 16 atoms were removed.
The selection of these two parameters was based on the results of maximum separation
analysis performed on the same datasets using the method proposed in Ref. [5].

4. Background clusters with their radius and Cr concentration fall in the region
corresponding to the clusters identified in the random datasets were subtracted [160].

5. For each cluster, if there are matrix atoms within 0.5 nm (envelop distance) of a
cluster atom, the matrix atoms are added to the cluster. This step introduces some matrix
atoms to the cluster mistakenly, which will be removed by the erosion step.

6. In order to remove the Fe shell, the clusters are eroded with erosion distance deros
determined by their spherical equivalent radius. der is in the range of 0.4 to 0.9 nm and a
larger der is applied to larger clusters. Cluster radii are classified as 0.5-1, 1-1.5, 1.5-2, 2-
2.5, 2.5-3, 3-3.5. 3.5-4 nm and >4nm size ranges. If a cluster atom is in the der of @ matrix
atom, the cluster atom is removed from that cluster and returned to the matrix, which is
very similar to the erosion procedure in IVAS [161]. In the revised algorithm, one
proximity histogram showing the change of Cr concentration crossing the precipitate
interface is calculated for each cluster, and the erosion distance is taken as the difference
between the current interface and the point at which solute concentration is halfway
between the matrix and precipitate core values.

7. Heavily connected clusters were separated as the last step [66].

After the cluster identification steps were completed, the radius (equivalent radius

R) of Cr precipitates was calculated from the number of atoms N in each cluster with the
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Figure 3.12 (a) the frequency distribution of Cr concentration in an as-received Fel8Cr dataset
calculated with block sizes of 50-500 atoms, and (b) a zoom-in view of the right tails in (a).
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equation below, in which p = 84.3 atoms/nm?3 is the atomic density [5], and Q is the

B = 3| 3N
— J4mpQ

Due to the complicated crystal structure of Cu precipitates, their atomic density is difficult

detection efficiency.

to measure, so the Guinier radius was used, which was directly calculated in the Python

algorithm using the equation:

R, = [zX
g 3 N

5 jzy((xn — 2% + O = 9D + (2 — D)
N is the total number of ranged atoms in a cluster. X, y, Z are the coordinates of the cluster
center, and x,,, y,, z, are the coordinates of nth atoms inside the cluster.

The number density is calculated from the number of clusters divided by the tip
volume, and the volume fraction is the ratio of the number of atoms in clusters to the total

number of atoms in the whole dataset. Only ranged atoms were used in all the calculations.

3.4.7 Calculating Cr concentration with proxigrams

The iso-concentration interface and proximity histogram or proxigram is used to
obtain the Cr concentration in clusters and matrix. An iso-concentration value of 24 at. %
was selected to include all clusters in Fe-18Cr. The core Cr concentration in each cluster
was taken to minimize the contribution from the interface, which was obtained by fitting
the proxigram with an empirical function as in Ref. [6]. An example of the fitted proxigram
is shown in Figure 3.13, in which the curve gives a very good fitting to the proxigram. The
matrix Cr content was taken as the lowest point in the proxigram, so that the contribution
from neighboring clusters could be minimized. The peak overlap of Fe and Cr atoms at 27
Da in the mass spectrum has been corrected based on the natural abundance of each isotope
(details are given on page 59) for all the concentrations recorded here. The number density
could also be obtained with this method by taking the ratio of the interface number to the

analyzed volume, which is less accurate due to the interconnection of multiple clusters.
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3.5. Studying the correlation of solute atoms with dislocations using
STEM-EDS

Due to the very small-sampled volumes, it is generally difficult to capture
dislocations or dislocation loops formed from irradiations in APT tips. Therefore, scanning
transmission electron microscopy - energy dispersive X-ray spectroscopy (STEM-EDS),
mapping was performed to study the possible spatial correlation of Cr atoms with
dislocations. EDS mapping was conducted using the FEI Talos F200X instrument located
at the Low Activation Materials Development and Analysis (LAMDA\) facility of ORNL.
This instrument is equipped with a high-brightness Schottky-emission field-emission-gun
electron source to provide electron beams with very high intensity. Its detector system
includes 4 silicon-drift-detector (SDD) units, and thus has much higher X-ray spectrum
imaging efficiency [162].

EDS scanning was performed on lamella specimens prepared from the FIB
technique. Since electron backscatter diffraction (EBSD) mapping was obtained prior to
the lift-out step, the flat surface of the thin foil specimen has an orientation very close to
<001> direction, and thus minor tilts were needed after specimen loading. EDS mapping
was collected after the specimen was aligned on the (001) zone axis. Therefore, both
dislocations and elemental distributions are visible and can be correlated with each other.
During collection, the dwell time on each pixel was ~40 ps, and ~16 frames were collected
in total, which needed a total scanning time of ~30 minutes for each area of interest.

The EDS results were quantified using the Velox software available in Materials
Science and Technology Division (MSTD), ORNL. Background signals were corrected by
assuming a sample thickness of ~100 nm and sample density of 7.9 g/cm? (density of pure
Fe). For better contrast of images, post-filtering after quantification by averaging 7 pixels

was conducted for all elemental maps.
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CHAPTER FOUR
RESULTS

4.1 Effect of dose rate and temperature on o’ formation in Fe-18Cr

4.1.1 a’ precipitates after irradiation to 0.37 dpa

The clustering coefficient (defined in section 3.4.5) of Fe-18Cr specimens
irradiated to 0.37 dpa is plotted in Figure 4.1. The unirradiated reference (horizontal dashed
line) corresponds to the value measured from the as-received Fe-18Cr, which was in a solid
solution state. Compared to the pristine sample, Cr clustering could be observed in most
irradiation conditions. The only exception occurred at 300 °C and 107 dpa/s, at which the
clustering coefficient value was very close to the solid solution line. An increase in the
clustering level at higher temperatures or lower dose rates was observed, which is
consistent with the increased radiation enhanced diffusion and reduced ballistic dissolution
rate at these conditions.

Figure 4.2 shows the distribution of cluster atoms filtered by the Python codes for
the samples irradiated to the low fluence of 0.37 dpa. A large number of Cr rich o’
precipitates were revealed for most irradiation conditions. They were homogeneously
distributed without clear association with point defect sinks such as dislocations and grain
boundaries. At 300 °C and 107 dpa/s, only 1 cluster was found in the presented volume.
This may correspond to the critical irradiation condition for o’ formation as described in
Ref. [163], in which the continuous formation and dissolution of o’ by ballistic mixing
occurs and no precipitates could be stabilized. The formation of o’ precipitates under the
conditions except for 300 °C, 10 dpa/s indicates that the cluster formation process from
radiation enhanced diffusion was typically dominant compared to ballistic dissolution
processes for the investigated irradiation conditions.

The evolution of radius, number density and volume fraction of Cr-enriched
clusters with irradiation conditions are plotted in Figure 4.3. The average cluster radii were
~1-2 nm in all cases, which is consistent with the irradiated results in the literature [5, 7-

10, 67, 98, 112]. Cluster sizes increased with increasing temperature or decreasing dose.
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Figure 4.1 The clustering coefficient for Fe18Cr irradiated to 0.37 dpa at different dose rates and
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Figure 4.2 Cluster atom maps showing o’ precipitates in Fe-18Cr irradiated to 0.37 dpa. Sampled
volume = 40x40x10 nm?, Clusters are indexed with different colors. All elements in the Cr-
enriched clusters including both Fe and Cr atoms are shown.
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The evolution of radius, number density and volume fraction of Cr-enriched clusters with
irradiation conditions are plotted in Figure 4.3. The average cluster radii were ~1-2 nm in
all cases, which is consistent with the irradiated results in the literature [5, 7-10, 67, 98,
112]. Cluster sizes increased with increasing temperature or decreasing dose rate. Within
the range of investigated parameters, increasing the temperature from 300 to 450 °C had a
much larger effect on cluster size than decreasing the dose rate from 107 to 107 dpa/s. As
for the evolution of the cluster number density, it was maximized at 350 °C for both
investigated dose rates. This trend qualitatively agreed with the number density of iso-
concentration interfaces obtained using IVAS, although the latter method incorrectly
provided smaller number density values for most conditions due to the presence of
interconnected clusters which cannot be separated in the IVAS algorithm. The peak in Cr-
rich cluster density at 350 °C is likely due to the competition between coarsening (dominant
at 450 °C) and dissolution by damage cascades (dominant at 300 °C). Increasing the dose
rate decreased the number density at all temperatures, which was most significant at 300
°C. It must be pointed out that for the clusters formed after irradiation at 300 °C and 1073
dpa/s, their positions were closely related to low index crystallographic poles. Although
the main poles along <110> or <200> directions were removed before the cluster analysis,
the large regions in the vicinity of the poles were influenced by this field effect artifact and
showed nonhomogeneous Cr enrichment. The same cluster search method was applied to
the datasets for the as-received Fe-18Cr specimen, and similar artifacts of Cr-enriched
regions were revealed around the poles. The number density and radius of these features in
the as-received sample were (2.9+0.6)x10%3/m? and 0.94+0.4 nm respectively, which are
similar to the ones detected after irradiation at 300 °C and 107 dpa/s. A negligible volume
fraction of o’ phase was also calculated after irradiation at 300 °C and 107 dpa/s (Figure
4.3 (c)). Based on these results, we believe these detected features originated from field
effect artifacts on the poles. Therefore, the critical irradiation conditions for the o’
precipitate to dissolve or fail to nucleate as stable clusters are revealed as 300 °C and 107
dpa/s.

For all other irradiation conditions, the APT artifact features have a small influence
on the cluster quantifications due to a large amount of observed cluster formation, and thus

74



(@)

164 —=—103dpals
1 —e—10*dpals
—4— 10 dpals

Radius

I I I
300 350 450

6- (b)

Number density
(10%4/m?)

300 350 450

(c)

(%)

Volume fraction

4.

) -1

300 3%0 450
Temperature (°C)
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fewer Cr atoms were available for nonhomogeneous segregation. Our results highlight that
great care must be taken to analyze the APT results, so that such artifacts are not
erroneously identified as real precipitates. For other conditions, the trend of volume
fraction change, combined with the radius and number density evolution, agreed with
nucleation, growth and Ostwald ripening of precipitates, the kinetics of which decreased
with lower temperatures or higher dose rates. The highest volume fraction (~ 7.6%)
occurred after irradiation at 450 °C and 10" dpa/s (corresponding to ~10 h irradiation time),
with a value close to the saturated volume fraction (~ 6.9%) for the same Fe-18Cr thermally
aged at 500 °C for 2008 hours [4]. The small discrepancy might be attributed to the
temperature difference of 50 °C or the more dilute clusters formed after ion irradiation.

The Cr concentration of the precipitates and matrix was calculated from the APT
proxigrams. Examples of the clusters formed after irradiation at 450 °C and different dose
rates to 0.37 dpa are given in Figure 4.4. The proxigrams for the three dose rates were well
separated. The solute concentration was lowest in the matrix and highest in the cluster at
the dose rate of 10° dpa/s. The distance from the interface to the center of clusters gives a
rough estimation of the cluster size, which increases with decreasing dose rate. Although
the distances were numerically different from the radii plotted in Figure 4.3 due to the
difference in cluster definition, the trend was consistent.

The resultant matrix Cr concentration is presented in Figure 4.5 (a). The bulk Cr
content was obtained from the whole sampled volume averaged over all collected datasets.
The matrix Cr content was ~14 at. % after irradiation at 450 °C and 10~ dpa/s. This was
close to the concentration obtained from the same alloy after thermally aging at 500 °C for
2008 hours [4]. For all other irradiation conditions, the matrix Cr contents were much
higher than the 9-14 at. % predicted by the phase diagram and other studies in the
temperature range of 300-500 °C [5, 61, 66]. At all temperatures, the matrix Cr
concentration was lower at lower dose rates, indicating more clustering of Cr atoms in the
sample. Increasing the temperature from 300 to 350 °C largely decreased the matrix Cr
content, while further increasing the temperature to 450 °C seemed to be less effective and

almost negligible at 10~ dpa/s. The difference between the thermal equilibrium solubility
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limit and measured matrix Cr concentration became larger with decreasing temperature
and increasing dose rate.

The Cr concentrations in the core of the clusters are plotted in Figure 4.5 (b). They
were relatively widely distributed, ranging from ~45 to 65 at. % depending on the
irradiation conditions. The core concentrations increased monotonically with increasing
irradiation temperature. While the Cr enrichment levels in the solute clusters following ion
irradiation (~45-65%) were indicative of progression toward fully formed o’ precipitates,
the measured Cr contents were significantly less compared to the 80-90 % equilibrium Cr
content expected for o’ precipitates as determined from thermal aging experiments [4, 66]
or predicted by phase diagram [65, 164]. However, the Cr contents in the clusters after ion
irradiation at 300-350 °C were similar to ~35-50 at. % Cr reported previously after
irradiation by self-ions at 300 °C to ~ 1 dpa for a dose rate of 3-6.1x107 dpa/s [7]. Although
the equilibrium Cr concentration for o’ precipitates decreases slightly with increasing
temperature, the measured Cr content in clusters exhibited an opposite trend. This suggests
that the Cr content in the Cr-rich clusters is mainly controlled by the kinetics of the
diffusion process instead of the thermodynamic equilibrium concentration. The lower Cr
content in the clusters at a higher dose rate may be an indicator of the important role of

ballistic mixing over the entire range of investigated irradiation conditions.

4.1.2 Cr-rich a’ precipitation after irradiation to 3.7 dpa

Figure 4.6 compares the representative APT reconstructions for Fe-18Cr irradiated
at 10 dpa/s for two different temperatures (350 and 450 °C) and two final doses (0.37 and
3.7 dpa). The properties of these clusters are summarized in Table 4.1. The number density
of o’ precipitates showed a slight decrease (~20%) with increasing dose at 350 °C and a
significant reduction (~4x) at 450 °C, which indicates the clusters grew only slightly
between 0.37 and 3.7 dpa at 350 °C while a strong coarsening occurred at 450 °C as
compared to 350 °C over the same doses. This observation was supported by the cluster
size (radius) distributions as shown in Figure 4.7. The cluster size distributions were single-

peaked for both doses at 350 °C with only a slight shift to a larger size at the higher dose,
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Figure 4.6 APT reconstructions of Fe-18Cr samples irradiated at 10 dpa/s showing o’
precipitates. The irradiation temperature and final doses are overlaid. All elements in the Cr-
enriched clusters including both Fe and Cr atoms are shown.

Table 4.1 The characteristics of o’ precipitates in Fe-18Cr irradiated at 10 dpa/s, 350 and 450 °C
to 0.37 or 3.7 dpa. Data for the sample aged at 500 °C for 900 hours, as obtained from APT data
analysis, is also presented.

Agin — luster .
S R o 1 Gt G Gl
C) (°C) (10%4/m?3) (at. %) (at. %) (%)
- 350 0.37 1.12 +0.02 48+18 50.0+£3.2 16.6 + 0.7 31+11
- - 3.7 1.29+0.01 40+0.7 579173 154+£0.5 41+0.8
- 450 0.37 1.42 +0.03 35+0.3 61.5+2.2 16.0+0.5 48+0.6

- - 3.7 2.01+0.08 0.94 +0.06 66.3+3.5 16.3+0.3 42+0.2
500/900 h - - 2.85+0.34 0.51+0.21 83.2+53 14.4+0.3 6.2+0.6
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Figure 4.7 Evolution of the Cr-enriched precipitate radii distribution after irradiation at (a) 350
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which may indicate that the o’ precipitates were still in the nucleation or metastable stage
with little growth. However, the size distributions were very different at 450 °C: there was
only one sharp peak at 0.37 dpa (Figure 4.7 (a)), while a much wider size distribution
existed for irradiations up to 3.7 dpa (Figure 4.7 (b)). This difference at the two
temperatures can be attributed to the much slower kinetics for phase separation at lower
temperatures. The cluster Cr concentration increased only slightly after the dose increased
by ten times at both temperatures. The change in matrix Cr content and the volume fraction
of o’ phase was minor, which may indicate that saturation of the precipitation process with
dose is largely complete already by 0.37 dpa. Since the evolution of precipitate sizes agreed
with a classical Ostwald ripening mechanism, the radii measured at higher doses can be
compared to the radii estimated using the LSW theory [165]. This theory predicts
negligible size change (no change at 350 °C and 0.002 nm increase at 450 °C) if the thermal
equilibrium vacancy concentration is used. However, a radius of ~11 nm at 350 °C and ~16
nm at 450 °C after irradiation to 3.7 dpa is anticipated if the calculated radiation enhanced
diffusion rates are used, which are much larger than the precipitate size measured through
APT characterization. This again indicates the presence of strong ballistic dissolution

effects, which effectively slow down the precipitate coarsening rate.

4.1.3 Ballistic dissolution of a’ precipitates by irradiation in aged Fe-18Cr

A portion of Fe-18Cr samples were thermally aged in a vacuum environment at 500
°C for 900 hours to form o’ precipitates. A representative APT reconstruction showing
these precipitates is given in Figure 4.8 (a). Well-formed o’ precipitates were observed
with wide size distribution and an average radius of about 3 nm. The cluster core Cr content
was measured to be 83.2 + 5.3 at. %, which is very close to equilibrium values and in full
agreement with the existing experimental values [4, 65, 66]. The APT reconstruction for
the as-received sample is presented in Figure 4.8 (e) as a reference. Only a few potential
clusters were identified by the Python codes due to the pole segregation artifact.

Both aged and as-received samples were then simultaneously irradiated at 300, 350
and 450 °C to 0.37 dpa (107 dpa/s). The reconstructions showing the evolution of o’
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Figure 4.8 APT reconstructions showing o’ precipitation evolution in Fe-18Cr. (a) Sample aged at
500 °C for 900 hours. Samples aged at 500 °C for 900 hours followed by ion irradiation at (b)
300 °C, (c) 350 °C and (d) 450 °C. (e) Unirradiated as-received material. Samples that were ion
irradiated from the as-received state at (f) 300 °C, (g) 350 °C and (h) 450 °C. The dose rates and

doses were10- dpa/s and 0.37 dpa for all the irradiated specimens.
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precipitation are presented in Figure 4.8. At 300 °C, irradiations completely dissolved the
o’ precipitates formed due to thermal aging. Despite the drastic difference between the
microstructures before irradiation, both the aged and as-received specimens showed
similarly negligible Cr precipitation after irradiation at 300 °C, i.e. no formation of o’ in
the solid solution alloy and complete dissolution of o’ in aged specimens. At 350 °C, the
large o’ precipitates formed from thermal aging were replaced by a high density of finer
precipitates, and a similar microstructure was observed in the irradiated solution alloy. At
450 °C, differences in o in the irradiated aged sample versus irradiated as-received sample
were limited just based on the reconstructions.

Quantitative results including the radius distribution, average radius, number
density, and volume fraction of o’ precipitates, and the Cr concentration in the o’ and
matrix for the samples with precipitates are plotted in Figure 4.9 and Figure 4.10. After
irradiation at 350 °C, the clusters in the aged specimen shrank to a size distribution
comparable to the sample irradiated directly from the as-received solid solution state
(Figure 4.9). The number density of clusters in the aged+irradiated sample similarly
increased to a value comparable to the sample irradiated from the pristine state (Figure
4.10). Furthermore, the cluster volume fraction and Cr concentration in the matrix and
cluster core following irradiation were very close for the two conditions (as-received vs.
aged). These results indicate that the o’ precipitate distribution already reaches a metastable
saturation condition after a dose of ~0.37 dpa at 10 dpa/s and 350 °C, irrespective of the
pre-irradiation precipitate microstructure. It is remarkable that the evolution of the o’
precipitate distribution for the two markedly different starting conditions evolved to a
comparable state after a dose of only 0.37 dpa at both 300 and 350 °C.

However, the cluster distributions in the aged and as-received specimens were
different after irradiation at 450 °C. The average radius of o’ decreased by nearly ~0.6 nm
due to the irradiation as compared to the as-aged state, but it was much larger than the
clusters in the specimen irradiated from the as-received state. The radii of clusters in this
specimen were more widely distributed and extended to larger values compared to the
sample irradiated from a pristine state. From Figure 4.9 (c), there were no clusters with a
radius >3.5 nm in the aged+irradiated specimen. The change in the number density of
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Figure 4.10 Quantification of the o’ precipitates. Comparison of the (a) mean cluster radius, (b)
number density, (c) volume fraction, (d) Cr concentration in precipitates and (e) matrix Cr
concentration. The investigated samples were Fe-18Cr irradiated at 350 and 450 °C, 10 dpa/s to
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standard deviation of multiple measurements.
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clusters was negligible, but the volume fraction was largely decreased due to their smaller
sizes. It is interesting to observe that the core Cr concentration in the aged sample was not
obviously changed by irradiation at 450 °C. Since the clusters forming directly from the
matrix had much lower Cr concentrations, these highly concentrated precipitates were
more likely to be the remnants of clusters formed during thermal aging, the sizes of which
were decreased by irradiation while the core compositions were unchanged. The matrix Cr
concentration of the aged sample was largely increased by the irradiation, and it is closer
to the value of samples irradiated from the pristine state (see Figure 4.10 (e)). This
observation is direct evidence of the ballistic dissolution effect of displacement cascades,
which continuously ejects solute atoms back into the matrix. Because the core of large
clusters was not significantly modified, the additional solute atoms that entered the matrix
are likely to originate from the dissolution of interface or small clusters.

Judging from the differences in the o’ precipitate distribution in the samples
irradiated from the aged state and as-received state, 0.37 dpa is not high enough for
precipitates to evolve into a steady state at 450 °C. Since the dissolution rate is independent
of the irradiation temperature, the different behavior at 450 °C compared to the two lower
temperatures must be attributed to the different radiation enhanced diffusion rates. At 450
°C, the solute atoms might quickly diffuse back after they are dissolved by the displacement
cascade each time, which maintains a relatively high solute concentration and large size of
the precipitates. Since Cr atoms prefer to interact with themselves to form o’ precipitates
in alloys with high Cr concentration, the precipitate restoration kinetics associated with the
diffusion of dissolved solute atoms is also higher at 450 °C. Considering the typical size of
a displacement cascade, which is ~5-10 nm in diameter, it is anticipated that precipitates
with sizes larger than the cascades are less likely to be destroyed because the damage
cascades happening completely inside the precipitates are ineffective in causing ion mixing
between solute and solvent atoms. Therefore, the higher diffusion rate, and the resulting
larger driving force for precipitate re-growth and less efficiency of damage cascades, lead
to the larger resistance of o’ precipitates to ballistic dissolution at this high temperature. A

higher dose rate is likely required to cause the shrinking of o’ at this temperature.
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4.2 Effect of surface and injected ions on o’ formation

4.2.1 a’ precipitates denuded zone in the near-surface region

Figure 4.11 shows the reconstructions of APT needles extracted from the near-
surface depth of the 3 specimens. A Ni layer with thickness of 30-60 nm was deposited on
the sample surface before standard tip preparation procedures. Ni was selected because it
has a similar evaporation field as Fe (The evaporation field of Ni and Fe are 35 and 33
V/nm, respectively) and thus the probability of fracture at interface is smaller. In the APT
reconstruction, the original sample surfaces were marked and located just below the Ni
cap. A thin layer of precipitate denuded zone can be observed near the surface region in all
3 specimens. It is around 3-4 nm after irradiation at 350 °C for both fluences and around
10 nm after irradiation at 450 °C to the high fluence.

4.2.2 Suppression of o’ precipitation at and beyond the peak damage region

Cross-sections showing the distribution of o’ in Fe-18Cr after ion irradiation at 350
°C to the low fluence, and injected ion concentration and displacement damage profiles
calculated by SRIM-2013 are presented in Figure 4.12. o’ can be observed at all
investigated depths, including the peak-damage region and the location with the highest
injected ion concentrations. The number of o’ decreased largely in the 1.5-2 um depths
compared to their mid-range values.

Figure 4.13 shows the distribution of o’ after ion irradiation at 350 °C and 450 °C
to the high fluences. At 350 °C, o’ precipitates were observed only at depths shallower than
~1.2-1.4 um. The absence of o’ precipitation at the near peak damage region and deeper
locations may indicate strong suppression effects. At 450 °C, o’ formations were detected
at all investigated depths up to 1.8 um.

The radius, number density and volume fraction of o’ precipitates are determined
through a cluster searching algorithm by selecting potential cluster atoms above 30 at. %
local Cr concentrations. The Cr concentration in precipitates and matrix phases was
calculated using the proximity histogram method. The results are plotted in Figure 4.14. At

350 °C, there is no obvious change in the sizes of precipitates over the entire range of
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Figure 4.11 Reconstructions of needles taken from the surface depth of 3 specimens. o’ denuded
zones are visible in the near-surface region. Local irradiation parameters are given above each

reconstruction.
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Figure 4.12 Cross-sections showing the distribution of a” at different depths in Fe18Cr after
irradiation at 350 °C to the low fluence. Imaged volume is 40x40x10 nm?3 for each cross section.
The local dose rate, dose and injected ion concentration are given above each cross-section.
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Figure 4.13 Cross-sections showing the distribution of o’ at different depths in Fe-18Cr after
irradiation at 350 °C and 450 °C to the high fluences. Imaged volume is 40x40x10 nm?,
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Figure 4.14 The evolution of (a) radius, (b) number density, (c) volume fraction, (d) Cr
concentration in precipitates and (e) matrix with irradiation depth.
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investigated depths. The number densities of o’ precipitates are nearly constant at depths
shallower than 1.2 um, above which they started to decrease for the low fluence condition
and dropped below the practical APT volumetric density detection limit ~10%1-22/m? for the
high fluence condition. The volume fractions of the o’ precipitate phase showed a similar
trend. The precipitate Cr contents are nearly unchanged up to 1.5 um, and then decrease
after irradiation at the 350 °C, low fluence condition. After irradiation to a high fluence,
precipitate Cr concentrations are ~50% in all depths where o’ were observed, and matrix
Cr contents increase at depths >1.2 um due to the overall decreased Cr clustering. At 450
°C, both smaller-sized (radius ~1 nm) and large-sized precipitates (radius >1.5 nm) were
present in the near-surface region (~0-200 nm depths), while precipitates with similar sizes
were found in the depths of 1-1.8 pm, which resulted in a smaller average radius and a
lower volume fraction of o’ in the former case. At the three deeper depths, precipitate radii
initially increase with depth (irradiation dose) and then decrease at the peak damage region,
while the number densities of precipitates are unchanged for depths of 0.1-1.5 um and then
increases at 1.8 um depth. The Cr contents in precipitates also increase slightly with higher

doses, and matrix Cr concentrations remain relatively constant at all investigated depths.

4.3 Effect of bulk Cr concentration on o’ formation in FeCr alloys

4.3.1 a’ precipitation in Fe-14Cr after ion irradiations

Fe-14Cr alloys were also irradiated with Fe ions at the conditions listed in Table
3.3. A similar cluster searching algorithm using a threshold Cr content of 24 at. % was
applied to the APT datasets for identifying o’ clusters. The results for final doses of 0.37
dpa are presented in Figure 4.15. A large number of o’ precipitates could be observed after
irradiations at dose rates of 10° to 10 dpa/s. Their properties including size, number
density, volume fraction and chemical compositions in precipitate and matrix phases are
given in Figure 4.15. In general, the number densities of these precipitates are lower
compared to that of Fe-18Cr after irradiation at the same conditions. At 10 dpa/s, Cr rich
clusters were detected at 350 °C, but not at 450 °C, which is different from what was

observed in Fe-18Cr. The microstructure of this specimen (Fe-14Cr, 450 °C, 107 dpa/s,
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107 dpa/s

10 dpals

300 °C

350 °C

450 °C

10 dpa/s

20 nm

Figure 4.15 Cluster atom maps of Fe-14Cr irradiated to 0.37 dpa in sampled volumes of
40x40x10 nm?. Clusters are indexed with different colors. All elements including both Fe and Cr

atoms are included.

Table 4.2 The characteristics of o precipitates in Fe-14Cr irradiated at 10°-10 dpa/s, 300-450

°C t0 0.37 or 3.7 dpa.
Irradiation Dose . Number Cluster core Matrix Cr Volume
Dose Radius . .
temperature  rate (dpa) (nm) density Cr content content fraction
(°C) (dpa/s) P (10%/md) (at. %) (at. %) (%)
300 10+ 0.37 1.17 £0.03 1.1+0.2 435+0.7 145+0.7 0.81+0.13
350 10 0.37 1.13+£0.02 0.61+0.08 447+25 146+0.1 0.39+0.05
350 104 0.37 1.21+001 0.75+0.42 42.7+0.7 147+03 0.59+0.34
350 10+ 3.7 1.43+0.02 1.0+0.7 474+15 149+0.3 1.34 +0.95
450 104 0.37 1.56+0.14 0.49+0.12 50.5+ 2.0 148+0.1 0.93+0.56
450 104 3.7 2.74+051 0.06+0.04 67.7+85 145+05 0.62+0.39
450 10 0.37 1.95+0.11 0.81+0.22 60.7 £ 2.7 13.7+05 294+1.24
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0.37 dpa) has been checked with TEM, which showed a clear irradiation damaged region
in the ~2 um near surface area. The absence of o’ in Fe-14Cr might be attributed to a
precipitate number density that is too low to be detected by APT, or the reduced solute
supersaturation level.

The distribution of clusters after ion irradiation at 10 dpa/s to 3.7 dpa is shown in
Figure 4.16, and the numerical results are also listed in Table 4.2. At 350 °C, Number
density of precipitates is pretty high and the sizes are very similar among each other.
However, only a few very large precipitates are present after ion irradiation at 450 °C to
3.7 dpa. The number density was largely decreased compared to low dose results at the
same temperature and dose rate, which indicates a coarsening of the o’ precipitates and the

lower supersaturation of Cr solute relative to the solvus line at this higher temperature.

4.3.2 a’ precipitation in Fe-12Cr

Five ion-irradiated Fe-12Cr specimens have been selected for APT
characterizations based on the results of Fe-18Cr and Fe-14Cr alloys. The APT results
showing Cr-enriched clusters are presented in Figure 4.17, in which each irradiation
condition is given above the corresponding APT reconstruction. o’ precipitates were
observed after irradiations at 300-350 °C. At the irradiation condition of 350 °C and 107
dpa/s, Cr clusters were detected, but their radii are only ~0.8 nm (Table 4.3), which are
much smaller than the precipitates formed after irradiation at 300 °C, 10 dpa/s, 0.37 dpa
and 350 °C, 10 dpa/s, 3.7 dpa. These two conditions gave precipitate sizes of ~1.1 nm and
1.6 nm, respectively.

At 450 °C, only the low fluence specimens (0.37 dpa) were studied due to the very
low density of precipitates detected in Fe-14Cr after irradiation to 3.7 dpa at this
temperature. If no clusters could be found in Fe-12Cr after irradiation to the high fluence,
it will be difficult to determine whether this absence results from the ballistic dissolution
of damage cascades, or the number density of precipitates being lower than the detection
limit of APT. The results presented in Figure 4.17(d) and (e) suggest no o’ formation after
irradiations at 10°-10* dpa/s, instead, a Cr-enriched carbide was observed. There are two
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(a) 350 °C (b) 450 °C

b ¢ %
20 nm
Figure 4.16 APT reconstruction for Fe-14Cr irradiated at 10 dpa/s to 3.7 dpa. The irradiation

temperatures are presented above each reconstruction. All the particles indexed by different
colors are o precipitates.
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(a) 300 °C-10* dpa/s

0.37 dpa

(d) 450 °C— 10" dpa/s
0.37 dpa

(b) 350 °C - 103 dpa/s
0.37 dpa

(e) 450 °C - 10" dpa/s
0.37 dpa

Carbide
%,

g

(c) 350 °C-10*dpa/s
3.7 dpa

20 nm

Figure 4.17 APT reconstructions of Fe-12Cr alloys after irradiation at 5 conditions. The
irradiation temperature, dose rate and final dose are presented above each reconstruction. All the
particles indexed by different colors are o’ precipitates.

Table 4.3 The characteristics of o’ precipitates in Fe-12Cr irradiated at 105410 dpa/s, 300 and

350 °C t0 0.37 or 3.7 dpa.
Irradiation  Dose Dose Radius Number Cluster core  Matrix Cr Volume
temperature  rate (dpa) (nm) density Cr content content fraction
(°C) (dpa/s) P (10%*/mq) (at. %) (at. %) (%)
300 10% 037 1.06+0.01 0.23+0.05 439+15 125+0.1 0.12+0.02
350 10° 037 0.77+0.02 0.17+0.08 484 +1.2 119+16 0.04+0.02
350 10+ 3.7 158+0.04 0.38+0.05 499+17 124+0.1 0.67+0.10
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possible explanations for the absence of o’ at 450 °C: the Cr concentration of Fe-12Cr is
too low to enter the two-phase region of the phase diagram or the Cr supersaturation is so
low that the driving force for phase separation is not strong enough to balance the ballistic
dissolution of displacement cascades. Our thermal treatment results, which will be
presented in a later section, showed no o’ formation in Fe-12Cr after aging at 450 °C up to
1 year. It indicates this composition is in the single-phase region at 450 °C, and thus there

is no thermodynamic driving force for phase separation.

4.3.3 a’ precipitation in Fe-10Cr

Only one Fe-10Cr specimen has been characterized after ion irradiation. The
selected irradiation condition was 350 °C, 10 dpa/s and 3.7 dpa. As shown from the APT
reconstruction in Figure 4.18(a), no precipitates were identified. Figure 4.18(b) gives the
comparison between standard deviations of the binomial distribution and experimental
results as suggested by Thuvander et al [157]. The two curves almost overlap with each
other, indicating the random distribution of Cr atoms within the whole datasets, and thus

consistent with our cluster analysis results.

4.4 Using proton irradiation and thermal aging to determine the phase

boundary

4.4.1 a’ formation after proton irradiations

Proton irradiations of Fe-(5-18)Cr at 250-450 °C were conducted to accelerate the
kinetics of phase separation to form a’, which were identified in a wide range of specimens
through APT characterizations as presented in Figure 4.19. Cr rich clusters are visible in
all specimens after irradiation at 250 °C, in both Fe-10Cr and Fe-18Cr specimens at 350
°C, and only in Fe-18Cr at 450 °C. The number density of precipitates is much higher in
Fe-18Cr alloys at 250-350 °C than in all other conditions.
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Figure 4.18 (a) APT reconstruction for Fe10Cr irradiated at 10 dpa/s and 350 °C to 3.7 dpa. No
o’ particles formed after irradiation. (b) Comparison between the standard deviations of the
binomial distribution and the standard error of Cr atoms distribution in experimental datasets.
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Figure 4.19 Cr atom maps of FeCr alloys irradiation by protons at 250, 350 and 450 °C. The
imaged volume for each condition is 40x40x10 nm?,
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Using the APT technique, not only the presence or absence of o’ can be detected,
but also the matrix Cr concentrations can be measured. The matrix Cr will equal the
solubility limit if the thermal equilibrium state is reached and higher than the solubility
limit if the thermal equilibrium state is not reached. Bachhav et al pointed out that the
measured matrix compositions would change as a function of the threshold solute values
used to create interfaces [5]. Therefore, to minimize the artifact associated with selecting
inappropriate threshold values and to obtain more objective results, multiple values in 20-
50% were used.

Two examples showing the effect of changing threshold values on the measured
proxigrams are plotted in Figure 4.20 (a) and (b). Despite the shift of the precipitate
interface due to different solute concentrations used to create interfaces, the Cr
concentrations at the precipitate center remain relatively constant. In Fe-18Cr specimen
irradiation to 2 dpa, the Cr concentrations inside precipitates are ~85 at. % at 350 °C and
95-100 at. % at 450 °C. Since a higher o’ solute concentration is expected at lower
temperatures according to the phase diagram, this reversed trend may suggest the
precipitates formed at 350 °C have not reached their steady state Cr concentration values
and further enrichment of Cr are very likely at higher doses.

To demonstrate the complicated effect of threshold Cr concentrations on matrix
composition measurement, the matrix side of proxigrams in Figure 4.20 (a-b) are enlarged
in Figure 4.20 (c) and (d), respectively. At 350 °C, increasing interface Cr concentrations
leads to a change in the curvature and vertical position of curves. As the proxigram extends
into the matrix side or the distance values become more negative, the Cr concentration in
each bin decreases and then increases due to intersecting neighboring precipitates.
Therefore, matrix solute concentrations were taken as the lowest points on the proxigram,
and 5 bins were averaged to give the final result at this irradiation condition. However, the
proxigram at the matrix side is almost flat and independent of the selected interface solute
contents after irradiation at 450 °C.

This variance in dependence of matrix solute concentration on threshold values for
creating interfaces can be further observed from the plots in Figure 4.20 (c), in which 250
°C irradiation gave the largest dependence, which then decreases at higher temperatures

98



100 100

© °
B! 1 S
90 0, 0, = 4 3
= 20%  * 25% 5! g 90 F‘i
sl | 4 30% = 5. 2
oy 40% = ! —_
= Fe18Cr B
60 4 °
_é Proton 350 °C .3
£ - 8
s Matrix =
8 40 5 iz zmzhrzes 8
§ 5
QO 304 o
S
o G
20 4
10 Jaenis
0 T T
-5 -4 3 3
Distance (nm)
15 7
* | > 4
—=—20% & 25% 4 " B 20% —9— 25% J s
[ R - : f A 30% J A
— 40% 4 45% 4 o | — 40% < 45%, L J
R 433 A " 2 144 »— 50% . .
> 17 [Fetscr < « :
L8 Proton 350 °C 4 ® |
o g S Proton 450 °C :
® © » A o |
i @ 13- » . o
B o ..
§ ‘g > i u\Ao‘. "
b TRy 4 pptf 4 0 4T A Py S
8 I e e sl E
o o e Epg ‘..". Lt el SeN ate
| . 1 A W 4 n .-'.
o G 124 £y
Ll T T T T
0 -5 -4 -3 -2 -1 0
Distance (nm) Distance (nm)
14 10

#—FeS5Cr-250°C +Fe100r-350°0i

(e) —wv—Fe8Cr-250°C | (f)
O O X S
L et 3

(s ¢ § —| 350°C

Maximum number of

=)
L
Matrix Cr concentration (at. %)
~
H

Matrix Cr concentration (at. %)

Clusters detected B0
9] = 1 | 3 i;_f_:i"_‘:___.f%’__,/
] 1 : L ]
R :_ 1 =— 250 °C| 6 N
E =] ° o | & +
Maximum number of 350 DCE taar
Clusters detected 4—450 °C|
7 T T T T T T T 5 < T T T T
15 20 25 30 35 40 45 50 55 15 20 25 30 35 40 45
Threshold Cr concentration (at. %) Threshold Cr concentration (at. %)

Figure 4.20 proxigrams of Fe18Cr alloy irradiation by protons at (a) 350 °C and (b) 450 °C to 2
dpa demonstrate the shift and change resulting from changes in threshold Cr concentration values.
(c) and (d) are the zoom-in view of the matrix side in (a) and (b). Matrix Cr concentration
depends on threshold values in (e) Fe18Cr and (f) Fe(5-10)Cr specimens. The dashed box in (e)
and dashed circles in (f) point out the threshold Cr concentration values at which maximum
numbers of clusters were detected.
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and becomes negligible at 450 °C. The reason for this variation can be attributed to the
merging or splitting of precipitates that is controlled by changing concentration values at
interfaces, which is more likely to happen when the precipitate number density is very high.
Results from alloys with much lower bulk solute concentrations are plotted in Figure 4.20
(F); the negligible dependence in Fe-10Cr at 350 °C and decreasing dependence in more
dilute alloys at 250 °C agree with this logic. Although the matrix Cr content can be
accurately measured in cases where the dependence is weak, the stronger dependences
under other conditions place difficulties in the objective determination of chemical
compositions. The method proposed by Bachhav et al was used here, who suggested using
the threshold values giving the maximum number of iso-concentration interfaces [5].

The properties of these observed o’ precipitates were measured by APT and plotted
in Figure 4.21. The 18 dpa datapoints are from the peak depth of the same specimen that
has a damage level of 2 dpa at mid-range. Precipitate sizes increase with irradiation
temperatures. Pre-aging at 475 °C for 900 hours slightly increased the a’ sizes, but the
difference is within statistical errors. The high dose of 18 dpa had no noticeable effect on
all the properties of o’ precipitates. Higher bulk Cr concentrations lead to a smaller
precipitate size at 250 °C, while its effect is not very obvious at 350 °C. For the number
density, it generally decreased with increasing irradiation temperatures, and again the effect
of pre-aging is not significant. The values measured from the more dilute alloys are much
lower compared to that from Fe-18Cr, which can be attributed to the lower solute
supersaturation. Cr concentration at the core of o’ increases with irradiation temperatures.
The effect of both bulk solute concentrations and pre-aging is negligible. On the other hand,
matrix Cr contents also increases with temperature, and more dilute alloys have lower
matrix concentration values after irradiations. The measured volume fractions of o’ phase
show distinct difference among the Fe-18Cr VS the more dilute Fe-(8-10)Cr specimens.

However, they both showed decreased values with increasing temperatures.

4.4.2 a’ formation and hardness change after thermal aging
FeCr alloys with Cr concentrations of ~10-18% were aged in furnaces for long

times of 100 hours to 1 year (details can be found in Table 3.2). Since o’ precipitates can
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Figure 4.21 The evolution of (a) radius, (b) number density, (c) Cr at the core of precipitates, (d)
Cr concentrations in matrix and (e) volume fraction of o’ formed after proton irradiations at 250-
450 °C to final doses of 2-18 dpa. Shadowed regions indicate results from Fe-18Cr specimens.

Two specimens were pre-aged at 475 °C for 900 hours before proton irradiations.
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result in the hardening of specimens, any trace of o’ formation can be tracked through
Vickers hardness tests, the results from part of specimens are plotted in Figure 4.22. At
both 450 and 475 °C, an obvious hardness increase was observed in alloys with Cr
concentrations >15 at. %, which implies these two alloys are located in the two-phase
region of the phase diagram. On the other hand, Fe-10Cr and Fe-12Cr alloys showed no
difference in hardness after thermal aging compared to their as-received (solution
annealed) states, and thus their compositions appear to be below the solubility limit, in
which there is no thermodynamic driving force for phase separation. These results indicate
the phase boundary at 450-475 °C should be between 12.4 and 15.2 at. %, and it is
consistent with the proton irradiation APT results. Therefore, o’ precipitation in Fe-18Cr
alloys at 450 °C can be attributed to pronounced radiation-enhanced diffusion during
proton irradiation at 2x10° dpa/s within ~28 hours. However, thermal aging tests at 450
°C for ~28 h will be useful to confirm the effect of thermal annealing alone on o’ formation.
Cr-enriched clusters can be observed from the APT reconstructions of the three Fe-
18Cr specimens after thermal aging at 450-500 °C as presented in Figure 4.23(a-c). The
increasing size of clusters at higher temperatures indicates more growth and coarsening of
precipitates. In Figure 4.23(d), the matrix side of the proxigram at 500 °C is flatter
compared to the concaving curves at the two lower temperatures, which is another sign of
lower precipitate number density and thus less probability of crossing other precipitates.
Quantitative properties of o’ precipitates formed after thermal aging are listed in Table 4.4.
Results from Ref. [166] and previous thermal annealing performed at 500 °C for 100 or
300 hours are also summarized here for comparison. At 500 °C, 900 hours, Cr
concentration at precipitate core reaches ~80-85 at. %, which is consistent with previous
thermal aging studies characterized by the APT technique [4, 66]. However, o’ formed at
450 and 475 °C showed lower Cr concentrations of 70-80 at. %, which is also lower than
the Cr enrichment level in the same alloy after proton irradiation at 450 °C. It suggests the
thermal equilibrium state hasn’t been reached, and a further increase in Cr concentration
will happen after aging for longer times. In Figure 4.23(e), matrix solute concentrations
show strong dependences on threshold values at 450 and 475 °C. At these conditions, a
maximum number of interfaces were identified using a threshold concentration of 30 at.
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Figure 4.22 Vickers hardness of FeCr alloys in as-received and aged states.
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Figure 4.23 (a-c) Cr atoms distribution in Fe-18Cr alloys after thermal aging at the indicated
temperatures and times. (d) Proxigrams showing the change of Cr concentration crossing 30%
at.% Cr iso-concentration interfaces in the 3 aged specimens. (d) The dependence of measured

matrix Cr concentrations as a function of threshold values at interface.
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Table 4.4 The characteristics of o’ precipitates in Fe-18Cr aged at 450-500 °C for 100-8760

hours.
Aging A_ging Radius Numper Cluster core  Matrix Cr Volu_me
tempfrature time (nm) de243|t>; Cr content content fraction
(°C) (h) (10%/m3) (at. %) (at. %) (%)
450 f;zglr 1.58+0.06 4.23+0.36 73.5%+3.0 121+01 863+0.11
475 100 1.07+£0.02 1.20+0.08 46.8+0.2 188+0.1 0.74+0.09
475 300 1.56+0.01 3.34+0.04 64.8 £2.2 155+01 6.01+£0.14
475 900 1.74+0.01 241+004 69.8+0.3 134+04 6.57+0.03
475 4000 1.77+£0.02 271+0.10 74515 133+0.1 7.62+0.11
500 100 1.24+0.03 1.13+0.13 51.4+0.7 184+0.1 1.18+0.08
500 300 1.45 0.65 58.6 18.2 1.01
500 900 285+034 051+0.21 83.2+5.3 144 +0.5 6.2+0.6

*Errors given in this table are standard deviations calculated from multiple APT datasets. For the
aging condition 500 °C, 300 hours, only one APT dataset was collected and thus error was not

obtained.
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%, and thus the corresponding measured values were selected as final matrix

concentrations.

4.5 Ballistic dissolution of Cr and Cu precipitates by ion irradiations

4.5.1 Precipitate formation after thermal aging

The distribution of solute atoms in Fe-18Cr and FeCu alloys after thermal aging is
presented in Figure 4.24. Cu clusters are clearly visible from the reconstructions at both
aging conditions. After aging for 10 hours, strong coarsening of precipitates is
accompanied by a decrease in number density, which agrees with the conventional Ostwald
ripening mechanism. In the Fe-18Cr specimens, precipitates are unobvious in the 100h
aging condition due to both the high bulk solute concentrations and low contrast of solute
contents between matrix and precipitates. However, they become easily distinguishable
after aging for 900 hours. In general, the number densities of precipitates in Fe-18Cr are
much higher than that in FeCu specimens. Sizes of Cu and Cr precipitates will be presented

later.

4.5.2 Dilution of Cu precipitate after ion irradiations

FeCu alloys containing Cu precipitates were irradiated by 8 MeV Fe ions at
conditions listed in Table 3.4. The status of Cu precipitates after each irradiation was
characterized by APT and the results are given in Figure 4.25. Small Cu precipitates formed
from 1.5h aging became less distinct with increasing irradiation doses; only slight Cu-
enriched regions can be observed at 0.6 dpa. However, the Cu atom distribution in the
whole APT tip still shows some inhomogeneity compared to the uniform distribution in
the as-received state. The relatively large Cu precipitates formed from aging for 10 hours
stayed stable without clear change (according to the atom maps) for doses up to 0.6 dpa.

The number density, average radius and volume fraction of Cu precipitates are
plotted in Figure 4.26 as a function of dose for the two pre-aged conditions. The results

obtained at 0.1 dpa was plotted together with the other two doses because they all represent
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Figure 4.24 APT reconstructions showing the distribution of (a, b) Cu atoms in FeCu alloys and
(c, d) Cr atoms in Fe-18Cr specimens after thermal aging at indicated temperatures and times.
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Figure 4.25 APT reconstructions showing the distribution of Cu atoms in FeCu alloys (a-d) after
aging at 500 °C for 1.5h + irradiation at -123 °C - room temperature to 0.1-0.6 dpa and (f-i) after
aging at 500 °C for 10h + irradiation at the same conditions. Cu atom map in the as-received state

is given in (e) for comparison.
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the precipitate evolutions at dissolution dominant conditions. The properties of precipitates
remain relatively constant before and after irradiations. The slightly increasing volume
fraction of Cu precipitates in the 10h aged specimen at 0.6 dpa is within statistical errors.
Compared to the trendline for the as-aged and RT, 0.2 dpa irradiated specimens, the 150K,
0.1 dpa specimen appears to exhibit a slightly higher number density and a slightly reduced
size. The 0.1 dpa irradiation temperature was -123 °C, which was much lower than the RT
value used for the other irradiation doses. The most important change induced by
irradiations is the large decrease in precipitate core solute concentrations from as-aged to
0.6 dpa irradiated condition (34% to 22% for the 1.5h aged specimens and 65% to 26% for
the 10h aged specimens). This is strong evidence for significant ballistic mixing and cannot
be attributed to APT artifact since the precipitate size and number density was nearly
constant. Matrix Cu concentrations are plotted in Figure 4.26 (e). For the 1.5h aged
specimens, matrix Cu concentration is slightly lower at 0.1 dpa and becomes lowest at 0.2
dpa, whereas as-aged and 0.6 dpa specimens gave similar values. The main reason for these
two lower concentrations is the inhomogeneity of the FeCu alloy. Most APT measurements
gave bulk Cu concentrations ~0.65 at. %, while the 0.1 dpa specimen has Cu contents of
0.59+0.08 at. %, and 0.2 dpa specimen only has 0.49+0.11% Cu (calculated from 4 APT
datasets, which contain Cu concentrations of 0.47, 0.35, 0.66 and 0.48%, respectively).
This inhomogeneity blurs the effect of irradiation, and thus no trend could be derived from
the 1.5h aged specimen. On the other hand, 10h aged specimens show clear increase in
matrix Cu content with increasing irradiation dose, which is attributed to dissolved Cu
atoms from precipitates.

Detailed analysis showing the distribution of Cu precipitate sizes is plotted in
Figure 4.27 (a) and (c). For the specimens starting with small Cu precipitates formed from
1.5h aging, size distributions are very close among the aged and aged + irradiated
conditions. However, in the specimen aged for 10 hours, the size distribution of Cu
precipitates slightly shifts to larger sizes at 0.2 dpa and shows bimodal distribution with a
large number of small clusters after irradiation at 0.6 dpa, which may form from the partial
dissolution of large Cu precipitates. As plotted in Figure 4.27 (b) and (d), Cu concentrations
at the precipitate core decrease gradually with increasing irradiation dose, regardless of the
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as a function of precipitate sizes in FeCu alloys after aged at 500 °C for 1.5 hours and aged
followed by irradiations to 0.1-0.6 dpa. (c) and (d) are similar plots to (a) and (b) respectively.
The specimens were aged at 500 °C for 10 hours followed by irradiation under the same
conditions.
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cluster size. In Figure 4.26 (b), Cu concentrations decrease with increasing precipitate sizes
in each specimen. This might be associated with their sizes that are comparable to the sizes
of background clusters. As mentioned in section 3.4.6, background clusters are removed
based on their small sizes and low solute concentrations, so a smaller cluster can survive
from the removing process only if it has a relatively higher solute concentration, which
leads to the higher measured solute concentrations in the smaller precipitates. Precipitates
are much larger in 10h aged specimens, so the effect of removing background clusters
becomes less important, and Cu contents increase with precipitate sizes. This trend might
be related to the blurring effect from trajectory aberration or the non-classical nucleation

process [66, 141]. Further analysis is required to clarify it.

4.5.3 Evolution of Cr precipitate after ion irradiations

Fe-18Cr specimens aged at 475 °C for 100 or 900 hours to form pre-existing o’
precipitates were irradiated in the same target stage as the FeCu specimens. APT results
showing the distribution of Cr atoms before and after irradiations are presented in Figure
4.28. Due to the high solute concentration of Fe-18Cr alloy and the dilute precipitates
(~45% Cr) formed after the shorter aging time, the Cr precipitates are not readily visible
from the atom maps, so the clusters identified using our analysis algorithms are also shown
below for clarity. Surprisingly (based on the 300-450 °C results presented in section 4.1);
only negligible changes can be observed from these reconstructions. Cr precipitates remain
stable after RT and cryogenic irradiations up to 0.6 dpa. Similar trends can also be observed
in the 900h aged specimens.

Statistical results comparing the evolution of quantitative properties of o’
precipitates before and after the irradiations are plotted in Figure 4.29. The number density,
radius and volume fraction of precipitates are almost unchanged by irradiation up to 0.6
dpa. The only noticeable modification induced by the irradiations is the gradual decrease
of precipitate core Cr concentrations in the Fe-18Cr specimen aged at 475 °C for 900 hours

followed by irradiation at 0.1-0.6 dpa, which is similar to what was observed in the FeCu
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Figure 4.28 APT reconstructions showing the distribution of Cr atoms in Fe-18Cr alloys (a-d)
after aging at 475 °C for 100h + irradiation at -123 °C to RT to 0.1-0.6 dpa. For better
visualization, Cr-rich clusters filtered by our algorithms are presented below each Cr atom map in
(f-j). (k-n) Cr atom distribution after aging at 475 °C for 10h + irradiation at the same conditions.

Cr atom map in the as-received state is given in (e) for comparison.
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alloys. On the contrary, Cr concentrations of precipitates in Fe-18Cr samples aged for 100
hours remain unchanged (at a relatively low value of ~45%) after irradiation up to 0.6 dpa.
Matrix Cr concentrations was not changed by irradiations in the 100 hour-aged specimens,
while in the 900 hour-aged specimen, it was increased for ~3% after irradiation to 0.6 dpa.

The distribution of o’ sizes for the 475 °C, 100h aged Fe-18Cr specimen before and
after irradiation is plotted in Figure 4.30 (a). Both the extents and peaks of all distributions
are very close to each other. This is also true for the same alloy aged for the longer time
(900h) followed by irradiations at the same conditions (Figure 4.30 (c)). Since the decrease
of core Cu concentrations in precipitates of all sizes was observed in FeCu alloy system, it
is useful to confirm whether or not a similar trend was observed in Fe-18Cr. Distinct
differences can be observed from the plots in Figure 4.30 (b) and (d). In Fe-18Cr aged for
100h, the Cr concentrations of precipitates after irradiation to 0.1-0.6 dpa are almost
overlapped with the ones in the as-aged state, indicating there is no change in o’
compositions. On the other hand, the larger and more concentrated precipitates formed
after aging for 900h show gradual dilution of Cr concentrations inside precipitates with
increasing irradiation doses, similar to what happened in the Cu precipitates.

To identify possible local changes in Cr atom distributions that can’t be detected
by the cluster analysis algorithm, nearest neighbor distribution analysis was performed in
all Fe-18Cr datasets. Nearest neighbor distribution analysis measures the distance between
two solute atoms and plots the cumulative counts at each distance range. Order is an input
parameter in this analysis, where the nth order represents the nth nearest neighbors. Most
frequently used orders are in the range of 1-10, and a higher order is usually selected when
the inhomogeneity of solute distribution is minor, such as in the early stage of precipitate
nucleation. Due to the low contrast between the precipitate and matrix phases in Fe-18Cr,
tenth order was used to generate the distributions, the results of which are plotted in Figure
4.31. Two peaks can be identified in the distribution curves if there is significant solute
clustering, in which the short-distance part represents the inter-solute distances in
precipitates, while the long-distance part represents that in the matrix. An example of this
case can be observed in Figure 4.31 (b) at aged and aged + irradiation up to 0.2 dpa
conditions. The peak at ~0.4 nm signifies that the most likely location of the 1st through
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Figure 4.30 (a) Size distribution of Cr precipitate and (b) change of precipitate Cr concentration

as a function of precipitate sizes in Fe-18Cr alloys after aged at 475 °C for 100 hours and aged
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The specimens were aged at 475 °C for 900 hours followed by irradiation at the same conditions.
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10th nearest Cr solute atoms in the solute clusters are all located within 0-0.4 nm of each
other. For an ideal o’ precipitates containing only Cr atoms, the position of peak is expected
to be slightly smaller than 0.4 nm. At the highest dose of 0.6 dpa, two distinct peaks become
less obvious due to their shifts to central positions. However, the specimens aged for 100h
didn’t give clear double-peak distributions because the Cr precipitates are less mature and
contain fewer Cr atoms. There is only one peak in the distributions calculated after aging
or irradiation for all of the 100h pre-aged specimens, and their peak shapes and locations
are not very different compared to the as-received state.
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CHAPTER FIVE
DISCUSSION

5.1 Comparison with previous experimental and simulation results

5.1.1 Proton irradiations at 250-450 °C

Well-developed o’ precipitates were observed in FeCr binary alloys after
irradiations by protons at 250-450 °C to 2 dpa. The Cr concentrations within precipitates
approached ~80% (all concentrations are in atomic percent if not specified) at 250 °C, 85-
90% at 350 °C and ~95% at 450 °C. The decreasing Cr concentrations at lower
temperatures are opposite to what is predicted by the equilibrium phase diagram [58, 65].
This may be due to the slower kinetics of phase separation at the lower temperatures, and
thus a higher dose is required to achieve a steady state precipitate concentration.

Our results can be compared with the work by Jiao et al, who performed irradiations
on HT-9 (containing 12.34% Cr) and HCM12A (containing 11.62% Cr) alloys at 400 and
500 °C up to 10 dpa using 2 MeV protons [167]. They observed Cr precipitation in HT-9
and HCM12A after irradiation at 400 °C to 7 dpa, but no o’ was observed in these two
alloys at 500 °C. It indicates their bulk Cr concentrations are within the miscibility gap at
400 °C, but located at the single a phase region at 500 °C, which generally agrees with our
results. However, despite the higher dose (7 dpa vs. 2 dpa), their Cr precipitates had Cr
concentrations of only ~50%, which is much lower than the 85-95% we measured at similar
temperatures. The specimens used in their studies are complicated alloys containing
alloying elements such as Ni, Si, Mg and Cu. Therefore, multiple precipitate species such
as Cu-rich precipitates and NiSiMn-rich precipitates formed during irradiations, which can
act as point defect sinks and potentially slow down the phase separation process to form
o’.

On the other hand, Tissot et al also found highly-enriched o’ precipitates in Fe-
14Cr after electron irradiation at 300 °C to 0.7 dpa [67]. The Cr concentrations in the
precipitate phase reached 96% at 0.7 dpa. Although the bulk Cr concentrations are
different, both Fe-10Cr and Fe-18Cr specimens in our studies gave precipitate core
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concentrations of 85-90% at 350 °C and 2 dpa, which is moderately lower than their
measurement. The dose rate they used was 3.9x107 dpa/s, and it is only slightly higher
than the 2x10° dpa/s we used. The different Cr-enrichment levels in precipitates suggest
proton irradiations have a lower efficiency to accelerate diffusion compared to electron
irradiations, which might be related to the difference in PKA energy generated by 1 MeV
electrons and 800 keV protons. Although they both favor the generation of low-energy
knock on atoms, the mean energy of PKA generated by 800 keV protons is 300 eV, and it
is ~50 eV for 1 MeV electrons, which is closer to the threshold displacement energy of Fe
40 eV.

The matrix solute concentrations of FeCr alloys measured after thermal aging and
proton irradiations in this work are compared to the available phase diagrams in Figure 5.1.
The bulk compositions of alloys (listed in Table 3.1) in which o’ was not observed were
also overlaid (brown-filled symbols), which represent the lower limits of the phase
boundary. The measured matrix concentrations are relatively widely distributed, especially
at the lowest temperature of 250 °C. This can be attributed to a higher dose being required
to achieve a steady state at lower temperatures, and this dose also increases with bulk solute
concentrations due to the involvement of a larger amount of solute migrations. This
observation is consistent with that of Bachhav et al, who found the matrix Cr contents in
Fe-(15-18)Cr were higher than that in Fe(9-12)Cr specimens after neutron irradiation to
the same dose [5]. Therefore, at each temperature, the lowest matrix solute concentrations,
which were usually obtained from the most dilute alloys, would be closer to the thermal
equilibrium solubility limit. The position of proposed solvus line at 500 °C shows a good
agreement with the results by Tissot and Novy et al [4, 66]. Three versions of possible
phase boundaries are included in Figure 5.1 for comparison, in which the one from Bonny
et al was fitted from neutron irradiation results [61], the one from Andersson et al was
calculated from CALPHAD simulation [58], and the one from Xiong et al was the smooth
connection of 475 °C annealing results and solubility limits of Cr at 0 K that was obtained
from ab initio calculations [62]. Among these three versions, our data points agree most
closely with the prediction of Xiong et al. At 350 °C, matrix concentrations lower than
their predictions were measured.
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Generally, the precipitation process under irradiation conditions is more
complicated than thermal annealing alone. The precipitate formation can be enhanced,
induced or modified by particle irradiations. Historically, o’ formation under irradiation
was claimed to be a radiation-enhanced precipitation phenomenon, because it was observed
only in supersaturated alloys, and the precipitates were homogeneously distributed in
sampled volumes [5, 7, 67]. This mechanism suggests that the measured matrix solute
concentrations should be higher than or equal to the solubility limits because
supersaturation is necessary for phase separation. In our previous work, we found the o’
evolution agreed more with a radiation-modified precipitation mechanism. However, the
modification from thermal equilibrium states is expected to be large only under high dose
rate heavy ion irradiations, which introduce displacement damage cascades to dissolve
precipitates. In the case of 800 keV proton irradiations, the average energy of PKA is 289
eV, which is only a few times the displacement energy of 40 eV, so mainly point defects
are created (i.e, minimal ballistic dissolution effects). Therefore, the variation from thermal
equilibrium will be mainly associated with radiation enhanced diffusion, which should
produce enhanced-precipitation kinetics. Radiation-induced o’ formation in Fe-(9-50)Cr
alloys has been reported by Wakai et al under electron irradiations [107]. They observed
the decoration of dislocation loops by precipitates, which were revealed to be o’ according
to the measured interplanar spacings of 2.035 Ansgtrom. These a’ precipitates were
distributed along the edge of loops and were proposed to form from radiation-induced
segregation of Cr atoms and interstitials to loops, which then form complexes of Cr-
impurity interstitials and stabilize Cr-enriched clusters. If o’ formed through this path, their
features would be non-homogeneous distribution and co-clustering with impurity atoms.

In fact, from atom maps in Figure 4.19 and the Cr-enriched clusters visualized by
25% Cr iso-concentration interfaces in Figure 5.2, both homogeneously distributed and
inhomogeneous agglomerated precipitates can be found. o’ in Fe-18Cr alloys are
predominantly homogeneously distributed at 350 and 450 °C, and thus were enhanced by
irradiations. At 250 °C, Figure 4.19 shows a small portion of elongated precipitates, which
might be related to spinodal decomposition occurring at the beginning of irradiation due to
a high solute supersaturation. However, the distribution and morphology of precipitates in
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Figure 5.2 Reconstructions showing the distribution of C, Fe atoms and the o’ precipitates
highlighted by 25% Cr iso-concentration interface in (a) Fe-5Cr, (b) Fe-8Cr, (c) Fe-10Cr
irradiation at 250 °C and (d) Fe-10Cr irradiation at 350 °C. The agglomerated precipitates are
marked by dashed circles. (e) Proxigrams calculated from part of precipitates shown in (a)-(d).

122



the more dilute alloys are very different. In Fe-10Cr, all the Cr clusters were homogenously
distributed with near spherical shapes after irradiation at 350 °C, while both spherical and
agglomerated non-spherical clusters were present at 250 °C. On the other hand, mainly
agglomerated clusters with a few isolated ones can be seen in Fe-8Cr, and only
agglomerated ones were present in Fe-5Cr at the same temperature. Proxigrams showing
Cr concentration gradients across the interfaces are plotted in Figure 5.2 (e). Fe-10Cr
irradiated at 350 °C gave the highest cluster core concentration of ~90%. Similar
compositions of ~80% were measured at all other conditions, and there was no clear
distinction between the agglomerated non-spherical and homogenous spherical precipitates
that were both detected in Fe-10Cr at 250 °C. Therefore, whether the agglomerated
precipitates are radiation-enhanced or induced products is unclear based only on the APT
results. On one side, their inhomogeneous distribution would imply a radiation-induced
behavior. However, the lack of association between the agglomerated precipitates with
carbon atoms (Carbon distribution in Fe5Cr is presented in Figure 5.2 (a). Carbon atoms
were also homogenously distributed in other proton irradiated specimens), which were
observed to segregate to dislocations in our previous ion irradiation studies, and their
similar chemical compositions with the spherical precipitates tends to favor a radiation
enhanced precipitation mechanism.

Further characterization using STEM-EDS mapping has been conducted on an Fe-
5Cr specimen irradiated by protons at 250 °C to 2 dpa to help clarify this problem. All the
figures were taken at ~3 um depth to match the location of APT results. The bright field
image showing the distribution of dislocation loops is presented in Figure 5.3 (a). It was
taken on the [100] zone axis orientation, so the features perpendicular to each other are
aligned along <100> directions. Additionally, there are clear positional correspondences
between the black dot features in Figure 5.3 (a) and Cr-rich regions in Figure 5.3 (b).
According to Figure 5.3 (c) and (d), the locations where Cr is highly enriched are strongly
depleted in Fe atoms, which agrees with the ~80 at. % Cr concentrations and thus very low
Fe concentrations in the agglomerated clusters found in APT tips.

If agglomerated Cr precipitates form from a radiation-enhanced precipitation

mechanism, the loops might act as preferential nucleation sites of a’ due to the lower
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Figure 5.3 (a) STEM bright field image of an Fe-5Cr irradiation by protons at 250 °C to 2 dpa.
EDS mapping showing the distribution of Fe+Cr, Cr alone and Fe alone are given in (b-d).
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nucleation energy barrier, which is very high for homogeneous nucleation due to both low
temperature and low solute supersaturation. However, homogenous distribution o’ is still
expected if the bulk composition is within the two-phase region and there is a
thermodynamic driving force, such as what was observed in Fe-10Cr (volume fraction of
agglomerated precipitates V¢~30%) and Fe-8Cr (agglomerated precipitates V¢~85%). The
fact that no homogeneous o’ were observed in Fe-5Cr after irradiation indicates the
agglomerated Cr-enriched precipitates are more likely to form from a radiation-induced
precipitation mechanism (i.e., radiation induced solute segregation of Cr to dislocation
loops). Therefore, the data points of matrix Cr concentrations (shown in Figure 5.1)
measured at 250 °C in Fe-10Cr and Fe-8Cr specimens have been corrected by the volume

fraction of agglomerated precipitates.

5.1.2 300-450 °C heavy ion irradiation

Until recently, there were no definitive observations of o’ precipitation in Fe-Cr
alloys with Cr concentrations up to 18% after ion irradiation at room temperature to 500
°C and dose rates of ~10-10- dpa/s to final doses of 1-60 dpa [10, 88, 124-126, 168]. This
is due in part to difficulties with detecting o’precipitates by conventional electron
microscopy techniques: similar lattice parameters of nanoscale coherent Cr-rich
precipitates as Fe-rich matrix combined with precipitate sizes close to TEM resolution
limits. The pronounced ballistic dissolution of precipitate nuclei by energetic displacement
cascades and high dose rates as well as potential injected ion effects for heavy ion
irradiations [7] could also suppress o’ formation.

In the present study, Cr-enriched clusters were not observed at the irradiation
condition of 300 °C and 107 dpa/s in solution annealed Fe-18Cr, at 450 °C and 10 dpa/s
in Fe-14Cr, and at 450 °C and 107°-10"* dpa/s in Fe-12Cr, which is qualitatively consistent
with the previous work by Pareige et al. [10]. In that study, solution annealed Fe-12Cr
alloys were irradiated at 300 °C with fission neutrons and Fe ions. The o' clusters were
formed after neutron irradiation at 1.3x10° dpa/s but not after ion irradiation at 2.2x10*

dpa/s, so the absence of o' after ion irradiation was attributed to the high dose rate, whereby
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the Cr atoms don’t have enough time to form precipitates in the presence of frequent
ballistic dissolution by the energetic displacement cascades, and the possible suppression
effect from injected interstitials [7]. In our study, o' was detected in Fe-12Cr after
irradiation at 300 °C and 10 dpa/s, which is only slightly lower than the dose rate they
used. Therefore, the discrepancy in observed o’ precipitation behavior is more likely to
result from the energy of implanted ions: 8 MeV in our study and 0.5, 2 and 5 MeV in their
experiments for obtaining a quasi-constant damage along the depth. Despite the large
difference in bulk Cr content and spatial proximity of injected ions to the analyzed region
in Ref. [10] compared to our study, the critical dose rate for the a' precipitate dissolution
at 300 °C is 0.2-1x107 dpa/s in both studies.

We observed pronounced o' precipitation after ion irradiation at higher
temperatures or lower dose rates, which qualitatively agrees with some recent ion
irradiation results. A comparison for the various properties of o’ precipitates after ion and
neutron irradiation is presented in Figure 5.4. The radii of clusters are around 1-1.5 nm
after irradiation at < 350 °C over a wide range of several orders of magnitude in dose rates,
and all larger size clusters were observed at > 450 °C, which indicates that the cluster size
is more sensitive to temperature than dose rate. As for the dependence of number density
on dose rate, the present study and that by Tissot et al. [7] observed a decrease in number
density with increasing dose rate, while an increase of cluster density with increasing dose
rate was observed in [8], and there is no clear trend when multiple works are compared
together. It could be partly attributed to the effect of low energy injected ions [7], the
simultaneous change of both dose rates and doses [7, 8], the difference in characterization
method [9] and APT data analysis method [5, 8] that could result in a large difference in
the measured precipitate number density. An extremely low number density of ~3x102! m
3 was measured by Reese et al. in Fe-(15-18)Cr after neutron irradiation at 455 °C, which
seems problematic because a constant solute concentration in the alloy couldn’t be
maintained [6]. The cluster core Cr concentration monotonically decreased with increasing
dose rate at all temperatures, with the highest Cr concentrations observed at the highest
irradiation temperature for any given dose rate. The very high Cr concentration of ~80-90

at. % in the o' precipitates was achieved only after neutron irradiation at dose rates ~107-
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Figure 5.4 Comparison of (a) radius, (b) number density and (c) Cr concentration of o’
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10 dpa/s. The Cr concentration is much lower for all the other high dose rate ion
irradiation results, which will be discussed later in more detail.

Prior models of alpha prime precipitate stability have conflicting predictions. An
initial Atomistic Kinetic Monte Carlo (AKMC) simulation [169] suggested that accelerated
diffusion by irradiation is the only significant effect on the evolution of precipitates and
that ballistic dissolution effects are negligible at 290 °C. They found the dose rate
influences precipitation behavior only by controlling the point defect concentration.
However, their more recent work used a combination of cluster dynamics and AKMC
simulations and found ballistic dissolution effects became important for ion irradiations
with dose rates >107 dpa/s [170]. The modeled precipitate dissolution was mainly caused
by the high sink densities that reduce the point defect supersaturation, and thus it occurred
at a relatively high dose of ~40 dpa at 300 °C. Although our observed critical dose rate of
107 dpa/s is in good agreement with the most recent model predictions [170], we observed
complete dissolution of pre-existing o' precipitates already at 0.37 dpa at 300 °C, which is
a much lower dose than their predictions. Ke et. al used a phase field model to study o'
clusters formed after irradiation at different temperatures and dose rates [163]. The authors
concluded that irradiation dose rate controls both radiation enhanced diffusion and ion
mixing by causing replacements and displacements, due to which there is a threshold
temperature and dose rate combination for the precipitates to form [163]. Our experimental
results clearly show decreased Cr clustering at a higher dose rate, which generally agrees
with [163]. But the critical dose rate of 10°-10"* dpa/s predicted by Ref. [163] is much
lower than our observations. This discrepancy might be partly attributed to the definition
of o’ precipitates between the simulations and our experimental results. A threshold Cr
concentration of ~80 % was selected to define the o’ in [163], which is much higher than
the 30% we used for cluster analysis, and thus inevitably predicts a more conservative
critical irradiation condition. Additionally, Ke et al. also focused on Fe-15Cr, which has
lower Cr supersaturation compared to Fe-18Cr used in this work and could potentially

require a lower dose rate for the o’ precipitates to be stabilized.
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5.1.3 Cryogenic and room temperature heavy ion irradiation

Both FeCu and Fe-18Cr specimens were pre-aged to form nm-scale solute
precipitates, and then irradiated by Fe ions at -123 °C to R. T., to final doses of 0.1 - 0.6
dpa. Solute atom distributions after irradiations were studied by APT. In both alloys, the
precipitate size and number density were not significantly changed by irradiations up to
0.6 dpa. The largest difference induced by irradiations is the decrease in precipitate core
solute concentrations. In FeCu alloy, irradiation-induced reduction in Cu concentrations
was 12% (34% to 22%) in the 1.5h aged specimen. Precipitate sizes are ~0.9 nm with
number densities of 4 to 7x10%3/m? before and after irradiation to different doses. In the
10h aged specimens, precipitate Cu concentrations decreased from ~65% to ~26%. Radii
of precipitates are ~1.5 nm and number densities are ~3x10%%/m?® without clear difference
with respect to irradiation dose.

This dilution process happened in all precipitates regardless of their sizes, which
implies the gradual dissolution of Cu precipitates by displacement cascades. Our
observations up to 0.6 dpa qualitatively agree with what was reported by Nicol et al., who
found the radii of Cu precipitates to shrink by more than 1 nm after irradiation at 20 °C to
1 dpa [171]. The difference in observed precipitate Cu concentration decrease in our study
versus size shrinking in their work might be partially related to different characterization
techniques. In our cluster analysis algorithm, the precipitate interface is defined as the
midpoint of the concentration profile. Therefore, the interface of a concentrated precipitate
would have a higher solute concentration than that of a dilute precipitate. Since Cu
concentrations at precipitate cores became lower after irradiations, the precipitates are
viewed as larger ones by our algorithm, which might compensate for the radius decrease
observed by Nicol et al. However, both sets of results suggest a strong ballistic dissolution
effect, where significant dissolution was observed in <1 dpa in FeCu alloy system during
irradiation near room temperature.

On the contrary, Cr precipitates formed in Fe-18Cr after aging for 100h showed no
difference in composition (~46%) after RT irradiations up to 0.6 dpa, and solute
concentrations only decreased by 16% (from 70% to 54%) in the 900h aged specimens at

the highest dose. At all conditions, the sizes of precipitates are 1-2 nm and number densities
129



are ~1 to 2 x10%4/m3. These results suggest that Cr precipitates have higher stability than
Cu precipitates under heavy ion irradiation conditions, which is counterintuitive. Larger
and more solute-concentrated precipitates show larger irradiation induced dilution rates.

In a simplified model, the stability of precipitates under irradiation conditions is
determined by the competition between radiation enhanced diffusion (promote precipitate
formation) and ballistic dissolution by displacement cascades (destroy precipitates) [100].
From our thermal aging results at 500 °C, Cu precipitates grow and coarsen much faster
than Cr precipitates in Fe-based binary alloys, which indicates that Cu atoms have a higher
thermal diffusion rate at this temperature. However, our latest results suggest Cr
precipitates are more stable, which indicated the thermal diffusion rate is not strictly
relevant for irradiation conditions. Also, precipitate coarsening is not solely determined by
matrix solute diffusion rate. Factors such as interface surface energy, etc. also may be
important. Since the irradiation temperatures were rather low (-123 °C to R. T.) where
vacancy diffusion is sluggish, it is expected that ballistic dissolution effects would be
dominant. Whether the difference in their stability can be related to different dissolution
efficiency of displacement cascades is unclear for now. Since the majority of FeCu and Fe-
18Cr alloys are Fe atoms, and Cu and Cr both have similar atomic mass to Fe, the PKA
energy and size of the displacement cascade shouldn’t be very different. The Cu and Cr
precipitates formed from thermal aging have similar radii of ~1-2 nm. The major difference
is that Cu precipitates might be less coherent with Fe rich matrix due to the 9R crystal
structure transformation that occurs in larger precipitates, while Cr precipitates have BCC
structure and are coherent with the matrix. However, clear dilution of Cu precipitates
formed from 1.5h aging versus no dissolution of Cr precipitates formed from 100h aging
can’t be explained by this difference, since they are both coherent with the matrix.

The strong stability of Cr precipitates at <R. T. also contradicts our previous heavy
ion irradiation results performed at 300-450 °C. We observed the dissolution of pre-
existing o’ by irradiation to 0.37 dpa at 300 °C. Cr precipitates should be less stable at
lower temperatures if their stability is simply controlled by the relative importance of
radiation enhanced diffusion vs. ballistic dissolution mechanisms. The conflicting results
at R. T. and 300 °C may suggest that other mechanisms are active at the low temperature
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regime. It might be explained by the faster diffusion rate of Cr atoms at higher temperatures
(300-450 °C), so the dissolved Cr atom can quickly diffuse back and contribute to the
formation of a Cr-enriched nuclei. At intermediate temperature of 300 °C, the nuclei might
be too small to be detected by APT. On the other hand, the diffusion rate is so slow at <R.
T. that the back diffusion of solute atoms is largely suppressed. During irradiation, the
whole precipitate (including core and outer region) is gradually diluted by displacement
cascade. However, it remained as a solute enriched-region with the near-initial size since
there is negligible diffusion to refine it. This size is above the detection limit of APT, so it
is still detectable after irradiations. This reasoning might be oversimplified. Further
investigations by performing additional irradiations at intermediate temperatures such as
100 and 200 °C will be helpful to generate a systematic trend, and simulation studies using
molecular dynamics can also help understand the deviations between the conflicting
observations at <R. T. and 300-350 °C.

5.2 Effect of irradiation temperature and dose rate

5.2.1 Temperature effect

In this work, irradiations were performed in Fe-Cr alloys at a wide range of
temperatures, including Fe ions irradiation at 300-450 °C (relevant to the application
window of Ferritic-Martensitic steels) to mid-range doses of 0.37-3.7 dpa and -123 °C —
R.T. (relevant for predominantly ballistic dissolution) to 0.1-0.6 dpa, and proton
irradiations at 250-450 °C to 2 dpa (relevant for predominantly radiation enhanced
diffusion).

At the higher temperature of 450 °C, o’ precipitates were observed to nucleate,
grow and coarsen in solid solution Fe-18Cr specimens after irradiations by both heavy ions
and protons. Additionally, further coarsening of precipitates at 3.7 dpa compared to 0.37
dpa at 10 dpa/s, and minor dissolution of pre-existing o’ at 10 dpa/s heavy ion
irradiations both indicate radiation enhanced diffusion being dominant at this temperature.

Therefore, the precipitate evolution generally agrees with the conventional Ostwald
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ripening mechanism. Both the kinetics of phase separation and final steady states are
controlled by the irradiation dose rate.

After irradiation at the intermediate temperatures of 250-350 °C, precipitate
evolution is more complicated. In the case of self-ion irradiations, ballistic dissolution
becomes important, which continuously causes ion mixing between precipitates and
matrix, and leads to an irradiation-controlled steady state significantly different from the
thermal equilibrium state. o' precipitates observed at these conditions generally have
smaller sizes and lower solute concentrations compared to the higher temperature variants.
All experimentally identified o' precipitates are homogeneously distributed in the matrix,
and thus agree with the enhanced precipitation by accelerated diffusion, but their
compositions are simultaneously modified by displacement cascades. At 300 °C, 107
dpa/s, the rate of dissolution is too fast, which can’t be balanced by back diffusion anymore,
S0 no o’ was observed at this condition.

However, after proton irradiations, although precipitates were spherical and
homogeneously distributed in Fe-18Cr and Fe-10Cr at 350 °C, partial or complete
precipitate agglomeration was observed in Fe-(5-10)Cr specimens at 250 °C. These
agglomerated precipitates have spatial correlations with dislocation loops aligned along
[100] directions. Since no homogenous o’ was observed in the matrix, the agglomerated
ones are more likely to form from a radiation-induced precipitation mechanism, which
indicates the Fe-5Cr specimens are located in the single o phase region at 250 °C. However,
despite Fe-10Cr being supersaturated in Cr concentration at both 350 and 250 °C, radiation
induced precipitation was observed only at 250 °C, but not at 350 °C. The volume fraction
of agglomerated precipitates in all precipitates is ~30%. Radiation-induced segregation or
depletion of Cr atoms at dislocations loops is determined by the relative rate of inverse
Kirkendall diffusion, in which Cr diffuses in the opposite direction to vacancy flux, and
interstitial drag diffusion, in which Cr diffuses to dislocations together with interstitials.
Therefore, the Cr enrichment in Fe-5Cr at 250 °C suggests the dominance of the interstitial-
drag mechanism at this condition. At 350 °C, no agglomerated Cr precipitates were
observed. Due to the small sampled volume of APT, currently is unclear whether they
formed in the specimen or not.
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At very low irradiation temperatures of -123 °C — R.T., Cu precipitates were
gradually dissolved by displacement damage cascades, while o’ precipitates show
surprising resistance to irradiation induced dissolution. Only partial dissolution of
precipitates formed from 900h aging was observed at 0.6 dpa. Cr precipitates show
negligible changes at all other irradiation conditions compared to their as-aged state. This
observation is in conflict with the 300-350 °C irradiation results.

Figure 5.5 summarizes the size, number density and core Cr concentration of o’
precipitates measured in this work and by other researchers after thermal aging or
irradiation by different particles [5-9, 67]. In each plot, the four shadowed regions indicate
the location of 4 different treatments (4 categories including thermal aging, heavy ion
irradiation, proton/electron irradiation and neutron irradiation). In Figure 5.5 (a),
precipitate sizes increase with irradiation or aging temperature. lon irradiations show least
temperature dependence and occupy the lower side this plot. All other three regions cover
a wider range of radii from 1.5 to 3 nm. For the evolution of precipitate number density,
there is no obvious trend of ion irradiation results with irradiation temperature. Especially
at 300 °C, the measured number density has a large difference of ~2 orders of magnitude
when multiple studies are compared together. On the other hand, the number densities
decrease with increasing temperature in other 3 categories, and there is a large overlap
between proton and neutron irradiation results. In Figure 5.5 (c), all 4 types of treatments
show increase in Cr concentration with increasing temperature. The slope of this increasing
rate is similar among 3 types of irradiations, but the results from heavy ion irradiations are
located at the low concentration side of 40-70%, whereas both neutron and proton/electron
irradiations give concentrated precipitates containing 70-100% Cr. Thermal aging leads to
the formation of similar o’ particles, and it is located only at the higher temperature side
due to slow diffusion at <450 °C.

Theoretically, irradiation temperature affects the o’ precipitation in both
thermodynamic and kinetic aspects: it determines the solubility of Cr in the Fe-base matrix
at thermal equilibrium and affects the radiation enhanced diffusion rate. Recent
experimental results suggest solubilities of ~9% Cr at 300 °C and ~14% Cr at 500 °C [5,
66, 172]. Our proton irradiation and thermal aging experiments enabled the determination
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of a more accurate phase boundary (See Figure 5.1). For the 300-450 °C heavy ion
irradiation conditions investigated in this study, the solvus line is expected to be in the
range of 9-14%Cr and increase with higher temperature, which means the driving force for
precipitation at higher temperatures will decrease due to the lower solute supersaturation,
and the nucleation rate will be reduced according to the classical nucleation theory. On the
other hand, the diffusion rate of solute atoms under irradiation conditions is also controlled
by temperature. The parameter D,,C,, will either increase or remain nearly constant with
increasing temperature for recombination- and sink-dominant conditions, respectively.

In the Fe-18Cr specimen, we find the effect of increased diffusion rate is larger than
the reduced driving force, as more Cr clustering was observed after irradiation at higher
temperatures. However, the ballistic dissolution of precipitates is independent of
temperature, so the dominance of diffusion over ballistic dissolution (i.e., the kinetics of
phase separation) will be most notably promoted at higher temperatures.

However, in the Fe-14Cr specimen, o’ precipitates were detected after irradiation
at 107 dpa/s at 350 °C, but not at 450 °C. They also formed at 450 °C and lower dose rates
of 10°-10"* dpa/s. At the irradiation condition 450 °C and 107 dpa/s, the possible number
density of precipitates is calculated to be ~3x102%-2x10%4/m?®, if the available Cr
supersaturation level or the volume fraction of o’ phase is assumed to be ~1-2%, and the
precipitate radii is 1-2 nm. This calculated number density is higher than the detection limit
of APT (~10%>%/mq). However, in Fe-18Cr, it was found that the volume fraction of o’
decreased by ~2.7 times (from 7.6% to 2.8%) when the dose rate was increased from 107°
to 102 dpa/s. In Fe-14Cr, o’ volume fraction decreased for ~3 times (from 2.9% to 0.9%)
when the dose rate was increased for 10 times (107 to 10 dpa/s), which is larger than the
change in Fe-18Cr alloy. It may suggest at the dose rate of 10 dpa/s, the volume fraction
of precipitate phase might be too low (so either the precipitate size or number density would
be below the detection limit) to be detected by APT. It indicates the decreased driving force
due to reduced solute supersaturation becomes dominant over increased diffusion rate at
450 °C compared to 350 °C at a dose rate of 10~ dpa/s, so they can remain stable only at
lower dose rates. Generally speaking, the net influence of temperature is complicated and

involves multiple factors, and it can vary greatly in different alloys.
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According to the theory of radiation-enhanced diffusion and ballistic dissolution,
precipitates should have lower stability at lower temperatures. However, we observed
superior resistance of o’ precipitates to irradiation-induced dissolution up to 0.6 dpa at <
R.T., which is in conflict with the observed complete dissolution of .’ at 300 °C, 0.37 dpa.
The reason for this discrepancy is still unknown. Since the dissolution effect is expected to
be invariant as a function of temperature, the opposite results might be related to the
activation of other diffusion paths at low temperatures, which results in a diffusion rate that
is not monotonically related to temperatures. Other physical mechanisms may also be
important and further investigations are needed to elucidate these puzzling observations.
Nevertheless, the reduced core Cr concentration after irradiations was observed for both
high temperature and low temperature irradiations, which are evidence for significant

ballistic mixing.

5.2.2 Dose rate effect

To investigate the effect of dose rate, the properties of o’ precipitates measured
from this work and other studies are plotted as a function of dose rate in Figure 5.6. The
results from thermal aging were plotted at the dose rate of 5x10® dpa/s only for
convenience, at which the actual dose rate is 0. Due to the narrow distribution of dose rates
in the available neutron and proton/electron irradiation studies, the datapoints are spread
mainly vertically. If the thermal aging studies are considered together, these 3 categories
all show precipitate radii in the range of ~1-3 nm, number densities in the range of 2x10%-
8x10%*/m® and precipitate Cr concentrations in the range of 70-100%, although the dose
rates are very different. On the other hand, ion irradiation conditions cover a wider range
of dose rates at 10° to 10 dpa/s. Within the ion irradiation results, both precipitate radii
and number density don’t show any clear trend with respect to dose rate, while precipitate
Cr concentrations is lower at higher dose rates. The dose rates of proton/electron
irradiations are similar to the lower side of ion irradiations, but the resulting o’ precipitates
are very different. Although the number densities of precipitates are in the comparable
range, precipitates formed after ion irradiations are smaller and more dilute. This difference
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can be attributed to the different cascade structures. Compared to neutron irradiations, the
less mature precipitates formed after ion irradiations might be related to the large difference
in dose rates.

Although the dose rate or ion flux is not related to the thermal equilibrium
solubility, its contribution must be considered for studying the steady state parameters of
precipitates under irradiations. It is also one of the major differences between neutron (10
7-10° dpa/s) and ion irradiations (10-102 dpa/s). To explore the stability of o’ precipitates
at application-relevant temperatures (300-450 °C), irradiations at a wide range of dose rates
107°-1073 dpa/s were used in our work. Precipitate stability is controlled by the competition
between radiation enhanced diffusion and ballistic dissolution processes, and these rates
both increase with increasing dose rates. Ballistic dissolution rate increases with the dose

rate in a linear relationship. Radiation-enhanced diffusion will be proportional to

Vdose rate at recombination dominant conditions, and linearly related to dose rate at sink
dominant conditions. In alloys with intermediate sink strength, the dependence will be in
between. However, since precipitate nucleation is a complex process, and other factors
such as the availability of nearby solute atoms are also important, it is not quantitatively
accurate to simply compare the ratio of these two rates. In general, the ballistic dissolution
effect will be more important at high dose rate conditions, while radiation enhanced
diffusion will be more important at low dose rate conditions. Therefore, precipitates are
expected to be more stable at neutron irradiation conditions, which usually have lower dose
rates compared to ion irradiations. Detrimental precipitates such as o’ and Cu precipitates
are generally expected to be more stable at reactor-relevant dose rates when irradiated at
the same temperature. On the other hand, a high density of nano-sized particles is
introduced into steels to improve their mechanical property and irradiation resistance [17].
The possible coarsening of particles during prolonged low dose rate neutron irradiations
could potentially be a severe problem for maintaining their functionality. In either case, the
development of dispersoids or precipitates with high stability against thermal- and
radiation- changes is highly desirable for reactor structural material applications.

In the low temperature heavy ion irradiations at -123 to R.T, our initial expectation

was that ballistic dissolution will be dominant based on the dissolution of o’ at 300 °C, 10
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3 dpa/s, so precipitate evolution will be purely resulted from the accumulation of
dissolution from displacement cascades. If this is correct, dose rates will be less important
compared to doses. Since the lowest target dose was 0.1 dpa, we considered it will be much
easier for the irradiation facility to manipulate and adjust beam currents if the irradiation
time is not too short. Therefore, a dose rate of 3x10* dpa/s was selected for this set of
irradiations to 0.1-0.6 dpa, which resulted in irradiation times of 6 to 33 minutes for each
irradiation. The observed high stability of Cr precipitates at < R.T. compared to 300 °C
might suggest that dose rate might also be important at these low temperatures.

The average PKA energy generated by 800 keV protons is less than ten times the
threshold displacement energy, so radiation-enhanced diffusion is the most important
process (i.e., ballistic dissolution effects are relatively minor). Changing the dose rate will
mainly modify the diffusion rate and control the kinetics of precipitate nucleation and
growth. The final steady state of precipitate evolution is determined mainly by dose instead
of dose rate. Since achieving a target dose is most important when designing proton
irradiation parameters, the dose rate 2x107° dpa/s was selected by considering enough time

for the deposited heat to dissipate and acceptable time to reach the target dose.

5.2.3 Mathematical modeling of the irradiation results at 300-450 °C by Fe ions

Our high temperature heavy ion irradiations focused on the formation of
precipitates from solid solution or the refinement of large precipitates to form finer ones.
These precipitate stability cases were first evaluated in a simplified model proposed by
Nelson et al. (NHM model) in 1972 [100]. In the following, we have made several
important modifications to the original NHM model to quantitatively explain the
presence/absence of precipitates after irradiation.

In the original NHM model, the volumetric dissolution rate (dV /dt) of a precipitate

_ anr?¢

. . . . . . . adv
with radius r due to the recoil dissolution mechanism is e —

where ¢ is the flux

of recoils from the cluster to the matrix and N is the atomic density of the target. ¢ was
approximated as ~ f,,G, in which the multiplication factor f,,~10%* atoms/cm?xdpa
(proportional to the inverse of the primary knock-on atom (PKA) displacement cross
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section) and G is the dose rate in dpa/s. The growth rate of a precipitate was listed as % =

3D""cr /p, in which the D" is the radiation enhanced diffusion coefficient, c and p are

the atomic fraction of solute in the matrix and precipitates respectively. With the boundary
condition of a constant total solute concentration C: C = gnr3pn + ¢, in which n is the

number of precipitates per unit volume, the steady state precipitate radius could be
calculated by setting equal to zero the derivative of the sum of the recoil dissolution and
regrowth coarsening terms:

dr ¢ 3D"'C

Z _ Dirr 2 — 0
dt N+ 4mtpr n

The radiation enhanced diffusion coefficient is D" ~ cf,C,D, with £, taken as
the BCC correlation factor of 0.727 [173]. The vacancy concentration C,, can be calculated
using either recombination dominant or sink dominant approximations [174]. The steady

state vacancy concentration in the first case is C,~ /:g", in whichR = W is the

point defect recombination rate. The spontaneous recombination radius 7, is about 2.26ao
with ap as the lattice parameter and Q as the atomic volume [175]. C, = \E is the vacancy

concentration for sink dominant conditions, in which Cg = 4mrn is the sink strength of o’
precipitates (assumed to be the dominant point defect sink). The diffusivity of a single
vacancy (D, ) and interstitial (D;) can be calculated using the migration energy for
vacancies and interstitials in Fe-Cr as 0.67 and 0.34 eV respectively [74].

Inserting the number densities measured from APT results and the equilibrium Cr
content of o’ precipitates, the original NHM model predicts much larger radii of ~2-3.5 nm
and extremely high volume fractions ~19% (volume fraction V; = gnr3n) of the
precipitation phase no matter which approximation was used for calculating the diffusion
coefficient. In other words, it predicts that all the Cr atoms would be located in the
precipitates, and the size of precipitates is solely controlled by the number density, which
is an input parameter. Similar overestimation also occurred when the original NHM model

was used to fit the electron irradiation results of Tissot et al. [67]. Possible reasons for this
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overestimation may include an underestimation of the ballistic dissolution rate or an
overestimation of the precipitate growth rate. It should be noted that the original NHM
model implicitly assumes the precipitate volume density (n) is constant, which is
approximately valid at intermediate temperatures near 350 °C but is not valid for high dose
rates at 300 °C (ballistic dissolution dominant conditions) or for high temperatures (450
°C) where precipitate coarsening occurs. In addition, several of the terms used in the
original NHM model appear to be incorrect.

We have made several science-based modifications to the original NHM model in
an attempt to obtain more accurate estimates of the effect of particle irradiation on
precipitate size. We note that the steady state vacancy concentration or the radiation
enhanced diffusivity is overestimated if the dose rate is taken simply as the point defect
production rate. A point defect production efficiency of &cqpq ~ 0.33 is appropriate for a
Fe ion energy of 8 MeV (average PKA recoil energy of ~18 keV) to correct for athermal
in-cascade recombination of vacancies and interstitials [176]. However, to account for the
additional correlated recombination that occurs at temperatures where point defects are
mobile, the corresponding vacancy production efficiency should be further reduced to
around 0.1 to 0.2 for a wide range of PKA energy irradiations [177, 178]. Additionally, the
NHM model also overestimates the precipitate growth rate by including the entire matrix
solute concentration, because only the fraction of solutes that exceed the solubility limit
contribute to the formation of precipitates. We have therefore modified the matrix solute
concentration to be the solute supersaturation level by subtracting the solubility limit c,,.
One further modification is that the constant of 3 used in the original NHM equation for
growth rate seems to be incorrect and should be replaced by 4n according to the equations
in ref. [179] cited in the original NHM publication (the derivation is given in section 6 of

the Supplementary). The equation for precipitate growth rate is therefore modified into:

av irr
i 4D (¢ — Ceg)T/P

As for the boundary condition of constant solute concentration, the original NHM
equation is valid only for low volume fractions of precipitate. If the precipitate volume

fraction might reach 5-10%, then the equation should be modified by the available matrix

141



volume fraction, which is 1—§nr3n, so the correct equation for precipitates of

nonnegligible volume fraction is:

4 4
pxgnr3n+cx (1 —§nr3n) =C

To test the effect of the modified growth rate on precipitate evolution, the
experimental settings and number densities of o’ precipitates reported after electron
irradiations [67] were used, where ballistic dissolution effects are negligible. Radiation
enhanced diffusion is expected to be dominant at these conditions due to the lack of
displacement cascades. As shown in Figure 5.7, reasonable agreements on the steady state
radii are achieved when the modifications summarized above are introduced and when the
recombination dominant approximation is used, which indicates the modifications are
physically correct. The large error bars came from APT measurements. The sink dominant
condition, on the other hand, results in an unreasonably high dose to achieve the steady
state due to the lower diffusion rates. With the modified phase boundary derived from
thermal aging and proton irradiations (presented in Figure 5.1), we have also calculated the
steady state radii of o’ precipitates formed in Fe-10Cr and Fe-18Cr after proton irradiations
and compared them with the experimentally measured values (shown in Figure 5.7). The
good agreements between the experimental and model values indicate the modified phase
boundary are rather accurate.

The recoil dissolution equation in the original NHM model used a multiplication
factor of f;, ~1/54~10%* for calculating the flux of recoils ¢ produced by a PKA, which is
about an order of magnitude smaller than typical medium-mass ion displacement cross-
sections of 64~10"1° cm? [180]. To get a more precise estimate of this recoil dissolution
parameter, the mechanism through which the precipitate is dissolved by the displacement
cascade is considered at the atomic level. Two different approaches were considered: one
based on in-cascade radiation mixing, and one based on the subset of longer-range
ballistically ejected atoms from the center to the outer periphery of the displacement
cascade. During particle irradiations that involve damage cascades, most ion mixing occurs
during the thermal spike phase, when a local high temperature region can form in the core
of the cascade and replacements occur between neighboring atoms [94, 96, 176]. Radiation
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Figure 5.7 Comparison between radii measured with APT (filled symbols) and calculated with the
modified NHM model (open symbols) for o’ precipitates formed in Fe-(10-18)Cr after proton or
electron irradiations. The legends with EXP denote experimentally measured values from the
current study and Tissot et al. [67]. The legends with MODEL denote calculated values from the
modified NHM model.
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mixing is important for the disordering of alloys and the dissolution of nanoscale
precipitates. The degree of atomic mixing can be quantified by the replacement per atomic
displacement (RPA) parameter, which could provide a basis for estimating ballistic
dissolution. However, the distances that most atoms travel during the thermal spike phase
are short-ranged due to intense in-cascade recombination; this phase generally persists for
only a few picoseconds. The long-range displaced atoms are considered to be more
important to the dissolution of precipitates as this can lead to the direct ejection of solute
atoms from the precipitates and the direct injection of matrix solvent atoms into the
precipitate. The dissolution rates resulting from this subset of longer-range displaced atoms
as well as from overall radiation mixing are quantified in the following.

If the precipitate dissolution mainly occurs during the thermal spike phase due to
radiation mixing, the dissolution parameter can be estimated using SRIM-2013 simulations
and considering the concept of RPA [176, 181]. The number of recoils (Vygr) in the unit
of displacement/Axion produced by each injected ion was calculated by the SRIM ion
collision code using the damage energy method [152]. As a further modification of the
ballistic dissolution term, the RPA parameter was used to quantify in-cascade radiation
mixing rather than simply using the dpa value. The replacement per displacement ratio is

$rpa~50 for the investigated ion irradiation conditions with a mean PKA recoil energy of
~15 keV [176, 182]. Therefore, the term f,,, to quantify the number of recoils per dpa is:
_ N X frpa

fn = Vo (6)

The ballistic dissolution factor calculated by this method in the observed midrange depth
region of this study for bombardment by 8 MeV Fe ions is f, = 1.17 x 107
atoms/cm?xdpa.

To account for the dissolution caused by the long-range displaced atoms in the
second method, it is important to estimate the ratio (A) of the number of atoms ejected
beyond a critical distance compared to the calculated residual displacements in the
displacement event calculated using SRIM, and the average distance traveled by them ().
This long-range displaced atom ballistic dissolution factor can be calculated with equations
(14) and (16) in Ref. [183]:
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fn = %Alz(p —c¢)N/6
where § is the thickness of the interface and can be estimated to be the nearest
neighbor distance. Unfortunately, no information on A or [ is available for the FeCr
system. Using a critical value of the fourth nearest neighbor distance to define the long-
range displaced atoms and the molecular dynamics results reported in [184, 185], the
number of these atoms is ~5.6 times what was predicted by SRIM, and they travel an
average distance of ~7 angstroms in Ni and Ag-Cu system, so the resulting ballistic
dissolution factor is f,, = 1.4 x 101® atoms/cm?xdpa. Although the estimated ballistic
dissolution factor using the subset of long-range displaced atoms is around 10 times lower
than the factor calculated using the RPA value, both methods presented here suggest a
much higher dissolution rate parameter compared to the original NHM model (f;,,, = 10*
atoms/cm?xdpa).
With these modifications, the revised equation to calculate the precipitate radius at
steady state is:
dr  fmG DT c 3 DuT 4mr3np

= X — X
dt N + rp 3—4mnrd® rp 3 —4mr3n

+ Ceq) =0

We observed that a f;, value of 1.17 x 107 atoms/cm?xdpa tends to slightly
underestimate the steady state radii when compared to experimental measurements in this
work and the ion irradiation result by Tissot et al [7]. On the other hand, using f,, =
1.4 x 10®, the steady state radii was overestimated in most ion irradiation conditions.
Generally good quantitative agreements between experiment and model predictions for
most irradiation conditions were achieved by assuming recombination-dominant
conditions with f,,, = 8 x 10® atoms/cm?xdpa. The radii of o’ precipitate formed in Fe-
18Cr predicted for this case are compared to the experimentally measured values in Figure
5.8. For the cluster analysis of APT datasets, the Nmin Was set to be 16 atoms, which
corresponds to a cluster with a radius ~0.5 nm, so any clusters with sizes smaller than 0.5
nm are not detectable by the current APT analysis method. At the irradiation condition of
300 °C and 107 dpa/s, the predicted steady state radii are 0.58 nm assuming the number
density of precipitates to be 102% or 10%*/m?, which is approaching the APT detection limit
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Figure 5.8 Comparison between radii measured with APT (filled symbols) and calculated with the
modified NHM model (open symbols) for a’ precipitates formed in Fe-18Cr after 8 MeV Fe
irradiation at 300-450 °C. The legends with EXP denote experimentally measured values from
the current study and Tissot et al. [7]. The legends with MODEL denote calculated values from
the modified NHM model.
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and consistent with our experimental observations. The overestimation of steady state radii
with f,,, = 1.4 x 10%¢ implies that the exclusion of mean square displacement distances
less than fourth nearest neighbor distance may not be appropriate to define the portion of
displaced atoms that contribute to precipitate dissolution; atoms that are ballistically
displaced shorter distances may also be important.

If sink dominant conditions are assumed (considering the potentially very large sink
strength of o’ precipitates), the modified NHM model predicts complete dissolution of
precipitates at all conditions no matter which of the two f;,, values are selected (i.e., there
is insufficient radiation-enhanced diffusion to regrow the precipitates due to the low steady
state point defect concentrations caused by high sink strength). This disagreement with our
experimental observations may indicate that o’ precipitates have a weak interaction with
point defects, which is reasonable because the lattice mismatch between a-Fe and o’-Cr is
very small. The point defects in the vicinity of precipitates may not experience any
noticeable strain field, and if they hop into the a- o’ interface they might be weakly bound
and easily desorbed. Since the sink strength from other features such as network
dislocations and dislocation loops was relatively low for the investigated irradiation
conditions, the recombination-dominant approximation is considered to be appropriate to
obtain steady state vacancy concentrations in this alloy system. This evaluation is also
supported by the better fitting of electron irradiated Fe-Cr precipitate results with
recombination dominant conditions [67].

The results for Fe-12Cr and Fe-14Cr conditions are given in Figure 5.9. In Fe-12Cr
specimens, the steady state radii are reasonably estimated and the absence of o’ was
correctly explained. However, it should be pointed out that a smaller ballistic dissolution
factor must be used to achieve these agreements. In Fe-14Cr, steady state radii of o’ were
correctly estimated at lower dose rates (10°-10* dpa/s). Large difference between
experiments and model estimations exists at 10° dpa/s or strong coarsening conditions (450
°C, 3.7 dpa), in which the modified NHM model underestimated the steady state radii in
both cases. The need of a smaller dissolution factor in Fe-12Cr and the underestimations
in Fe-14Cr may suggest the ballistic dissolution rate is slower when the number density of

precipitates is very low.
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There are two terms in the equation to calculate steady state precipitate radii that
account for the decrease of precipitate radius. The first term is associated with the
dissolution effect from displacement cascades, and the second term is due to the boundary
condition of constant solute concentration. According to our modified NHM model, in the
Fe-18Cr system, the radius decrease due to ballistic dissolution is slightly larger than or
comparable to the decrease caused by limited concentration of solutes at the irradiation
conditions of both dose rates at 300 °C and for 10 dpa/s at 350 °C. The influence of the
limit of solute atoms is more pronounced at other irradiation conditions. These modeling
results demonstrate that it is generally not appropriate to simply compare the ballistic
diffusion coefficient and radiation enhanced diffusion coefficient for determining the
stability of precipitates over a wide range of irradiation conditions [102, 170]. The value
of radiation enhanced diffusion coefficient is 3-4 orders of magnitude higher than the

ballistic diffusion coefficient calculated with %Giz (x is average displaced distance and

treated as nearest neighbor distance here) at all investigated irradiation conditions, which
doesn’t comply with the absence of precipitates observed at 300 °C and 10~ dpa/s [94,
102]. This modified NHM model is applicable not only to heavy ion irradiations which
involve the ballistic dissolution of precipitates, but also to electron irradiation results of
Tissot et al [67]. For electron irradiation conditions the replacement per displacement
(RPA) value and the point defect production efficiency (corrected for correlated
recombination) should be adjusted to 2 and 0.2 respectively [176, 177].

The experimental observation that the steady state radius of o’ precipitates is
controlled by irradiation dose rate and temperature irrespective of the starting size is in
agreement with the predictions of the modified NHM model. If the starting size of
precipitates is smaller than this equilibrium value or there are no precipitates, the
supersaturation of solute atoms and enhancement of diffusivity will cause the precipitates
to nucleate and grow up to the equilibrium size. If the specimen starts with very large
precipitates, the ballistic dissolution will result in their shrinkage and increase the solute
concentration in the matrix, and then the re-precipitation of fine solute clusters could occur.

This process continues until all large precipitates are replaced by smaller ones.
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Several examples comparing the evolution of precipitate sizes with irradiation dose
predicted by the modified NHM model and experimental datapoints from the heavy ion
irradiations in this work are presented in Figure 5.10. In Figure 5.10 (a), reasonable
agreements on both dose and o’ radius are achieved for the conditions at 300 °C and 1073
dpa/s from either solid solution or aged state, and ion irradiation at 450 °C and 10 dpa/s
from solid solution state. At the four ion irradiations that involved lower dose rates (10 to
107), although the steady state radii were correctly reproduced by the modified NHM
model, much lower doses are predicted by the model to reach the steady state. As for the
sample with pre-existing o’ ion irradiated at 450 °C and 10 dpa/s, both the radius and
saturation dose appear to deviate significantly from the model predictions. As noted in the
results section, a possible reason for the slower dissolution rate at 450 °C is the higher
radiation enhanced diffusion rates, so the precipitates can keep high solute concentration
and large size, and thus increase the driving force for Cr to diffuse back and decrease the
effectiveness of displacement cascade. Although the modified NHM model correctly
predicts the formation of o’ precipitates under irradiation conditions used in Ref. [8, 9], the
steady state radii could not be well reproduced, which might originate from the difference
in characterization and data analysis methods that can introduce large differences on the
measured precipitate number densities. However, as presented in Figure 5.10 (b), the
modified NHM model predicted the complete dissolution of pre-existing precipitates at
low doses of 0.1-0.2 dpa at cryogenic to room temperatures, which doesn’t agree with the
survival of precipitates at 0.6 dpa observed after irradiations.

Figure 5.11 shows similar evolutions and comparison for proton/electron and
neutron irradiation conditions. For the proton or electron irradiations, steady state radii are
reasonably estimated at all conditions [67]. The dose to reach steady states were also
correctly calculated for electron irradiations at 250-400 °C. However, this model
underestimated the doses for ~10 times in Fe-18Cr and ~4 times in Fe-10Cr at proton
irradiations conditions. Similar underestimations in required dose also happens for neutron
irradiation results, although the steady state radii were reasonably fitted by the model. It
must be pointed out that the APT datasets from Bachhav et al were re-analyzed by our
algorithm [5]. Since we considered all precipitate atoms for radius calculation, the resulting
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radius was larger than what was originally reported. The number densities reported by
Reese et al seem too low if the decrease in matrix solute concentrations (close to the volume
fraction of precipitates) were considered, so the numbers used here are corrected based on
the decreased matrix composition [6].

In general, good qualitative agreement on precipitate growth and shrinkage with
experimental observations is achieved by this modified NHM model (in contrast to large
discrepancies with the original NHM model) due to the inclusion of more appropriate
physical terms. The sizes of o’ precipitates and the doses to reach saturation during the
irradiation of FeCr alloys were quantitatively accurately predicted for a large portion of
irradiation conditions. However, the required dose was significantly underestimated during
ion irradiation at 450 °C and 10°-10* dpa/s, neutron irradiations and proton irradiations.
This suggests that the net growth rate is somewhat overestimated in the model predictions,
which might be related to the loss of point defect at sinks that are not considered in the
analysis, the number density change or the lower nucleation rate that causes prolonged
nucleation regimes at these conditions, which are not comprehensively included in this
model. The disagreement between model predictions and measured precipitate radii at
cryogenic to room temperatures suggests that other explanations are needed to understand
the precipitate evolutions at this low temperatures. The better agreement with experimental
observations by using recombination dominant approximation indicates that o’ precipitates
may not be effective point defect recombination centers, despite their very high number
density in Fe-18Cr after irradiation at 300-450 °C. This apparent low effective sink strength
might be attributed to a small lattice mismatch at the precipitate/matrix interface, which
results in a small spontaneous absorption distance and weak binding of point defects so

that they are easily desorbed before experiencing recombination.

5.3 Effect of implanted particle types

In this study, irradiations were performed at similar temperatures of 250-450 °C
using both heavy ions and protons, which gave very different results regarding Cr
precipitate evolution and Cr atom segregation on loops.

153



The properties of homogeneous Cr precipitates formed after irradiation by heavy
ions, protons and neutrons [6] at 320-455 °C are summarized in Table 5.1. At 350 °C,
precipitates formed from proton irradiations are more mature: they have larger sizes, lower
number density and higher volume fraction. The Cr concentration inside precipitates is also
much higher than the value measured after Fe ion irradiations. However, their Cr contents
are similar to what was measured after neutron irradiation by Reese et al [6]. At ~450 °C,
both neutron and proton irradiations resulted in similar precipitate sizes, number density
and high precipitate core Cr concentrations, which indicate the more coarsening of
precipitates compared to Fe ion irradiations.

The datapoints presented in Table 5.1 suggest that o’ precipitate evolution is similar
between neutron and proton irradiations, while Fe ion irradiations lead to the formation of
smaller and more dilute precipitates. These differences can be partially understood by the
difference in PKA/recoil energies and their distributions during irradiations by various
particles, and the different dose rates, which are compared in Table 5.2, 1 MeV neutron
irradiation gives the maximum recoil energy similar to that of 800 keV proton, but the
mean recoil energy is closer to that of Fe ions. Since the spectrum of recoil energies
generated by Fe and protons both favors the lower energy side, the similar mean recoil
energy by Fe ions and neutron irradiation suggests the displacement damage cascade
structure might be similar in these two cases. However, ion mixing caused by displacement
cascades lasts for only a few picoseconds, which is followed by the relatively longer time
of precipitate recovery by radiation enhanced diffusion. The much lower dose rate during
neutron irradiations implies that this recovery time would be much longer, so precipitate
formation is preferred. On the other hand, the mean recoil energy of 800 keV protons is
only several times of the threshold displacement energy of Fe (40 eV), so mainly point
defects are created and then contribute to the diffusion of solute atoms to form precipitates.
Therefore, both neutron and proton irradiations would favor the formation of precipitates
compared to heavy ion irradiation due to either the lower dose rate, or the lack of
displacement cascade induced dissolution, respectively.

Radiation induced segregation of solute atoms at point defect sinks also results from
the migration of point defects, which is similar to the physical path of precipitate formation.
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Table 5.1 Characteristics of a’ precipitates in Fe-18Cr irradiated by different particles. Fe and
proton irradiation results are from this work. Neutron irradiation results are from [6].

e [ o g N Clseios v vl
(°C) (10%/m?) (at. %) (at. %) (%)
8 MeV Fe 350 3.7 1.29+0.01 4.0+0.7 579+73 154+05 41+0.38
800 keV P* 350 2 1.98 +0.07 26+0.2 86.6+1.8 109+0.2 10.7x0.2
Neutron 320 7 14+0.2 16+0.8 842+1.1 115+04 -
8 MeV Fe 450 3.7 2.01+£0.08 0.94+0.06 66.3 + 3.5 16.3+0.3 42+0.2
800 keV P 450 2 2.66+0.32 051+0.09 95.6+1.9 13.2+0.7 6.0+16
Neutron 455 7 3.0£0.3 0.39+0.12 96.0+04 104+0.2 -

*P is short for proton

Table 5.2 Typical recoil energies and dose rates during irradiations by different particles.

Particle type  Max recoil energy ~ Mean recoil energy Dose rate Distribution
8 MeV Fe 8 MeV 17.8 keV 10° - 103 dpa/s Low energy recoils preferred
800 keV Proton 55.1 keV 289 eV 2x105dpa/s  Low energy strongly favored
1 MeV Neutron 68.9 keV 34.5 keV 3.5x107dpa/s  All energies equally probable
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Cr enrichment has been observed at dislocation loops in FeCr alloys after irradiation by 2
MeV Fe ions at 500 °C. The Cr content at the loops was ~22-35%, which is much lower
than the Cr content of o’ phase, and it was tentatively explained to be related to the
stabilization of Cr clusters by impurities [88]. In our study, agglomerated precipitates
formed from radiation-induced Cr enrichment at dislocation loops were observed in Fe-(5-
10)Cr alloys after irradiation by protons at 250 °C. Cr concentrations in these precipitates
reached 80-90%, which is comparable to the equilibrium concentration of o’ precipitates
predicted by phase diagrams. Since the behavior of homogenous Cr precipitation is similar
between neutron and proton irradiations, radiation-induced o’ precipitation on dislocation
loops might be likely to happen also during neutron irradiations. This can be a big concern
because it implies that o’ precipitation can’t be eliminated by simply decreasing the bulk
Cr content. They are likely to form if both Cr solute in the matrix and dislocation loops are
present. If possible, characterizing Cr atom distributions on dislocation loops in neutron
irradiated FeCr alloys will be useful as a comparison.

Carbon contents of 258-1474 appm after the high temperature heavy ion irradiations
were revealed in Fe-18Cr using APT. Although some introduction of carbon atoms by FIB
preparations is very likely, the concentrations of carbon after ion irradiation were
considerably higher than that measured in the as-received specimens, which indicated the
occurrence of moderate carbon contamination during ion irradiations. Carbon atoms were
present in the sampled volumes in 3 forms: segregating to dislocation loops or lines,
forming Cr-containing carbides, and homogeneously distributed in matrix. Segregation of
carbon on dislocation loops can potentially stabilize the enrichment of Cr at or close to the
loop core, and thus decrease the Cr atoms available for precipitate formation [88]. Carbides
also act as sinks to reduce the concentration of point defects. In all the collected APT
datasets, carbides were observed only after ion irradiation at 450 °C, 107 dpa/s to 0.37 dpa.
The lack of carbides at other conditions might be due to the relatively small analyzed
volume using APT. Employing other techniques would be useful to verify their existence
or absence at other conditions. In datasets where carbides were detected, their radius was
2.5 nm and number density was 1.4x10%%/m?, which gave a sink strength of 4.4x10'%/m?
and could largely decrease the local vacancy concentration near the carbide/matrix
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interface. Due to the strong binding of carbon with vacancies (V), the existence of carbon
in a solid solution could lead to the formation of C-V complexes [186], within which C,V
(2 carbon atoms and 1 vacancy) and C4V> are the most stable forms [187, 188]. The effect
of C2V can be ignored due to the lower dissolution temperature of ~240 °C [188]. However,
the dissociation temperature of C4V2 was measured to be ~357-377 °C, and its fraction
within all complexes increases with carbon content, which implies it may contribute to
reducing vacancy concentrations at 300-350 °C [188, 189]. In short, the presence of carbon
in all 3 forms results in the decreased Cr concentration available for clustering or decreased
free vacancies for diffusion, and therefore likely slows down the Cr precipitate formation
kinetics. Since the effect of impurity carbon atoms was not considered in the modified
NHM model, calculating the steady state vacancy concentration using recombination
dominant approximation may lead to an overestimation of radiation enhanced diffusion
rates, and introduce uncertainty on the determination of f,,, value. However, because the
interaction between carbon and vacancies are complicated, and the migration energy of
vacancies obtained from simulation works considering carbon effects varied within 0.83-
1.3 eV [170, 190], it is currently difficult to include it in the modified NHM model.

5.4 Effect of surface and injected ions

5.4.1 Implication of a’ precipitates denuded zone

The measured thicknesses of surface precipitate denuded zone are much narrower
than the void denuded zones typically observed after ion irradiations at similar
temperatures, which were ~100-500 nm in FeCr alloys [26]. Since the formation of voids
requires a substantial net supersaturation of vacancies relative to interstitials, while only
high vacancy concentrations are needed for the radiation-enhanced precipitation process,
it is expected that the conditions for precipitate formation would be easier to be achieved
compared to the formation of voids, and thus leads to a narrower denuded zone. The
independence of the precipitate denuded zone width on irradiation dose is consistent with
previous studies focusing on void denuded zones, in which no relation between the zone

width with dose was also revealed [191]. The correlation of the measured denuded zone
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width with irradiation temperature can be understood using equation L « L, where
4G X4y /Q

D, = D,oexp(—E]*/kT) is the vacancy diffusivity, G is the dose rate in dpa/s, r, is the
spontaneous recombination radius and Q is the atomic volume [191-193]. Therefore, InL
has a linear relationship with -1/T, and the slope is —E;*/k, from which the vacancy
migration energy can be extracted. This negative slope value explains the increase of
denuded zone widths with rising temperatures. The estimation based on our irradiation
temperatures and corresponding measured denuded zone widths suggests a vacancy
migration energy of 1.63 eV. This estimation is about 40% higher than the 0.96-1.31 eV
estimated for pure Fe to Fe-14Cr derived from the void denuded zone widths by Lin et al
[26], and it is much higher than the predictions from previous density functional theory
simulations and experimental results, which were usually in the range of 0.55-0.67 eV [74,
76, 78, 79, 81]. This discrepancy might be partially attributed to the limited datapoints
measured in this work (only 2 temperatures), which leads to large statistical uncertainties.
However, the reason for the experimentally measured values being consistently higher than

theoretical predictions is currently unclear.

5.4.2 Accuracy of the depths measured by APT

The accuracy of depth from which APT tips are extracted has long been a concern.
Since the imaged length of APT needles is limited to only a few hundred nanometers in the
very good runs, which can be even shorter in voltage mode when an early fracture occurs,
it is a general practice to remove the corresponding length of materials so that the target
depths can be easily achieved during running. The depths are usually measured in
SEM/FIB, which is inclined to the measuring direction, and a cross-section correction
factor is required to get the actual depth. Furthermore, staging shifting during final milling
and inaccuracy in locating the interface between the protection cap and sample surface can
introduce additional uncertainties. To check the depth accuracy of the APT results, STEM-
EDS mapping was performed on the specimen irradiated at 450 °C, in which the precipitate
sizes are larger and solute enrichments in precipitates are higher, and thus they can be
imaged more easily. The mapping results are presented in Figure 5.12. Detailed
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Figure 5.12 STEM-EDS scanning results showing the distribution of Fe and Cr atoms at indicated
depths in Fe-18Cr irradiated at 450 °C, mid-range dose 3.7 dpa.
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quantification to calculate the size and number density of Cr-rich precipitates will be
conducted later. However, the following features can be observed from the maps: 1, very
large precipitates in the near surface region; 2, decreased number density of o’ at 1.5-1.7
pm compared to 1 pum; 3, decreased precipitate size and increased number density at 1.8-2
pm compared to 1-1.7 um results. These trends are consistent with the APT results from
the corresponding depths (Figure 4.13), and thus confirmed the accuracy of the depth

measurements during tip preparation.

5.4.3 Possible reasons for the precipitate suppression effect at peak-implant depths

At 350 °C, the sizes of precipitates were nearly constant with depth despite the
change in both irradiation dose rates and doses for ~3 times in the 100-1200 nm depth
range, which is consistent with the trend observed by Tissot et al [7]. At this temperature,
the precipitates might still stay in the nucleation stage with little growth. Therefore, the
observed trend suggested that the growth rate of precipitates is almost independent of dose
rate at the range of 3x107° to 2x10™* dpa/s, so the amount of precipitate radii increase is
mainly determined by irradiation time. Conversely, radiation enhanced diffusion process
is dominant at 450 °C, and thus increasing the dose rate from ~5x107° (near surface) to
~2x10™ (near peak) resulted in the increase of solute diffusion rate, and the growth or
coarsening rate of precipitates, so the precipitate size was observed to increase with
irradiation dose and dose rate.

The cluster atom maps (Figure 4.13), and the evolution of quantitative properties
of o’ with increasing irradiation depth Figure 4.14 suggest strong suppression of o’
precipitation at the near peak damage region after ion irradiation at 350 °C, which is most
severe in the high fluence case, where no o’ was observed beyond the depth of 1.5 um.
This suppression effect is not very obvious after irradiation at 450 °C. According to our
previous results, the higher dose rate in the implanted ion region alone is not sufficient to
suppress o’ formation, because pronounced o’ precipitation was observed in the midrange
regions of Fe-18Cr after irradiation at the same temperature and a higher dose rate of 10~
dpa/s by 8 MeV Fe ions.
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Similar o’ precipitation suppression behaviors near the implanted ion region have
been observed by multiple researchers, and different explanations exist without reaching
an agreement. Harrison et al. proposed that the high probability of cascade overlap near the
end of injected ion path can effectively dissolve o’ [9]. Our experiments compared the o’
distribution after irradiation at 350 °C and the same ion flux, to final doses that are 10 times
different, and the results seem to contradict this argument. The stronger suppression effect
at the high fluence condition indicates that the accumulation of injected ions or
displacement damage is the most important factor that leads to the disappearance of o’.
Since the temperature, injected ion energy and flux were almost the same, if cascade
overlap is the main reason, a similar suppression effect should be observed after irradiation
to both doses.

Tissot et al. inferred the suppression of o’ formation by injected interstitials by
showing the decrease in precipitate number density and volume fraction in the ion
implanted region of a Fe-15Cr specimen after ion irradiation at ~2-6.1x10 dpa/s and 300
°C to doses of ~0.3-1 dpa, which was attributed to the decreased radiation enhanced
diffusion rate due to the injected interstitials [7]. They can either recombine with vacancies,
or form interstitial clusters that act as sinks and further decrease the local vacancy
supersaturation level [7]. Pareige et al didn’t detect any o’ in Fe-12Cr alloy after irradiation
at 2.2x10* dpa/s and 300 °C to 0.5 dpa using Fe ions with energies of 0.5, 2 and 5 MeV
(to achieve relative flat displacement damage and injected ion profiles), which also
supported this mechanism [10]. With the high concentration of injected ions from multi-
stage ion irradiations, no o’ precipitates were detected in the supersaturated Fe-12Cr alloy
[10]. Our observation that the most significant suppression effect occurred after irradiation
at 350 °C and high ion fluences compared to its higher temperature or lower fluence
variants agrees more with this reasoning. The possible reason for the smaller suppression
at low fluence might be that the sink strength of interstitial type defects was not high
enough to significantly reduce the local vacancy concentrations, while the radiation
enhanced diffusion rate is very high at 450 °C, and potentially requires a higher sink

strength to reduce it to a value that can’t compensate the ballistic dissolution rate anymore.
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Using standard rate theory equations, the effect of injected ions can be treated as an
additional generation term, and thus the relative contributions to reducing the local vacancy
concentrations from either enhanced recombination or the increased sink strength can be
understood in a more quantitative manner. The vacancy and interstitial migration energies
were taken as 0.67 eV and 0.34 eV, respectively, and a spontaneous recombination radius
of 2.26ap is used, in which ap is the lattice parameter [74, 175]. Inserting the irradiation
parameters calculated from SRIM and a temperature of 350 °C, the calculated results are
given in Figure 5.13. The maximum time to reach a steady state is ~ 15 seconds, and it
occurs at the lowest sink strength of 10'Y/m?, which approaches to the sink strength of
dislocations before irradiation. It must be pointed out that the contribution from the
diffusion of vacancies among neighboring bins and surface are not considered here. The
reasons are that the change rate of local vacancy concentration by inter-bin diffusion is
several orders smaller within the typical time to reach a steady state compared to the other
contributing factors, and the depth influenced by the surface sink strength seems to be
narrow from our experimental observations. At the lowest sink strength condition, the
steady state vacancy concentration is reduced by the injected ions by up to 60% at the 2
pum depth (Figure 5.13 (b)). As the sink strength increases, the effect of promoted
recombination with injected ions decreases gradually, and the difference from whether the
additional generation rate of interstitials is considered or not becomes <0.1% at sink
strengths >10%4/m?2. In other words, at high sink strengths, the point defect evolution is
closer to a sink dominant condition, and thus the loss of vacancies to recombination with
injected ions gets less important. However, increasing the sink strength from 10'/m? to
10%%/m? can lead to a decrease of around 2 orders of magnitude in the steady state vacancy
concentrations according to the curves presented in Figure 5.13 (a). These simulation
results lead to the following assumption regarding the suppression effect of injected
interstitials: At low doses (low sink strength), the diffusion coefficient is reduced up to ~
60% due to the recombination of injected ions with vacancies. The importance of this effect
decreases with increasing sink strength. As the irradiation dose increases, the sink strength
of interstitial type clusters also increases. The radiation enhanced diffusion coefficient can
be significantly reduced compared to the low sink conditions due to the loss of vacancies
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Figure 5.13 (a) The steady state vacancy concentrations calculated from rate theory equations and
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recombination with injected ions more clearly.
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to sinks. Careful analysis of the sinks from dislocation loops or dislocation networks in the
ion irradiated specimens will be useful to verify whether this assumption is correct or not.

In addition to the mechanisms mentioned above, the additional implanted Fe ions
can lead to a locally high concentration of Fe-Fe dumbbell interstitials compared to the
concentration of Fe-Cr mixed dumbbells. Therefore, more Fe atoms can be dragged into
the precipitate-matrix interface by the interstitial flux, and this results in an increase of Fe
concentration at the interface and the dissolution of Cr-rich precipitates.

Furthermore, the observed strong suppression effect at 350 °C, high fluence
condition might be associated with the mistakenly introduction of light ions during
irradiation. As shown in Figure 5.14 (b), STEM image reveals a very narrow damage band,
which is different from the two other irradiation conditions, and possibly was induced by
light ions. The location of this band is 1.5-1.8 pm away from sample surface. Mass
spectrums are plotted in Figure 5.14 (d-j), in which the peaks at 6, 12, 14, 16, 18 and 24
Da correspond to C2*, C*, N*, O, Cs?* and C2*, respectively. In Figure 5.14 (f), an extra
peak was detected at 19 Da, which might be attributed to Fluorine (mass is 19 and charge
state is 1+). Other spectrums from different specimens or depths don’t give a peak at this
location. The depth at which spectrum (f) was obtained agrees with the location of the
narrow damage band, which indicates this band might be primarily induced by implanted
Fluorine ions instead of Fe ions. Therefore, the disappearance of o’ precipitates at 1.5-1.7
pm at 350 °C, high fluence condition might be partly attributed to this artifact. However,
at the depth of 1.8-2 um, no o’ was observed in this specimen, whereas they were detected
at the lower fluence or higher temperature conditions. All 3 mass spectrums (Figure 5.14
(h-j)) don’t show any peak at 19 Da. This comparison still suggests the stronger suppression
effect from implanted ions at high fluence and low temperature conditions.

The broadening of injected ion profiles due to radiation enhanced diffusion was
evaluated using the codes developed by Doyle et al [130, 194]. However, it turned out that
this further broadening was minor compared to the distributions predicted by SRIM at both
350 °C and 450 °C irradiation conditions. The onset depth from which the injected ion
concentrations start to increase progressively was nearly unchanged due to the relatively
low doses investigated in this study.
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Figure 5.14. (a-c) STEM images taken along [001] directions show the distribution of dislocation
lines and loops. (d-j) Mass spectrums in the range of 5 to 24.5 Da exported from APT datasets
collected for needles extracted from different depths of the 3 specimens. The depth and
irradiation conditions are listed on the figure. The dashed rectangle in (f) highlights the presence
of the peak at 19 Da.
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5.5 Effect of bulk Cr concentrations

To understand the effect of Cr concentrations on o’ evolution, Fe ion irradiation at
300-450 °C and proton irradiation at 250-450 °C were performed in Fe-(5-18)Cr alloys.
For o’ precipitation, Cr concentration mainly determines the supersaturation level, and thus
the driving force for phase separation.

In summary, after heavy ion irradiation, o’ precipitates didn’t form in Fe-18Cr at
300 °C and 107 dpa/s, but they are homogeneously distributed at higher temperatures and
lower dose rates. The precipitates were observed in Fe-14Cr at most investigated irradiation
conditions except for 450 °C, 10 dpa/s. In Fe-12Cr, o’ clusters were detected after
irradiation at 300 and 350 °C, but not at 450 °C. So far, no o’ formation in Fe-10Cr was
observed. The presence or absence of o’ at each irradiation dose rate and temperature are
compared to the phase boundaries derived from this work and those available in the
literature in Figure 5.15. The phase boundary from Bonny et al was fitted from neutron
irradiation studies, which shows a large difference compared to the version calculated from
the Calphad database [58, 61]. The isolated datapoints in Figure 5.15 are from experimental
observations of this work and possible phase boundaries separating the absence/presence
of o’ at 10 and 107 dpa/s are plotted with dashed lines. At 450 °C, the Calphad calculation
gives a reasonable fit to the observed absence of o’ at 10°-10"* dpa/s in the Fe-12Cr
specimen, but 107 dpa/s leads to a large deviation from both estimations (Calphad and
Bonny). At the two lower temperatures, large discrepancies in experimental observations
from the equilibrium phase boundary were observed at both 10* and 10 dpa/s dose rates.
This deviation can be explained by the ballistic dissolution effect of displacement cascade,
which dissolves the o’ clusters more effectively at higher dose rates or lower temperatures.

After proton irradiations, homogeneous o’ were observed in Fe-(10-18)Cr alloys at
350-450 °C, while agglomerated clusters tend to form in the more dilute Fe-(5-10)Cr alloys
at 250 °C. At 250 °C, the ratio of agglomerated/homogeneous precipitate volume fraction
is also higher in the more dilute alloys. Since the agglomerated o’ on dislocations are more
likely to form from the coupling between interstitials and Cr atoms, this increased volume

fraction may suggest the importance of diffusion through the interstitial-drag mechanism
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over the vacancy exchange mechanism becomes higher in more dilute alloys. This is
consistent with simulation results by Terentyev et al., who found vacancy mechanism is
preferred in concentrated alloys, due to the unavoidable formation of Cr-Cr dumbbells [90].
However, checking Cr atom distribution in Fe-18Cr after irradiation at 250 °C will be
useful to verify this trend.

Despite the rather straightforward Cr effect on o’ formation, the effect of Cr
concentration on the evolution of void swelling and dislocation types (Burgers vector
a<100> and 1/2a<111>) are not monotonic. Since a lot of specimens with different Cr
concentrations have been irradiated in this study, in which the irradiation conditions
include a wide range of temperatures, dose rates and doses, and by either protons or heavy
ions, it will be valuable to also quantify the density and size of dislocations loops formed
from irradiations, so that a systematic trend will be generated.

5.6 Mechanisms of o’ precipitate formation

5.6.1 Precipitate Cr concentrations and APT artifacts

In our study, highly concentrated o’ precipitates (80-90% Cr) were obtained after
both thermal aging and proton irradiations. However, all clusters formed after heavy ion
irradiations from as-received states have Cr concentrations in the range of 40-75 at. %,
which is much lower than the equilibrium Cr content in o’ as presented in Figure 4.5 (b).
This is not the first time this phenomenon has been reported and raises questions about
whether this might be an APT experimental artifact versus a true phenomenon. The
characterization of o’ clusters with APT is known to suffer from the local magnification
effect and ion flight trajectory aberrations due to the lower evaporation field of Cr
compared to Fe [195]. For example, the increase of core Cr concentration with o’ radius
after neutron irradiation at 300 and 450 °C was claimed to most likely result from the
blurring of the precipitate-matrix interface [112]. Here we did a similar analysis on the
change of cluster core Cr content and density as a function of their radii, and the results are
plotted in Figure 5.16. Six examples including two ion irradiated specimens and two proton

irradiated specimens that contain precipitates of wide size distribution and two thermally
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density in the core of o’ precipitates that formed in Fe-18Cr at six conditions. Conditions are
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aged specimen are presented. It seems there is no big difference in the measured Cr
concentrations in smaller-sized clusters (< 2 nm) among these six conditions. Furthermore,
the core density, the increase of which is an indication of trajectory aberration, is not
significantly higher than the theoretical value. On the other hand, larger precipitates show
distinct differences in the core Cr concentrations: >90% Cr and 80-90% Cr was measured
in clusters >2.5 nm formed after proton irradiations and thermal aging, respectively, while
only 60-70% Cr was measured in similar-sized clusters formed from ion irradiations. It
was interesting to find that the core atomic density is not very different for these large
precipitates that have different Cr concentrations, which implies the focusing of ion
trajectories during evaporation doesn’t change the core solute concentration [70]. The
higher atomic density in larger precipitates (having higher Cr concentrations) than smaller
one suggests that the high solute concentration in the core of precipitates is responsible for
the increase in local atomic density instead of vice versa. This finding agrees with a
previous simulation work, which found the major effect of local magnification is to modify
the precipitate shape without changing the core Cr content, and only limited
underestimation of Cr content from lateral resolution error is expected for small clusters
with radius <Inm [196]. Post-aging characterization of o’ precipitates using APT carried
out by Novy et al. also excluded the possible contribution of trajectory aberration to
decrease core Cr content by showing that similar sized-precipitates in specimens aged at
different times exhibited different Cr concentrations [66]. Additionally, our proton
irradiations resulted in the formation of o’ with high Cr concentrations of >80 at. %.
Therefore, it appears the measured sub-equilibrium Cr content in the o’ precipitates is
mainly controlled by kinetic/thermodynamic aspects during irradiation.

A non-classical nucleation mechanism in which the o’ phase nucleates with a solute
concentration lower than the thermal equilibrium composition was previously proposed as
an explanation for the appearance of low Cr content in the clusters formed from thermal
aging or particle irradiation [6, 66, 197-199]. Although this mechanism might explain the
formation of low Cr content for clusters in samples irradiated to low doses, it is not fully
consistent with our observations. After irradiation at 450 °C and 10 dpa/s to 3.7 dpa, the
Cr content of clusters was 66 at. %, although strong coarsening has occurred, and close to
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equilibrium Cr concentrations were measured in precipitates of similar size after aging at
500 °C. Combining the results on ion irradiated pre-aged samples with pre-existing o’
precipitates, it appears that the cluster Cr content is affected by the irradiation conditions
studied here instead of only by the equilibrium phase diagram and the non-classical
nucleation process. This conclusion is also supported by the measured matrix Cr content
in the aged+irradiated samples, which is much higher than the solvus limit and can be
attributed to the continuous ejection of Cr solute from precipitates into the matrix and Fe
solvent from the matrix into the precipitates by ballistic dissolution.

5.6.2 Radiation-enhanced a’ precipitation

Previous studies suggest that o’ precipitates form in a radiation enhanced
precipitation mechanism [5, 7, 67, 98, 172]. This is based on the observations that o’
precipitates were observed to be distributed homogeneously in the matrix without clear
association with visible point defect sinks, precipitate Cr concentration was not
significantly changed by irradiations using electrons and neutrons, and they were only
observed in supersaturated alloys. Therefore, the precipitates formed during irradiation are
similar to that under thermal aging conditions, and the only significant change induced by
irradiation is the accelerated kinetics.

In our study, the same Fe-18Cr alloy was aged in a furnace for 1 year and irradiated
by protons to 2 dpa at 450 °C. In both cases, homogenously distributed o’ precipitates were
revealed by APT. The Cr concentrations at the core of precipitates are 96% after
irradiations, which is consistent with the phase diagram prediction. On the other hand, it is
~75% after aging at the same temperature, which can be attributed to the slower kinetics,
and thus a longer time is required to achieve the thermal equilibrium state. Therefore, both
the positional distribution of o’ and their chemical composition agree with a radiation
enhanced precipitation mechanism. Since the precipitates formed from proton irradiation
at 350 °C, and part of the precipitate in Fe-10Cr at 250 °C have similar properties, they can
also be classified as forming from the radiation-enhanced precipitation path.
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5.6.3 Radiation-induced a’ precipitation

From the results and discussion chapters, agglomerated Cr clusters were observed
in Fe-(5-10)Cr alloys after proton irradiation at 250 °C to 2 dpa. Their positional relation
with dislocation loops was revealed through the STEM-EDS technique. Due to the lack of
homogeneous a’ in the matrix of the Fe-5Cr specimen, all precipitates are likely to form
from a radiation-induced precipitation mechanism due to the preferential coupling of
interstitials with Cr atoms. In Fe-8Cr and Fe-10Cr alloy irradiation at the same conditions,
only part of the precipitates were agglomerated, the volume fraction of which decreases
with increasing Cr concentrations. Other parts of precipitates are homogeneously
distributed and have more spherical shapes. Therefore, the precipitates observed in these
specimens form in two paths: the agglomerated ones are likely to be induced by radiations,

while the remaining spherical ones are enhanced by irradiations.

5.6.4 Radiation-modified o’ precipitation

This radiation-enhanced precipitation mechanism explains the accelerated cluster
formation under electron irradiation, during which there was no appreciable ballistic
dissolution of Cr cluster nuclei and the cluster Cr content could reach >90 at. % [67].
However, after neutron irradiation at the same temperature, the cluster solute concentration
was reduced to about 85 at. % and the cluster sizes are smaller [5]. A further discrepancy
in the Cr solute content and precipitate size occurs for the high dose rate heavy ion
irradiation results, in which cluster absence or clusters with much lower Cr content were
observed. Considering the reported results and our observations, there is strong evidence
that the steady state condition for o’ precipitation under ion or neutron irradiations at 300-
450 °C is controlled by the irradiation conditions regardless of the microstructural starting
point, as originally suggested by Nelson et al. [100]. Based on the comparison of the
precipitate evolution in annealed vs. aged Fel8Cr at 300-350 °C (Figure 4.8, Figure 4.9,
Figure 4.10), quasi-equilibrium o’ precipitate distributions are achieved already at doses
below 1 dpa. Due to the presence of ballistic dissolution in these energetic displacement

cascade conditions, radiation enhanced precipitation, which considers only the accelerated
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diffusion due to irradiation, is not solely appropriate to explain the o’ precipitation
behavior. Since the precipitate size, number density, and solute concentration all deviated
from their thermal equilibrium values, the radiation modified precipitation processes seem
to be more suitable for describing the observed evolution involving that modify the
precipitate size, number density, and solute concentration are both important.

It must be pointed out that although the formation of o’ precipitates with sub-
equilibrium Cr content is similar to the traditional radiation modified precipitation
phenomenon, the underlying mechanisms are different. The radiation modified
precipitation phenomena were first proposed in the 1980s and involved the contribution of
radiation induced solute segregation (RIS) [200]. Based on our current study and related
prior studies, RIS processes do not appear to be playing a dominant role in o’ precipitation
during heavy ion irradiation [106, 201]. According to refs. [5-9, 98, 172, 202] and our
results, o’ precipitates were observed to be distributed homogeneously in the matrix
without clear association with visible point defect sinks. Although Chromium enrichment
has been observed at dislocation loops in irradiated FeCr alloys [88, 107], the Cr content
at the loops was ~22-35%, which is much lower than the Cr content of o’ phase, and it was
tentatively explained to be related to stabilization of Cr clusters by impurities [88].
Although the chemical compositions of precipitates during irradiation can generally be
changed by either RIS or ballistic mixing/dissolution processes, the lack of direct relation
of o’ with defect sinks, and the consistent trends regarding Cr concentrations in precipitates
and matrix with respect to irradiation temperatures and dose rates in the FeCr alloy systems
indicates that the change of Cr content, quasi-equilibrium precipitate size and number
density primarily results from competition between radiation enhanced diffusion and
ballistic dissolution from ion mixing, instead of the preferential coupling between point
defects and Cr atoms.

The radiation modified precipitation behavior of o’ precipitates generally occurs at
all irradiation conditions. The extent to which the steady state precipitate parameters are
modified from their thermal equilibrium state is determined by the irradiation conditions
including temperature, dose rate and the type of injected particles. During irradiations
performed with protons or electrons, only minor deviations from the thermal equilibrium
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steady state are anticipated due to the absence of displacement cascades. In other words,
the precipitate evolution will be closer to a pure radiation enhanced precipitation behavior,
in which accelerated kinetics is most important. During neutron or heavy ion irradiations
that involves displacement cascades, we observed that higher dose rates tend to slow down
the Ostwald ripening rate and lead to a final steady state with finer and less solute-
concentrated precipitates. Hence, the characteristics of precipitates including radius,
number density and solute concentration could all be potentially modified depending on
the balance between the rates of dissolution and back diffusion. The effect of increasing
dose rate becomes more pronounced at low temperatures and could result in the complete
dissolution of precipitates. Although ion irradiation is a powerful tool to study radiation
related effects and to test the irradiation tolerance of materials, the dose rates normally used
during ion irradiations are 3-4 orders of magnitude higher than what is relevant for fission
or fusion reactor conditions. Since the irradiation dose rate has a significant effect on the
stability of precipitates, great care must be taken to extrapolate the results obtained from

ion irradiation studies to neutron irradiation conditions.
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CHAPTER SIX
CONCLUSION

Key conclusions obtained from this thesis are listed in this chapter. They are
grouped by the 3 sets of irradiation experiments classified by irradiation temperatures and
the type of injected ions.

6.1 300-450 °C heavy ion irradiation

Ultra-high purity Fe-(10-18)Cr specimens were irradiated with 8 MeV Fe ions at a
variety of conditions including dose rates of 10°-10 dpa/s, temperatures of 300-450 °C,
and final midrange doses of 0.37 and 3.7 dpa. The Cr-rich a’ precipitates formed after most
irradiations performed in this study and they were characterized with APT. Analysis of
APT datasets was completed with IVAS and a solute concentration-based cluster searching
algorithm developed by our group, which was found to provide improved self-consistent
results of precipitate size, number density and volume fraction compared to the
conventional maximum separation method. The main conclusions are summarized here:

(1) The critical ion irradiation condition for o’ precipitates to dissolve in Fe-18Cr is
300 °C and 107 dpa/s, which is consistent with earlier experimental results. This behavior
was correctly explained by a modified NHM model concerning the competition between
radiation enhanced diffusion (precipitate re-nucleation and growth) and ballistic
dissolution (precipitate shrinkage). An error in the original NHM model was corrected and
three important modifications for this model were introduced: using a more accurate
estimation of the number of recoils per dpa, which is more than two orders of magnitude
larger than assumed in the original NHM model due to an incorrect displacement cross-
section for medium-mass ions and neglect of the RPA atomic mixing concept in the
original NHM model, consideration of thermal equilibrium solubility effects, and the
available matrix volume fractions, which result in a much better correlation to the

experimental observations.
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(2) At irradiation conditions with higher temperatures or lower dose rates compared
to the critical values, the precipitates were observed to nucleate and grow. The precipitate
radii generally increase with increasing temperature and decrease with increasing dose rate.
The number density of o’ precipitates was highest at 350 °C and decreases with increasing
dose rate at all temperatures. These trends generally agree with the classical nucleation and
Ostwald ripening of precipitates (modified by ballistic dissolution and radiation enhanced
diffusion effects). The decrease in precipitate number density at higher dose rates and lower
temperatures is attributed to the increased ballistic dissolution rate and decreased diffusion
rate to re-nucleate the precipitates, respectively. The Cr concentration in the o’ precipitates
and matrix shows larger deviations compared to their thermal equilibrium values for
irradiations at lower temperatures or higher dose rates, which indicates an increasing
importance of the ejection of solute atoms from the precipitate phase and injection of
matrix Fe into precipitates by displacement cascades at these conditions.

(3) Increasing the irradiation dose from 0.37 to 3.7 dpa led to only slight growth of o’
precipitates at 350 °C, while significant coarsening was observed at 450 °C, which is
attributable to the slower diffusion rate at the lower temperature. The existence of well-
developed o’ precipitates before irradiation has a negligible effect on the precipitate size
and number density after irradiation at 300-350 °C. This indicates that quasi-equilibrium
is achieved relatively quickly (by ~0.37 dpa) under the investigated 300-350 °C, 107 dpa/s
irradiation conditions. This observation agrees with the behavior quantitatively predicted
by the modified NHM model, i.e. the equilibrium cluster size is typically controlled by
irradiation conditions irrespective of the initial starting microstructural state (annealed vs.
aged), and the steady state can be achieved within 0.3-0.4 dpa. However, a convergent
precipitate distribution was not achieved between the annealed and aged specimens after
irradiation at 450 °C to 0.37 dpa, which deviated from the modified NHM model
prediction, and was attributed to the higher recovery rate at this higher temperature. Both
sets of observations suggest that ballistic dissolution processes produce quasi-equilibrium
within 0.3-0.4 dpa at low to intermediate temperatures, whereas normal thermal coarsening

processes dominate at high temperatures.
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(4) All the o’ precipitates observed after ion irradiation have Cr concentrations well
below the equilibrium value, and the corresponding matrix Cr contents are well above the
solvus concentration limit. This can be attributed to kinetic aspects of either the non-
classical nucleation mechanism or the ejection of solute atoms back into the matrix and
injection of solvent Fe into precipitates by energetic displacement cascades. Radiation
modified precipitation processes appear to correctly account for this behavior. The
competition between radiation enhanced diffusion and ballistic dissolution provides a
second path to produce a steady state different than thermal equilibrium compared to the
traditional path through RIS. Both the size and solute concentration in precipitates were
modified by the presence of displacement cascades. The effect of dose rate on precipitate
stability is pronounced at typical ion irradiation conditions and must be considered when
extrapolating high dose rate results for possible applications under lower dose rate fission
or fusion reactor environments.

(5) Three ion-irradiated Fe-18Cr specimens were selected for detailed characterization
and analysis of o’ precipitate distribution at different depths. The surface was observed to
reduce o’ formation within a relatively narrow depth of ~3-4 nm at 350 °C and ~10 nm at
450 °C. It indicates that for the studies focusing on precipitation evolution under ion
irradiations, the surface related artifacts are not very important and can be easily avoided.
However, the implanted ions have a strong suppression effect on the precipitate formation.
The number density of o’ precipitates decreased significantly at 1.5 um after irradiation at
350 °C to the low fluence, and no o’ was observed beyond 1.2 um after irradiation to 10%
higher fluence at the same temperature. Therefore, in order to avoid the implanted ions
related artifacts, the analysis region should be limited to <1.2 um at 350 °C for 8§ MeV Fe
ions and 3.7 dpa mid-range dose. Further shrinking of this region may happen if a higher
ion fluence is used. At 450 °C, the implanted ions have a much weaker suppression effect,
and thus the microstructure characterization can be safely performed up to 1.5 um from the
surface based on our current results. The high dose rate and enhanced cascade overlap at
the peak damage depth to the end of range are not the main reasons for this suppression
behavior, which is more appropriate to be attributed to the reduced radiation enhanced
diffusion rates or increased local Fe-type interstitial concentrations [7].
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(6) The effect of Cr concentrations is studied in this work. o’ precipitates were
observed in Fe-14Cr at most investigated irradiation conditions except for 450 °C, 107
dpa/s. In Fe-12Cr, o’ clusters were detected after irradiation at 300 and 350 °C, but not at
450 °C. No o’ was observed in Fe-10Cr. At 450 °C, the Calphad calculation gives a
reasonable fit to the observed absence of o’ at 10°-10"* dpa/s in the Fe-12Cr specimen, but
107 dpa/s leads to a large deviation from both estimations (Calphad and Bonny). At the
two lower temperatures, large discrepancies in experimental observations from the
equilibrium phase boundary were observed at both 10 and 10 dpa/s dose rates. This
deviation can be explained by the ballistic dissolution effect of displacement cascade,

which dissolves the o’ clusters more effectively at higher dose rates or lower temperatures.

6.2 250-450 °C proton irradiation and 450-500 °C thermal aging

Proton irradiations at 250-450 °C to 2 dpa and thermal aging at 450-500 °C up to 1
year were performed to form Cr-enriched o’ precipitates in high-purity FeCr alloys, and
thus determine the boundary between single/dual phases regions. APT was used to detect
the presence of a’, and to measure the matrix solute concentrations after thermal aging and
proton irradiations.

(1) o’ precipitates were not observed in Fe-12Cr at 450 °C and Fe-8Cr at 350 °C,
which suggests the bulk compositions of these specimens are on the single phase a region.
On the contrary, o’ formed in more concentrated alloys at these two temperatures and all
studied specimens at 250 °C. The measured matrix concentrations and the bulk
compositions of alloys without o’ formation suggested an o - o’ phase boundary that agreed
more with the prediction of Xiong et al [62]. However, the deviation of our experimental
results from their predictions exists at lower temperatures.

(2) From APT reconstructions, most precipitates formed in Fe-18Cr alloys at all
temperatures or more dilute alloys at 350-450 °C were homogeneously distributed and
were likely to be enhanced by irradiations, while the precipitates observed in Fe-5Cr at 250
°C were agglomerated, and a mixture of spherical and agglomerated precipitates were
present in Fe-8Cr and Fe-10Cr at 250 °C. The positional associations of agglomerated
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precipitates with dislocation loops in Fe-5Cr were revealed by STEM-EDS mapping. The
lack of homogeneous a’ in this specimen suggests the agglomerated ones are likely to form
from a radiation induced precipitation method.

(3) After thermal annealing, hardness tests were conducted to measure any hardening
resulting from phase separation, and APT was used to measure the matrix composition of
Fe-18Cr alloys. At both 450 and 475 °C, hardness increase occurs in Fe(15-18)Cr alloys,
but not in Fe(10-12)Cr alloys, which indicates a solubility limit of 12.4-15.2 at. % at this
temperature range. This is consistent with APT characterization of the aged specimens and
proton irradiation results at 450 °C, which implies radiation enhanced rather than radiation-

induced o’ formation at this temperature.

6.3 -123 °C to R.T. heavy ion irradiation

Both FeCu and Fe-18Cr specimens were aged to form nm-scale solute precipitates.
These aged specimens were then irradiated by Fe ions at -123 °C — R.T. to final doses of
0.1 - 0.6 dpa. Solute atom distributions after irradiations were studied by APT.

(1) In both FeCu and Fe-18Cr alloys, precipitate size and number density were not
significantly changed by irradiations up to 0.6 dpa. The largest difference induced by
irradiations is the decrease in precipitate core solute concentrations, which was 12% in the
1.5h aged FeCu specimen and 39% in the 10h aged FeCu specimen, respectively. This
dilution process implies the gradual dissolution of Cu precipitates by displacement
cascades in <1 dpa in FeCu alloy system.

(2) Onthe contrary, Cr precipitates formed in Fe-18Cr after aging for 100h showed no
difference in composition after irradiations up to 0.6 dpa, and solute concentrations only
decreased by 15% in the 900h aged specimens at the highest dose. These results suggest
that Cr precipitates have higher stability than Cu precipitates under heavy ion irradiation
conditions. Considering the higher diffusion of Cu atoms compared to Cr atoms in the Fe
matrix, the reason for the higher stability of Cr precipitates is currently unclear.
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(3) The strong stability of Cr precipitates at temperatures < R.T. also contradicts our
previous irradiation results at 300-350 °C, which may suggest the activation of different

diffusion paths or other physical mechanisms.

6.4 Recommendations for future work

This project studied the evolution of Cr-rich o’ precipitates under heavy ion and
proton irradiations. o precipitates were found to form in a radiation enhanced precipitation
mechanism during proton irradiations at 350-450 °C. The chemical composition of
precipitates was modified by irradiations due to ballistic dissolutions during heavy ion
irradiation at 300-450 °C. Radiation-induced o’ precipitation on dislocation loops was
observed after proton irradiations at 250 °C. So far, some problems are still unresolved,
and the specimens irradiated in this study can potentially be useful for other purposes. The
recommended works are listed below:

(1) o precipitation was observed to be significantly suppressed in the peak to end
range of the Fe-18Cr specimen after irradiation by 8 MeV Fe ions at 350 °C, mid-range 10
4 dpa/s to 3.7 dpa. This suppression is more severe compared to the lower dose and higher
temperature variants. It will be useful to investigate the reasons for this suppression effect
by counting the sink strength of dislocations. Additional rate theory calculations and
irradiation experiments using Cr atoms will also be helpful.

(2) Cr precipitates formed after heavy ion irradiations are homogeneously distributed,
while the ones formed from proton irradiations at 250 °C are agglomerated and correlated
with dislocation loops, which might be associated with the different diffusion mechanisms
of Cr atoms. Since conflicting results regarding the segregation or depletion of Cr atoms at
point defect sinks have been reported (see section 2.2.3), it will be very useful to study the
distribution of solute atoms on dislocation loops in specimens with different Cr
concentrations irradiated by protons at different temperatures. Due to the lack of
displacement cascade during proton irradiations, any inhomogeneity on dislocations will
be much more prominent compared to ion irradiations and thus is less likely to be obscured
by STEM-EDS related artifacts.
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(3) Our cryo-room temperature irradiations suggest very high stability of Cr
precipitates compared to that at high temperature conditions, which doesn’t comply with
the radiation enhanced diffusion VS ballistic dissolution theory. Due to the large gap
between them and the 300-450 °C temperature range, and also the lower dose rates used at
low temperatures, it might be useful to perform additional irradiations at intermediate
temperatures such as 100 and 200 °C, or use the same dose rate as the high temperature

irradiations for comparison.
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