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EXECUTIVE SUMMARY

The mission of the Nuclear Energy Enabling Technologies (NEET) program is to develop cross-
cutting technologies for nuclear energy applications. Advanced structural materials with superior
performance at elevated temperatures are always desired for nuclear reactors, which can improve reactor
economics, safety margins, and design flexibility. They benefit not only new reactors, including
advanced light water reactors (LWRs) and fast reactors such as the sodium-cooled fast reactor (SFR) that
is primarily designed for management of high-level wastes, but also life extension of the existing fleet
when component exchange is needed. Developing and utilizing the modern materials science tools
(experimental, theoretical, and computational tools) is an important path to more efficient alloy
development and process optimization.

Ferritic-martensitic (FM) steels are important structural materials for nuclear reactors due to their
advantages over other applicable materials such as austenitic stainless steels, notably their resistance to
void swelling, low thermal expansion coefficients, and higher thermal conductivity. However, traditional
FM steels exhibit a noticeable yield strength reduction at elevated temperatures above ~500°C, which
limits their applications in advanced nuclear reactors which target operating temperatures above this
temperature. Although oxide-dispersion-strengthened (ODS) ferritic steels have shown excellent high-
temperature performance, their exclusive fabrication technique of mechanical alloying lead to extremely
high cost, limited product fabricability in terms of size and shape, as well as great difficulty with welding
and joining, have limited or precluded their large-scale commercial applications. Zirconium has shown
many benefits to Fe-based alloys such as grain refinement, improved phase stability, and reduced
radiation-induced segregation. The ultimate goal of this project is, with the aid of computational
modeling tools, to accelerate the development of Zr-bearing ferritic alloys that can be fabricated using
conventional steelmaking methods. The new alloys are expected to have superior high-temperature creep
performance and excellent radiation resistance as compared to Grade 91.

Using the Zr-bearing thermodynamic database that has been developed in this project, three groups of
advanced ferritic alloys have been developed with the aid of computational alloy thermodynamics. The
three groups advanced alloys include T—alloys (i.e., 9Cr ferritic-martensitic (FM) steels), Z—alloys (i.e.,
intermetallic-strengthened Fe-Cr-Zr alloys), and L—alloys (i.e., high-Cr ferritic steels). As compared to
the T—alloys, the Z— and L—alloys do not have the ferrite—austenite phase transformation during heating
and cooling, leading to simplified alloy fabrication and possible capability of higher temperature use.
Recently, effect of Ni alloying on phase stability in Fe—Cr—Zr—Ni system, specifically on the stability of
polymorphic Laves phase, was preliminarily assessed by computational alloy thermodynamics, coupled
with selected experiments.

The designed alloys were fabricated using arc-melting and drop-casting, followed by hot rolling and
conventional heat treatments. The control capability of impurities such as S, O, N, and C, especially for
the presence of Zr, Ti, and Ta in alloys, was confirmed by a larger heat of L—alloy production using
vacuum-induction melting from a commercial vendor. A comprehensive experimental studies have been
conducted on the developed alloys to evaluate their hardness, tensile properties, creep resistance, Charpy
impact toughness, and aging resistance, as well as resistance to proton and heavy ion (Fe*"). Relevant
microstructure characterization was conducted using optical microscopy, SEM, EBSD, XRD, TEM, and
EDS. Vicker’s microhardness and nanoindentation technique were employed to measure radiation
hardening. The project has been primarily focused on the T— and Z—alloys because the L—alloys exhibited
the lowest strength and the highest radiation hardening among the three groups of alloys.

As compared to P91, the T—alloys exhibited ~300 to 100 MPa increases in yield/tensile strength from
room temperature to ~750°C. The Z—alloys showed comparable or slightly lower yield strength than P91

xvii



at temperatures below ~600°C, above which the Z-alloys exhibited higher yield strength approaching the
T-alloys. Microstructural characterization and the modeling of strengthening elements suggest that the
notable strength increase of the T—alloys is primarily attributable to the significantly increased amount of
ultrafine MX (M = metal, X = C/N) type nanoprecipitates. In contrast, the Z—alloys are primarily
strengthened by the network of eutectic structure. The T— and Z—alloys had increased creep lives by 2 to
4 times of the P91 tested at 650°C and 110 MPa. The increased amount of MX nanoprecipitates in the T—
alloys helped pin the subgrains during creep. Many ultrafine particles (~10 nm) were randomly formed in
the Z—alloys during the creep test, which helped improve creep life without impairing creep ductility.
Thermal aging at 600 and 700°C for up to 10,200 h indicated that aging-induced softening in T—alloys,
but slight aging hardening in Z—alloys. The higher aging temperature resulted in greater softening in T—
alloys, but less hardening or becoming softening in Z—alloys. Alloying Ta in T—alloys exhibited greater
aging resistance. The minor Zr alloying in T—alloys showed trivial beneficial effect on aging resistance.
The decreasing amount of Laves phase in Z—alloys resulted in the change of aging hardening to softening.
Charpy V-notch impact tests showed the significant improvement in impact toughness of T—alloys as
compared to P91. However, the impact toughness of Z—alloys was significantly lower, which needs to be
further investigated and developed.

Ton irradiation experiments using proton and heavy ion (Fe’") have been conducted on the developed
alloys to ~1 dpa at 420°C and ~50 dpa at 400°C, respectively. Vicker’s microhardness measurements
indicated the largest radiation hardening of the L—alloys (~120%) and the smallest hardening of the T—
alloys (~15-40%) after ~1 dpa irradiation. The Z—alloys exhibited a large variation in hardening (~30—
90%), suggesting a strong microstructure effect. XRD and STEM/EDS investigations suggested the
formation of a large amount of radiation-induced precipitates in the L—alloys and a small amount in the
Z—alloys, but negligible in the T—alloys, which is qualitatively consistent with the largest hardening of the
L-alloys and the smallest hardening of the T—alloys. Detailed microstructural characterization was
conducted on the Z6 and T12 alloys as representatives of the Z— and T—alloys. Proton-irradiation resulted
in the disappearance of pre-existing large amount of short dislocation threads and the formation of many
unknown polyhedron-shaped defects within the ferritic grains, but did not result in phase and chemistry
changes to Laves phase in Z6 alloy. In contrast, Fe-irradiation resulted in predominant <100> type
dislocation loops in ferrite grains and amorphization of Laves phase within the zone of >~25 dpa. The
effect of Laves phase amorphization on mechanical properties is not clear, but which may be beneficial
radiation resistance improvement. Unlike the radiation-induced segregation (RIS) of slight Zr-enrichment
at popular low-angle boundaries of the ferritic grains in proton-irradiated Z6 alloy, Fe-irradiation did not
result in detectable RIS. Proton-irradiation did not result in significant changes to the microstructure of
T12 alloy, except for the formation of (Cr,W)-rich carbides with undefined crystal structure at grain
boundaries. Fe-irradiation mainly resulted in a high density of predominant <100> type dislocation loops
in T12 alloy, which are about 1/3 in size but one order of magnitude higher in density than the loops in
the Fe-irradiated Z6 alloy. RIS was not detected in the proton- and Fe-irradiated T12 alloy.

According to the experimental results, the TT—series alloys and Z—alloys showed promising
mechanical properties and radiation resistance. The TT—series alloys exhibited superior strength and
impact toughness with excellent microstructure stability under the ion irradiation conditions. Despite the
superior high temperature strength and decent (or superior) radiation resistance of Z—alloys, this group of
alloys requires further development to have balanced mechanical properties and radiation resistance, as
well as to have better understanding of their underlying mechanisms.
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1. BACKGROUND

Nuclear power currently provides a significant fraction of the United States’ non-carbon emitting
electric power generation. In future years, nuclear power must continue to generate a significant portion
of the nation’s electricity to meet the growing power demand, carbon-free energy goals, and to ensure
energy independence. New reactors will be an essential part of the expansion of nuclear power.
However, given limits on new builds imposed by economics and industrial capacity, the extended service
of the existing nuclear fleet will also be required. Advanced structural materials with superior
performance at elevated temperatures are always desired for nuclear reactors because they can improve
reactor economics, safety margins, and design flexibility. They benefit not only new reactors including
advanced light water reactors (LWRs) and fast reactors such as sodium-cooled fast reactors (SFRs)
primarily designed for management of high-level wastes, but these new materials also improve life
extension of the existing fleet when component exchange is needed.

Ferritic-martensitic (FM) steels are an important category of structural materials because of their
outstanding resistance to radiation-induced void swelling (e.g., ~1 vol.% per 100 displacements-per-atom
(dpa) in FM steels versus ~1 vol.% per 10 dpa in austenitic stainless steels at temperatures above 300°C
[1]), high thermal conductivity, and low thermal expansion coefficients compared to austenitic stainless
steels [2]. The body-centered cubic (bcc) structure of ferrite provides the inherent resistance to void
swelling compared to the face-centered cubic (fcc) structure of austenitic alloys [3]. The formation of
martensite followed by the tempering treatment introduces a large amount of lath boundaries and
dislocations into the ferrite matrix, leading to refined precipitates and increased strength with decent
fracture toughness [4]. However, the dislocations and lath boundaries are not stable at elevated
temperatures, resulting in softening due to the impaired pinning effect induced by the instability of
precipitates [4,5]. Zirconium (Zr) has shown many benefits to Fe-based alloys, such as introduced
ultrafine new phases, improved coarsening resistance of Zr-bearing phases [6], and reduced radiation-
induced segregation (RIS) [7,8]. Thus, it is expected that Zr has a beneficial role in improving high-
temperature performance. This project’s goal is to develop Zr-bearing ferritic alloys aided by
computational alloy thermodynamics.

In contrast to traditional experimental trial-error methods, computational alloy thermodynamics (a
scientific approach to systematically study the relationship between thermodynamic properties and phase
stability) provides effective and economic practices for alloy development. The primary microstructures
of new alloys can be simulated on a desktop computer within a short period of time, which guides the
design of new alloys for experimental verification and performance examination. To facilitate the
development of Zr-bearing ferritic steels, a thermodynamic database of Fe-C-Cr-Mo-Nb-Ti-W-Zr had
been developed in Year 1 of this project. The computational thermodynamics tool helped the design of
Zr-bearing ferritic steels in three groups: (I) 9Cr FM (named as T—alloys), (II) intermetallic-strengthened
ferritic alloys (named as Z—alloys), and (III) high—Cr (> 12Cr) ferritic steels (named as L—alloys).

During the course of alloy development and testing activities in the first two years of this project, the
composition of T—alloys has been refined as 0.08-0.12 C, 8.3-8.8 Cr, <1.0 Mn, 0.10-0.25 V, 1.0-1.5 W,
<0.15 Ni, <0.2 Si, <0.10 Nb/Ta, <0.15 Ti, <0.06 Zr; Z—alloys as 8-12 Cr, 3-8 Zr, 1-2 W, <0.5 Mo,
<1.0 Mn, <0.5 Si; and L—alloys as <0.02 C, 15 Cr, 1-3 W, <1 Mo, <0.4 Nb, <0.5 Mn, <0.2 Si, and
<0.06 Zr with Fe as balance. Development and investigation of L—alloys were discontinued in the second
year of this project because of their mediocre mechanical properties as compared to Grade 91 and their
significant hardening after proton irradiation to ~1 dpa at 420°C [9,10]. T-alloys and Z—alloys exhibited
strength superior or comparable to Grade 91. Under the same proton irradiation as the L—alloys, T—alloys
showed slightly lower hardening than Grade 91. In contrast, Z—alloys showed a large variation in
hardening, suggesting noticeable alloy composition effect.



This report summarizes the continued development and testing results of T—alloys and Z—alloys in the
third year, as well as the accumulated results from the previous two years of this project. It describes the
alloy design, strengthening mechanism, thermal aging resistance, Charpy V-notch impact toughness,
effect of nickel on phase stability of Z—alloys, and radiation resistance of the developed alloys.



2. COMPUTATIONAL THERMODYNAMICS AIDED ALLOY DESIGN

2.1 COMPUTATIONAL THERMODYNAMICS

Thermodynamic properties of phases in the Fe-C-Cr-Mo-Nb-Ti-W-Zr system were modeled for the
development of Zr-bearing ferritic steels. Computational thermodynamics based on the CALPHAD
(CALculation of PHAse Diagram) approach [11] is used to develop thermodynamic models of phases in
this multicomponent system. The essence of this approach is to develop self-consistent thermodynamic
models of phases which cannot only describe thermodynamic properties but also phase equilibria of
materials. The most important component of computational thermodynamics is to develop the
thermodynamic database that is a compilation of Gibbs Energy functions of phases in a system. For each
Gibbs energy function, there are two components, thermodynamic models and model parameters. The
most frequently used models are solution, compound energy formalism, and line compound [12]. The
model selection is based on the crystal structures, defect types and ordering information of phases. Model
parameters are optimized based on experimental data such as phase boundary and thermodynamic
property measurements such as activity and enthalpy of formation. Successful thermodynamic modeling
requires simultaneously satisfying different properties of phases using one set of Gibbs energy functions.
For multicomponent systems where the experimental information is often lacking, the advantage of this
approach is that the Gibbs energies of multicomponent phases can be derived from its constituent lower
order systems through different geometric rules such as Redlich-Kister expansions [13]. Based on the
obtained Gibbs energies, phase property such as fraction (mole, weight and volume), composition,
solidus, liquidus at different temperatures and alloy compositions in an unknown system can be calculated
by numerically finding the lowest energy minimum of the system. The software used in this work for
computational thermodynamic calculation is Pandat [14].

2.2 ALLOY DESIGNS

Using the thermodynamic database and computational tool that were developed in Year 1 of this
project [15], three series of alloys have been explored. A number of alloys have been designed in each
alloy series. The detailed compositions of the alloys are not presented here due to potential proprietary
concerns. Examples of the alloys in each alloy series can be found in the previous report [16].

2.2.1  9Cr FM Steels (T-Alloys)

This group of alloys is designated as T-series alloys (Fe-9CtWMoVNbTaTiZr). The T-series FM
steels have 9 wt.% Cr and are alloyed with W and Mo for solution strengthening, which favors Laves
phase, and Nb, Ta, Ti, and Zr for precipitates (primarily MX-type) strengthening. The 9Cr FM steels are
considered because they have lower d-ferrite formation tendency, lower o’ formation tendency under
irradiation, and lower tendency to increase the ductile-brittle transition temperature (DBTT) under
irradiation, as compared to 12Cr FM steels. The properties generated from this series of alloys will be
compared to the commercial 9Cr FM steels such as P91 and/or T91.

The calculated temperature-dependent mole fraction of phases in a T-alloy, named as TTZ1, is shown
in Figure 6. The calculated phase fraction of a NIMS heat of P91 [17] is plotted in the same scale in Figure
6 for comparison. Similar to P91, a conventional 9Cr FM alloy, the T-alloy is primarily composed of
austenite at high temperatures with a decent range of austenite temperature window, at which
normalization treatment is usually conducted, e.g., ~1100°C. The alloying of additional ferrite stabilizers
in the T-alloy slightly reduced the austenite temperature window as compared to P91. Ferrite primarily
exists at intermediate and lower temperatures, at which tempering is usually conducted, e.g., ~750°C.
Similar to P91, this series of alloys experiences the ferrite-austenite phase transformation at temperatures



between about 800 and 850°C. Figure 6 shows a fraction of y-axis ranging from 0-0.025 to facilitate the
reading of phases with small fractions. Three precipitate phases, designated as MX (primarily carbides),
M,3Cs and Laves phase, are predicted in the T-alloy. In contrast, an additional phase, designated as Z-
phase, is predicted in P91 at low temperatures, which is transformed by consuming the preferable MX
(primarily nitrides) precipitates. Comparing to P91 in Figure 6, the T-alloy satisfies the following alloy
design expectations of this alloy series: 1) increased amount of MX, 2) reduced amount of M,3;Cq, and 3)
suppressed the formation of Z-phase.
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Figure 1. Calculated temperature-dependent mole fraction of phases in a T-alloy as compared to P91.



2.2.2 Intermetallic-Strengthened Fe-Cr-Zr Alloys (Z—Alloys)

This group of alloys is designated as Z-series alloys (Fe-12CrZrWMo). The Z-series alloys are Fe-
base ferritic alloys, primarily composed of 12 wt.% Cr and different amounts of Zr with some alloying of
W, Mo, Si, Mn, and Ni. The Z-series alloys develop Fe,Zr-type Laves phase during solidification,
leading to fine eutectic microstructures, and form intermetallics following thermomechanical treatment.

Based on the Fe-Cr-Zr ternary phase diagram, the eutectic composition of the Bec_a2 (ferrite) and
Fe,Zr Laves phases is ~14 wt.% Zr [18]. Z-series alloys are designed to form in-situ composites of Fe,Zr
and Bcc_a2 by forming ultra-fine eutectic microstructure from liquid. The Fe,Zr intermetallic compound
is designed as a strengthening component, and the Bee a2 phase provides necessary toughness. The
relative amount of each phase is critical to reach a balance of mechanical properties. The Fe,Zr phase has
a hexagonal Laves C14 structure. It should be noted that there is a substantial amount of Cr participating
in the Fe,Zr C14 Laves phase. In addition to Cr and Zr, small amounts of Mo, W, Si, Mn, and Ni were
also added to tune the properties of materials. The calculated temperature-dependent mole fraction of
phases in Z-alloys with alloys Z6, Z7, and Z9 as examples are shown in Figure 9. The Z-alloys are located
in the primary phase region of Bcc_a2. Their solidification path is Liquid—Bcc_ A2 followed by the
eutectic reaction of Liquid—Bcc A2+Fe,Zr. The major difference from Z6 to Z9 is the composition of
Zr which decreases in sequence, directly leading to the sequential reduction of eutectic in microstructures.
In alloy Z6, the polymorphic Laves C15 (cubic) structure of Fe,Zr could form, depending on the heat
treatment or testing temperature. In alloys Z7 and Z9, only Laves C14 phase is stable. Compared to T-
alloys, Z-alloys do not have a ferrite-austenite phase transformation.
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Figure 2. Calculated temperature-dependent mole fraction of phases in Z-alloys (a) Z6, (b) Z7 and (c) Z9.

2.2.3 High-Cr Ferritic Steels (L—Alloys)

This group of alloys is designated as L-series alloys (Fe-15CrWMoNbTiZr). The L-series alloys are
Fe-base ferritic steels, having 15 wt.% Cr and alloyed with W, Mo, Nb, Ti, and Zr. Carbonitrides of Zr,
Ti and Nb help grain refinement. Laves phase, primarily Fe,W-type, precipitates from the ferritic matrix
through solid-state reaction during testing and services, which acts as secondary strengthening mechanism
in addition to the primary solid solution strengthening. This series of alloys is anticipated to have better
corrosion resistance than the lower Cr steels and less stress corrosion cracking (SCC) issues compared to
300-series austenitic stainless steels.

Figure 8 shows the calculated temperature-dependent mole fraction of phases in L-alloys with alloys
LTZ1 and LNTZ as examples. Similar to the Z-alloys, L-alloys are fully ferritic matrix below their
melting points. The major difference between alloys LTZ1 and LNTZ is the amount of Laves phase and



MX. Alloy LNTZ has an additional c-phase. As compared to the Z-alloys with 12Cr, the 15 Cr L-alloys
favor the formation of a._ Cr phase at higher temperatures in greater amounts.
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3. ALLOY FABRICATION AND MICROSTRUCTURAL CHARACTERIZATION

3.1 ALLOY FABRICATION

Due to the similarity between the T-alloys and P91, the experience on steelmaking and welding of
P91 can be directly borrowed for the T-alloys. The lack of ferrite-austenite phase transformation during
heating and cooling in the Z- and L-alloys simplifies their steelmaking processes and allows for higher
application temperatures as compared to FM steels. Lab-scale small heats with weight up to ~0.9 kg were
melted using arc-melting in argon back-filled atmosphere with titanium and zirconium getter, which were
then drop-cast into 2.5 x 2.5 cm” cross-section bars. The nominal compositions of the fabricated three
groups of alloys are listed in Table 1. The blanket cells in the Table denote the impurities controlled to be
the minimum levels using best efforts.

Table 1. Nominal compositions (wt.%) of the tested T—, Z—, and L—alloys.

Alloy C Cr Mn Si \ Zr Ti Mo \Y Nb Ta
Tl 0.1 88 05 01 04 0.04 09 025
2 T2 0.1 88 05 01 12 0.05 05 025
2 T3 005 8 05 01 13 006 012 05 0.08
$ TTITI2 01 85 05 01 14 0.15 0.2 0.1
“ TryT22 01 85 05 01 14 0.15 0.1
TTZI 01 85 05 01 14 0.02 0.5 0.2 0.1
73 8 15
74 12.5 14
2 Z5 8.2 8
= Z6 9 1 11
N z7 12 2 7 1
Z8 12 2 5 1
79 12 06 2 4 1
c LTI 15 05 01 25 1.4
g Lz1 15 05 01 4 08
T LTZI 15 05 01 3 007 14
= LNTZ 15 05 02 15 003 015 1 0.35

An example of impurity control results of the as-cast bars in terms of the amounts of impurities of
oxygen (O), sulfur (S), and nitrogen (N) is listed in Table 2. Among the alloys, only alloy T1 has
intentionally alloyed nitrogen. The contents were analyzed using Instrumental Gas Analysis (IGA).
Impurity S was well controlled to an acceptable low level, ranging from 21 to 33 ppm (part-per-million).
However, impurity O level was more difficult to control, which ranged from 35 to 460 ppm. The
variations in the impurity O level were not closely dependent on the alloyed amount of Zr and/or Ti that
have high affinity to oxygen, which suggests the uncertainties of each arc-melting practice. The N level
could be relatively well controlled down to <10 ppm by best effort. To examining impurity O level
control capability for larger heats, alloy LNTZ (~12.7 kg) was fabricated using vacuum induction melting
(VIM) by Carpenter Technology Corporation. The analyzed impurity results of alloy LNTZ heat may
suggest that impurity O level can be well control at industrial facilities. Furthermore, the application of
VIM or electro-slag remelting at industrial facilities is expected to further reduce the impurity content.



Table 2. Chemical analysis results (wt.%) of O, N and S in the T—, Z—, and L-alloys.

Alloy O N S

T_alloys T1 0.0079 0.047 0.0021

T2 0.0039 <0.001 0.0024

Y4 0.023 0.0052 0.0022
Z—alloys Z8 0.0072 0.0034 0.0027

79 0.0071 0.001 0.0033

LT1 0.046 0.0051 0.0028

LZ1 0.016 0.035 0.0029
L-alloys

LTZ1 0.013 <0.001 0.0026
LNTZ 0.0035 0.0019 0.001

The as-cast bars of the alloys were subjected to homogenization heat treatment and hot rolling,
followed by heat treatment and air cooling. A homogenization process, which was about 0.8 of the
melting temperature of the alloys or as low as the normalization temperature, was conducted on the alloys
to obtain homogenous chemical compositions in micro-volumes. Hot rolling was applied to the annealed
ingots to achieve more than 50% thickness reduction. Cross-rolling was also applied to improve the
straightness of the work pieces and reduce textures developed during the rolling processing. Significant
amounts of dislocations have been generated during the rolling, which not only increase alloy strength but
also serve as nucleation sites of precipitates during the following processing and testing. The Z— and L—
alloys were air cooled to room temperature after the hot rolling processing. In contrast, the T—alloys were
subjected to normalization at about 1100°C after the hot rolling to dissolve as much as possible
precipitates in the austenite matrix. The normalized T-alloys were water quenched to ambient
temperature and then tempered at 750°C followed by air-cooling. The times for the different types of
heat treatments ranged from 15 to 60 min. depending on the applied temperature and the thickness of the
work pieces.

Other the above-mentioned conventional processing, preliminary thermomechanical treatment (TMT)
was explored on some of the T—alloys. Hot-rolling with >50% reduction was applied to the alloys at
normalization temperature, after which the work pieces were quenched in water, followed by tempering at
750°C and air-cooling.

3.2 MICROSTRUCTURAL CHARACTERIZATION

Optical microscopy (OM), scanning electron microscopy (SEM), electron backscatter diffraction
(EBSD), transmission electron microscopy (TEM), energy dispersive x-ray spectroscopy (EDS), and x-
ray diffraction (XRD) have been primarily employed to characterize the microstructures of the alloys in
the as-fabricated and tested conditions. Different imaging modes have been employed to better elucidate
microstructural distinctions, which are described in the following sections.



4. STRENGTHENING MECHANISM

4.1 IMPROVEMENT IN YIELD STRENGTH

Type SS-3 miniature specimens were used to screen tensile properties of the alloys due to the limited
heat size. The specification of this type of specimens is shown in Figure 4. The specimens were machined
from the heats with specimen length parallel to the longitudinal direction of the heats. Tensile testing was
conducted on the specimens at temperatures from ambient temperature up to 800°C in accordance with
the American Society for Testing and Materials (ASTM) standard E8/E8M-13a, Standard Test Methods
Jor Tension Testing of Metallic Materials, and E21/E21M-09, Standard Test Methods for Elevated
Temperature Tension Tests of Metallic Materials. Tests were performed using an MTS tensile testing
system with a load cell possessing 22 kN (5,000 Ibf) capacity, which is integrated in the load train and
placed in the water-cooled zone below the hot zone of the furnace. Due to the small specimen size, an
extensometer was not used during the tests. Tensile testing was performed at a crosshead speed of
0.0076 mm/s (0.018 in./min), corresponding to a nominal strain rate of 0.001 s '. The tensile testing
system, load cells, and furnace thermocouples were regularly calibrated.

Sampe
lotters o

typ. - 4 places W1 =0.060 20,001
W2 = 0.0005 10 00010 greater than W1
. ) . i with smooth transison from W1 10 W2
Specimen identification:

Notes
1. Tolerances H H

XXX = 30,01 SS-3 Tensile Specimen

XXX 20.005
2. All machined surfaces, 32 finksh or batter, Drawing #: NMST-062905
3. No burrs. Keep sharp edges on entire spedmen. Drawn by: Eric Mannescheict

Figure 4. Specification of type SS-3 specimen (unit: inch).

41.1 T-Alloys

Examples of tensile stress-strain curves of alloys TT1 and TTZ1 in the as-received (AR) and a TMT
conditions are shown in Figure 5. Only the testing temperatures of 24, 400 and 700°C are included in this
figure with each line denoting one alloy. The 400°C test temperature was included because 9-12Cr FM
steels usually exhibit the minimum total elongation around this temperature. Figure 5 indicates that the
two T-alloys have very similar tensile properties with strength decreasing with the increasing testing
temperature and the minimum total elongation at 400°C as compared to the testing at 24 and 700°C. The
minor Zr-bearing (0.02 wt.%) in alloy TTZ1 as compared with alloy TT1 exhibited slight improvement in
ductility at the test temperatures in both the AR and TMT conditions. The major difference in Figure 5 is
that the elongations of the T-alloys in the TMT condition are significantly greater than the alloys in the
AR condition. The uniform elongations of the TMT samples are also noticeably greater than those of the
AR samples tested at room temperature.
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Figure 5. Typical tensile stress-strain curves of the T-alloys in the AR and TMT conditions.

To have a clear picture on the effect of testing temperature on strength and elongation, the testing
results of yield strength and total elongation of the T—alloys are plotted as a function of testing
temperature up to ~750°C as shown in Figure 6 with each line denoting one alloy. The results of P91 from
the National Institute for Materials Science (NIMS) Creep Data Sheet No. 43 are included for
comparison. In general, the six T—alloys exhibited similar yield strength that is higher than P91, e.g., up
to ~300 MPa higher at room temperature and up to ~100 MPa higher at 700°C. Similar to other general
alloys, the increased strength was compensated by some reductions in total elongation. Considering the
miniature size of type SS-3 specimens, which has a gauge cross-sectional area about 1/68 of the P91 as
schematically shown in the inset of Figure 6, the total elongations at room temperature of the T-alloys
comply with the minimum requirement of 10.96% (= 32¢+ 10.00, where ¢ = 0.03 in.) according to the
ASTM standard A335/A335M-11, Standard specification for seamless ferritic alloy-steel pipe for high-
temperature service. Furthermore, the total elongation of the T-alloys in the TMT condition as shown in
Figure 5 is close to P91 at room temperature.
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Figure 6. Temperature-dependent yield strength and total elongation of T—alloys as compared with P91.
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Microstructural characterization did not reveal noticeable difference caused by the trace amount of Zr
addition, as shown in Figure 7 with fully developed lath structures in alloys TT1 and TTZ1. However,
pronounced distinction was observed between T—alloys and P91 with Figure 8 as an example showing
bright-field (BF) TEM images of a T—alloy as compared with P91. In addition to the few large particles
(~50-100 nm) decorating the prior-austenite grain boundary at the lower left corner of the T—alloy, a high
density of ultrafine precipitates (<10 nm) dispersed in the matrix together with many free dislocations. In
contrast, only a few precipitates (~20—100 nm) are distributed in the matrix of P91.

Figure 8. Bright-field (BF) TEM images of a T-alloy as compared with P91.

In general, there are three types of primary strengthening elements in FM steels, such as subgrain
(lath) boundaries, precipitates, and free dislocations. The contribution of subgrain boundaries to strength
can be estimated by oy, = kGb/A, Where k is a constant (= 10), G is the shear modulus (= 86 GPa at
room temperature), b is the Burgers vector (= 0.25 nm), and Ay, is the width of the lath boundaries.
Precipitate strengthening is often estimated by the dispersed barrier model following Orowan mechanism
as Oppt = aMGb(Nd)"?, where a is the strength factor calculable according to Ref. [19], M is Taylor factor
(= 2.9 for body centered cubic), and N and d are the volume number density and diameter of the
precipitates, respectively. Free dislocation strengthening can be estimated by i = 0.5MGb(pais) ",
where pgiq 1s the density of free dislocations. The characterized size and density of the MX precipitates
and the density of free dislocations and subgrain boundaries are listed in Table 3. The resultant strength
from the three strengthening elements, estimated according to the respective equations, is also included
for both a typical T-alloy and P91 in Table 3. The calculation suggests 768 MPa and 521 MPa for the
T-alloy and P91 at room temperature, which are approximately consistent with the tensile tested results as
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shown in Figure 6. The strengthening contribution from the coarse particles of M,3C is negligible
because of its low density on the order of 10" m™ or less. The three strengthening elements exhibited
different levels of increase in strength of the T-alloy as compared to P91. Subgrain boundaries have the
highest contribution to strength in both of the steels. The notable strength increase of the T—alloy is
primarily attributable to the significantly increased amount of ultrafine MX nanoprecipitates.

Table 3. Comparison of strengthening elements in T-alloys and P91.

Size of MX (7, nm) ~5 ~20 ~0.3 times

Density of MX (N, m ) Close to 107 10* ~50 times

Density of dislocations (pgig, m ) 10" Close to 10" ~5 times

Subgrain boundaries (4, nmM) 400 500 ~0.7 times
Dislocation strengthening: o4 (MPa) 312 220 92
Precipitate strengthening: oyx (MPa) 451 195 256
Subgrain boundary strengthening: o, (MPa) 538 430 108
Overall strength: \/a,zv,x + 055 + 02, (MPa) 768 521 247

4.1.2 Z-Alloys

Similar to Figure 6, the temperature-dependent yield strength and total elongation of the developed Z—
alloys as compared with P91 are shown in Figure 9. As compared with P91, the Z—-alloys generally have
comparable or slightly lower yield strength at temperatures below ~600°C, above which the Z—alloys
exhibited higher yield strength approaching the yield strength of T—alloys in Figure 6. In general, the Z—
alloys exhibited total elongation comparable to the T—alloys at temperatures below ~400°C, above which
the Z—alloys had superior total elongation approaching P91.
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Figure 9. Temperature-dependent yield strength and total elongation of Z—alloys as compared with P91.
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The Z—alloys are primarily strengthened by the network of eutectic structure as shown in Figure 10.
The eutectic structure is composed of Zr-bearing Laves phase in bright and ferrite phase in grey. The
ferrite matrix is confined as cells by the eutectic network. Further information can be found in Ref. [20].
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Figure 10. Backscattered electron images (BEIs) of Z-alloys (e.g., Z4, Z7, and Z9) showing eutectic network
confined ferritic matrix cells.

4.1.3 L-Alloys

Temperature-dependent yield strength and total elongation of two L—alloys in the AR and TMT
conditions are shown in Figure 11 with each line denoting one alloy in the respective condition. The data
of P91 are included for comparison. The L—alloys in the AR condition had lower strength and higher
total elongation than P91. The TMT increased the strength of the L—alloys to be comparable to P91 but
decreased their total elongation lower than P91. This series of alloys is expected to precipitate Laves
phase during thermal aging as shown in Figure 12 with the appearance of many bright particles in sub-
micrometer sizes at boundaries and within matrix of alloy LNTZ after aging at 700°C for 7,800 h.
Vicker’s hardness measurements after the aging did not show noticeable changes from the AR condition,
i.e., 1764 HV1 of the aged condition as compared with 17910 HV1 of the AR condition.
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Figure 11. Temperature-dependent yield strength and total elongation of L-alloys in the AR and TMT
conditions as compared to P91.
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Figure 12. Backscattered electron images (BEIs) of alloy LNTZ in the AR and aged (700°C for 7800 h)
conditions.

4.2 IMPROVEMENT IN CREEP RESISTANCE

Creep tests were conducted using the type SS-3 specimens primarily at 600 and 650°C. The tests
have been primarily conducted on the T— and Z—alloys. The L-alloys were not included in the tests
because of their mediocre tensile performance and remarkable radiation hardening (as described in the
later section). Figure 13 shows the creep stress as a function of Larson-Miller parameter (LMP) of the
tested specimens of T— and Z—alloys in open circles and triangles, respectively. The literature data of P91
from the National Institute for Materials Science (NIMS) Creep Data Sheet No. 43 are plotted in the
figure with plus signs and a solid fitting line. Most of the tested specimens exhibited superior creep
strength as compared to P91 at higher stress and lower LMP, corresponding to the lower test temperature
and/or shorter creep lives. At the higher test temperature, the tested specimens exhibited comparable or
slightly inferior creep strength. The significantly smaller test specimens, with a gauge cross-sectional
area about 1/68 of the P91 as schematically shown in the inset, may have impaired the creep resistance of
the T— and Z-alloys at the higher test temperature.
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Figure 13. Larson-Miller parameter plot of the tested T— and Z-alloys as compared with P91.
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Figure 14 shows typical creep curves of a T-alloy and a Z-alloy tested at 650°C and 110 MPa. The
data of P/T91 tested at the same condition are extracted from the NIMS Creep Data Sheet No. 43 and
included in Figure 14. Noticeable improvement in creep life was observed for the T-alloys and Z-alloys as
compared to P/T91. In general, Z-alloys had longer creep life than T-alloys, as well as higher creep strain
comparable to P/T91. Similar to the tensile tests, the miniature type SS-3 specimen is expected to have
constrained creep strain as compared to the P/T91 because of the significantly smaller gauge cross-section
area of type SS-3 specimen that is about 1/68 of the gauge cross-section area of the P/T91 specimen.
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Figure 14. Creep curves of T-alloy and Z-alloy as compared with the data of P/T91 at 650°C and 110 MPa.

Figure 15 shows the TEM images of the creep-ruptured T-alloy at 650°C and 110 MPa at the tab and
gauge sections in both BF and dark-field (DF) modes. The tab section, under negligible stress during the
creep test, shows a narrow lath without noticeable recovery. Many nanoprecipitates exist in the matrix
with some viewable particles pinning the right lath boundary. In contrast, the gauge section, under
significant stress during the creep test, shows some recovery, e.g., ~500 nm subgrains in the BF image of
the gauge section. A large amount of dislocation line approximately perpendicular to g»oo formed in the
subgrains. The DF image of the gauge section shows some nanoprecipitates in white but many
nanoprecipitates in grey that are deviated from the diffraction condition. The nanoprecipitates at the
gauge section have size and density comparable to those at the tab section. The observation indicates that
subgrain recovery is still the primary softening mechanism of the T-alloys, which is similar to
conventional FM steels. The greater creep life of T-alloys as compared to P/T91 suggests that the
T-alloys have smaller recovery levels than P/T91. Detailed microstructural analysis is still needed to help
understand the mechanism of the improved creep life of the T-alloys.
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Figure 15. Microstructural comparison between the gauge and tab sections of a creep ruptured T-alloy at
650°C and 110 MPa.

Figure 16 shows the BF image at the gauge section of the creep-ruptured Z-alloy tested at 650°C and
110 MPa. Many ultrafine particles with size about 10 nm are shown in the BF image with randomly
orientated lattice fringes. The selected area diffraction pattern captured from this area shows a ring
pattern of the particles on a [111] ferritic single grain matrix, which confirms the random orientation of
the ultrafine particles. The ultrafine particles were formed during the creep test, which strengthened the
alloy and extended its creep life. In the meantime, it seems that the dynamic precipitation of the ultrafine

particles during the creep test did not impair creep strain.

Figure 16. Microstructure of the gauge section of a creep ruptured Z-alloy at 650°C and 110 MPa.
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5.  THERMAL AGING RESISTANCE AT 600 AND 700°C

Type SS-3 specimens of T— and Z—alloys were sealed separately in argon back-filled quartz tubes
which were aged in box furnaces at 600 and 700°C. The 600 and 700°C thermal aging had achieved up to
10,200 h. Tensile tests of the aged specimens were conducted at room temperature and the aging
temperature (i.e., 600 and 700°C). Their tensile properties are compared to the control condition without
the aging.

Figure 17 and Figure 18 show the changes of yield strength, tensile strength, and total elongation at
room temperature of the aged specimens as compared to the control specimens. The T—alloys exhibited
softening with reduced yield/tensile strength and increased total elongation after the aging at 600 and
700°C. The higher aging temperature resulted in greater softening. Alloy TTZ1 with a small amount of
Zr alloying into alloy TT1 led to reduction in the softening at both 600 and 700°C. In contrast, alloy Z6
showed some (~10%) hardening after the aging at both 600 and 700°C for 5,000~6,000 h. The aging
temperatures did not result in noticeable difference in the hardening. However, the higher aging
temperature (700°C) tended to have hardening without impairing total elongation of alloy Z6. The longer
time (10,200 h) aged T—alloys were subjected to a secondary normalization and tempering treatments
prior to the aging at 600°C. The aging resulted in up to ~20% reductions in strength accompanied with
<14% increases in total elongation, which is comparable or slightly superior to the 5,906 h aging at 600°C
of the T—alloys. The significant distinction between the T3t and the TT-series suggests the beneficial
effect of Ta alloying on improving aging resistance. In contrast, slight aging hardening was observed in
the Z—alloys with some reductions in total elongation at 600°C. The higher aging temperature at 700°C
tended to diminish radiation hardening with somewhat greater reductions in total elongation of the Z—
alloys. With the decreasing amount of Laves phase from Z6 to Z9 alloys, the Z—alloys changed from
aging hardening to aging softening. Unlike the aging softening in the T—alloys, however, the aging
softening in Z9 alloy was accompanied with reduction of total elongation.
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Figure 17. Changes of yield strength (YS), tensile strength (TS), and total elongation (EL) at room
temperature of the T— and Z-alloys after aging at 600 and 700°C for 5,906 and 5,236 h, respectively.
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Figure 18. Changes of yield strength (YS), tensile strength (TS), and total elongation (EL) at room
temperature of the T— and Z-alloys after aging at 600 and 700°C for 10,200 h.
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6. CHARPY V-NOTCH IMPACT TOUGHNESS

Charpy impact resistance is an important property of ferritic steels, which influences the application
condition of the materials. Charpy impact tests were conducted on a Tinius Olsen Charpy 300 ft-1b
machine according to ASTM Standard E23-12c¢, Standard Test Methods for Notched Bar Impact Testing
of Metallic Materials. The measurement calibration of the Charpy machine is performed annually
through testing of specimens with certified values to verify the accuracy of the machine. The certified
specimens are obtained from the National Institute of Standards and Technology (NIST). Half-size
Charpy V-notch specimens with a specification shown in Figure 19 were used to screen the absorbed
impact energies at temperatures ranging from —150°C to 300°C to determine ductile-brittle transition
temperature (DBTT) and upper-shelf energy (USE) of the developed alloys. The specimens were
primarily tested in the T-L (transverse-longitudinal) orientation with V-notch aligned with the
longitudinal direction because this orientation usually gives the worst impact toughness as compared to
the other specimen orientations, e.g., the L-T orientation with V-notch aligned with the transverse
direction.
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Figure 19. Specification of half-size Charpy V-notch specimen.

The tested results of two T-alloys are plotted in Figure 20. The literature data of Grade 91 using the
same type of half-size Charpy V-notch specimens in the same T-L orientation are included for
comparison [21]. To obtain DBTT and USE, impact energy-temperature curves were generated by fitting
the data with a hyperbolic tangent function £ = a + b tanh[(T — Ty)/c], where T is test temperature and a,
b, c and T are regression coefficients. In this study, 7} is the mathematical DBTT, corresponding to the
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mean value of USE and lower-shelf energy (LSE), i.e., 1/2USE assuming LSE = 0 in this study. In
comparison, engineering DBTT is determined at 6.5 J for the half-size specimen (5 x 5 x 25 mm), lower
than the 41 J criterion for full-size specimen (10 % 10 x 55 mm) [22]. The analyzed results of the two
T-alloys and Grade 91 are summarized in Table 4. As compared to Grade 91, the T-alloys have about
25°C lower DBTT in terms of the mathematic DBTT at 1/2USE and about 12°C lower DBTT in terms of
the engineering DBTT at 6.5 J. In the meantime, the USE of the T-alloys is about double that of the
Grade 91, which suggested significant improvement in Charpy impact toughness of the T-alloys.
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Figure 20. Charpy V-notch impact tested data and fitted curves of T-alloys in the T-L orientation as
compared with Grade 91.

Table 4. DBTT and USE of the T-alloys and Grade 91.

Alloy Mathematic DBTT Engineering DBTT USE

Sample (12USE), °C (6.57),°C J
T-alloys ~56.7 —67.1 54.0

~54.6 -69.1 493
Grade 91 -30.7 -55.5 27.1

A few Z-alloy half-size Charpy V-notch specimens tested at room temperature exhibited USE
comparable to or lower than the general USE of 12—14Cr oxide-dispersion-strengthened (ODS) or nano-
structured ferritic alloys (NFA) at about 5 J as shown with dashed horizontal line in Figure 20. Extensive
development is needed to improve the toughness of this type of ferritic alloys (Z—alloys).
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7. NICKEL-CONTAINING Z-ALLOYS

7.1 THERMODYNAMIC MODELING OF FE-CR-ZR-NI SYSTEM

The Fe,Zr Laves phase has dihexagonal C36 structure at high temperature and cubic C15 structure at
low temperature. When Cr is added, the hexagonal C14 structure can also be stabilized. These polytypes
are related to each other because the basic unit layer of these phases is the same, while the stacking
sequence of the unit layer is different in each structure. Despite the excellent high-temperature strength
of the Laves phases, the low ductility and brittle fracture characteristics at ambient temperature are the
main limitations for structural applications. The high hardness and brittle fracture of Laves phase are due
to the complex atomic configuration of each unit layer, interplanar locking, and lack of operating slip
systems at ambient temperature. In view of this problem, the dual-phase alloying concept based on a soft
solid solution matrix reinforced with hard Laves phase particles has been proposed for practical alloy
development, as employed in this study. New Fe-Cr-Zr ferritic alloys with the C14 Laves phase as the
strengthening component have been developed. These new alloys show one order of magnitude higher
enhancement on high-temperature tensile and creep strength over conventional P91 ferritic/martensitic
steels. Despite the success in high-temperature mechanical properties, these alloys suffer from the low
fracture toughness at ambient temperature. Thermodynamic modeling and experimental investigation
identified the hexagonal C14 structure as the prevalent structure in Fe-Cr-Zr alloys. The literature review
suggested that the fracture toughness of C14 structure is lower than that of C15 structure, which was
attributed to the fact that the cubic C15 structure has more operating slip system, therefore is more
deformable than the hexagonal C14 structure. Following this concept, Ni was proposed to be added into
the current Fe-Cr-Zr alloy, with the goal to convert the hexagonal (Fe,Cr),Zr C14 Laves phase into the
cubic (Fe,Cr,Ni),Zr C15 structure.
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Figure 21. Partial isothermal section of Fe-Ni-Zr at 1,000°C: (a) experimental, (b) calculated.

The partial isothermal section of Fe-Ni-Zr at 1,000°C is shown in Figure 21a, in which the A1 phase is
the (Fe,Ni),Zr _C15 phase. Clearly, Ni stabilizes the C15 structure. The solubility of Ni in Fe,Zr C15
phase can be up to 20 at.% for the Bee(Fe,Cr)+Fe,Zr C15 two-phase region. A preliminary
thermodynamic model on (Fe,Ni),Zr C15 Laves phase has been developed in this study. The calculated
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partial isothermal section is shown in Figure 21b. The region relevant to this study is the y+A; and
y+Ah+Zr,Ni; phase equilibria.

7.2 STABILITY OF THE LAVES PHASE

By incorporating the newly developed thermodynamic model of (Fe,Ni),Zr C15 Laves phase into
the OCTANT (Ornl Computational Thermodynamics for Nuclear Technology) thermodynamic database,
the stability of relevant phases in Fe-Cr-Ni-Zr alloys can be calculated. Although the thermodynamic
description for the Fe-Cr-Ni-Zr quaternary system is still preliminary due to the lack of experimental
validation, it provides important trend analysis of the Ni effect on the stability of the Laves phases in the
Fe-Cr-Zr alloys. Based on thermodynamic calculation results, three Fe-Cr-Zr alloys with different Ni
concentrations were designed for experimental study. They are Fe-12Cr-6Zr base alloys with addition of
0.5, 2 and 4 wt% Ni, respectively. The detailed compositions of the alloys are not presented here due to
potential proprietary concerns. The amount of Laves phase in C14 and C15 structures in these alloys is
plotted as a function of temperature in Figure 22. At 0.5 wt% Ni, the hexagonal C14 phase is the major
one, plotted as the solid black line. It forms from liquid through the eutectic reaction of
Liquid—Bcc(Fe,Cr) + Fe,Zr_C14. The C14 Laves phase is decomposed into the C15 structure at
temperatures below 900°C (the sold red line). The formation of C14 and C15 Laves phase in the alloy
with 0.5 wt% Ni is similar to that in Fe-Cr-Zr alloys without Ni addition. At 2 wt% Ni, the C15 phase is
the primary Laves phase formed from the eutectic reaction Liquid—Bcc(Fe,Cr) + Fe,Zr C15 (the red
dashed line), suggesting that the increasing Ni concentration greatly stabilizes the C15 structure. The C14
structure is now the secondary phase formed at low temperature. With further addition of Ni, 4 wt%,
there is no dramatic change in terms of phase stability and amounts.
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Figure 22. The mole fraction of the C14 and C15 Laves phase vs. temperature in the Fe-12Cr-6Zr base alloy
with different additions of Ni. The solid, dashed and dotted lines denote 0.5, 2 and 4 wt% Ni, respectively.
The black and red colors denote the C14 and C1S5 structure, respectively.

It has been shown that by increasing the Ni content from 2 to 4 wt%, no additional Laves phase can
form. This is because the C15 structure has a large solubility of Ni. Figure 23 plots the solubility of Ni in
the C14 and C15 structure as a function of temperature for 0.5, 2 and 4 wt% Ni alloys. Again, the solid,
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dashed and dotted lines denote 0.5, 2 and 4 wt% Ni, respectively. The black and red color denotes the
C14 and C15 structure, respectively. For the 0.5 wt% alloy, the dissolved Ni in both C14 and C15
structures is due to the limited Ni available from the bulk composition. In 2 wt% alloy, the dissolved Ni
in the C15 structure is significantly increased, while that in C14 structure remains at a minimum. When
further increasing the Ni content to 4 wt%, the dissolved Ni in C15 structure is continuously rising, while
that in the C14 structure is still at a minimum. The amount of dissolved Ni in the C15 structure is
determined by the solubility of Ni in this structure. As shown in the isothermal section of Fe-Ni-Zr at
1,000°C, the solubility of Ni in Fe,Zr C15 phase can be up to 20 at.% for the Bee(Fe,Cr) + Fe,Zr C15
two-phase region. Therefore, the Ni behavior in the (Fe,Cr),Zr Laves phase is inherited from the
Fe-Ni-Zr ternary
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Figure 23. The dissolved Ni in the C14 and C15 Laves phase vs. temperature in the Fe-12Cr-6Zr base alloy
with different additions of Ni. The solid, dashed and dotted lines denote 0.5, 2 and 4 wt% Ni, respectively.
The black and red colors denote the C14 and C1S5 structure, respectively.

7.3 MICROSTRUCTURAL CHARACTERIZATION OF NI-CONTAINING ALLOYS

Scanning electron microscopy (SEM) coupled with energy dispersive x-ray spectroscopy (EDS) and
electron-backscattered diffraction (EBSD) was used for morphology, composition, and orientation
analyses. SEM/EDS/EBSD was performed using a JEOL JSM 6500F microscope with a field emission
gun (FEG), equipped with EDAX EDS and EBSD systems. The accelerating voltage was 20 kV, and the
working distance was 12 to 17 mm. EBSD maps were measured on a hexagonal grid with a step size of
<0.5 wm. The camera operated in 2 x 2 binning mode at ~100 frames per second (fps). These parameters
were chosen to keep the EBSD analysis time within reasonable limits taking into account the large size of
the scanned areas.

Figure 24 a and b shows the backscattered electronic image (BEI) of the Fe-12Cr-6Zr base alloy with
0.5 and 4 wt% Ni, respectively. The BEI of the alloy with 2 wt% Ni is shown here due to the similarity
to these two alloys. The indents in the micrograph of 4 wt% alloy were caused by hardness
measurements, which were also used to align the EBSD scans. Both micrographs consist of the large
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primary ferrite phase surrounded by a network of Bec(Fe,Cr) + Fe,Zr eutectic. The phase with the bright
white feature is the Fe,Zr phase. The grey and dark features are ferrite matrix in slightly different grain
orientations. With increasing Ni content from 0.5 to 4 wt%, no significant changes in the amount of
primary and eutectic phases have been observed.

Figure 24. BEIs of Fe-12Cr-6Zr base alloy with additions of (a) 0.5 and (b) 4 wt% Ni.

The EBSD maps in the forms of image quality (IQ) and inverse pole figure (IPF) for alloys with 0.5
and 4 wt% Ni are shown in Figure 25 a—d. The phases of Bec(Fe), Fe,Zr C14, and Fe,Zr C15 were used
during the EBSD mapping. The 1Q maps describe the quality of the collected EBSD patterns, which is
strongly affected by the perfection of the crystal lattice in the diffracting volume. Lower 1Q corresponds
to lower contrast in the 1Q images, which is associated with disortions to the crystal lattice. The IQ maps
in Figure 25 a and c indicate that low IQ regions are primarily associated with the Laves phases in the
eutectic network, as well as the grain and subgrain boundaries. The low IQ of the Laves phase is likely
because of its complex crystal structure as compared to the matrix ferritic Bcc(Fe) phase. The alloy with
4 wt% Ni shows a denser eutectic network and more subgrains in the primary/matrix phase than the alloy
with 0.5 wt% Ni. The alloys have been produced by the same processing and yielded greater hardness of
the alloy with 4 wt% Ni as compared to the alloy with 0.5 wt% Ni (257.5 £2.1 vs. 210.5 £2.5). The IPF
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maps show the grain orientation of the samples. The pronounced subgrains in the alloys exhibit slight
variations in orientation. Laves phase has been primarily identified as Fe,Zr C14 in the alloys. Despite
the observation of some Fe,Zr C15 in the alloy with 4 wt% Ni, it may have not been well identified at
this magnification. Further EBSD characterization at higher magnificantions is currently ongoing to
reveal the effect of Ni content on the presence of Fe,Zr C15 Laves phase.
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Figure 25. EBSD IQ and IPF maps of Fe-12Cr-6Zr alloys with (a—b) 0.5 and (c—d) 4 wt% Ni.

The composition of phases was analyzed by EDS mapping. As shown in Figure 26, the Fe,Zr phase in
the eutectic zone of the alloy with 0.5 wt% Ni has lower Fe and Cr but enriched Zr content than the
matrix ferrite phase that is enriched with Fe and Cr. Noticeable Ni enrichment was not observed in this
alloy sample, which suggests uniform distribution. For the alloy with 4 wt% Ni as shown in Figure 27,
enrichment of Ni is consistent with the Zr site at the Laves phase. This is in agreement with the
thermodynamically calculated solubility of Ni in the Laves phase in Figure 23. Depletion of Cr is
consistent with Fe at the Laves phase and is similar to the alloy with 0.5 wt% Ni.
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Figure 27. EDS maps of Ni, Fe, and Zr in the alloy with 4 wt% Ni.
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8. RADIATION RESISTANCE EVALUATED BY ION IRRADIATION

8.1 ION IRRADIATION
8.1.1 Sample preparation

Prior to ion irradiation, all alloys were cut into 5%5 mm” size and metallographically prepared and 3-
mm diameter disks were punched out of these samples and cleaned ultrasonically (Figure 28). The
metallographic sample preparation consisted of three steps: grinding, polishing, and chemical cleaning.
Grinding procedure was accomplished by progressively using SiC paper (procured from Allied) of 400,
600, 800, 1200 grit size. When manually polishing, the samples were rotated 90 degrees between each
grit paper and polished until all previous scratches are removed. Following the grinding steps, the
samples were polished using a diamond suspension. A PLAN-B Rigid Back Magnetic System Disc,
Diamat Rigid Magnetic Disc, and Final-POL Magnetic Disc from Allied with 9, 3, and 1 um diamond
polish was used. The last part of the polishing process uses the CHEM-POL Rigid Magnetic Disc from
Allied with a 0.3 and 0.05 pm aluminum suspension followed by a 0.02 um colloidal silica suspension.
Finally, in order to remove any deposits, the samples were ultrasonically in an acetone bath for 15
minutes.

After polishing, the surface roughness of each sample was measured by Zygo, and samples with
surface roughness above 50 nm for proton-irradiation and around 30 nm for Fe-irradiation were re-
polished until the desired surface finish was achieved. Zygo measurements for all samples were made
with the same parameters, which are outlined in Table 5. For each alloy five measurements were taken at
slightly different locations in the central region of the samples, and then the average was recorded.

Table 5. Zygo parameters for surface roughness measurements of samples prior to ion irradiation.

Parameter Zygo settings
Objective 20x
Zoom 2x
Min-Mod 5%
Scan Length 150 um bipolar (12 s)
Camera Mode 640x480 200 Hz
Surface Correction Sphere

Figure 28. As received ferritic steel samples (left) and after polishing and punching into 3-mm disks (right).
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8.1.2 2 MeV proton-irradiation

All 12 experimental alloys (two L—, six Z—, and four T—alloys) were irradiated by 2 MeV protons at
the University of Wisconsin-Madison’s 1.7 MV tandem ion beam accelerator (see Table 6). The 3-mm
diameter samples were attached to a stainless steel sample holder using water-soluble carbon paste. The
incident ion beam, normal to the sample surface, was rastered across a well-defined aperture exposing the
samples uniformly to the H ions (protons). The beam current ranged between 10—13 pA resulting in a
proton flux of about 3x10" p/(cm’s) and dpa rate 3e-6 dpa/s. The sample temperature of 420+20 °C was
maintained through a combination of beam heating and air cooling on the back side of the samples, and
recorded on the right and left sides of the sample holder using two type-K thermocouples (see Figure 29).
The irradiation chamber pressure was at or below 1x10 Torr before and during the irradiation. The
implantation with 2.0 MeV protons corresponding to a projected range R, = 19 um (see Figure 30) was
performed to fluences of 1.1x10"™ and 1.1 x 10" p/cm? (see Figure 31), which correspond to damage
levels of 0.1 and 1 dpa at the depth of 15 um, respectively.

Figure 29. Sample and thermocouple arrangement in the irradiation stage with 6 samples ready for 2 MeV
proton irradiation at 420°C up to 1 dpa.
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Figure 30. Damage depth profile in Fe-10Cr irradiated with 2 MeV protons to a level of 1 dpa at 15 pm.

Calculation was performed using SRIM-2012.03 assuming the displacement threshold energies to be 40 eV
for all elements.
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Table 6. Matrix of samples irradiated by 2MeV protons at 420°C. Numbers in columns indicate the number
of samples for each condition.

2 MeV protons at 420°C
0 dpa 0.1 dpa 1 dpa
LTI 1 3
LTZ1 1
Z3 1
Z4 1
76 1
77 1
Z8 1
1
1
1
1

Alloy ID

Z9

Tlb

TTZINT2
TTINT2 (T12)
TT2NT2 (T22) 1 1 1

Note: The additional letters such as b and NT2 after the
alloy IDs denote the samples taken from the bottom
section and the alloy subjected to secondary normalization
and tempering, respectively.
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Figure 31. Temperature and current profile for 2 MeV proton-irradiation up to 1.1e18 p/cm’ (0.1dpa) and
1.1e19 p/cm2 (1dpa) at 420 °C.

8.1.3 4 MeV iron-irradiation
Iron-irradiation of 8 alloys listed in Table 7 was performed using the 1.7 MV tandem accelerator

located at UW-Madison under the following conditions: 4.0 MeV Fe*" (projected range Rp = 1.2 pm, see
Figure 32) up to a fluence of 5.0x10'® Fe/cm” which corresponds to 50 dpa at the peak, assuming threshold
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displacement energies of 40 eV for all elements. For damage level calculation, the method proposed by
Stoller et al. [23] was employed. The maximum Fe concentration was about 1.3 at.% with a majority of
the Fe interstitials located beyond the depth of 0.8 um (see Figure 32). The average current was about
0.65 A (see Figure 33), and the flux was maintained at a level of 2.34x10'? Fe/(cm®s), resulting in a
damage rate of 8.3 dpa/s. The beam was rastered (64 Hz horizontally, 517 Hz vertically) over the entire
irradiation area, and its uniformity was controlled by an infrared camera. Sample temperature, controlled
by two thermocouples attached diagonally to the sample holder, was attained by external (95%) and beam
hea‘ging with fluctuations of +10K. The background pressure during irradiation was maintained at about
10 ° Torr.
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Figure 32. Damage and Fe-implantation profile of 4 MeV Fe*'-irradiated Fe-10Cr alloy up to 5e16 Fe/cm’ =
50 dpapcak- The damage level was calculated using SRIM 2012-03, assuming E4(Cr, Fe) = 40 eV under the
Kinchin-Pease model.

4 MeV Fe™ into Fe-based alloys ¢ = 5e16 Fe/cm® = 50 dpa

L) hd L) A 1 20
TC1
400 [ TC2
4 il Current
5) (~\/ beamstop | 415 —=
i | beam start ‘ 3
o 3004 =
S ‘ c
= o
o \ 110 5§
()
8 200 A do o o
E ‘.'-\’\ 1 " A/ WA E
[ q " e ©
et | w g
1001 105
® = 2.34e12 Fel(cm’s)
o b L] - L] 1
0 1x10* 2x10* 3x10* 4x10*

Time [s]

Figure 33. Temperature and current profile for 4 MeV Fe-irradiation up to 5e16 Fe/cm” at 400°C.
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Table 7. Samples selected for the 4 MeV Fe-irradiation at 400 °C up to 50 dpa. In most cases, the surface
roughness increased by a factor of two after irradiation.

Surface roughness [nm]

Sample ID Before Fe-irradiation  After Fe-irradiation
Z3 Fe 348+4.1 51.6£4.6

Z4 Fe 11.6+34 248+ 8.5

76 Fe 30.8+34 36 £8.2

Z7 Fe 152+42 22.6+3.8

79 Fe 26+5.2 59.2+£26.2

T12 Fe 110.6 £ 6.7 57.8+£9.7

Tlb Fe 31.2+39 45+7.7
TTZ2m_Fe 31.6 4.2 43.8+5.1

8.2 POST-IRRADIATION EXAMINATION
8.2.1 X-ray diffraction analysis

XRD analysis of all alloys was performed on Bruker D8 Discovery, at 50 kW and 1000 pA, using Cu
anode with A=1.54184 A, 0.5-mm incident slit and 0.5-mm collimator in combination with the Montel
mirror and Soller mount. The 2D Vantec 500 detector was located 200 mm from the sample. Standard
20-0 scans were taken at the range between 20°-85° with 3 steps (300 s/step) starting at 26 = 25° and
increment of 25°. In order to include the maximum number of grains (size of a couple of hundreds of
micrometers for L-alloys) in the XRD analysis, the x-y rastering (1 mm by 1 mm, x-speed: 0.1 mm/s, y-
speed: 0.2 mm/s) with simultaneous phi rotation (360°, speed 72°/s) was performed. The same
parameters were used for all samples and 1-3 samples per each condition [0 (reference), 0.1, and 1 dpa]
for all alloys were measured.

X-ray penetration depth was calculated to determine the thickness of the damage zone being
investigated. The mass absorption coefficients for Fe and Cr for the Cu-Ka radiation are 302 and 247
cm?’/g. The Fe-15Cr alloy’s density is 7.77 g/cm® and the mass absorption coefficient of the alloy is
expressed as follows:

(E) = 0.85x302 + 0.15%247 = 294 (cm?/g)

P’ Fe-1scr
The linear absorption coefficient is then:
Upe—15cr = 294X7.77 = 2284 (cm™1)
Therefore, the half value layer is:

_0693
X T o8g  OHT

which is much shorter than the implantation depth (about 20 um).
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8.2.2 Hardness

Low load Vicker’s microhardness tests involving indentations into the top surface of the samples
were performed at 25 gf load with two indents being made per sample. Indent depth varied between 1.9 —
2.6 um depending on the alloy and dpa level. This approach was only applied to proton irradiated
samples because of the extended irradiation damage depth achieved by this irradiation.

Irradiation-induced changes in nano-hardness of Zr-containing FM steel samples were studied by an
instrumented nanoindenter, TI 950 by Hysitron, Inc. Alloys were indented by a high-load transducer
(OmniProbe) under displacement control. For the proton-irradiated samples, maximum displacements of
2,4,6,8,10,and 12 pm were imposed as triangular functions with constant loading and unloading rates

(Figure 34A).

Berkovich tip compatible with the high-load transducer was used in the experiments (Figure 34B).
All the nanoindentation measurements were conducted in ambient conditions (22°C, 45% RH). Ten
measurements were made for each indentation depth.
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Figure 34. Indentation depths (left, A) and a photograph of the indenter (right, B) used in this study.

In analyzing the nano-indentation results, Oliver-Pharr method is adopted here [24], where the
hardness is calculated as

P
H — max (1)

where 4. is the projected contact area and P, is the maximum load. For Berkovich tip, 4. can be linked
to the actual indentation depth 4, as [25]

A, = 24.5h? )

The actual indentation depth 4. can be computed as

h
h, = h,, — 73 — 1.96R, (3)
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where 4, is the maximum indentation depth imposed by the transducer, 4. is the displacement recovered
elastically, and R, is the rms roughness. Elastic recovery component, 4, is calculated by subtracting the
measured residual depth from the maximum indentation depth. The last term in Eq.(3) subtracts the effect
of flattening behavior from the indentation depth measured and thus, provides correction for the
roughness related compliance [26].

8.2.3 TEM analysis

TEM analyses were conducted on L-alloys, proton-irradiated Z6 and T12 samples as well as Fe-
irradiated Z6 and T12 samples.

L-alloys

TEM samples from L-alloys were prepared in a Zeiss 1500XB focused ion beam (FIB) system.
Platinum coating was deposited to protect the oxide surface before cutting. TEM lamellae were created
by coarse trenching to produce samples 20 pmx15 pmx1 pm in dimensions using the FIB technique. The
samples were then welded to a copper TEM grid for final thinning and thinned to a final thickness of
roughly 100-200 nm using 30 kV gallium ions and further polished using 5 kV gallium ions. The TEM
lamellae were finally cleaned with a Fischione’s Model 1040 Nanomill with 900 eV Ar ions for 30 min at
each side.

Proton-irradiated samples

FIB was used to prepare samples for a cross-sectional TEM. The original sample surface was firstly
covered with Pt-C stripe deposited using electron-beam (5 kV). A thin slice with thickness < 500 nm was
then cut out using Ga' ion beam (30 kV) and lifted out in situ onto a TEM grid. Final polishing until
thickness < 200 nm was performed using Ga" ion beam (5 kV, 200 pA). A Titan scanning transmission
electron microscope (STEM) with CEOS probe aberration corrector operated at 200 kV, equipped with a
high-angle angular-dark-field (HAADF) detector and EDS system was used for microstructure and
composition analysis of the proton-irradiated Z6 and T12 samples. The probe size for EDS line-scan was
less than 1 nm and step size was about 1 nm.

Fe-irradiated samples

TEM samples were prepared employing conventional FIB lift-out technique. Final cleaning
procedure included low voltage (5 kV followed by 2 kV) and low current (100 pA) polishing of the
sample at a +6° with respect to the gallium beam. This was done in order to minimize the damage caused
by previous steps. TEM and Annular Bright Field Scanning-TEM (ABF-STEM) analysis was performed
on the Tecnai TF30, while high resolution (HR)-STEM and STEM-EDS analysis was performed on the
Titan. A high angle annular dark field (HAADF) detector was employed for observation on the Titan. A
small camera length was used for high resolution imaging, while for radiation induced segregation (RIS)
analysis, images were acquired at bigger camera length, because bigger camera lengths shows a stronger
diffraction contrast (therefore grain boundaries are more easily visible). Images acquired in this mode are
usually referred to as annular dark field (ADF)-STEM images. For the acquisition of EDS spectra, a
bigger probe size, as compared to the high resolution imaging was used, in order to improve the EDS
signal on the detector. Line scans were performed by collecting point EDS spectra for each single
nanometer, across the grain boundaries.

Imaging of dislocation loops in transmission electron microscope (TEM) were mostly performed
using the g - b invisibility criteria. However, because STEM significantly reduces the elastic contrast in
the background by smearing out thickness-dependent contrast, it can be performed on thicker samples,
and because of the fact that the traditional invisibility criterion g - b can remain applicable [27],
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dislocation imaging via STEM is a viable option [28]. In this study therefore, ABF-STEM imaging of the
grains of both the un-irradiated and irradiated samples, on the [100], [110] and [111] poles were
performed. The individual dislocation loop types were identified by comparing their morphologies with
those predicted by Yao et al. [29]. Dislocation loop size was determined by manual counting and sizing
with the software imageJ, and their densities were calculated by determining the sample thickness with
the log-log ratio technique.

8.3 RESULTS
8.3.1 L-alloys

All L-alloys underwent discoloration (see Figure 35) after proton-implantation. TEM analysis
appeared to indicate the formation of a 1 um thick titanium oxide layer on the surface (see Figure 39,
Figure 40).
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Figure 35. L-alloy sample arrangement and appearance before and after 2MeV proton irradiation at 420°C
up to 0.1 dpa. Discoloration of the samples was observed after irradiation.

XRD data for LTZ1 alloy shown in Figure 36 indicate the evolution of certain new phases as a result
of irradiation, particularly at 1 dpa damage levels. Those were speculated to be Ti-rich phases and their
stoichiometry was confirmed TEM (see Figure 39 and Figure 40). To more accurately confirm these
phases as well as their morphology and spatial distribution, TEM samples were prepared using focused
ion bean technique to minimize any aberrations due to the magnetic nature of the samples.

The as-received LTZ1 steel was denuded of precipitates at grain boundary (GB) and a high density of
dislocations was found in the samples (Figure 37). After irradiation at a damage level of 0.1 dpa, the Ti,
W rich phases were found at GBs (Figure 38). As the damage level reached 1 dpa, a film of Ti-rich phase
(likely titanium-dioxide) formed on the the sample surface (Figure 39 and Figure 40). A similar layer was
also observed to form on the LT1 sample.

Irradiation hardening was clearly observed in all alloys (see Figure 41) however, L-alloys performed

worst with 120% of increase in hardness at 1 dpa compared to 0 dpa, which is probably due to the build-
up of the Ti- dioxide layer on its surface.
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2 MeV protons into LTZI, 420°C
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Figure 36. XRD patterns of LTZ1 alloy at various proton damage levels. The possible Ti-rich peaks are
marked in magenta.

Figure 37. STEM image of LTZ1 alloy before proton irradiation at (a) low and (b) high magnifications.
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Figure 39. (a) STEM image and (b) EDS line scan of LTZ1 alloy irradiated with protons up to 1 dpa.
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Figure 40. (a) STEM image and (b) EDS line scan of LT1 sample irradiated with protons up to 1 dpa.
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Figure 41. Change of Vickers microhardness (25 gf) as compared to the non-implanted (0 dpa) counterparts
for advanced alloys as a function of proton-irradiation damage level.

8.3.2 Z- and T-alloys after proton-irradiation

No post-irradiation discoloration was observed on the surface of the proton-irradiated T— and Z—
alloys. All T—alloys seem to be resistant to precipitate formation/phase changes due to proton-irradiation
(see Figure 42, Figure 43). Almost no change in XRD spectra is observed between various damage levels
which also results in the best micro-hardness performance (see Figure 41): only up to 10% of hardness
increase at 0.1 dpa and less than 40% at 1 dpa. No Ti Oy layer build-up was observed in these alloys
despite the fact they had Ti content similar to L—alloys.

Z—alloys underwent some phase change during proton-irradiation at various damage levels (see
Figure 44) however not as drastic as L-alloys. Fe,Zr hexagonal phase could be clearly identified,
especially in the samples with a higher Zr content (see Figure 45). In almost all Z—alloys and some T—
alloys a new peak at 20 ~26° appeared after proton-irradiation however it was not possible to identify its
origin. In terms of micro-hardness, Z—alloys appear to harden a bit more than T—alloys, however this
trend has to be confirmed for Fe-irradiated samples which experienced very high dpa levels.
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2 MeV protons into T12, 420°C
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Figure 42. XRD patterns for T12 alloy at various proton damage levels.
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Figure 43. XRD patterns of T-alloys irradiated with 2 MeV protons at 420°C up to 1 dpa. Main peaks at 20 ~
45°, 65°, and 82° correspond to diffraction from CrFe (PDF04-033-4099).
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Figure 44. XRD patterns of Z3 alloy at various proton damage levels. The possible Zr-rich peaks are marked
in red.
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Figure 45. XRD patterns of Z-alloys irradiated with 2 MeV protons at 420°C up to 1 dpa. Main peaks at 20 ~
45°, 65°, and 82° correspond to diffraction from CrFe (PDF04-033-4099).

Nano-hardness of five proton-irradiated (27, Z8, Z9, T12, T22) and their un-irradiated counterparts

was measured (see Table 8).
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Table 8. Samples selected for the nano-hardness measurements based on XRD and TEM observations.

0 dpa 1 dpa
(reference) (protons, 420 °C)
Z7 pl420 X
78 pl1420
79 p1420
T12 pl1420
T22 p1420
77
78
79
T12
T22

Sample ID

X X X X

X X X X X

The proton irradiated samples showed considerable roughness due to sputtering, nevertheless
nanohardness values for unirradiated and irradiated samples were similar with the exception of steel T22
where the irradiated samples exhibited a lower hardness. We view this as an anomalous result.
Irradiation-induced changes in microstructure, defect density, and roughness is well documented [30].
Optical microscope images in Figure 46 suggest significant increase in roughness for the irradiated
sample. In-situ scanning probe microscopy (SPM) provided in the TI 950 testing suite was used to
quantify roughness changes due to irradiation. Figure 47 shows the surface heights obtained by the SPM.
After eliminating surface slopes with spatial wavelengths larger than indentation lengths (>100 pm), root-
mean-square (rms) roughness, R, values for the un-irradiated and irradiated samples range as 40-50 and
40-300 nm (see Table 9), respectively. While Table 9 details the rms values close to where the indentation
was performed, other areas of the samples can range from 100-300 nm typically, and in some extreme
cases up to 1 pm in variance.

Contact depths larger than approximately ten times the rms roughness are known to eliminate
roughness effects [31]. Therefore, tests on the un-irradiated sample are not expected to contain roughness
effects. In contrast, irradiated sample exhibits more compliant response due to roughness, and hardness
estimates will be influenced directly, especially at 2 and 4 pm indentation depths. Following analysis will
consider roughness effect in hardness estimations.

Example raw indentation load and depth responses are presented in Figure 48. Several noticeable
responses were noted for all samples at the 2 um indentation depth, which was due to roughness caused
by the irradiation. Observations both with optical microscopy and the in-situ scanning probe microscopy
(SPM) feature in the TI 950 testing suite reveal a significant change in the surface roughness of irradiated
samples.
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Figure 46. Surface images of proton-irradiated Z8 ferritic steel.

Figure 47. Surface heights of the proton-irradiated T22 sample obtained by the in-situ SPM imaging.

Table 9. Root-Mean-Squared (RMS) roughness values for proton-irradiated steel samples.

Sample Name RMS Roughness [nm]

z7 104.11
Z8 308.27
Z9 138.02
T22 174.28
T12 42.84
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Figure 48. Raw indentation and depth responses for un-irradiated Z8 steel (shown here as an example).
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Figure 49. Projection for hardness vs. contact depth for proton-irradiated steel samples (red) as compared to
un-irradiated base material (blue).
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As seen in Figure 46 several different parts of the same irradiated sample reveal several different
surface morphologies. Indentation was restricted to areas that showed a mostly consistent surface. Figure
49 shows the hardness vs. indentation depth for of all the irradiated samples as compared to the un-
irradiated counterparts.

The hardness values for nearly all irradiated samples had a significant increase in standard deviation
at the 2 um mark. These increases can be attributed to the roughness values of the sample. Some
correction for this roughness can be applied using the advanced non-linear Oliver-Pharr method [24].
T22 irradiated steels also oddly showed a weakening in the steel that may be attributed to the large

amount of variance in the surface roughness of the sample caused by large voids. These voids could
attribute to the softening of the sample.

8.3.3 TEM analysis of proton-irradiated samples

Microstructure of un-irradiated Z6 Alloy

Figure 50(a) and Figure 50(b) are SEM images that show representative surface morphology of un-
irradiated Z6 alloy. This alloy has a dual-phase microstructure. The “brighter” phase is homogeneously
dispersed in the “darker” phase with a length scale over 50 um, consisting of eutectic structure; while
single-phase (“darker”) regions are occasionally observed, being the primary phase of the alloy. Some
black spots are noticed in Figure 50(b) and are suggested to be carbon according to EDS, but these
features are trivial to the microstructure and are not observed in cross-sectional TEM specimens. Figure
50(c) shows EDS spectrum measured over full area of Figure 50(a), and the inset shows quantification of
the global composition of this alloy. Figure 50(d) further compares two EDS spectra obtained
respectively from the “brighter” and “darker” phases in Figure 50(b). It is clearly shown that the
“brighter” phase is rich of Zr and W, while the “darker” phase has a higher content of Cr.
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Figure 50. SEM characterization of un-irradiated Z6 alloy: (a) low-magnification secondary-electron image
overview; (b) high-magnification secondary-electron image of the eutectic zone; (¢) EDS spectrum from full
area of (a) and quantification results (error <+0.1 %); (d) EDS spectra from the “brighter” (red square) and
“darker” (green diamond) phases in (b), all with beam voltage of 20 kV.
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Figure 51(a) shows overview of the cross-sectional specimen extracted from the eutectic zone, which
was imaged under HAADF-STEM mode with atom mass (Z)-sensitive contrast. This, along with
composition profiles measured across a phase interface (see Figure 51(b) and Figure 51(c)), confirms the
dual-phase eutectic microstructure of un-irradiated Z6 alloy, with a Zr/W-rich phase homogeneously
dispersed in a Fe-Cr matrix. Both phases form equiaxed or slightly elongated grains with grain sizes of
0.5~2 um. Table 10 further shows composition of the two phases, determined from quantification of EDS
spectra. Notice that Zr content is even lower than W content in Fe-Cr matrix, which can be reasonably
attributed to their different lattice types (Zr: HCP; W, Fe, Cr: BCC). Figure 51(d) shows representative
composition profiles across a grain boundary of matrix, with no detectable segregation of Cr or W
observed (the contrast is related to the high density of defects near the boundary, since HAADF is also
contributed by diffraction contrast).
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Figure 51. Cross-sectional TEM of un-irradiated Z6 alloy in the eutectic zone: (a) low-magnification STEM-
HAADF image; (b) zoom-in image of box b in (a) showing phase interface and grain boundary; (¢, d) EDS
line-scan profiles along arrows ¢ and d in (b), respectively.

Table 10. Summary of eutectic microstructure of Z6 alloy.

Eutectic component Fe-Cr matrix Zr/W-rich phase
Crystal structure a-Fe (BCC) B /B’-Fe,Zr (faulted Laves)
Composition wt. % at. % wt. % at. %
Cr 10.64 11.37 2.19 2.78
Fe 88.83 88.47 59.52 70.04
Zr <0.01 <0.01 37.04 26.73
w 0.53 0.15 1.24 0.45
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Figure 52 to Figure 54 show more details of defect microstructure within a representative Fe-Cr grain
of the eutectic zone. Figure 52(a) is HAADF image viewed along [111] zone axis, which reveals contrast
of all defects due to increased scattering. Figure 52(b) and Figure 52(c) shows the grain boundary studied
in Figure 51, which is a low-angle tilt boundary close to (611). We notice that the majority of grain
boundaries are found to be low-angle type with misorientation angle < 10°, and the absence of Cr or W
segregation might be related to grain boundary characters. Long (and sometimes tangled) lines and short
threads are widely spread within the grain, and weak-beam dark-field (WBDF) TEM images (see Figure
53(d-f)) using different reflection vectors (g) suggest these features to be dislocation lines with Burgers
vectors (b) of <111>/2 or <100>, though unambiguous identification of these dislocations requires
contrast analysis under additional imaging conditions. The long dislocation lines are mostly nucleated
from matrix grain boundaries or phase interfaces, which might be related to the thermal history of this
alloy. Meanwhile, the short dislocation threads (10~100 nm) are uniformly dispersed throughout the
grain, and, more intriguingly, approximately parallel with each other (in this grain, also parallel with the
grain boundary that is close to (100)). We further notice that all short dislocation threads are without
contrast in Figure 52(b) and Figure 53(f) with g = (01 T)*. Taken as a whole, all current results support

these short threads to be edge dislocations with Burgers vector of <100>.

Figure 53(d-f) also presents substantial amount of defects shown as white spots, which resemble the
dislocation loops and/or clusters that are commonly observed in ion-irradiated materials. However, we
have no clear evidence yet regarding whether these defects are generated by FIB processing.
Nonetheless, the short dislocation threads are believed to be native to the alloy microstructure. EDS line-
scans across dislocation threads and white-spot defects show hardly detectable (if any) change of
composition (see Figure 54g-j), i.e., a slight segregation of W, which might explain the contrast observed.
However, this still needs to be verified with more careful measurements.

Figure 52. Microstructure of the Fe-Cr phase in the eutectic zone of the un-irradiated Z6 alloy: (a) HAADF
image viewed along [111] zone axis with (1-3) representing a few long dislocation lines and arrows pointing to
short dislocation threads; (b) bright-field TEM image of the grain boundary shown in Figure 51(b) with
defects and/or strain field noticed near the boundary; (c) diffraction pattern shows a small misorientation
angle of the boundary.
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100 nm

Figure 53. (d-f) WBDF TEM images of the same grain in (a) using different g vectors. All images were
recorded in (g, 3.1g) condition. One possible combination of Burgers vectors of the dislocation lines shown as

(1), (2), and (3) is: b® = [111]/2, b® = [010], and b® = [111]/2, allowing b" = b® + b®.
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Figure 54. (g) HRSTEM image of short dislocation threads with an inset FFT pattern suggests no extra phase
relates with the dislocation. The interplanar spacing d(;19) = 1.97 A accords with that of a-Fe (BCC). (h)
HRSTEM image of a white-spot. (i, j) EDS line-scan profiles along arrows in (g) and (h), respectively.

Figure 55(a) shows a representative Zr/W-rich grain in the eutectic zone, which was slightly titled
away from its edge-on orientation, thus revealing high density of planar defects within this grain. These
planar defects are not uniformly distributed, instead, a bunch of severely faulted bands are divided by
defect-free bands with width ranging from ~100 nm to ~10 nm. Figure 55(b) and Figure 55(c) show
selected area diffraction patterns obtained from the severely faulted and defect-free regions, respectively.
Pattern (b) agrees quantitatively well with [1510] zone axis of B-Fe,Zr, a C36 type (P6;/mmc) Laves

phase. Notice that (0001)", (0002)", and (0003)" spots are forbidden in kinematic approximation but not
in dynamic diffraction, while the satellite spots along ¢” axis (see inset) indicate ordered stacking faults in
(0001) planes. By contrast, pattern (c) agrees with [1510] zone axis of a C14 type (P6;/mmc) Laves
phase, though this phase (namely B’-Fe,Zr) has not been reported in Fe-Zr system before. Further, atomic
structure of the two regions are directly revealed by aberration-corrected HRSTEM images (see Figure
56(d) and Figure 56(e)). The stacking order of structural units shown in these atom-resolved images
agree perfectly with the structure models of faulted C36 and pristine C14 Laves phases (see Figure 56(f)
and Figure 56(g)).
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faulted 3

Figure 55. Microstructure of Zr/W-rich Laves phase in the eutectic zone of the un-irradiated Z6 alloy: (a)
bright-field TEM image shows severely faulted bands divided by defect-free bands; (b, c) selected area
diffraction patterns from circles b and c in (a), respectively, together with enlarged view of diffraction

patterns along c* axis.

Figure 56. (d, e) Aberration-corrected HRSTEM images of faulted and defect-free region, respectively. (f, g)
Enlarged atom-resolved images and structural model of faulted B-Fe,Zr and pristine p’-Fe,Zr phases,
respectively.
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Microstructure of un-irradiated T12 Alloy

Figure 57(a) shows representative surface morphology of un-irradiated T12 alloy. This alloy has a
single phase microstructure, while a few precipitates with brighter contrast are sparsely dispersed in the
matrix. The structure and composition of these precipitates will be later investigated in cross-sectional
TEM specimens. Similar to the Z6 alloy, some black spots are also noticed on surface and are suggested
to be carbon according to EDS. Figure 57(b) shows EDS spectrum measured over full area of Figure 57(a),
and Table 11 shows quantification of the global composition of this alloy.

Table 11. Global composition of T12 alloy (error < £0.1 %).

Ti Cr Fe Ta w
wt. % 0.13 8.92 89.33 0.21 1.41
at. % 0.15 9.62 89.73 0.07 0.43
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Figure 57. Microstructure of un-irradiated T12 alloy: (a) secondary-electron image with the same
magnification as Figure 50(b); (b) EDS spectrum from full area of (a) with beam voltage of 20 kV.

Microstructure of T12 alloy is further investigated for a cross-sectional TEM specimen, as shown in
Figure 58(a). Although a single phase (Fe-Cr matrix, BCC) is found to be dominant, this alloy still shows
complex microstructure characterized by elongated (sometimes lenticular) grains and high density of
dislocations. The majority of grains have width of 0.2~1 um and length of 2~10 um. Figure 58(b)
further shows tangled dislocation lines within a grain as well as dislocation arrays along grain boundaries,
which resemble the defect microstructure in the Fe-Cr matrix of Z6 alloy. Also, EDS line-scans across
these dislocation lines (see Figure 58(c) and Figure 58(d)) show hardly detectable segregation of W,
which still needs verification.

A few precipitates are also observed in cross-sectional TEM specimens of T12 alloy, and Figure 59(a)
shows representative enlarged view of a near-spherical precipitate with diameter of ~130 nm, which is
embedded within a Fe-Cr grain. Long dislocation lines are nucleated from the interface, indicating such
precipitates to be incoherent with the matrix. EDS line-scan across interface (see Figure 59(b)) suggests
these precipitates to be composed of Ti, Ta, C, while the matrix grain is simply Fe-Cr (C signal may come
from contamination). Careful quantification of EDS spectrum of the precipitates yields a composition
close to (Tag34T10.66)C1.13, and the lattice image of precipitate (see Figure 59(c)) accord well with TiC or
TaC, both with a rocksalt (Fm3m) structure and having similar lattice constants. We notice that
precipitates with other structures and/or compositions are not observed yet in the un-irradiated T12 alloy.
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Figure 58. Cross-sectional TEM of un-irradiated T12 alloy: (a) low-magnification STEM-HAADF image; (b)
zoom-in image of box b in (a) showing tangled dislocation lines in an elongated subgrain with an arrow
pointing to dislocation arrays on a boundary; (c) HRSTEM image of dislocation lines with an inset FFT

pattern suggesting no extra phase relates with the dislocation. The interplanar spacing d(119, = 2.06 A and
dony=1.41 A accords with that of a-Fe (BCC). (d) EDS line-scan profiles along arrow in (c).

Position (nm)

Figure 59. Characterization of precipitates in un-irradiated T12 alloy: (a) STEM-HAADF image of a
precipitate; (b) EDS line-scan profiles along arrow in (a); (¢) HRSTEM image and corresponding FFT
pattern of the precipitate in (a). The interplanar spacing d(0) = 1.59 A and d(311) = 1.35 A accords well with
that of TiC or TaC (rocksalt).
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Microstructure of proton-irradiated Z6 Alloy

Figure 60(al) and Figure 60(b1) show representative surface morphology of Z6 alloy after proton-
irradiation (420 °C, 1 dpa). The imaged region is ~1.5 mm off center of the 3 mm disk. A large portion
of surface shows very rough morphology formed by uniformly distributed oxide islands with sizes of 1~2
um, while some smaller, discrete areas are covered by relatively dense, granular oxide films. This
morphology is similar to Figure 50, corresponding to the large portion of eutectic zone with some discrete
zones of Fe-Cr primary phase. Meanwhile, Figure 60(a2) and Figure 60(b2) show surface morphology at
the center of the 3 mm disk, where large portion of surface is covered by crystallite oxide particles with
sizes of 200~500 nm. Such inhomogeneous behavior of surface oxidation may indicate the side effect of
irradiation, i.e., local heating and thermal gradient, to influence the microstructure. Furthermore, we
notice even dramatic distinction of internal microstructure as viewed in cross-sectional TEM specimens
(see Figure 60(c)). The volume within at least ~10 pm under surface is composed of predominant
lamellar structure (characterized as Fe-Fe,Zr eutectic structure) decorated with a few large globular
“darker” phase (Fe-Cr primary phase), which is completely different from the initial dual-phase
microstructure of the eutectic zone (see Figure 51(b)), suggesting the presence of microstructural
inhomogeneity of the eutectic structures.

Figure 60. Surface morphology and cross-sectional microstructure of irradiated Z6 alloy: (al,a2) low-
magnification secondary-electron image; (b1,b2) high-magnification secondary-electron image; (c) low-
magnification STEM-HAADF image of cross-sectional specimen. Notice that (a), (b), and (c) have the same
magnifications as of Figure 50(a), Figure 50(b), and Figure 50(a), respectively.
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Figure 61(a) shows representative morphology of the eutectic structure away from surface. Figure
60(c) shows that eutectic structure is also found near surface, but these involve selective oxidation of the
Fe,Zr phase and will not be discussed here. Figure 61(b) shows EDS line-scans perpendicular to the
phase interface. Similar to the eutectic zone of the un-irradiated Z6 alloy (see Figure 51(c)), the two
phases forming eutectic structure are Fe-Cr matrix (with slight W content) and Zr/W-rich phase, while
oxidation in both phases are homogeneous and weak. Figure 61(c) and Figure 61(d) show atom-resolved
images of the two phases, which are indexed as a-Fe (BCC) and B-Fe,Zr (P6;/mmc), respectively. As in
un-irradiated Z6 alloy, stacking faults in (0001) plane are also occasionally found in B-Fe,Zr lamellar (not

shown here). An approximate orientation relationship of (200), // (0002)s, and [001], // [1 150]B is

observed for the region investigated in Figure 61, though this needs further verification in other regions.
Nonetheless, the eutectic structure form large colonies with length scale over ~10 um, and the two
lamellar phases in each colony are expected to preserve similar orientation relationship. Moreover, they
show very uniform lamellar thickness of Fe: ~70 nm and Fe,Zr: ~50 nm. The lamellar eutectic structure
formed during cooling of the alloy, which was not destroyed during the following hot rolling process.
This type of structure is not a dominant type of eutectic structure as compared to the one shown in Figure
51(a). Additional TEM characterization will be conducted on elucidate the effect of proton-irradiation on
the other type of eutectic structure as shown in Figure 51(a).
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Figure 61. Characterization of eutectic structure in proton-irradiated Z6 alloy: (a) STEM-HAADF image; (b)
EDS line-scan profiles along arrow in (a) with left axis as weight percent of Cr, Fe, Zr, and W and right axis
as atomic ratio between O and (Cr+Fe+Zr+W); (¢, d) HRSTEM images and corresponding FFT patterns of

Fe-Cr phase and Zr/W-rich phase in (a).

Figure 62(a) shows HAADF-STEM image of two adjacent Fe-Cr matrix grains and their boundary.
Similar to the un-irradiated microstructure, most grain boundaries are also found to be low-angle type
with misorientation angle < 10°. EDS line-scans across this grain boundary (see Figure 62(b)) clearly
shows a slight segregation of Zr (and depletion of W), though Fe,Zr phase is not yet grown at grain
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boundary since the segregation is relatively weak. Long and tangled dislocation lines are also observed
inside grains, however, the large amount of short dislocation threads as seen in un-irradiated grains (see
Figure 52) no longer exist. Instead, substantial amount of polyhedron-shaped defects, with uniform sizes
of 30~50 nm, are newly formed by irradiation. These defects are always of contrast when imaged using
with bright-field and weak-beam dark-field mode at variant diffraction conditions (see Figure 62(c) and
Figure 62(d) for example), which likely preclude them to be dislocation loops. EDS line-scans across one
of these defects (see Figure 62(e)) also shows a weak segregation of Zr. These defects may be new phase
such as zirconium hydrides, carbides, or even octahedron voids with (111) facets, which need to be
confirmed by further investigations. Besides, a denuded zone of these defects is clearly seen near grain
boundaries (and phase interfaces), with a width of ~500 nm.
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Figure 62. Characterization of defect microstructure in Fe-Cr matrix grains of proton-irradiated Z6 alloy: (a)
STEM-HAADF image of a grain boundary and defects inside grains; (b) EDS line-scan profiles along arrow
in (a); (c, d) bright-field TEM images of unknown defects using beam directions slightly off [011] and [002]

zone axes, respectively; (e) EDS line-scan profiles along arrow in (c).

Figure 63 represents our preliminary effort to characterize the surface oxidation (unintended
consequence of long-term high temperature irradiation) of Z6 alloy during irradiation. We notice that
such oxidation layer, with thickness of 1~2 pm under surface, is composed of oxides with variant
morphology, structure, and composition, and it is not clear yet regarding whether (and how) the
distribution of oxides is influenced by the initial phase structure near surface as well as the irradiation and
heating condition. For the first example, Figure 63(a) shows eutectic structure near surface. Unlike the
uniform composition of B-Fe,Zr away from surface, the Zr-rich lamellar phase closer to surface shows
both higher Zr content and higher O/M ratio (see Figure 63(c)), suggesting that f-Fe,Zr phase in eutectic
structure is preferentially oxidized. Also, the variation of Cr content between Fe-Cr matrix and Zr-rich
phase is quite suppressed, indicating preferential loss of Cr from Fe-Cr matrix. Figure 63(d) further
shows that the oxidized Zr-rich phase is no longer single-crystalline, and the lattice structure can be
indexed as pseudo-cubic ZrO,. Figure 63(b) shows oxidation of another surface region, where spherical
particles inside Fe-Cr matrix is also pseudo-cubic ZrO,, while the debris on top surface is indexed as
Cr,03, according to atom-resolved images and EDS spectra. The latter may correspond to the island-
shape asperities as seen in surface morphology Figure 60(b), however, a systematic correlation between
surface morphology and oxides distribution in cross-sectional views is still uncovered.
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Figure 63. Preliminary characterization of surface oxidation of proton-irradiated Z6 alloy: (a) STEM-
HAADF image of eutectic structure near surface; (b) STEM-HAADF image of surface with multiple types of
oxides; (c) EDS line-scan profiles along arrow in (a); (d) HRSTEM image of oxidized Zr-rich phase; (e)
HRSTEM image and FFT pattern of a ZrQ, particle within Fe-Cr matrix grain in (b); (f) HRSTEM image
and FFT pattern of a Cr,0; debris on surface in (b); (g, h) EDS point spectra measured from phases (e) and
(f), respectively with the spectrum of Fe-Cr matrix grain in blue.

Microstructure of proton-irradiated T12 Alloy

Figure 64(a) shows representative surface morphology of T12 alloy after proton-irradiation under the
same condition as Z6 alloy (420 °C, 1 dpa). While the un-irradiated T12 alloy has a single-phase
microstructure with few surface features, the irradiated T12 alloy shows widely dispersed asperities on
surface. However, the surface roughness is much lower than irradiated Z6 alloy, and the (global)
homogeneity of surface morphology is much better. Furthermore, the internal microstructure of T12 alloy
is hardly influenced by irradiation, as to the overview of cross-sectional TEM specimens (see Figure
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64(b)). The topmost surface region is not preserved during sample preparation process by FIB,
nonetheless, no remarkable oxidation layer is found beyond ~500 nm under surface.

Figure 64. Surface morphology and cross-sectional microstructure of proton-irradiated T12 alloy: (al)
secondary-electron image with the same magnification as Figure 60(b); (b) low-magnification STEM-HAADF
image of cross-sectional specimen with the same magnification as Figure 58(a).

Figure 65(a) shows representative microstructure of irradiated T12 alloy, which is characterized by
elongated grains, high density of tangled dislocations, and spherical precipitates. We notice that these
microstructural features, even very close to surface, are almost identical to those before irradiation.
Moreover, grain sizes are almost not changed after irradiation. Also, segregation or depletion are not
found in EDS line-scans across the grain boundary between elongated grains (see Figure 65(b)).
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Figure 65. Cross-sectional TEM of proton-irradiated T12 alloy: (a) STEM-HAADF image showing elongated
subgrains and sparse precipitates; (b) EDS line-scan profiles along the arrow in (a).

It can be seen above (Figure 65(a)) that the precipitates in irradiated T12 alloy have relatively
uniform diameter of 60~70 nm, which is remarkably smaller than that before irradiation (120~150 nm).
Figure 66 shows further characterization of these precipitates. As shown in Figure 66(a), Figure 66(c),
and Figure 66(e), the spherical precipitates located within Fe-Cr matrix grains, as before irradiation, can
be still indexed as (Ta,Ti;)C (x~0.3) with a rocksalt structure. In addition, some new precipitates with
distinct polyhedron shape are newly generated at the grain boundaries, and are found to be rich of C, Cr,
and W (see Figure 66(f)). However, their crystal structure has not been successfully determined, as the
HRSTEM image (Figure 66(d)) cannot accord with typical structural models of carbides (M23Cs, M7C3,
M;C,, M;C, etc.), and this will be carefully examined in future experiments. We also notice a few
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spherical precipitates located on grain boundaries, which are rich of C, Ti, Ta, and Cr, and are also
formed due to irradiation. This, along with the decreased size of (TaTi)C precipitates within grains,
indicated enhanced diffusion towards grain boundary due to irradiation (and heating). However, Cr
depletion is not observed at grain boundaries, though this also needs to be confirmed at different

locations.
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Figure 66. Characterization of precipitates in proton-irradiated T12 alloy: (a) STEM-HAADF image of
elongated subgrain, with several precipitates within subgrain and on grain boundary; (b) EDS spectrum from
a precipitate pointed by arrow b in (a); (c, e HRSTEM image, FFT pattern, and EDS spectrum from a
(TaTi)C precipitate pointed by arrow c,e in (a); (d, f) HRSTEM image, FFT pattern, and EDS spectrum from
a (CrW)C precipitate pointed by arrow d,f in (a). Blue: spectrum of Fe-Cr matrix grain.
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Summary

Microstructure of two alloys, Z6 and T12 before and after proton irradiation, has been thoroughly
characterized using TEM. The following knowledge of these alloys can be obtained at the current point:

1))

2)

3)

4)

8.34

Un-irradiated Z6 alloy is composed of predominant eutectic structure of Fe-Cr matrix (a-Fe) and
Zr/W-rich Laves phase (B-Fe,Zr), together with some Fe-Cr primary phase. The ferrite matrix
grains contain substantial amount of tangled dislocation lines and small dislocation threads. The
Laves phase contains bunches of stacking faults.

Un-irradiated T12 alloy is composed of single phase (Fe-Cr) matrix. The significantly elongated
subgrains contain a high density of dislocations inside and on grain boundaries. Spherical
(TaTi)C precipitates were found inside matrix grains.

The TEM specimens extracted from the proton-irradiated sample of Z6 alloy showed distinct
surface morphology and internal microstructure, which had lamellar eutectic structure different
from the the predominant type of eutectic structure characterized in the un-irradiated Z6 alloy. In
general, proton-irradiation did not result in noticeable changes to the eutectic structure, but
resulted in the formation of large amount of polyhedron-shaped defects within Fe-Cr ferrite
grains, together with slight segregation of Zr at boundaries and the defects. Additionally,
noticeable preferential oxidation of Fe,Zr was observed near surface.

Microstructure of T12 alloy is not significantly changed after proton-irradiation, except for the
formation of Cr-rich carbide precipitates along grain boundaries.

7Z— and T-alloy after Fe-irradiation

No post-implantation discoloration was observed on the surface of the iron-irradiated T— and Z—-alloys
because of the relatively short duration of irradiation. All Z— and T—alloys seem to be resistant to
precipitate formation/phase changes due to iron-irradiation (see Figure 67, Figure 68).

4 MeV iron-irradiation of T-alloys, 400°C
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Figure 67. X-ray diffraction patterns of Fe-irradiated T—alloys at 400°C up to 50 dpa. Main peaks at 20 ~ 45°,

65°, and 82° correspond to diffraction from CrFe (PDF04-033-4099).
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4 MeV iron-irradiation of Z-alloys, 400°C
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Figure 68. X-ray diffraction patterns of Fe-irradiated Z—alloys at 400°C up to 50 dpa. Main peaks at 20 ~ 45°,
65°, and 82° correspond to diffraction from CrFe (PDF04-033-4099).

Iron-irradiated (26, T12) and un-irradiated of the same type samples were each indented on their
surface using a high-load transducer under displacement control settings. Maximum displacements of 2,
4,6, 8,10, and 12 um are indented onto the surface with constant loading and unloading rates. As seen in
Figure 69, the topography of the iron-irradiated T12 was roughened to the point where the microscopy was
not entirely in focus due to large changes in the peaks and valleys. Because of that we were not able to
obtain reliable hardness data for the Fe-Irradiated T12 sample.

Figure 69. Sample surface images taken of Fe-irradiated T12 alloy.

The hardness value for the Fe-irradiated Z6 sample has a significant increase in standard deviation at
the 2 pm mark as shown in Figure 70. This increase can be attributed to the roughness values of the
sample. Some correction for this roughness can be applied using the advanced non-linear Oliver-Pharr
method. Except for the 2 um indent, the Fe-irradiated Z6 sample shows a slight increase in hardening
compared to its un-irradiated counterpart.
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Figure 70. Projection for hardness vs contact depth for Fe-irradiated Z6 alloy (red) as compared to un-
irradiated base material (blue).

8.3.5 TEM analysis of Fe-irradiated samples

Microstructure of un-irradiated Z6 Alloy

Conventional TEM as well as ABF-STEM imaging were used in order to analyze the as received Z6
sample. The sample results as made up of two different phases: bcc ferrite and Fe,Zr Laves phase.
Figure 71 shows a STEM-HAADF image of the as received alloy. The different contrast of the grains
arises from a different average Z-number (HAADF is a Z-contrast imaging technique), and therefore is
caused by a different chemical composition: darker grains correspond to the ferrite phase, brighter grains
correspond to the Laves phase. EDS points scans performed on 10 different grains of each phase gave an
average atomic composition of 88.12% and 11.69% for Fe and Cr, respectively, in the ferrite phase, and
70.39%, 2.80% and 26.80% for Fe, Cr and Zr, respectively, in the Laves phase.

Figure 71. Low magnification STEM-HAADF image of the as received Z6 alloy, showing an overview of the
sample: darker grains correspond to the ferrite phase, brighter grains correspond to the Laves phase.

60



Native structure of the bee grains is characterized by a small size (~1 pm) and the presence of native
dislocation lines. STEM-ABF images of 1 grain of the as received Z6 alloy sample imaged along the
[100] zone axis (ZA) is shown in Figure 72.

Figure 72. STEM-ABF micrograph of the one grain of the as received Z6 alloy imaged along the [100] zone
axis. Dislocation lines are visible at the center of the grain as well as close to grain boundaries.

Two different grains were analyzed and the density of the dislocation was estimated to be 0.09x10*
m”, with an average size of 40£18 nm. Figure 73 shows the size distribution for the dislocation lines in
the un-irradiated Z6 alloy.
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Figure 73. Size distribution of the dislocation lines in the Z6 as received alloy.

Microstructure of Fe-irradiated Z6 Alloy

Heavy ions at the energy of few MeV have only a limited range (on the order of single um) inside
metals and alloys, and therefore this limits the regions of the sample that can be investigated. Two
different grains were analyzed and the defects present were counted and sized. The position inside the
sample of the two grain chosen for the analysis is shown in Figure 74.
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Figure 74. TEM-BF micrographs of the two grains (circled in red) used for defect analysis in the Fe-
irradiated Z6 alloy.

For the analysis, each grain was imaged in ABF-STEM mode on the [100] and [110] zone axis.
Although the [110] zone axis is sufficient for imaging all the possible dislocation loops present in
irradiated bec alloys, imaging along the [100] ZA is useful for distinguishing some of the different loop
morphologies. Figure 75 shows a typical ABF-STEM micrographs of the grain shown in Figure 74(b),
imaged along the [110] ZA. Because of the high density of loops in some regions of the grain and in
order to further distinguish some of the loops observed, the same region was imaged also on the [100]
ZA, because this is an ideal orientation to differentiate <100>{100} dislocation loops from Y%<111>{111}
loops.

Figure 75. STEM-ABF micrograph of one grain of the Fe-irradiated Z6 alloy imaged along the [110] ZA. On
the bottom left corner the habit planes of the loops, as viewed in this imaging condition is shown, as taken
from Yao et al. [29].
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Figure 76. STEM-ABF micrographs (the same region and grain) of the Fe-irradiated Z6 alloy imaged around
a) [100] and b) [110] zone axes.

As seen from Figure 76, almost only loops of the <100> types are visible. It was already seen in
some reports that after irradiation at high temperature (~400°C and higher), <100> loop type becomes
predominant over the <111> ones [32, 33, 34]; this is also confirmed by theoretical calculations for pure
a-Fe [32]. Two different grains were analyzed and the defects were count; their density was estimated to
be 0.86x10** m™ and the size was estimated to be 18.06 = 10.69 nm. The size distribution is also
presented in Figure 77. It must be noted however, that the great variance in dislocation loops size is due
to the fact the damage profile caused by heavy ions is characterized by a steep function, and therefore the
damage caused to the sample varies substantially over small depths (there is a great variability of dpa
inside one single grain). Additionally, HRSTEM images were acquired on a dislocation loop and a
dislocation line of the irradiated sample, as shown in Figure 78.

Size [nen]

Figure 77. Size distribution for dislocation loops formed in Fe-irradiated Z6 alloy.
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Figure 78. HRSTEM images acquired on dislocation lines and a loop found in the Fe-irradiated Z6 alloy,
when the grain was oriented along the [111] ZA. No significant structural rearrangement was observed.

Finally, no evidence of radiation induced segregation was found across grain boundaries between
ferrite grains. Three different grains were analyzed and no significant segregation was observed in any of
these grains. Figure 79 shows a typical profile across the grain boundaries.
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Figure 79. Typical RIS profile across a grain boundary separating two ferritic grains in the Fe-irradiated Z6
alloy: a) STEM-ADF image; b) EDS compositional profile following the orange line in a) with red and black
lines denoting Fe and Cr, respectively.
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Depending on the damage dose to which they were exposed, some of grains of the Laves phases were
seen to undergo amorphization. This happened at depths in the range of 0.8 to 1.7 um from the sample
surface. Grains of the Laves phase found outside this region (closer to the surface or deeper inside the
sample, but still within the irradiation range), remained crystalline. Figure 80 shows a series of STEM-
ABF images and selected area diffraction patterns (SADP) of the Fe-irradiated Z6 alloy.

Z pm

Figure 80. Overview of the Fe-irradiated Z6 alloy and Laves phase: a) low magnification STEM-ABF
micrograph with a dashed white line representing the approximate depth after which defects caused by
irradiation are not visible anymore, corresponding to the maximum damage range of ~2.1 pm. Grains of the
Laves phase within the region bounded by red arrows (0.8 — 1.7 pnm) underwent amorphization. b) and c) are
the SADP corresponding to the grains indicated by b and c in the STEM micrograph.

As can be seen from Figure 80(a), the grains of the Laves phase which underwent amorphization can
also be identified by a slight change in contrast. It is also worth noting that in some cases amorphization
occurred only in a fraction of a grain, leaving the remaining part of it crystalline (careful observation of
Figure 80(a) shows that the contrast sometimes changes within a single grain). HRSTEM images of the
non-amorphous regions of the Laves phases (Figure 81) showed that no particular atomic rearrangement
occurred inside the grains, as compared with the as received sample.

Figure 81. HRSTEM image of one crystalline grain of the Laves phase close to the top surface of the Fe-
irradiated Z6 alloy.
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Finally, a STEM-ABF micrograph of one Laves phase grain (imaged a little bit off axis, to decrease
the contrast given by the faulted planes) shows some features that might look like defects caused by

radiation (Figure 82). Defects that look like dislocation loops are visible and appear to be aligned with
the faults plane.

500 nm ' 100 nm

Figure 82. STEM-ABF micrographs of a crystalline Laves phase grain in the Fe-irradiated Z6 alloy.

Microstructure of un-irradiated T12 Alloy

Figure 83 shows a low magnification TEM image of the as-received sample of T12 alloy. The as-
received martensite phase has a very complicated microstructure including lath boundaries, a very high
density of dislocation lines, dislocation networks, and different types of precipitates. Figure 84 shows two
STEM micrographs of the as received sample, showing the dislocation networks inside the martensite
laths, lath boundaries, and some of the precipitates found in the sample.

Figure 83. Low magnification STEM-ABF image of the as received T12 alloy, showing an overview of the
sample with the martensitic structure.
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Figure 84. STEM micrographs of the as received T12 alloy: a) HAADF image showing different
precipitates found in the as received alloy (arrows of different colors indicated precipitates with different
composition) found in the sample; b) BF-ABF STEM micrograph of dislocations line inside a lath (imaged

on the [100] ZA).

Different types of precipitates were found dispersed inside the matrix of the as received alloy. Many
precipitates displayed a brighter contrast as respect to the matrix when imaged in STEM-HAADF and
STEM-ADF mode (STEM-HAADF is a Z-contrast imaging method, meaning that brighter particles
contain heavier elements as respect to the surrounding matrix, while STEM-ADF, while still sensitive to
Z-contrast, is also sensitive to a diffraction contrast); the particles were therefore enriched in heavier
elements as compared to the matrix. Of these particles, some of them were found to be dispersed
homogenously inside the grains; typically these precipitates have a size of ~10 nm and they are enriched
in Ta, Ti (and most probably also C) as compared to the surrounding matrix. Figure 85 shows a low
magnification STEM-HAADF micrograph showing some of these precipitates along with an EDS of one
of precipitates.
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Figure 85. STEM-EDS analysis of the bright precipitates in the as received T12 alloy: a) STEM-HAADF
image showing different precipitates dispersed inside the grain of the steel matrix; b) STEM-HAADF at
higher magnification of one precipitates; ¢) EDS line-scan profiles showing C, Ta and Ti enrichment in the
precipitate.

The composition of the single particles was found to be variable, in particular the C content and the
Ti/Ta ratio, which was found to vary between 2.2 and 4 in different precipitates of this kind. Other bright
precipitates were found at the grain boundaries. These precipitates, as opposed to the bright precipitates
found inside the grains, were not enriched in Ti and Ta, but in W, and they also showed a significant
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amount of Cr in excess, as compared to the nominal value of the matrix. The value of the Fe/Cr ranges in
this particles between 1 and 2.5, and an average W concentration of 2%. Figure 86 shows these types of
precipitates, found on grain boundaries and giving a brighter contrast as respect to the matrix.

Figure 86. STEM-ADF images of bright precipitates at gain boundary of the as received T12 alloy, which
are enriched with W and Cr, as compared to the matrix. Red dots represent the point from which EDS
signals were acquired.

Different types of precipitates, indicated by black arrows in Figure 84 are shown in Figure 87. Only 4
precipitates of this kind were found in the entire lamella. The darker contrast exhibited by these particles
indicated they are enriched with elements which are lighter than the matrix. Table 12 shows their average
composition.

Figure 87. STEM-HAADF image of the precipitates indicated by black arrows in Figure 84. Those
precipitate are heavily enriched in titanium and carbon and only slightly in tantalum.

Table 12. Atomic percent composition of the black precipitates observed in the T12 as received alloy.

C[%] 0[%] Ti[%] V[%]  Cr[%]  Mn[%]  Fe[%]  Ta[%]  W[%]

18.01 0.6275  49.9725 0.2 2.1225 0 24515 4.525 0
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Microstructure of Fe-irradiated T12 Alloy

Heavy ions at the energy of few MeV have only a limited range (on the order of few single pm)
inside metals and alloys, and therefore this limits the volume of the sample that can be investigated. Two
different grains were analyzed and the defects present were counted and sized. The position inside the
sample of the two grain chosen for the analysis is shown in Figure 88.

Figure 88. TEM-BF micrographs of the two grains (circled in red) used for defect analysis in the Fe-
irradiated T12 alloy.

For the analysis, each grain was imaged in ABF-STEM mode on the [100] Zone Axis. The starting
microstructure of the steel was complicated and most of the dislocation lines and dislocation networks
observed were still present after radiation and made the observation of the defects formed due to
irradiation challenging. Figure 89 shows a STEM-ABF image of one grain of the irradiated sample and
the resulting loops observed in the grain. The density of loops observed was estimated to be 5.0x10*
loops/m’ and the average size was 6.57 + 3.67 nm. The size distribution is also presented in Figure 90.

Figure 89. ABF-STEM images of dislocation loops in a grain of the Fe-irradiated T12 alloy, imaged on the
[100] ZA. Similar to the case of Fe-irradiated Z6 alloy, loops are determined to be of the <100>{100} type.
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Size distribution for dislocation loops formed in Fe-irradiated T12 alloy.

showed the same types of precipitates as the as-received alloy samples. It appears

that the distribution of precipitates changes primarily because of high temperature exposure. Figure 91
shows regions of the samples with a high density of precipitates. These regions were not exposed to the
irradiating ions, as they were found deep inside the lamella (well beyond the irradiation range). Regions

with such high density

of precipitates were not found in the as-received alloy. Figure 92 shows precipitate

particles just inside and outside the ion range.

Figure 91. STEM-HAADF micrographs of the Fe-irradiated T12 alloy at (a) low magnification and (b,c)

high magnification of the region encircled in (a). High density of precipitate particles was observed and

their composition varied considerably. Typically, precipitates inside grains were enriched in Ti and Ta,
while precipitates on grain boundaries were enriched in W and Cr.
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Figure 92. STEM-HAADF micrograph showing different precipitates at various depths inside the Fe-
irradiated T12 alloy.

For both inside and outside the ion range, precipitates found within grains, were generally enriched in
Ti and Ta, while precipitates found at grain boundaries (see Figure 93), are generally enriched in Cr and
W. The precipitates at the lath boundaries were enriched in W (approximately 2%) and in Cr (ratio Fe/Cr
ranging between 0.5 and 2).

Figure 93. STEM-HAADF micrograph of different precipitates found at grain boundaries in the Fe-
irradiated T12 alloy. Red dots represent the point from which EDS signals were acquired.

A typical example of a line scan ran across a precipitate at grain a boundary (outside the ion range) is
shown in Figure 94. As can be seen from Figure 94, particles at these grain boundaries are enriched in W
and in Cr as compared to the matrix. No elemental Ti or Ta were detected inside the particles.
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Figure 94. STEM-EDS analysis of precipitates at grain boundaries outside the Fe-irradiation range: a)
STEM-ADF image and b) EDS line-scan profile showing the particle enriched in W and Cr without the
presence of Ti or Ta.
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9. SUMMARY

Three groups of advanced ferritic alloys were developed with the aid of computational alloy
thermodynamics using the Zr-bearing alloy database developed in this work. The three groups advanced
alloys include T—alloys (i.e., 9Cr ferritic-martensitic (FM) steels), Z—alloys (i.e., intermetallic-
strengthened Fe-Cr-Zr alloys), and L—alloys (i.e., high-Cr ferritic steels). As compared to the T—alloys,
the Z— and L—alloys do not have the ferrite—austenite phase transformation during heating and cooling,
leading to simplified alloy fabrication and possible capability of higher temperature use. Recently, effect
of Ni alloying on phase stability in Fe—Cr—Zr—Ni system, specifically on the stability of polymorphic
Laves phase, was preliminarily assessed by computational alloy thermodynamics, coupled with selected
experiments.

The designed alloys were fabricated using arc-melting and drop-casting, followed by hot rolling and
conventional heat treatments. The control capability of impurities such as S, O, N, and C, especially for
the presence of Zr, Ti, and Ta in alloys, was confirmed by a larger heat of L—alloy production using
vacuum-induction melting from a commercial vendor. A comprehensive experimental studies have been
conducted on the developed alloys to evaluate their hardness, tensile properties, creep resistance, Charpy
impact toughness, and aging resistance, as well as resistance to proton and heavy ion (Fe*"). Relevant
microstructure characterization was conducted using optical microscopy, SEM, EBSD, XRD, TEM, and
EDS. Vicker’s microhardness and nanoindentation technique were employed to measure radiation
hardening. The project has been primarily focused on the T— and Z—alloys because the L—alloys exhibited
the lowest strength and the highest radiation hardening among the three groups of alloys.

As compared to P91, the T—alloys exhibited ~300 to 100 MPa increases in yield/tensile strength from
room temperature to ~750°C. The Z—alloys showed comparable or slightly lower yield strength than P91
at temperatures below ~600°C, above which the Z—alloys exhibited higher yield strength approaching the
T—alloys. Microstructural characterization and the modeling of strengthening elements suggest that the
notable strength increase of the T—alloys is primarily attributable to the significantly increased amount of
ultrafine MX (M = metal, X = C/N) type nanoprecipitates. In contrast, the Z—alloys are primarily
strengthened by the network of eutectic structure. The T— and Z—alloys had increased creep lives by 2 to
4 times of the P91 tested at 650°C and 110 MPa. The increased amount of MX nanoprecipitates in the T—
alloys helped pin the subgrains during creep. Many ultrafine particles (~10 nm) were randomly formed in
the Z—alloys during the creep test, which helped improve creep life without impairing creep ductility.
Thermal aging at 600 and 700°C for up to 10,200 h indicated that aging-induced softening in T—alloys,
but slight aging hardening in Z—alloys. The higher aging temperature resulted in greater softening in T—
alloys, but less hardening or becoming softening in Z—alloys. Alloying Ta in T—alloys exhibited greater
aging resistance. The minor Zr alloying in T—alloys showed trivial beneficial effect on aging resistance.
The decreasing amount of Laves phase in Z—alloys resulted in the change of aging hardening to softening.
Charpy V-notch impact tests showed the significant improvement in impact toughness of T—alloys as
compared to P91. However, the impact toughness of Z—alloys was significantly lower, which needs to be
further investigated and developed.

Ton irradiation experiments using proton and heavy ion (Fe’") have been conducted on the developed
alloys to ~1 dpa at 420°C and ~50 dpa at 400°C, respectively. Vicker’s microhardness measurements
indicated the largest radiation hardening of the L—alloys (~120%) and the smallest hardening of the T—
alloys (~15-40%) after ~1 dpa irradiation. The Z—alloys exhibited a large variation in hardening (~30—
90%), suggesting a strong microstructure effect. XRD and STEM/EDS investigations suggested the
formation of a large amount of radiation-induced precipitates in the L—alloys and a small amount in the
Z—alloys, but negligible in the T—alloys, which is qualitatively consistent with the largest hardening of the
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L—alloys and the smallest hardening of the T—alloys. Detailed microstructural characterization was
conducted on the Z6 and T12 alloys as representatives of the Z— and T—alloys. Proton-irradiation resulted
in the disappearance of pre-existing large amount of short dislocation threads and the formation of many
unknown polyhedron-shaped defects within the ferritic grains, but did not result in phase and chemistry
changes to Laves phase in Z6 alloy. In contrast, Fe-irradiation resulted in predominant <100> type
dislocation loops in ferrite grains and amorphization of Laves phase within the zone of >~25 dpa. The
effect of Laves phase amorphization on mechanical properties is not clear, but which may be beneficial
radiation resistance improvement. Unlike the radiation-induced segregation (RIS) of slight Zr-enrichment
at popular low-angle boundaries of the ferritic grains in proton-irradiated Z6 alloy, Fe-irradiation did not
result in detectable RIS. Additionally, interrupted Cr,Os islands or layers were observed at the proton-
irradiated surface of Z6 alloy, which led to preferential oxidation of Fe,Zr-type Laves phase in the
eutectic structure. Similar studies are needed to see if continuous protective Cr,O; layer is formed at
surface of Z—alloys with higher Cr content (e.g., 12Cr in Z7 to Z9). Proton-irradiation did not result in
significant changes to the microstructure of T12 alloy, except for the formation of (Cr,W)-rich carbides
with undefined crystal structure at grain boundaries. Fe-irradiation mainly resulted in a high density of
predominant <100> type dislocation loops in T12 alloy, which are about 1/3 in size but one order of
magnitude higher in density than the loops in the Fe-irradiated Z6 alloy. RIS was not detected in the
proton- and Fe-irradiated T12 alloy.

According to the experimental results, the TT—series alloys and Z—alloys showed promising
mechanical properties and radiation resistance. The TT—series alloys exhibited superior strength and
impact toughness with excellent microstructure stability under the ion irradiation experiments. Despite
the superior high temperature strength and decent (or superior) radiation resistance of Z—alloys, this group
of alloys requires further development to have balanced mechanical properties and radiation resistance, as
well as to understand underlying mechanisms.
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