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FOREWORD

This is the fifty-ninth in a series of semiannual technical progress reports on fusion materials
science activity supported by the Fusion Energy Sciences Program of the U.S. Department of
Energy. It covers the period ending December 31, 2015. This report focuses on research
addressing the effects on materials properties and performance of exposure to the neutronic,
thermal and chemical environments anticipated in the chambers of fusion experiments and energy
systems. This research is a major element of the national effort to establish the materials
knowledge base for an economically and environmentally attractive fusion energy source.
Research activities on issues related to the interaction of materials with plasmas are reported
separately.

The results reported are the products of a national effort involving a number of national
laboratories and universities. A large fraction of this work, particularly in relation to fission
reactor irradiations, is carried out collaboratively with partners in Japan, Russia, and the European
Union. The purpose of this series of reports is to provide a working technical record for the use
of program participants, and to provide a means of communicating the efforts of fusion materials
scientists to the broader fusion community, both nationally and worldwide.

This report has been compiled under the guidance of F. W. (Bill) Wiffen and Stephanie Melton,
Oak Ridge National Laboratory. Their efforts, and the efforts of the many persons who made
technical contributions, are gratefully acknowledged.

Daniel Clark
Research Division
Office of Fusion Energy Sciences
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FERRITIC/MARTENSITIC STEEL DEVELOPMENT

STATUS AND IMPROVEMENT OF REDUCED ACTIVATION FERRITIC- 1
MARTENSITIC STEELS FOR HIGH TEMPERATURE SERVICE — L. Tan and Y.

Katoh (Oak Ridge National Laboratory), A.-A.F. Tavassoli and J. Henry (CEA), M.

Rieth (KIT), H. Sakasegawa and H. Tanigawa (JAEA), Q. Huang (INEST)

Summary of the content of two presentations at ICFRM 17 now in preparation for
submission in two open literature publications.

FABRICATION OF LOW ACTIVATION FERRITIC-MARTENSITIC STEELS 3
CONTAINING **FE ISOTOPE — Y. Yamamoto (Oak Ridge National Laboratory)

Reduction of the mixed oxide steel powder consisting primarily of **Fe was
successfully conducted via a combination of a hydrogen reduction process,
vacuum-melting, and arc-melting with reactive elements. The arc-melted ingot of
**Fe to date contains 78 wppm oxygen and 70 wppm nitrogen, together with ~1
wt.% of Cr and W, with the total weight of ~200 g. The detailed procedure of each
reduction process is summarized in this report. The results were presented in a
poster at ICFRM-17.

ADVANCED BAINITIC STEEL DEVELOPMENT FOR FUSION STRUCTURAL 9
APPLICATIONS — Y. Yamamoto (Oak Ridge National Laboratory)

Four heats of 3Cr-3WV base bainitic steels with or without minor alloying additions
of Mn, Si, and N were prepared. Continuous cooling transformation (CCT)
diagrams of the bainitic steels were produced by using a Quenching Dilatometer
(Material Measuring Corp.). The results indicated successful control of the bainitic
transformation kinetics with lower bainitic transformation temperatures in a wide
range of continuous cooling rates, compared to those of the base steels. It
promoted the formation of “carbide-free acicular bainite ferrite” which improved
relatively short-term creep-rupture properties tested at 600°C. Improved oxidation
resistance during creep testing was also observed in the modified steels with the
Si addition. Weldability screening of the steels has been initiated by using bead-
on-plate weld together with cross-sectional hardness measurements.

MICROSTRUCTURE EVOLUTION IN TEMPERED MARTENSITIC STEELS 15
UNDER IN-SITU He INJECTION EXPERIMENT IN HFIR JP28/29 — Takuya

Yamamoto, Yuan Wu, G. Robert Odette (University of California Santa Barbara),

Dan Edwards, Rick Kurtz (Pacific Northwest National Laboratory)

TEM studies have been carried out to observe the microstructure evolution in
normalized and tempered 8-9Cr martensitic steels (TMS) Eurofer 97 and F82H
under in situ helium injection (ISHI) fission reactor irradiation at nominally 500°C to
= 39 dpa and = 2100 appm helium at 500°C. The irradiations were carried out as
part of the JP-28&29 US DOE — JAEA collaboration. The cavity microstructure
analyses showed cavities with an average size of = 2.5 nm and number density of
= 2.4 x 10*/m>, resulting in a total cavity volume fraction of = 0.35%. The
corresponding void volume fraction is = 0.18%. The magnitude of void swelling is
significantly smaller than what was previously observed at 21 dpa and 1230 appm
He in JP-27 specimens. The reason for less swelling at higher dpa and He is that
the intended 500°C irradiation temperature fell significantly below 500°C during the
irradiation.
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TENSILE FRACTURE MECHANISM OF HFIR-HEAVILY-IRRADIATED F82Hs —
H. Sakasegawa, H. Tanigawa, T. Hirose, M. Ando (Japan Atomic Energy Agency),
Y. Katoh, C. O. Stevens, and M. R. McAlister (Oak Ridge National Laboratory)

Irradiation embrittlement and hardening of tensile properties were observed in the
heavily irradiated F82Hs at high temperatures, though it is still necessary to
confirm the result of diametric analysis of silicon carbide passive temperature
monitors. For F82Hs irradiated at 573 K, the three dimensional fractography
revealed that the fracture mechanism was affected by irradiation. Dimples became
smaller and shallower after irradiation, and grain boundary sliding was observed.
These results contribute to development of a tensile fracture mechanism model
explaining how the fracture is affected by irradiation.

ODS AND NANOCOMPOSITED ALLOY DEVELOPMENT

CHARACTERIZATION OF PROCESSING INDUCED IMPURITY PHASE
PRECIPITATES IN THE AS-PROCESSED FCRD-NFA-1 — S. Pal, M. E. Alam
and G. R. Odette (UCSB), S. Maloy (LANL), D. Hoelzer (ORNL)

The NFA-1 contains detrimental impurity phases along with the desirable nano-
oxides (NOs). The impurity phase precipitate particles appear as black, nearly
round features in SEM micrographs, with a size distribution between 10 and 260
nm. The impurity particles are arranged as stringers in the direction of primary
deformations during hot extrusion, and cross-rolling. Chemical analysis using
electron probe micro-analyzer demonstrates that these particles are either rich in
Ti or Y. TEM shows these features are primarily formed on grain boundaries and
triple junction. The EDS shows that the particles are primarily Ti-O and fewer Y-O
phases. Heat treatment at 1300°C/5 hr shows the complete dissolution of these
particles, suggesting they are a metastable phase. The precipitates act as
nucleation sites for ductile fracture at high temperature, reducing tensile ductility
and fracture toughness.

MICROSTRUCTURAL AND MECHANICAL BEHAVIOR OF AS-FABRICATED
AND ANNEALED 14YWT NFA-1 ALLOY — M.E. Alam, S. Pal, D. Gragg, G. R.
Odette (UCSB), D. T. Hoelzer (ORNL) and S. A. Maloy (LANL)

FCRD NFA-1 is a new 14YWT nanostructured ferritic alloy (NFA) processed to
form a 12.5 mm thick plate. Ultrafine, nearly equiaxed grains dominate the plate’s
face (LT), while the front (LS) and side (TS) views contain pancake-shaped,
trimodal grains with very large aspect ratios, along with a population of embedded
microcracks that are readily visible in profile. Low temperatures tensile tests on the
longitudinal (L) direction show a delamination driven ductile fracture, even at liquid
nitrogen temperature, with strengths up to 1563 MPa. In contrast, the room
temperature tensile specimen loaded in the short thickness (S) direction fails
prematurely in its elastic regime, with a flat, faceted fracture surface. Annealing at
1300°C for 1 and 5 hrs helps to alter the grains towards equiaxed in all plane views
and heals the microcracks, which results in much improved room temperature
tensile ductility. However, microhardness, tensile strength and fracture toughness
have been compromised, and the fracture mechanism has also been changed
from delamination driven to microvoid coalescence dimple fracture.
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THE CRYSTAL STRUCTURE, ORIENTATION RELATIONSHIPS AND
INTERFACES OF THE NANOSCALE OXIDES IN NANOSTRUCTURED
FERRITIC ALLOYS — Y. Wu , S. Kraemer, G. R. Odette (University of California
Santa Barbara), J. Ciston (Lawrence Bekeley National Laboratory), N. Bailey, P.
Hosemann (University of California Berkeley)

Fast Fourier Transform analysis of focal series images revealed the nano-oxide
(NO) crystal structure, including the smallest at < 2 nm in diameter, to be Y,Ti,O;
pyrochlore in all cases, consistent with both exit wave analysis and scanning
transmission Z-contrast imaging of the atomic columns in larger features. The
faceted NOs exhibit a quasi-epitaxial orientation relationship to the ferrite matrix:
[110]y10l|[100]ce and [001]yro||[010]c., forming a 5x7 near coincidence site
interface, and exhibit size-dependent strains in both the oxide and matrix ferrite
phases.

NANOSCALE 3D CORRELATIVE ATOM PROBE-ELECTRON TOMOGRAPHY:
CHARACTERIZATION OF MICROSTRUCTURES IN DUAL ION IRRADIATED
NFA MA957 — P. B. Wells, S. Kramer, Y. Wu, S. Pal, G. R. Odette and T.
Yamamoto (University of California, Santa Barbara)

Transmission Electron Microscopy (TEM) can resolve very small helium bubbles
(HB), down to approximately 1 nm, but is not optimal for observing populations of
very small nano-oxides (NO) in nanostructured ferritic alloys (NFA). In contrast,
atom probe tomography (APT) excels in measuring the location, size and
composition of NO, but cannot resolve small bubbles. Because a typical APT tip
has dimensions similar to those needed for TEM (on the order of 50-100 nm
thickness), it is possible to characterize HB by 3D TEM tomography, hereafter
called ET, prior to destructive 3D characterization of the NO by APT. Here, for the
first time, APT and ET are used to assess the association between HB and NO in
full 3D reconstructions, which also reveal strong NO-HB associations with a grain
boundary.

He IMPLANTATION OF Fe—{110}YTO BILAYERS — T. Stan, Y. Wu, T. Brown,
C. Palmstrom, and G.R. Odette (University of California Santa Barbara), and F.
Allen, P. Hosemann (University of California Berkeley)

The Fe-Cr matrix nanostructured ferritic alloys (NFAs) are dispersion
strengthened by < 5 nm Y-Ti-O nano-oxide (NO) phases. The characteristics of
the interfaces between the NOs, such as Y,Ti,O; (YTO), and the surrounding
ferrite matrix are critical to trapping He in fine scale bubbles. As a compliment to
current characterization efforts of the NOs themselves, a surrogate bulk Fe-YTO
interface was fabricated by molecular beam epitaxy (MBE) and electron beam Fe
deposition on {110}YTO. Areas of the sample were then implanted with 25 keV
He. The He bubble sizes, number densities, and volume fractions are reported.
Bubbles at the Fe-YTO interface were on average larger than in the matrix. No
bubbles were seen in, but this does not indicate that He is not present in the
YTO.

47

57

64



Fusion Reactor Materials Program December 31, 2015 DOE/ER-0313/59 — Volume 59

2.6

3.1

3.2

TABLE OF CONTENTS

SEQUESTRATION OF CAVITIES AT NANOPARTICLE-MATRIX INTERFACES
IN HELIUM PLUS HEAVY ION IRRADIATED NANOSTRUCTURED FERRITIC
ALLOYS — C. M. Parish®, K. A. Unocic’, L. Tan', S. J. Zinkle*?, S. Kondo®, L. L.
Snead®, D. T. Hoelzer', and Y. Katoh' - ! Oak Ridge National Laboratory, 2
University of Tennessee, Knoxville, *Institute of Advanced Energy, Kyoto
University, * Massachusetts Institute of Technology

Abstract of a manuscript being submitted to Journal of Nuclear Materials.

CERAMIC COMPOSITE STRUCTURAL MATERIAL DEVELOPMENT

LOW ACTIVATION JOINING OF SiC/SiC COMPOSITES FOR FUSION
APPLICATIONS: MODELING DUAL-PHASE MICROSTRUCTURES AND
DISSIMILAR MATERIAL JOINTS — C. H. Henager, Jr., B. N. Nguyen, and R. J.
Kurtz; (Pacific Northwest National Laboratory, Richland, WA, USA); M. Ferraris,
(Politecnico di Torino, Torino, Italy); Y. Katoh, (Oak Ridge National Laboratory,
Oak Ridge, TN, USA)

The international fusion materials community designed miniature torsion
specimens for joint testing and irradiation in test reactors with limited irradiation
volumes since SiC and SiC-composites used in fission or fusion environments
require joining methods for assembling systems. HFIR irradiation results indicated
two broad types of joint damage due to irradiation at either 500°C or 800°C to 3
dpa or 5 dpa. One type of damage can be categorized as microcracking within
multi-phase joints at the micron length scale. The other type of damage can be
categorized as cracking within the miniature torsion sample and within the joint
where the cracks are now on the scale of the joint thickness and are not
considered to be microcracks. This report discusses methods to model both types
of cracking due to differential properties within the joint due to multiple phases or
due to the fact that the joint itself is dissimilar from the joined CVD-SiC material.
This analysis requires two different models to account for these effects.

APT AND TEM CHARACTERIZATION OF PRECIPITATES IN Mg® ION
IMPLANTED CUBIC SILICON CARBIDE — W. Jiang, J. Liu, D. K. Schreiber, D.
J. Edwards, C. H. Henager, Jr,, R. J. Kurtz (Pacific Northwest National
Laboratory), and Y. Wang (Los Alamos National Laboratory)

This research update reports on the results from our preliminary atom probe
tomography (APT) data reconstruction and analysis as well as from our recent
transmission electron microscopy (TEM) examinations on Mg" ion implanted cubic
silicon carbide (3C-SiC). APT studies have been performed for 3C-SiC implanted
with ®Mg" ions to 9.6x10" ions/cm?” at 673 K and subsequently annealed at 1073
and 1573 K for 2, 6, and 12 h. TEM examinations have been focused on a lower-
dose (5.0><1O15 ions/cmz) 3C-SiC implanted with 24Mg+ ions, followed by annealing
at 1573 K for 12 h. The TEM study suggests that some of the nanometer-scale Mg
precipitates are associated with Frank loops in the implanted and annealed 3C-
SiC, while the APT results show that most of Mg-bearing particles contain both Si
and C. Further efforts on APT reconstruction and TEM examination are still in
progress.
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ADVANCED CHARACTERIZATION OF IRRADIATION DEFECTS IN SILICON
CARBIDE: POSITRON ANNIHILATION SPECTROSCOPY — X. Hu, T.
Koyanagi, Y. Katoh (Oak Ridge National Laboratory)

Positron annihilation spectroscopy (PAS), i.e., positron annihilation lifetime
spectroscopy and coincidence Doppler broadening, was used to characterize the
small vacancy clusters in 3C-SiC subject to various neutron irradiation conditions
by capturing the dependence of irradiation temperature (380~800°C) and dose
(0.01~30dpa). The vacancy cluster distribution obtained from PAS investigation is
critically important to complement the current understanding of the microstructural
evolution in SiC under the abovementioned neutron irradiation conditions, due to
the cluster invisibility in TEM characterization. Subsequently, the vacancy clusters
are then linked to the measured swelling behavior to provide insight into the
correlation between microstructure and physical properties of SiC.

HIGH HEAT FLUX MATERIALS AND COMPONENT TESTING

PRELIMINARY PROGRESS IN THE DEVELOPMENT OF DUCTILE-PHASE
TOUGHENED TUNGSTEN FOR PLASMA-FACING MATERIALS: DUAL-PHASE
FINITE ELEMENT DAMAGE MODELS — C. H. Henager, Jr., B. N Nguyen, R. J.
Kurtz (Pacific Northwest National Laboratory)

A promising approach to increasing fracture toughness and decreasing the DBTT
of a W-alloy is by ductile-phase toughening (DPT) [1-3]. In this method, a ductile
phase is included in a brittle matrix to prevent fracture propagation by crack
bridging or crack deflection. Liquid-phase sintered W-Ni-Fe alloys and hot-pressed
and sintered W-Cu composites are two examples of such materials that PNNL and
UCSB are investigating. However, there is a need for improved mechanical
property models of such composite systems in order to begin to optimize these
structural materials with regard to strength and fracture toughness. This report
describes such a model that is currently under development at PNNL.

FABRICATION OF FUNCTIONALLY GRADED TUNGSTEN STEEL LAMINATES
— L. M. Garrison (Oak Ridge National Laboratory)

Analysis is underway of the tungsten-steel laminate composites. The composite
was fabricated from tungsten foils in thicknesses 250, 100, and 25 um and grade
92 steel foils in nominal thicknesses 250, 100, and 76 um. The fabrication was by
forging and hot rolling at 1000°C. Shear punch tests were completed on the
tungsten foils. Tensile and shear punch samples are being machined from the
composite.

NEUTRON ENERGY SPECTRUM INFLUENCE ON IRRADIATION HARDENING
AND MICROSTRUCTURAL DEVELOPMENT OF TUNGSTEN — Makoto
Fukuda®, N.A.P. Kiran Kumar?®, Takaaki Koyanagiz, Lauren M. Garrison?, Lance L.
Snead®, Yutai Katoh?, Akira Hasegawal, 1- Tohoku University, 2- Oak Ridge
National Laboratory, 3- Massachusetts Institute of Technology

This is the abstract of a paper submitted to The Journal of Nuclear Materials.
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ANALYSIS OF NEUTRON IRRADIATED TUNGSTEN MICROSTRUCTURES —
N.A.P. Kiran Kumar, L. M. Garrison, Y. Katoh (Oak Ridge National Laboratory)

There are two components to neutron irradiation response that change the
structure of tungsten: neutron created lattice displacement defects such as
interstitials and vacancies, and transmutation products, especially rhenium and
osmium. This study is examining the effects of both of these on the tungsten
microstructure. Tungsten irradiated to four different doses from 0.7 to 4.5 dpa was
examined by transmission electron microscopy, scanning transmission electron
microscope, and electron dispersive spectrometry. The tungsten types included
single crystal tungsten and as-rolled tungsten foils. The Re and Os transmutation
products form needle-shaped precipitates preferentially along the <110> direction.
The average precipitate and void sizes increased with increasing dose.

IRRADIATION EFFECTS IN TUNGSTEN-COPPER LAMINATE COMPOSITES —
L.M. Garrison®, Y. Katoh?, L.L. Snead®®, T.S. Byun® ¢, J. Reiser®, M. Rieth®, 20ak
Ridge National Laboratory, “Present affiliation-Massachusetts Institute  of
Technology, “Present affiliation-Pacific Northwest National Laboratory, Karlsruhe
Institute of Technology

Extended abstract of a paper ready for journal submission

MAGNETIC AND DIAGNOSTIC SYSTEM MATERIALS
No contributions this reporting period.

FUSION CORROSION AND COMPATIBILITY SCIENCE

COMPATIBILITY OF AN FeCrAl ALLOY WITH FLOWING Pb-Li IN A THERMAL
CONVECTION LOOP — S. J. Pawel and K. A. Unocic (Oak Ridge National
Laboratory)

This is the abstract of a manuscript that has been submitted to the Journal of
Nuclear Materials.

MECHANISMS AND ANALYSIS

EFFECT OF STRAIN FIELD ON THRESHOLD DISPLACEMENT ENERGY OF
TUNGSTEN STUDIED BY MOLECULAR DYNAMICS SIMULATION — D. Wang,
N. Gao, (Institute of Modern Physics, Chinese Academy of Sciences) W.
Setyawan, R. J. Kurtz (Pacific Northwest National Laboratory), X. Gao, W. H. He
(Institute of Modern Physics, Chinese Academy of Sciences)

The influence of hydrostatic strain on point defect formation energy and threshold
displacement energy (E4) in body-centered cubic (BCC) tungsten was studied with
molecular dynamics simulations. Two different tungsten potentials (Fikar and
Juslin) were used. The minimum E4 direction calculated with the Fikar-potential
was <100>, but with the Juslin-potential it was <111>. The most stable self-
interstitial (SIA) configuration was a <111>-crowdion for both potentials. The
stable SIA configuration did not change with applied strain. Varying the strain from
compression to tension increased the vacancy formation energy but decreased the
SIA formation energy. The SIA formation energy changed more significantly than
for a vacancy such that Ey4 decreased with applied strain from compression to
tension.
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DAMAGE MECHANISM INTERACTIONS AT THE PLASMA-MATERIALS
INTERFACE (An Early Career Award Project) — C. M. Parish (Oak Ridge National
Laboratory)

This first reporting period of the five-year project has emphasized experimental
technique developments as the necessary foundation for all later work, and has
begun several valuable collaborations with other institutions. Specifically, tungsten
high-purity sheet stock has been obtained and characterized to act as a constant
and known baseline for further experiments. Focused ion beam (FIB) methods to
prepare samples for transmission electron microscopy (TEM) of plasma-exposed
tungsten have been refined. This includes tall (>1000 nm) "nanofuzz" tendrils,
which is a significant experimental challenge. A non-FIB technique for nanotendrils
has also been developed. Collaborations thus far include UCSD PISCES
laboratory, and Dr. D. Donovan, UT-Knoxville.

A CODE FOR AUTOMATED DERIVATION OF POST NECKING TRUE STRESS-
TRUE STRAIN CONSTITUTIVE LAWS FROM STANDARD TENSILE TEST
ENGINEERING STRESS STRAIN CURVES — Shuangyu Li, Takuya Yamamoto,
G. Robert Odette (UCSB)

We previously developed a self-consistent approach to derive true stress-stain
constitutive [o(€)] laws from measured tensile test engineering stress-strain s(e),
data based on finite element method (FEM) simulations. The simulated s(e)s were
based on trial input o(g), that were adjusted in an iterative fashion until
convergence at s(e)s = s(e)n. The adjustments between o(g), and o(g).., were
based on experience and judgment but in some cases convergence required many
time consuming iterations. Here we report an automated iterative process that is
much more efficient and less time consuming for the researcher.

MODELING PROCESSES IN FUSION SYSTEM MATERIALS

OBJECT KINETIC MONTE CARLO SIMULATIONS OF RADIATION DAMAGE
IN TUNGSTEN SUBJECTED TO NEUTRON FLUX WITH PKA SPECTRUM
CORRESPONDING TO HFIR — G. Nandipati, W. Setyawan, H. L. Heinisch, K. J.
Roche, R. J. Kurtz (Pacific Northwest National Laboratory) and B. D. Wirth
(University of Tennessee)

We used our recently developed lattice based object kinetic Monte Carlo (OKMC)
code, KSOME [1], to carry out simulations of radiation damage in bulk W. In this
report, we present preliminary results of our study of, the effect of the maximum
size of self-interstitial atom (SIA) clusters allowed to rotate on the defect
accumulation in bulk tungsten with 1um grain size when subjected to neutron flux
having PKA spectrum corresponding to HFIR at 1025 K for the dose rates in the
range 0.17 x 10%t0 0.17 x 10°® dpa/s.
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STABILITY OF SMALL SELF-INTERSTITIAL CLUSTERS IN TUNGSTEN — W.
Setyawan, G. Nandipati, and R. J. Kurtz (Pacific Northwest National Laboratory)

Density functional theory was employed to explore the stability of interstitial
clusters in W up to size seven. For each cluster size, the most stable configuration
consists of parallel dumbbells. For clusters larger than size three, parallel
dumbbells prefer to form in a multilayer fashion, instead of a planar structure. For
size-7 clusters, the most stable configuration is a complete octahedron. The
binding energy of a [111] dumbbell to the most stable cluster increases with cluster
size, namely 2.49, 3.68, 4.76, 4.82, 5.47, and 6.85 eV for clusters of size 1, 2, 3, 4,
5, and 6, respectively. For a size-2 cluster, collinear dumbbells are still repulsive at
the maximum allowable distance of 13.8 A (the fifth neighbor along [111]). On the
other hand, parallel dumbbells are strongly bound together. Two parallel dumbbells
in which the axis-to-axis distance is within a cylindrical radius of 5.2 A still exhibit a
considerable binding of 0.28 eV. The most stable cluster in each size will be used
to explore interactions with transmutation products.

A GENERALIZED ISING MODEL FOR STUDYING ALLOY EVOLUTION UNDER
IRRADIATION AND ITS USE IN KINETIC MONTE CARLO SIMULATIONS —
Chen-Hsi Huang and Jaime Marian (University of California Los Angeles)

We provide an Ising Hamiltonian for kinetic simulations involving interstitial and
vacancy defects in binary alloys. Our model, which we term "ABVI', integrates
solute transport by both interstitial defects and vacancies, and thus represents a
generalization to the widely- used ABV model for alloy evolution simulations. The
Hamiltonian captures the three possible interstitial configurations in a binary alloy:
A-A, A-B, and B-B, which makes it useful for irradiation damage simulations. We
implement the ABVI Hamiltonian in kinetic Monte Carlo simulations and perform a
verification exercise by comparing our results to published irradiation damage
simulations in simple binary systems with Frenkel pair defect production and
several microstructural scenarios, with matching agreement found.

FUSION SYSTEM DESIGN
No contributions this reporting period.

IRRADIATION METHODS, EXPERIMENTS AND SCHEDULES

FUSION MATERIALS IRRADIATION TEST STATION (FMITS) AT SNS — Mark
Wendel, Phil Ferguson (Oak Ridge National Laboratory)

The FMITS is a design concept for installation at the SNS Facility. The project
received funding from OFES during FY15 for (1) performing a mockup test on an
FMITS-type target seal, (2) augmenting the safety assessment based on the 2014
technical review, (3) analyzing thermal-hydraulic off-normal transients with a full
3D model to assess the performance of the FMITS sensor array, and (4) remote-
handling electrical connector operational mock-up, which was successfully
completed in FY15. The work was continued in FY16 using residual funding. The
main goals of the effort are to remove the project technical risks and prepare for a
potential future project.
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A HIGH ENERGY SELF-ION IRRADIATION STUDY OF METALLIC REACTOR
MATERIALS AT THE LLNL CENTER FOR ACCELERATOR MASS
SPECTROMETRY (CAMS) — N. Almirall, T. Yamamoto, D. Gragg, K. Fields, N.
Cunningham, P. Wells, G. R. Odette (University of California, Santa Barbara), S.
Tumey, T. Brown (Lawrence Livermore National Laboratory)

The LLNL CAMS accelerator experiment was designed to irradiate a range of
reactor materials (~80 samples per condition) with 70 MeV Fe*® ions to a dose of
3 dpa at two dpa rates that differ by a factor of 10. The experiment also explores
ion versus neutron irradiation effects by cross-comparing the CAMS results with
previous neutron and charged particle irradiation (CPI) data for the same alloy.
Following a prototype test on 10/8/15, the actual CAMS irradiation was
successfully conducted beginning on 12/3/2015. Extensive PIE is planned for the
FeCr alloys, NFA, TMS and other fusion reactor relevant alloys, including W. One
objective is to explore the concept of using precipitation as a damage meter to
evaluate the relative effects of neutron irradiations versus CPI; and to isolate the
effects of dpa rate from that of the irradiating particle. Here some preliminary ion
versus neutron results are reported.

METHOD FOR ANALYZING PASSIVE SILICON CARBIDE THERMOMETRY
WITH A CONTINUOUS DILATOMETER TO DETERMINE IRRADIATION
TEMPERATURE — Anne A. Campbell (ORNL), Wallace D. Porter (ORNL), Yutai
Katoh (ORNL), Lance L. Snead (MIT)

This is the abstract of a paper published in Nuclear Instruments and Methods in
Physics Research B, 370, (2016) 49-58.

IRRADIATION STUDY OF ADVANCED CERAMICS: STATUS OF IRRADIATION
EXPERIMENTS — T. Koyanagi, C.M. Petrie, N.O. Cetiner, Y. Katoh (Oak Ridge
National Laboratory)

HFIR Rabbit capsules were designed for irradiation of various advanced
ceramics. The materials include isotopically-controlled ultra-high temperature
ceramics such as TiB, and ZrB,, MAX phases such as Ti,AIC, TisAIC,, and
TisSiC,, SiC with various qualities, AIN, TiC, YAG, glassy carbon, and Si. The first
phase of the irradiation has been completed.

HFIR IRRADIATION EXPERIMENTS — J.P. Robertson, Y. Katoh and J. McDuffee
(Oak Ridge National Laboratory)

HFIR completed 3.2 cycles during the second half of 2015. Cycle 460C (July 6 —
July 11, 2015) added 406 MWdays to complete this cycle. Cycle 460 started on
June 9, 2015, but there was a manual shutdown on June 13, 2015, in response to
a reactor setback. The cycle was restarted on June 15, but the reactor was again
forced to shut down due to abnormal fluctuations in the primary temperature.
Cycles 461 (July 21 — August 15), 462 (October 6 — October 31), and 463
(November 17 — December 11) were completed without incident.
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1. FERRITIC/MARTENSITIC STEEL DEVELOPMENT
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1.1 STATUS AND IMPROVEMENT OF REDUCED ACTIVATION FERRITIC-MARTENSITIC STEELS
FOR HIGH TEMPERATURE SERVICE — L. Tan and Y. Katoh (Oak Ridge National Laboratory), A.-A.F.
Tavassoli and J. Henry (CEA), M. Rieth (KIT), H. Sakasegawa and H. Tanigawa (JAEA), Q. Huang
(INEST)

Summary of the content of two presentations at ICFRM 17 now in preparation for submission in
two open literature publications.

Reduced activation ferritic-martensitic (RAFM) steels are candidate structural materials for fusion
reactors. After about three decades of research and development, RAFM steels have achieved
technological maturity with representative RAFM steels including 9Cr-2WVTa (United States), F82H
(Japan), Eurofer97 (European Union), and CLAM (China), as well as similar steels being developed in
South Korea and India, which evolved from small lab heats to large industrial scale heats of steel larger
than 20 tons. A comprehensive set of properties of the RAFM steels have been investigated, including
the recent stringent code qualification activity of Eurofer97 to the RCC-MRx edition 2015, and the ongoing
materials qualification of F82H and CLAM. Long-term thermal aging resulted in reductions in strength
and ductility and degradation of Charpy impact toughness for aging temperatures above about 500°C for
F82H and CLAM. An increase of plate thickness from ~10 to 110 mm resulted in some reductions in
Charpy impact energy but little influence on tensile properties of F82H and CLAM. Recent addition of
fracture toughness data of Eurofer97-1 in the transition regime increased the scatter in the database,
which yielded modification of Master curve but retained the same T, of -90°C. Comparable fatigue
resistance was observed for F82H, Eurofer97, and CLAM at room temperature. However, CLAM with
~9Cr seems to possess somewhat superior fatigue resistance in air at 550°C compared to F82H with
~8Cr.

The current RAFM steels primarily contain M»3;Cg (M=Cr-rich) and small amounts of MX (M=Ta/V, X=C/N)
precipitates, which are not adequate to maintain strength and creep resistance above 500°C.
Thermomechanical treatments, including non-standard heat treatments, and alloy chemistry refinement or
modification have been employed to development next generation RAFM steels for superior performance.
Non-standard heat treatments using lower temperatures of normalization and tempering (e.g., 980 and
700°C) were found to produce similar balanced strength and Charpy impact toughness compared to
Eurofer97 normalized and tempered at higher temperatures (e.g., 1150 and 760°C).

Cast nanostructured alloys (CNAs) were recently developed at ORNL with the aid of computational alloy
thermodynamics coupled with strength modeling. The new alloys are designed to significantly increase
the amount of MX nanoprecipitates, which are manufacturable through standard and scalable industrial
steelmaking methods. Either MN or MC nanoprecipitates are favored in the CNAs with designed
amounts in the range of ~0.4-0.6 vol%, which is lower than the oxide nanocluster content (>~0.7 vol%) in
9-20Cr oxide dispersion-strengthened (ODS) alloys, but significantly higher than the MX (<0.2 vol%) in
the current RAFM steels. The experimental heats of CNAs demonstrated significantly refined MX
nanoprecipitates (<~7 nm) with a high density (on the order of 10°> m™), as well as a refined sub grain
structures and a high density of free dislocations (~3x10* m™), leading to improvements in strength,
creep resistance, and Charpy impact toughness.

The CNAs exhibited ~100-300 MPa higher yield strength than the RAFM/FM steels at test temperatures
up to 800°C, and comparable or slightly superior strength to PM2000 at temperatures above ~500°C.
The enhanced strength was achieved at the cost of a modest reduction in ductility. Preliminary creep
tests indicated superior creep resistance compared to RAFM steels, which approached the lower bound
of the scatter data of ODS-Eurofer. The CNAs showed Charpy impact toughness comparable to or
significantly greater than Grade 91, in terms of higher USE and lower DBTT. The improvement levels
were even greater when compared to 9-20Cr ODS alloys.

The CNAs with noticeably increased amount of MX nanoprecipitates are expected to have radiation
resistance and helium management performance superior to the current RAFM steels because of the



Fusion Reactor Materials Program December 31, 2015 DOE/ER-0313/59 — Volume 59

increased defect sinks at the nanoparticle-matrix interface. Preliminary neutron irradiation results on one
of the CNAs showed radiation hardening comparable to the large database for Eurofer97 and F82H
irradiated in a variety of fission reactors to ~70 displacements per atom at ~300-325°C. Small radiation
hardening (<80 MPa) did not impair the ductility of the CNA at low radiation damage. More post
irradiation examination and HFIR neutron irradiation experiments on CNAs are in progress or are
planned, to provide a more complete picture of radiation resistance. Ongoing research and development
activities on RAFM steels and CNAs will provide a solid foundation for their deployment in DEMO and
later fusion reactors.

The content of this topic was presented in two presentations at 17™ International Conference on Fusion
Reactor Materials (ICFRM-17), October 11-16, 2015. Detailed information is reported in Refs. [1,2].

References

[1] L. Tan, Y. Katoh, A.-A.F. Tavassoli, J. Henry, M.Rieth, H. Sakasegawa, H. Tanigawa, Q. Huang,
Status and improvement of reduced activation ferritic-martensitic steels for high temperature service,
Journal of Nuclear Materials (2016), to be submitted.

[2] L. Tan, L.L. Snead, Y. Katoh, Development of new generation reduced activation ferritic-martensitic
steels for advanced fusion reactors, Journal of Nuclear Materials (2016), submitted.
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1.2 FABRICATION OF LOW ACTIVATION FERRITIC-MARTENSITIC STEELS CONTAINING *FE
ISOTOPE — Y. Yamamoto (Oak Ridge National Laboratory)

OBJECTIVE

This primary goal is to evaluate the effect on the irradiation microstructure and mechanical properties of
the 9Cr base reduced activation ferritic-martensitic (RAFM) steels, such as EUROFER 97 and cast
nanostructured alloys (CNA), prepared by using **Fe isotope reduced from the oxide powder that KIH
provided. The *Fe isotope should accelerate the helium bubble formation during fast neutron exposure at
HFIR which allow simulating the high dose conditions within relatively short period of exposure time.

SUMMARY

Reduction of the mixed oxide steel powder consisting primarily of >*Fe was successfully conducted via a
combination of a hydrogen reduction process, vacuum-melting, and arc-melting with reactive elements.
The arc-melted ingot of *>*Fe to date contains 78 wppm oxygen and 70 wppm nitrogen, together with ~1
wt.% of Cr and W, with the total weight of ~200 g. The detailed procedure of each reduction process is
summarized in this report. The results were presented in a poster at ICFRM-17.

PROGRESS AND STATUS
Introduction

There are no test facilities available with a neutron spectrum that matches D-T fusion. Various methods
are used to simulate fusion reactor conditions and evaluate irradiation effects in structural materials for
fusion reactors. For reduced-activation ferritic-martensitic (RAFM) steels doped with B or Ni have been
used in fission test reactors to produce helium through (n, a) reactions while the fast neutrons produce
displacement damage. However, both B and Ni tend to segregate at grain boundaries, compromising the
simulation of uniform irradiation damage. It has been proposed to replace all natural Fe with the isotope
**Fe in selected RAFM steels to expect acceleration of the He bubble formation dispersed uniformly
within relative!ay short period of irradiation time, as previously attempted at High Flux Isotope Reactor
(HFIR) with *Fe by Liu et al. [1]. HFIR neutron irradiation will achieve simultaneous He and dpa
production throughout the bulk of specimens in a damage evaluation study.

About 400 g of mixed oxide steel powder was delivered from Karlsruhe Institute of Technology (KIT)
which consisted primarily of **Fe together with small amounts of Cr, W, and other alloying elements. The
origin of the powder material was a trial heat of EUROFER 97 with **Fe made at KIT. However, the heat
was accidentally contaminated with high amount of B and C so that the material was fully dissolved into
an acid and turned into oxide powders during the recovery process [2]. Reduction process of the oxide
powders was applied at ORNL, in order to extract the **Fe with reasonably low oxygen content. In this
report, the efforts on reducing the oxide powders were summarized.

Experimental Procedure

Four bottles containing **Fe oxide powders (~100 g for each) were delivered from KIT. The oxide
powders were reduced by using multiple steps as follows; (1) hydrogen annealing (at 1100°C in a flowing
H, gas for 24h), (2) cold compaction (to make a pellet, x4), (3) hydrogen sintering (to sinter the pellet, x4),
(4) arc-melting (to make a button ingot, x4), (5) vacuum melting (to merge four button ingots into one
piece), and (6) arc-melting with reactive elements (to reduce oxygen level by melting with Al). Oxygen
content of the ingot at each step was determined by using inert gas fusion analysis (conducted by
DIRATS), after the step #6. The step #6 repeated 5 times until the oxygen level became sulfficiently low
(less than 80 wppm.).
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Results

All steps in the reduction process are summarized in Table 1. There were total 10 different steps, and the
measured oxygen levels at each step after #6 were also listed. The last arc-melt (the step 6-5) resulted in
obtaining the button ingot with 79 wppm oxygen and 70 wppm nitrogen, together with ~1 wt.% of Cr and
W, with the total weight of ~200g. The ingot will be sectioned into two pieces, and then mixed with the
required elements to fabricate EUROFER97 and CNA steels by arc-melting.

Table 1. List of the reduction process and analyzed oxygen content

Step | Procedure O, wppm. | Remarks

1 Hydrogen reduction - Fluffy powder

2 Cold-press - Pressed at 12 ksi to make pellets (x4)

3 Hydrogen sintering - Sintered pellets (x4)

4 Arc melting - Button ingots with Cr-rich oxides (x4)

5 Melting in a vacuum furnace - One large ingot with lots of Cr-rich oxides
6-1 | Arc melting 2180 A button ingot with lots of Cr-rich oxides
6-2 | Arc melting with reactive elements (I) 1700 A button ingot with scales

6-3 | Arc melting with reactive element (l1) 741 A button ingot with a few scales

6-4 | Arc melting with reactive element (llI) 413 A button ingot with a few scales

6-5 | Arc melting with reactive element (1V) 79 A button ingot with a few scales

Next | Mix with required element by arc melting | - Planned

The reduction process was initiated from the hydrogen annealing. The powders were spread on an
alumina boat as shown in Figure 1, and kept them in a tube furnace with a flowing hydrogen gas at
1100C for 24h. The powders in four different bottles were reduced separately, and the contents before
and after annealing were analyzed by using the powder X-ray diffraction. The obtained spectra are shown
in Figure 2. The as-received powder mostly consisted of Fe,O3 type oxides with no metal Fe, whereas the
hydrogen annealing resulted in reducing the oxides significantly. However, the powders still contained
7~16% of mixed oxides (Fe,0s, Fe;04, Cr,03, etc.). Since the majority of the powders were metal Fe, a
melt process was proposed in order to separate these mixed oxides from metal Fe.

Figure 1. The powders after hydrogen annealing.
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Figure 2. The powder XRD results before and after hydrogen annealing.

The powders were cold-pressed at 12 ksi to make pellets with ~29mm diameter and ~25mm height, and
then sintered in a flowing hydrogen gas at 1100C, as shown in Figure 3. This process was applied to
prepare the following arc-melting process since the powders would be difficult to arc-melt (e.g. potential
explosion during evacuation or melting).

Each pellet was arc-melted several times to make sure to eliminate any residual powders and to form one
piece of the ingot. The metal Fe typically showed a spherical shape during arc-melting process, as shown
in Figure 4a, together with the agglomerate of the mixed oxides fringed the metal Fe. The resultant button
ingots were covered by the mixed oxides, so that they were mechanically separated by using a hammer,
as shown in Figure 4b. Some of the oxide pieces could not be removed from the ingots since they were
“bitten” inside of the metal ingots. This could potentially be due to lower melting point of Fe-rich oxides
compared to that of metal Fe, which resulted in solidifying the metal and oxides almost the same time and
difficult to make a clear separation.

(a) As cold-pressed b) After sintering

Figure 3. (a) The pellet made from the cold-press powders, and (b) the pellet after sintering.
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(a) Arc-melted pellet (b) Button ingot and oxide scales

Figure 4. (a) The pellet during arc-melting, and (b) the button ingot and separated oxide scales.

A melting in a vacuum was also attempted. After several trial melt with a dummy (natural) Fe, an MgO
crucible was selected for the melting process. Four ingots were melted at once this time in order to make
a large ingot. The crucible with the ingots were kept in a vacuum chamber, slowly heated up to 1600C
and held for 30min, and then furnace cooled to room temperature. The ingots were fully melted to form
one large ingot, although the surface was not smooth and lots of mixed oxides were bitten at the top of
the ingot, as shown in Figure 5. After removing the mixed oxides as possible, the ingot was arc-melted
again to make a large button ingot. A part of the ingot was accidentally separated from the main body
during arc-melting, so that there were two ingots after this process step, as shown in Figure 6. A lot of
mixed oxide agglomerates were removed from the arc-melted ingot, and a small piece (~5g) was
sectioned from the large ingot for the chemical analysis. The analyzed result indicated that the metal
contained not only oxygen with 0.218 wt.% but also 0.93 wt.% of Cr and 0.80 wt.% of W in it.

(a) Before melting

Figure 5. The ingots melted in an MgO crucible in a vacuum; (a) before and (b) after melting
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Figure 6. Arc-melted ingots and removed oxide agglomerates

From the chemical analysis result, it was hypothesized that most of oxygen was combined with Cr to form
chromium oxide. It would be difficult to separate the chromium oxide from molten Fe, so that another
reduction method was proposed; melting the ingot with reactive elements such as Al and/or Si which
would form more stable oxides compared to chromia as well as easier to separate from molten Fe
because of their higher melting points. Based on this idea, the required amounts of Al and Si (to form
Mullite, AlgSi,O43) or Al (to form Al,O3) to compensate the oxygen in the ingot were calculated, and then
arc-melted with the ingot.

It was found that the Si addition was not effective to form Mullite but the Al addition was beneficial to
separate the oxides from molten Fe, as shown in Figure 7a (after the first mixing, or step 6-2). The Cr
content increased after the first mixing, suggesting that the Al successfully captured the oxygen from
chromium oxide and increased free Cr in the metal Fe ingot. Since excess Al could be poisons for the
fabrication of RAFM steels later (e.g. interfering with the nitrogen addition), relatively small amount of the
Al addition was made in the following steps. Total four times mixing of the ingot with Al resulted in
reducing the oxygen content up to 78 wppm. together with 1.34 wt.% of Cr. Note that the Al content was
below the detection limit (<0.01 wt.%) after the step 6-5.

(a) Step 6-2

Figure 7. The ingot after mixing with reactive elements; (a) after the step 6-2, (b) 6-3, (c) 6-4, and (d) 6-5.
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The ingot after the step 6-5 will be sectioned into two pieces, and then melted with the required elements
to fabricate two different RAFM steels. The progress will be summarized in the next semi-annual report.

These contents were presented at the 17th International Conference on Fusion Reactor Materials held at
Aachen, Germany on October 12" to 16", 2015, as a poster presentation entitled “FABRICATION OF
LOW ACTIVATION FERRITIC-MARTENSITIC STEELS CONTAINING **Fe ISOTOPE”".

References

[1] H. Liu, M. A. Abdou, L. R. Greenwood, *°Fe effect on enhancing ferritic steel He/dpa ratio in fission
reactor irradiations to simulate fusion conditions, Fusion Engineering and Design, 88 (2013) 2860-
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1.3 ADVANCED BAINITIC STEEL DEVELOPMENT FOR FUSION STRUCTURAL APPLICATIONS —
Y. Yamamoto (Oak Ridge National Laboratory)

OBJECTIVE

This work aims to develop new bainitic steel, based on 3Cr-3WV(Ta) steels originally developed at ORNL,
with mechanical properties of both base metal and weldments superior to those of existing commercial
bainitic steels or ferritic-martensitic (F-M) steels. The target applications are high temperature structural
components in fusion reactors such as the vacuum vessel, the structural ring which supports the blanket
modules, and magnet shields, to be used at or above the 400-500°C range. Improvement of long-term
creep properties by introducing additional fine, stable second-phase dispersions, as well as maintaining
good weldability, is targeted via optimization of alloy composition and thermo-mechanical heat treatment.

SUMMARY

Four heats of 3Cr-3WYV base bainitic steels with or without minor alloying additions of Mn, Si, and N were
prepared. Continuous cooling transformation (CCT) diagrams of the bainitic steels were produced by
using a Quenching Dilatometer (Material Measuring Corp.). The results indicated successful control of the
bainitic transformation kinetics with lower bainitic transformation temperatures in a wide range of
continuous cooling rates, compared to those of the base steels. It promoted the formation of “carbide-free
acicular bainite ferrite” which improved relatively short-term creep-rupture properties tested at 600°C.
Improved oxidation resistance during creep testing was also observed in the modified steels with the Si
addition. Weldability screening of the steels has been initiated by using bead-on-plate weld together with
cross-sectional hardness measurements.

PROGRESS AND STATUS
Introduction

With the alloy design strategy of improving creep performance, two new bainitic steels based on 3Cr-3WV
and 3Cr-3WVTa [1,2] with minor alloying additions of Mn, Si, and N were proposed with guidance from
computational thermodynamics. The calculation predicted that the minor alloying additions result in
formation of stable MN (M: mainly V) in a wide temperature range below ~1100°C and increase the
stability of M3Cs (M: mainly Cr) relative to M;Cs (M: mainly Cr). Since both MN and M»3:Cg are the key
strengthening phases of the bainitic steels at elevated temperatures, the proposed steels would have a
potential of improved creep properties compared to the base steels. An improved oxidation resistance
would also be expected due to the Si addition [3]. In addition, the calculated continuous-cooling-
transformation (CCT) diagram predicted wider austenite stable regions (retarding the transformation to
ferrite or pearlite) with lower bainitic transformation start temperature compared to the base steels,
indicating that the transformation would occur at relatively lower temperature range even with air cooling
which is equivalent to the lower bainite formation during isothermal annealing in TTT diagram (Figure 1).
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Figure 1. Schematic illustration of TTT and CCT curves for a bainitic steel

This new design of bainite transformation kinetics through alloying additions would result in enhancing the
formation of “carbide-free acicular bainite ferrite formation” which also plays an important role of
improving the creep properties as well as toughness of the bainitic steels [2]. In this report, the
experimental efforts to verify the predicted transformation kinetics, microstructure, and the creep-rupture
performance have been summarized by comparing the base and the modified steels. The first trial of
weldment by using bead-on-plate gas tungsten arc weld is also discussed.

Experimental Procedure

The 55 kg forged plates of two base bainitic steels and two modified steels have been prepared using a
vacuum induction melting by Carpenter Technology Corporation. The heat identifications and the base
compositions are listed in Table 1. The ingots were homogenized and forged at 1100°C to make plates
with a size of 25 mm thickness x 15 cm width x ~40 cm length. The forged plates were austenitized at
1100°C, followed by air cooling (normalization). A part of each plate was sectioned, and applied
annealing at 700°C for 1h, followed by air cooling (tempering).

Table 1. Heat identifications and base alloy compositions of the steels

Heat Base composition, wt.% Remarks

2750 Fe-3Cr-3w-0.2v Base 3WV

2751 Fe-3Cr-3W-0.2V-0.1Ta Base 3WVTa
2752 Fe-3Cr-3W-0.2V + Mn, Si, and N Modified 3WV
2753 Fe-3Cr-3W-0.2V-0.1Ta + Mn, Si, and N Modified 3WVTa

Continuous cooling transformation diagrams were produced by using Quenching Dilatometer (Material
Measuring Corp., MMC) refurbished at ORNL. Columnar specimens with a size of 3 mm diameter x 10
mm length were machined from the steels for the dilatometry analysis. The specimens were kept at
1100°C for 30 s in a vacuum chamber, and then cooled down to room temperature by using a controlled
He gas blow in order to achieve various cooling rates in a range of from 1°C/s to 180°C/s. The bainitic
transformation start and finish temperatures were determined from the obtained dilatometry curves.
Microstructure of the specimens cooled at a cooling rate of 1°C/s were characterized by using light optical
microscope (OM), and the same metallographic specimens were used for micro-Vickers hardness
analysis with 1kg load. A series of creep-rupture tests of the base and the modified steels after tempering
was conducted at 600°C and various constant loads in a range of 170 to 250MPa in a laboratory air. The
test was conducted with sub-sized sheet dog-bone shape specimens with the gage dimension of 0.7 mm
thickness x 3.2 mm width x 13 mm length. The extensometer was not attached to the specimens but the
pull-rod to measure the creep-deformation, so that the creep-test was semi-quantitative. Bead-on-plate
welding (gas tungsten arc weld, GTAW) was performed on the selected steel plates with the conditions of
both as-normalized and tempered. Cross-sectional microstructure characterization was conducted by
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using OM, and the Vickers hardness of the as-welded materials was measured with 300g load across the
base metal — heat affected zone — weld metal, in order to produce a hardness distribution map.

Results

Continuous cooling transformation (CCT) diagrams of the base and the modified bainitic steels are shown
in Figure 2. The bainitic transformation start (Bs) and finish (By) temperatures before and after alloy
modification were compared in Ta-free (Figure 2a) and Ta-containing (Figure 2b) steels. Alloy
modification resulted in lowering both Bs and B;with ~20-100°C in the cooling rates studied, as expected
from the alloy design strategy described above. There was no significant difference in the transformation
temperatures between Ta-free and Ta-containing steels, indicating that the addition of Ta would have little
effect on controlling bainitic microstructure (i.e. formation of carbide-free acicular bainite ferrite) but be
more effective on the second-phase precipitation (MX/MC) which would contribute to improving creep
properties significantly [2]. Optical micrographs of the steels cooled at 1°C/s (shown in Figure 3) indicates
that there was no ferrite or pearlite formation at the cooling rate which was quite slower than a typical
cooling rate of air-cooling (~10°C/s). This result suggests that the formation of locally weakened
microstructure (= ferrite or pearlite) would not be expected during cooling after a typical welding, either at
the heat affected zone or in the weld metal. The Vickers hardness increased with the alloy modification in
both Ta-free and Ta-containing steels, which supported that the hardenability was successfully improved
by controlling the microstructure with the stable carbide-free acicular bainite ferrite as expected.

1200 (a) 3Cr-3WV base 1200 (b) 3Cr-3WVTa base
(1100°C, 80s — continuous cooling) (1100°C, 60s — continuous coaling)
1000 1000
© 800 A © 800 4
g g
2 2 #2751
® 600 { #5750 W 600 7 o
= / = I - P - B,
@ ;i B == @ (Base) a1 2
=% (Base) -— _b.o- a RS-
FAN fo N
= ] R P e e = ] p.-0—0—E-0——0- B
N f
#2752 f 42753 ‘,)/-’,_n__o—‘—/
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[ PSR ; e S 3 04 ey i . S— i
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Figure 2. Continuous cooling transformation diagrams of (a) Ta-free, and (b) Ta-containing steels.
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Figure 3. Optical micrographs of the bainitic steels after cooling at 1°C/s; (a) #2750, (b) #2752, (c) #2751,
and (d) #2753.

Comparison of creep-rupture properties of the base and the modified bainitic steels were summarized in
Figure 4. The creep-rupture life of the 3Cr bainitic steels at 600°C/200MPa were quite longer than that of
P92 (9Cr-2W-0.5Mo base) ferritic-martensitic steel (Figure 4a), and the Ta-containing steels showed
almost doubled creep-life compared to the Ta-free steels. However, no apparent or consistent effect of
alloying additions on the creep-rupture properties was observed at the test condition. At 600°C/170MPa
(Figure 4b), on the other hand, only the Ta-containing steels exhibited longer creep-life compared to that
of P92, although the alloy modification resulted in ~10-20% improvement of creep-rupture life in the
bainitic steels. These results suggested that the effect of alloy modification on creep-properties would be
more apparent in the milder creep test conditions. Since 600°C test temperature is quite aggressive and
the creep-rupture life is in a range of “short-term” compared to the target applications of the developing
steels, further evaluation of creep properties in a range of more than “mid-term (= several thousand
hours)” would be required. The creep tests of the steels at slightly lower temperature (550°C) have been
initiated and are currently in progress.
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Figure 4. Creep-rupture test results of the 3Cr bainitic steels compared with the result of P92; tested at
(a) 600°C/200MPa (creep-life), and (b) 600°C/170MPa (creep-rupture curves)

The Si addition improved the surface protection during creep-rupture testing, as shown in Figure 5. The
base 3Cr-3WV with 0.16 wt.% Si showed rusty specimen surface, especially at the gage portion, and the
cross-sectional near the surface exhibited the formation of thick oxide layers. The oxidation resulted in not
only consuming the material volume but also a formation of a wedge-shape oxide penetration along the
grain boundary which would also affect to the mechanical properties such as crack initiation site. On the
other hand, the modified steel with 0.5 wt.% Si addition do not show such thick oxide layers after the
same creep-rupture test condition as the base metal. This Si effect was reported by Ishitsuka et al. [3] in
case of Grade 92 steel in a steam exposure. However, as far as the Pl is aware of, no such effect of Si
addition was reported in the heat-resistant bainitic steels. Further systematic study would be required to
understand the oxidation characteristics after long-time exposure at elevated temperatures as well as the
potential benefits or limitations in the new bainitic steels, and the test planning is currently in progress.

pross-sectiona!
#2750: Base 3Cr-3WV (0.16% 8i) o
At o0 o S #2750 (epoxy)

Thick oxide layers formed

#2752

(epoxy)

No visible oxide layers

10mm | SO

Figure 5. Creep-ruptured specimens of the steels #2750 and #2752 tested at 600°C and 200MPa,
together with cross-sectional microstructure near the specimen surface showing the surface oxide layers.

Trial GTAW was conducted by using bead-on-plate weld on the 3Cr-3WVTa steels after tempering.
Cross-sectional microstructures of the welded samples are shown in Figure 6. There are two weld beads
on the samples, and the weld metals locate inside the yellow lines in the pictures. The boundary between
the heat affected zone and the base material can easily be identified because of abrupt change in the
contrast. There was no delta-ferrite or martensitic microstructure was observed in the weld metal or the
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heat affected zone. The hardness distributions across the weld metal are also shown by using contour
color maps which were obtained from the area with the white rectangle in the picture. The tempered base
metals exhibited ~320-350Hv, and the hardness of the modified 3Cr-3WVTa showed slightly higher
hardness compared the base steels. The weld metal and the heat affected zone, on the other hand,
showed the hardness of ~370-400 Hv and ~390-440HYv for the base and the modified steels, respectively,
which were much higher than the base materials. Such high hardness could possibly be beneficial for the
high temperature creep properties similar to as-normalized materials [2], but may have a significant
impact on the ductility, toughness, or potential residual stresses. Further characterization efforts is
planned.

(a) 2751, base 3Cr-3WVTa, tempered

;

Weld metal” ~~ & _

Heat affected zone
(b) 2753, mod. 3Cr-3WVTa, tempered
- T

t affééted éone

Base material

Heat affected zone Base material

Figure 6. Cross-sectional microstructure of the 3Cr-3WVTa base bainitic steels with bead-on-plate weld
(GTAW), together with the contour color map of the hardness distribution across the weld metal; (a)
#2751, tempered, and (b) #2753, tempered.

This material was presented at ICFRM 17 with the title “Development of Advanced 3Cr-3WV(Ta) Bainitic
Steels for Fusion Structural Applications”.
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1.4 MICROSTRUCTURE EVOLUTION IN TEMPERED MARTENSITIC STEELS UNDER IN-SITU He
INJECTION EXPERIMENT IN HFIR JP28/29 — Takuya Yamamoto, Yuan Wu, G. Robert Odette
(University of California Santa Barbara), Dan Edwards, Rick Kurtz (Pacific Northwest National Laboratory)

OBJECTIVE

The objective of this research is to characterize cavities and other microstructural evolutions in candidate
9Cr tempered martensitic steels under in situ He injection and displacement damage in HFIR.

SUMMARY

TEM studies have been carried out to observe the microstructure evolution in normalized and tempered
8-9Cr martensitic steels (TMS) Eurofer 97 and F82H under in situ helium injection (ISHI) fission reactor
irradiation at nominally 500°C to = 39 dpa and = 2100 appm helium at 500°C. The irradiations were
carried out as part of the JP-28&29 US DOE — JAEA collaboration. The cavity microstructure analyses
showed cavities with an average size of = 2.5 nm and number density of = 2.4 x 10*//m?, resulting in a
total cavity volume fraction of = 0.35%. The corresponding void volume fraction is = 0.18%. The
magnitude of void swelling is significantly smaller than what was previously observed at 21 dpa and 1230
appm He in JP-27 specimens. The reason for less swelling at higher dpa and He is that the intended
500°C irradiation temperature fell significantly below 500°C during the irradiation.

PROGRESS AND STATUS
Introduction

Predicting and mitigating the effects of a combination of large levels of transmutant He and displacement
damage (dpa), produced by high energy neutrons on the dimensional stability and mechanical properties
of structural materials is one of the key challenges in the development of fusion energy [1]. The
fundamental overriding questions about He-dpa synergisms include: a) What are the basic interacting
mechanisms controlling He and defect transport, fate and consequences, and how are they influenced by
the starting microstructure and irradiation variables (dpa rate, He/dpa ratio, temperature and applied
stress); and, b) how can the detrimental effects of He-dpa synergisms be mitigated and managed by
proper microstructural design?

We have previously demonstrated that in situ He implantation (ISHI) in mixed spectrum fission reactor
irradiations provides a very attractive approach to assessing the effects of He-dpa synergisms, while
avoiding most of the confounding effects associated with Ni- or B-doping type experiments [1-8]. Another
approach to study He-dpa synergism is to use dual ion (DI) beams to simultaneously implant He and
create displacement damage with heavy ions [1,9-12]. In spite of an apparent similarity, the two
techniques have many differences that include the dpa rate, the spatial distribution of damage and He
and the proximity of a free surface. Nevertheless, our earlier study [10,11] indicated

e Swelling incubation dose = linearly decreases with He/dpa in DI

e Larger swelling with He/dpa is consistent with limited observations in ISHI

e Swelling incubation dose in ISHI is significantly lower than in DI presumably due mainly to dpa
and He implantation rates

e Post-incubation trend of swelling is nearly common when the above data are plotted on a
incubation normalized dose scale

Development of a microstructure database from ISHI and DI irradiation experiments over wide range of
irradiation variable conditions is an important objective of this research, and provides a basis to inform,
calibrate and validate predictive models. Here we report the most recent results from the ISHI experiment
carried out in the HFIR JP-28 and 29 irradiations.
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Experimental Procedure

Irradiation conditions

ISHI experiments have been included in US-JAEA collaboration JP-26, 27, 28/29 and 30 target capsules
and DOE-Japan MEXT collaboration TITAN program rabbit capsules both in HFIR, as well as the UCSB
ATR-1 experiment. The details of ISHI method is described elsewhere, but in summary the experiment is
carried out using TEM discs with a thin NiAl intermetallic coating that was electron beam deposited at
UCSB. The coated discs were paired with adjacent uncoated discs as illustrated in Figure 1, so that He
atoms generated in the NiAl via two-step Ni thermal neutron reactions are injected up to = 9 um deep
from the surface regions of both coated and uncoated discs. Target coating thicknesses of 0.8, 1.6 and 4
um produced nominal He/dpa ratios of 11, 22, and 55 at 39 dpa in the case of JP-28/29 capsules. Some
results from the JP-26 and JP-27 capsules have been reported previously, while new JP-28/29 capsules
provided specimens at higher dose and He conditions, nominally 39 dpa and 2430 appm, respectively.
Table 1 summarizes those materials and irradiation conditions.

N + n,—> Ni +y Table 1. Irradiation conditions for ISHI experiments in HFIR
FINi + n,—> Fe + *He (4.76MeV)
Irr. ID | T(°C) |dpa [He(appm) [He/dpa(appm) | Spec ID |Material
e JP26 | 500 | 9 169 18.8 R25 |Eurofer 97
fn JP26 | 500 | 9 190 21.1 H24 |F82H mod.3 (AT)
JP26 500 9 372 41.3 R26 |Eurofer 97
JP26 500 | 9 372 41.3 R27 |Eurofer 97
JP26 500 9 380 42.2 H27 |F82H mod.3 (AT)
A JP26 500 | 9 380 42.2 UN27 [F82H mod.3 (CW20)
|5pccimcn | “ substrate JP27 500 | 21 510 243 H57b |Eurofer 97
JP27 500 | 21 510 24.3 UN56 |F82H mod.3 (CW20)
JP27 500 | 21 1230 58.6 R56 |Eurofer 97
JP27 500 | 21 1250 59.5 UN57 [F82H mod.3 (CW20)
Figure 1. Schematic of in | [ JP28/29 | 500 [ 39 | 858 22.0 084 |F82H_IEA
situ He injection technique | [ JP28/29 | 500 | 39 | 2145 55.0 R86 |Eurofer 97

Materials

We included various materials in the experiment with emphasis on two major material groups, tempered
martensitic steels (TMS) and nano-structured ferritic alloys (NFA). This report focuses on some TMS
alloys with emphasis on high dose swelling trends and effects.

The TMS material group includes two heats (IEA and Mod.3) of F82H and Eurofer97 [12,13]. F82H mod.3
is one of the F82H steel variants. The base chemical composition of F82H-IEA (nominally, 7.5%Cr 2%W
0.2%V 0.1%C 0.1%Si 0.02%Ta 60ppmN), Mod. 3 is a high purity (14 ppm N and 0.001% Ti) variant of
F82H with high 0.1% Ta [13]. Both heats were austenitized at 1040°C for 30 min, normalized (air-cooled),
and tempered at 740°C for 1.5 h. The F82H mod.3 was also included in the 20% cold worked (CW20)
condition in addition to the as tempered (AT) condition. The composition of the 6.25 mm Eurofer97 plate
used in this study is: 8.93Cr, 1.08W, 0.49Mn, 0.20V, 0.12C, 0.04Si, 0.021N, < 0.01(P, Cu, Co, Ti, Nb, B),
bal. Fe (wt%) [14,15]. The plate was austenitized at 980°C for 27 minutes and air-cooled prior to
tempering at 760°C for 90 minutes.

PIE methods

TEM specimens were prepared by focused ion beam micromachining (FIBing) at a low final current of 5.5
pA and voltage of 2 keV. The cavities were characterized using through-focus sequence imaging. They
appear as white regions surrounded by a dark ring in the under-focused condition (typically -500 to -1000
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nm) and as dark regions surrounded by white rings in the over-focused condition. Cavities were identified
by careful comparative image analysis of the under and over-focused micrographs. Cavities were not
observed in un-implanted regions, consistent with the well-known high swelling resistance of Eurofer97
and F82H in the absence of sufficient helium. The absolute diameters of the bubbles cannot be
determined precisely, especially at small sizes, without detailed corrections. The cavity diameters
reported here are the nominal values for the white spot diameter in the under-focused condition. Foil
thicknesses were determined by convergent beam electron diffraction.

Results

Cavity Microstructure

Figure 2a and Figure 2b show representative TEM cavity microstructure images in Eurofer 97 at (a) 21
dpa and 1230 appm He in JP-27 and (b) 39 dpa and 2145 appm He in JP28/29, both at a nominal
temperature of 500°C. Fig. 3a and 3b show the corresponding size distributions of the cavities in the
Eurofer 97 samples. Surprisingly, the lower dose and He condition showed more numerous large faceted
cavities, which are growing voids. At higher dose, smaller = 2 nm, more numerous (~3x) cavities are
observed

Figure 4a and Figure 4b show TEM cavity microstructures in TMS alloys at lower He/dpa ratio = 22 to 25.
Figure 4a is taken from previous JP27 results on Eurofer 97 at 21 dpa and 510 appm He while Figure 4b
shows the cavity microstructures in F82H IEA in JP28/29 irradiated to 39 dpa and = 860 appm He, at
He/dpa = 22. The corresponding cavity size distributions are shown in Fig. 5a and 5b, respectively. While
we do not have exactly matching specimen pairs for the He/dpa ratios, these irradiated alloys basically
show similar cavity evolution behavior (shown later in Figs. 6 and 7 as general trends). We observe fewer
large cavities, especially those > 10 nm, while the small cavity population seems to have grown in size
and in number density at the higher dose.

""\ " \:\-c‘\,

%0 sl ) _ : 2_ a \_ 3 ! i..,_ L -i“ v
(a) 21 dpa /1230 appm He T ()39 dpa/ 2145 appm He ]

Figure 2. TEM cavity microstructure images in Eurofer 97 at (a) 21 dpa and 1230 appm He in JP-27 and
(b) 39 dpa and 2145 appm He in JP28/29, both at a nominal temperature of 500°C
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Figure 3. Size distribution of cavities in Eurofer 97 in situ He injected in HFIR to (a) 21 dpa and 1230
appm He in JP-27 and (b) 39 dpa and 2145 appm He in JP28/29, both at a nominal temperature of

500°C.
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Figure 4. TEM cavity microstructure images in (a) Eurofer 97 at 21 dpa and 510 appm He in JP-27 and
(b) F82H IEA at 39 dpa and 860 appm He in JP28/29, both at a nominal temperature of 500°C.
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Figure 5. Size distribution of cavities in (a) Eurofer 97 at 21 dpa and 510 appm He in JP-27 and (b) F82H
IEA at 39 dpa and 860 appm He in JP28/29, both at a nominal temperature of 500°C.

Figure 6 shows overall trends of average diameter, <d>, number density, N, and volume fraction, f, of two
groups of cavities, bubbles and voids, in Eurofer 97. Here we defined voids as cavities larger than 2.25
nm, based on our earlier bi-modal distributions analyses [11]. The figures show stop of growth or even
shrinkage of voids from 21 dpa to 39 dpa as well as an accelerated increase in the bubble number

density.

Figure 7 shows the void evolution trends in the TMS materials. General trends are gradual (N and <d>) or
rapid (f) increase from 9 to 21 dpa, while it stops or reverses from 21 to 39 dpa.
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Figure 6. Dpa trends of average diameter, <d>, number density, N, and volume fraction, f, of two groups
of cavities, bubbles and voids, in Eurofer 97. Voids are defined as cavities larger than 2.25 nm.
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Figure 7. Dpa trends of average diameter, <d>, number density, N, and volume fraction, f, of voids in
TMS alloys. Voids are defined as cavities larger than 2.25 nm.

These observations are inconsistent with the observed trend of cavity evolution between 9 and 21 dpa.
Preliminary analysis of the SiC temperature monitor in another 500°C sub-capsule in the JP-28/29
capsules suggests that the irradiation temperature may have fallen off significantly, presumably due to
swelling of internal parts, which reduced or closed heat transfer gaps. These observations are consistent
with lower irradiation temperature conditions.
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15 TENSILE FRACTURE MECHANISM OF HFIR-HEAVILY-IRRADIATED F82Hs — H.
Sakasegawa, H. Tanigawa, T. Hirose, M. Ando (Japan Atomic Energy Agency), Y. Katoh, C. O.
Stevens, and M. R. McAlister (Oak Ridge National Laboratory)

OJECTIVE

The objective of this work is to study the tensile fracture mechanism of F82Hs heavily irradiated up to
about 87 dpa at high temperatures in HFIR (JP 28&29) using three dimensional fractography [1]. This
work is part of the U.S. Department of Energy — Japan Atomic Energy Agency fusion materials
collaboration.

SUMMARY

Irradiation embrittlement and hardening of tensile properties were observed in the heavily irradiated
F82Hs at high temperatures, though it is still necessary to confirm the result of diametric analysis of
silicon carbide passive temperature monitors. For F82HSs irradiated at 573 K, the three dimensional
fractography revealed that the fracture mechanism was affected by irradiation. Dimples became
smaller and shallower after irradiation, and grain boundary sliding was observed. These results
contribute to development of a tensile fracture mechanism model explaining how the fracture is
affected by irradiation.

PROGRESS AND STATUS
Introduction

The current design technology is based on the guarantee that it is safe to ignore effects of defects
which cannot be detected through normal non-destructive inspecting techniques, and to assume the
fracture mode is plastic collapse. Namely, it presupposes that the structural material has adequate
ductility [2]. However, it is well known that the ductility of reduced activation ferritic/martensitic steels
drastically degrades and uniform elongation becomes near zero accompanying significant irradiation
hardening after irradiation around 573 K to less than a few dpa. Therefore, it is important to study the
tensile fracture mechanism after irradiation. The result should be considered in the design technology
of test blanket modules for the actual usage of F82H as a blanket material with appropriate structural
soundness.

Experimental Procedure

The materials evaluated are F82H-IEA (Fe-8Cr-2W-0.2V-0.04Ta-0.1C), F82H-MOD3
(Fe-8Cr-2W-0.2V-0.09Ta-0.1C), and F82H-1.4 % Ni (Fe-8Cr-2W-0.3V-0.02Ta-0.07C-1.4Ni*® or Ni%®).
These were irradiated up to around 87 dpa at 573, 673, and 773 K (JP 28&29). After disassembling the
capsules, high temperature tensile tests were performed in the cell 2 in the Building 3025E of Oak
Ridge National Laboratory using the SS-J3 type tensile specimen (thickness: 0.75 mm, width: 1.25 mm,
and gage length: 5 mm) at their irradiated temperatures in vacuum under a cross head control of 0.002
s™. After tensile test, three dimensional fractography was performed using the JEOL JSM-6010LA in
the cell 4, and the software Alicona imaging Mex5.1 [1].

Results

Figure 1 shows the result of high temperature tensile tests at irradiated temperatures of 573, 673, and
773 K [3]. In all the results, irradiation hardening and embrittlement were observed. F82H-MOD3
showed tensile properties comparable to that of F82H-IEA, though it had higher tantalum content.
F82H-1.4%Ni>® which produced 900 appm of helium demonstrated the minimum ductility, but
F82H-1.4%Ni% still showed ductility larger than 10 %.
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Figure 1. High temperature tensile test results of irradiated F82H alloys. [3]

Table 1 shows the result of diametric analysis of silicon carbide passive temperature monitors. For the
irradiation at 573 K, no significant differences were observed between planned and analyzed
temperatures. However, for the other irradiation temperatures, significant differences were observed.
In future work, it is necessary to confirm this result performing hardness test and room temperature
tensile test. In the present work, we focused on the specimens irradiated at 573 K only.

Figure 2 shows the result of three dimensional fractography of F82H-IEA and F82H-MOD3 before and
after irradiation [2]. For the unirradiated F82H-IEA, a few large and deep equiaxed dimples were
observed. On shear fracture surfaces, small elongated dimples were mainly observed. For the
irradiated F82H-IEA, a few small and shallow equiaxed dimples were observed, and for the
unirradiated F82H-MOD3, large and deep equiaxed dimples with inclusions were observed. Small
elongated dimples were observed on shear fracture surfaces, as observed in F82H-IEA. For the
irradiated F82H-MOD3, small and shallow equiaxed dimples were observed. In both F82H-IEA and
F82H-MOD3, smaller and shallower dimples were observed after irradiation. These obtained results
conform to the observed irradiation hardening and embrittlement, as shown in Figure 1.

Table 1. Diametric analysis result of passive temperature monitors.

Planned temperature  Specimen ID Analyzed median
(K) temperature
(K)

573 JP29TM0704 591.6
JP29TM0708 557.3

673 JP28TM0702 593.5
JP28TM0704 587.7

773 JP28TM0902 620.2
JP28TM0904 612.3
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Unirradiated 87 dpa
(a) F82H-IEA

Unirradiated 87 dpa
(b)F82H-MOD3

Figure 2. Fracture surface of F82H specimens tested at 573 K. [2]

Figure 3a shows the side of specimen of F82H-IEA after irradiation. Grain boundary sliding was
observed. In Figure 3b, grain boundary sliding was more clearly observed in F82H-1.4 % 58Ni. These
are representative results and grain boundary sliding was also observed in other irradiated F82Hs
irradiated in JP 28&29. The irradiation hardening within the grain possibly caused relative strength
degradation on grain boundaries. Grain boundary sliding can give a crack initiation site and enhance
the degradation in ductility after irradiation. Though further observations are still necessary, grain
boundary sliding possibly has an important role in tensile fracture mechanism.
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(a) F82H-IEA

(b) F82H-1.4 % 58Ni

Figure 3. Grain boundary sliding in F82H samples tested at 573 K.
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2.1 CHARACTERIZATION OF PROCESSING INDUCED IMPURITY PHASE PRECIPITATES IN THE
AS-PROCESSED FCRD-NFA-1 — S. Pal, M. E. Alam and G. R. Odette (UCSB), S. Maloy (LANL), D.
Hoelzer (ORNL)

OBJECTIVE

This study is aimed at characterizing the microstructure and chemistry of the impurity phase precipitates
produced in the as-processed NFA-1 alloy and determining their corresponding effect on mechanical
properties.

SUMMARY

The NFA-1 contains detrimental impurity phases along with the desirable nano-oxides (NOs). The
impurity phase precipitate particles appear as black, nearly round features in SEM micrographs, with a
size distribution between 10 and 260 nm. The impurity particles are arranged as stringers in the direction
of primary deformations during hot extrusion, and cross-rolling. Chemical analysis using electron probe
micro-analyzer demonstrates that these particles are either rich in Ti or Y. TEM shows these features are
primarily formed on grain boundaries and triple junction. The EDS shows that the particles are primarily
Ti-O and fewer Y-O phases. Heat treatment at 1300°C/5 hr shows the complete dissolution of these
particles, suggesting they are a metastable phase. The precipitates act as nucleation sites for ductile
fracture at high temperature, reducing tensile ductility and fracture toughness.

PROGRESS AND STATUS
Introduction

Nanostructured ferritic alloys (NFAs) are designed in such a manner to contain 1-3 nm fine dispersions of
Y-Ti—O nano-oxides to achieve both a high radiation tolerance by managing helium, and exceptionally
high thermal stability up to ~1000°C [1-3]. The alloy also possesses a very high tensile strength and high
temperature creep strength [1, 3]. It has been postulated that the excellent creep and radiation tolerance
of this alloy is due to the presence of these fine scale nano oxides, which impede dislocation and
boundary movements during high-temperature deformation. On the other hand, they can effectively trap
helium in nanometer scale bubbles and prevents the formation of large voids [1, 2]. An enormous effort
has been put forward to characterize the structure and chemistry of these nano-oxides using different
characterizations techniques, such as TEM, APT, SANS, SAXS [4, 5]. However, microstructural
characterization also reveals that the alloy consists of some larger sized precipitates 10-150 nm, rich in
either Ti or Y [6, 7]. Chemical analysis of these precipitates using EDS and EELS suggest that they are
composed of Ti-C-O-N or sometimes pure Y,0s3, originating as a processing-induced inhomogeneity [1, 6,
7]. A little effort has been given to characterize the exact structure and chemistry of these precipitates, as
well as its role on determining the mechanical properties of this alloy. The present investigation is a
prelude towards that path.

Materials

The present investigation was carried out on a newly develop NFA alloy, FCRD-NFA-1, a variant of ODS
class of steel. This alloy has been developed with a close collaboration between UCSB, LANL, and
ORNL. The nominal composition of the alloy is 14Cr-3W-0.4Ti-0.3Y and balance Fe. The alloy powder is
first ball milled, then canned and degassed at 400°C, and hot extruded (HE) at 850°C, which is further
annealed for 1 hr and cross-rolled perpendicular to the HE direction, both at 1000°C. Microstructural
characterizations were carried out using SEM and TEM. The elemental chemical analysis was performed
using an electron probe micro-analyzer (EPMA) and an energy dispersive spectroscopy attachment on a
TEM. Thin TEM lamellas are prepared using FIB lift-out methods. In order to characterize the thermal
stability of the impurity phase precipitates, as-processed alloy sample were annealed at 1300°C for 5 hr
inside a vacuum furnace.
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Results

Figure 1b shows a representative SEM micrograph of the side surface (LS) of NFA-1 plate, where the
grains are elongated in the extrusion direction. The impurity phase precipitates appear as black particle-
like features, and collectively those are arranged as strings along the extrusion direction. The particles
appear as near circular shaped. Size distribution and the average spacing between two particles,
measured from the SEM micrographs of the top, side and front surfaces, are listed in Table 1.

Normal direction

N
Cross-rolling direction (CRD) ::;
Extrusion direction
O /

Q
5
8\‘&0\ A
';;e‘f"' Top surface Estrusion direction
0 { 1N
< Longitudinal direction (L) H

Sdesurface | Tycknocs (s

a) (b)

Figure 1. (a) A schematic of the NFA-1 plate showing longitudinal (L), transverse (T) and short thickness
(S) directions. Planes parallel to the side surface is defined as LS, parallel to the top LT and parallel to
the front face as TS. Extrusion and cross-rolling of the plate was carried out along the L and T direction
as marked accordingly. (b) SEM micrographs of the LS view or plane parallel to the top surface of NFA-1
as processed plate shows impurity phase precipitates as a black particle like feature. Extrusion direction
is marked with a white arrow.

Table 1. Statistics of particles size and interparticle spacing for planes parallel to the top (LT), side (LS)
and front (TS) of as-processed NFA-1 plate.

Sample Orientation Ti/Y rich particle size Interparticle spacing
(nm) along x (hm)
LT/ Top surface 57+ 33 228 + 106
Range: 10-262
LS/Side surface 62 + 32 303 £ 210
Range: 11-188
TS/ Front surface 68 + 33 279 £ 160
Range: 22-180

Figure 2a-f and Figure 3a-f display the compositional maps of the plane parallel to the side (LS) and top
(LT) surfaces of the NFA-1 plate, measured using an electron probe micro analyzer. The Fe, Cr, and W
are homogeneously distributed throughout the map; whereas, Ti and Y form clusters. The SEM
micrographs together with EPMA maps confirm that those precipitates are rich in Ti and Y. The numbers
of Ti-rich features far exceed Y rich particles.
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Figure 3. a-e) Elemental compositional maps for the LT view, and f) the region of interest.
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An in-depth microstructural characterization and chemical analysis of these impurity phase precipitates
were performed using TEM. Similar to SEM micrographs, these precipitates are also appeared as dark
particle-like features in an STEM-HAADF image (Figure 4). The BF-TEM images of two of these
precipitates are shown in Figure 5a and Figure 5b. From the micrographs, it is clearly evident that those
precipitates are nucleated at either grain boundary or grain boundary triple junction. Both the precipitates
have a size of ~ 50 nm.

Figure 4. STEM-HAADF image of the NFA-1 alloy shows impurity phase precipitates as black particles.

Figure 5. a), and b) BF-TEM image of an impurity phase precipitate nucleated at a grain boundary and
triple junction, respectively.
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Lattice fringe image of the precipitate, shown in Figure 6a, clearly displays that the interface between the
matrix and precipitate is completely incoherent. The shape of the precipitate is not spherical; rather it
takes a faceted polyhedral shape. The Fast Fourier Transform (FFT) pattern of the precipitate captured
from the region, marked as 2, displays that the precipitate has a different structure than NOs of Y,Ti,O; or
Y,Ti,Os seenin Figure 6b [5]. The amorphous-like appearance of the region, marked as 1, implies that
this portion of the precipitate does not satisfy a zone axis condition, whereas region 2 does satisfy a near
zone axis condition. This gives an indication of strongly faceted nature of the precipitate. A higher
magnification view of the lattice fringe, shown in Figure 7, does not exhibit continuous lattice fringes. Even
within the precipitate, regions of discontinuous lattice fringes with a dark contrast are clearly visible. A
STEM-HAADF image of the same particle also shows some white features inside the precipitates (Figure
8a). The EDS spectrum collected from the whole particle, shown in Figure 8b, indicates that this particle is
enriched with Y and O.

Figure 6. a) HR-TEM image of the precipitates shown in Figure 5a). b) FFT pattern of the PPT captured
from the location, marked as 2 in Figure a).

Figure 7. Higher magnification view of the lattice fringe image of the precipitates shown in Figure 5a.
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Figure 8. a) STEM-HAADF image of a Y-rich precipitates b) corresponding EDS spectrum of the whole

particle.

The STEM-HAADF imaging coupled with an EDS line profile also shows that there are precipitates,
which are rich in Ti (Figure 9). A dark contrast inside these precipitates has been observed, which shows
higher oxygen concentration compared to the brighter portion of the precipitates. The Ti signal has an
opposite trend compared to oxygen. Fe and Cr signal have not been detected.
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Figure 9. a) STEM-HAADF image of an impurity phase precipitates, b) corresponding EDS composition
profiles of different elements present in the alloy, captured along the marked line in Figure 9a).
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The effect of high-temperature heat treatment on the impurity phase precipitates:

Effect of high-temperature heat treatments on these precipitates is quite profound, and, it has been
observed that these precipitates are not thermally stable. Figure 10a shows that the large precipitates do
not even exist after a heat treatment of 1300°C for 5 hr.

(a) (b)

Figure 10. a) STEM-HAADF image of 1300°C/5 hr. heat treated sample. b) Magnified view of the
precipitate marked in Figure 10a using a black circle.
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Figure 11. Composition profile of the different elements presents in the NFA alloy measured along the
marked line in Figure 10b).
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The EDS line profile analysis, shown in Figure 11, depicts that after heat treatments of 1300°C/5 hr, Ti
and Y content of the precipitates are significantly reduced; whereas, in the as-processed condition
precipitates are enriched with either Ti or Y, seen in Figure 7 and Figure 8b. The measured average ratio
of Y, Ti and O is ~ 1/1/3.5. This suggests that the imaged precipitate is not the same impurity phase
precipitate; rather, it is a nano-oxide of Y,Ti,O;which coarsens during the heat treatment. On one hand it
is well known that growth kinetics of NOs are extremely sluggish, therefore coarsening of a NOs up to a
size of ~ 60 nm (ure 11b), is extremely difficult for the present heat treatment conditions [1]; rather, it is
more probable for the precipitates to transform into NOs. Figure 11b also shows that inside NOs
significant amounts of Fe and Cr coexist, suggesting a core-shell kind of structure. This kind of core-shell
kind of structure of NOs is also reported by other researchers [6, 7]. Though the kinetics of dissolution
and thermal stability of the impurity phase precipitates has not been understood properly; experimental
evidence suggests these impurity phase precipitates are metastable. Surprisingly for the present
instance, we have not found any of the impurity phase precipitates in 1300°C/5 hr annealed sample.

Effect of impurity precipitates on high-temperature tensile behavior:

Figure 12 shows the variation of yield strength with temperature for the FCRD-NFA-1 alloy, where test
specimens were made from three different orientations of the plate top, side and front surfaces. The plots
suggest that there might be two different mechanisms operative: one from room temperature to 400°C
and another one above 400°C. A similar kind of dependence of fracture toughness of NFA alloys on
temperature is also reported by Byun et.al [8]. At room temperature fracture of the alloy is controlled by
mesoscopic features; whereas, above 200°C continuous reduction in the toughness is caused by the
shallow plastic zone formation due to the nanostructure of the alloy itself. It was also observed that at
700°C fracture occurs through de-bonding of low toughness grain boundaries [8].
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Figure 12.Yield strength of NFA-1 alloy tested at different temperatures.

Fractography of the 600°C tensile tested specimen clearly demonstrates that the failure of the alloy at
elevated temperature occurs by ductile failure mode with dimple formation. A closer observation of the
fracture surface (Figure 13a and Figure 13b) reveals that fracture processes at high temperature occur
through de-bonding of the grain boundary, which initiates from those impurity phase precipitates. Notably,
all these impurity phase precipitates are only observed at the grain boundaries and are incoherent in
nature. This altogether suggests that this impurity phase precipitates have an important role on
determining the high-temperature behavior of this alloy.
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Figure 13. a), and b) show the both low and high mag image of the fracture surface of a tensile sample
tested at 600°C. Particles are marked using a white circle in Figure 13b).

SUMMARY

Experimental evidence clearly demonstrates that the large size precipitates are not same as the NOs,
usually found in the NFA alloys. These precipitates are neither oxynitride nor oxycarbaide particles as
previously reported [6, 7]. They are usually bigger in size and lesser in number compared to the NOs and
they form only at the grain boundary. These precipitates are incoherent in nature and do not have any
significant effect on the room temperature mechanical properties of these alloys; but decohesion of these
precipitates during high-temperature deformation may degrade the high-temperature mechanical
properties of the alloy.

Future Work

e Accurate determination of the chemistry and crystal structure of these precipitates will be
performed using electron energy loss spectroscopy and convergent beam diffraction techniques.

e High-temperature mechanical properties of this alloy degrade through decohesion of these
precipitates from grain boundary during deformation. Post-deformation TEM characterization of
the grain boundary will also be performed on the high temperature tensile tested sample.
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2.2 MICROSTRUCTURAL AND MECHANICAL BEHAVIOR OF AS-FABRICATED AND ANNEALED
14YWT NFA-1 ALLOY — M.E. Alam, S. Pal, D. Gragg, G. R. Odette (UCSB), D. T. Hoelzer (ORNL) and
S. A. Maloy (LANL)

OBJECTIVE

The objective of this study is to perform statistical analysis of grains, precipitates and microcracks of as-
fabricated 14YWT FCRD NFA-1 material, and to explore the effects of annealing on the microstructural
and mechanical properties.

SUMMARY

FCRD NFA-1 is a new 14YWT nanostructured ferritic alloy (NFA) processed to form a 12.5 mm thick
plate. Ultrafine, nearly equiaxed grains dominate the plate’s face (LT), while the front (LS) and side (TS)
views contain pancake-shaped, trimodal grains with very large aspect ratios, along with a population of
embedded microcracks that are readily visible in profile. Low temperatures tensile tests on the
longitudinal (L) direction show a delamination driven ductile fracture, even at liquid nitrogen temperature,
with strengths up to 1563 MPa. In contrast, the room temperature tensile specimen loaded in the short
thickness (S) direction fails prematurely in its elastic regime, with a flat, faceted fracture surface.
Annealing at 1300°C for 1 and 5 hrs helps to alter the grains towards equiaxed in all plane views and
heals the microcracks, which results in much improved room temperature tensile ductility. However,
microhardness, tensile strength and fracture toughness have been compromised, and the fracture
mechanism has also been changed from delamination driven to microvoid coalescence dimple fracture.

PROGRESS AND STATUS
Materials and Methods

The nanostructured ferritic alloys (NFAS) are a promising candidate alloy class for the advanced nuclear
fission and future fusion reactor applications, since they have high tensile, fatigue and creep strengths
over a wide range of temperature, as well as unique irradiation tolerance and outstanding thermal stability
up to 1000 C. These attributes derive from the presence of submicron size grains, high dislocation
densities and especially an ultrahigh population of nanometer size Y-Ti-O rich multifunctional nano-oxides
(NOs) [1]. NFA-1 was developed in collaboration between UCSB, ORNL and LANL to explore including Y
in the Fe-14Cr-3W-0.4Ti-0.2Y melt prior to gas atomization by ATl Powder Metals (Pittsburgh, PA).
However, the Y was phase separated after atomization. Thus, a low interstitial alloy powder (15 kg)
variant was ball milled for 40 hours with FeO (52.5 g) to increase the O content and to mechanically alloy
the Y into solution. The milling was carried out by Zoz GmbH (Wenden, Germany) using a CM100b
attritor mill with a ball to-powder mass ratio of 10:1 and ball size of 5 mm. The milled powders were then
consolidated at ORNL by hot extrusion at 850°C. The extruded bar was annealed for 1 hour and then hot
cross-rolled to a ~ 50% thickness reduction, both at 1000°C, to produce a ~ 12.5 mm thick plate [2]. The
basic microstructural and mechanical properties of the as-fabricated plate have been reported elsewhere
[3-4]. However, due to the anisotropic nature of the plate along with through-thickness grain variation, the
measured grain size of three different planes (face: LT, front: LS and side: TS, see Figure 1) were found
inconsistent since the specimens were selected randomly. Therefore, in this present study, a 5mm
5mmx5mm cube has been EDM cut from the middle of the plate thickness and grain size of all three
plane views was characterized. In detail crack statistics as well as processed induced impurities were
also analyzed. Low temperature tensile tests were performed. Later, as-fabricated specimens from the
plate were wrapped in a molybdenum getter foil and annealed in vacuum at 1300°C for 1 and 5 hrs.
Microstructural and mechanical characterizations were also performed on the annealed specimens.

Metallurgically ground (up to 1500 grit sand paper) and polished (up to 20 nm colloidal silica) as-
fabricated and annealed specimens were observed in scanning electron microscope (SEM, FEI x30)
equipped with energy dispersive spectroscopy (EDS) to characterize the pre-test surface morphology.
Polished samples were then etched with Kroll's reagent (92% distilled water, 6% nitric acid and 2%
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hydrofluoric acid) prior to imaging of grains using SEM and dual beam Scanning Electron
Microscope/Focused lon Beam (SEM/FIB, FEI Helios 600). Longest (I) and shortest (s) dimensions of ~
500 individual grains from each planes were tabulated from the micrographs using ‘ImageJ64’ software.
The effective grain diameter was taken as d = (I+s)/2 and the aspect ratio as r = I/s. Coarser precipitates
were identified using both the SEM and transmission electron microscopy (TEM), equipped with EDS.
SEM images were used to measure the average precipitate size, inter-precipitate spacing and stringer
spacing. Precipitates were found to be arranged in stringers, rather than random. Therefore, the inter-
precipitate spacing along the stringer and stringer spacing along the thickness was considered.
Microcracks were also characterized in terms of crack width, crack separation distance, crack length and
number density of crack per unit area. Relatively low magnification (x1000) SEM images were chosen to
characterize the crack length and their number. Vickers microhardness measurements were performed
on polished coupon surfaces at a 5009 load using LECO M-400A semi-automated hardness tester, based
on the average of 10 to 15 indents. Tensile tests were performed on flat dog-bone shaped sub-sized
specimens with a gage section length, width, and thickness of 5.0x1.2x0.5 mm?. The tensile tests were
performed for the as-fabricated longitudinal (L) directions as illustrated in Figure 1, from room temperature
down to liquid nitrogen temperature, on an 810 MTS servo-hydraulic universal testing machine equipped
with a cooling chamber. Controlled liquid nitrogen-air mixture was injected into the cooling chamber to
achieve the targeted cryogenic temperature, and held for 30 to 45 minutes before testing. However, both
L and short (S) oriented as-fab and annealed tensile specimens were tested at room temperature. The
tensile specimens were sanded with 1500 grit to remove surface contamination, minor defects and local
residual stresses due to the EDM used to fabricate them. Loading was carried out at a crosshead speed
of 0.30 mm/min, or a strain rate of =10°/s. Except for the small size of the specimens, the tensile
properties were determined in accordance with ASTM Standard E8M-13. Fracture toughness tests of as-
fabricated and annealed specimens were conducted at room temperature on the L-T oriented fatigue pre-
cracked single-edged notch three point bend (3PB) bar specimens with nominal dimensions of 16 mm in
length, 3.3 mm in width and 1.65 mm in gross thickness and a/W = 0.5. The same 810 MTS servo-
hydraulic testing machine was used for this purpose. The toughness (K,;) was calculated at the maximum
load. Fracture surfaces of the broken tensile and toughness specimens were extensively characterized by
SEM.

Figure 1. NFA-1 specimen orientations labeled with respect to the extrusion, cross-rolling and plate
thickness directions.
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Results
Microstructure

The microstructure of the as-fabricated FCRD NFA-1 material has been characterized in terms of: (a)
grain morphology, (b) presence and distribution of coarser precipitates, and (c) crack statistics at all three
different planes (see Tables 1 to 3 and Figures 1 to 3). Figure 2a and Figure 2b show the low
magnification SEM, and high magnification SEM/FIB images of the as-fabricated and pre-test NFA-1 at
different planes, respectively. Plate’s face (LT) reveals crack or pore free surface. High magnification
SEM/FIB images also characterize nearly uniform, equiaxed and ultrafine grain morphology of the
corresponding plane (see Table 1). In contrast, the front (LS), and side (TS) views reveal a number of
microcracks embedded on planes normal to the plate thickness direction. The corresponding plane’s
grains are elongated and pancake-shaped that oriented parallel to the extrusion (LS) or cross-rolling (TS)
direction with a tri-modal grain size distribution (many are <1 pum, some are 1-10 um and few are >10 um,
see Figure 3a). Through thickness grain size variation has also been observed. Relatively smaller grains
are found near the top and bottom of the plate’s thickness while the larger grains at the middle.

Figure 2. Different plane views of the as-fabricated NFA-1 plate captured by: (a) SEM at low
magnification, and (b) SEM/FIB at high magnification.

Table 1. Grain morphology and hardness of as-fabricated NFA-1 specimens

Planes Long, | Short, s Avg, d=1+s)/2 Aspect ratio, Microhardneszs,
(um) (um) (um) r=1/s HV, (Kg/mm®)
LT (Face) 0.767 + 0.566 0.517 £ 0.355 0.642 + 0.450 15+04 376 £ 18
LS (Front) | 0.792+0.638 | 0.301+0.108 0.546 + 0.343 27+1.6 368 + 25
TS (Side) 0.799 £ 0.833 0.296 +£ 0.180 0.548 + 0.482 27+13 352 + 39

Despite having uniformly distributed Y-Ti-O rich nano-oxides (NOSs) (size: 2.1 nm, number density: 1.6 x
10% m™ and volume fraction: 0.25%) all over the NFA-1 matrix, reported elsewhere [2], the material also
reveals the presence of relatively coarser precipitates (Figures 2b and 3b) in the matrix, summarized in
Table 2. These precipitates are predominantly located at or near the grain boundaries in the form of
stringers (Figure 3b). EDS equipped with SEM and TEM, identify them mostly as Ti-rich (darker) with
some as Y-rich (relatively gray) oxides [5]. These stringers are oriented randomly at the plates’ face but
parallel to the extrusion or cross-rolling direction at the front and side views, respectively, with an average
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stringer separation distance 2.6 to 2.8 um (Table 2 and point 1 of Figure 3b). Average precipitate size is =
60 nm, ranging from 10 to 262 nm. Figure 3c shows the distribution of coarser precipitate size. Table 2
also summarizes the spacing among the precipitates that averaged ~ 200 to 300 nm.
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Figure 3. (a) Distribution of grain’s length, |, (b) point 1, 2 and 3 showing the inter-stringer spacing, crack
width and crack separation distance, respectively, (c) coarser particle size distribution, and (d) crack
length distribution of as-fabricated NFA-1 plate at different plane views.

Table 2. Ti/Y rich precipitates of as-fabricated NFA-1

Planes Ti/Y rich particle size Interparticle spacing String spacing along
(nm) along x (nm) thickness (um)
LT (Face) 57 £33 228 + 106 Random
LS (Front) 62 + 32 303 £ 210 26+1.0
TS (Side) 68 + 33 279 =+ 160 28+1.0

Figure 2 also shows the presence of microcracks running normal to the plate thickness direction both for
the front (LS) and side (TS) plate views and their statistics are summarized in Table 3. The micro-
mechanism of these crack formation has been reported elsewhere [5]. The average crack width (point 2
in Figure 3b), which is believed to be the initiation of crack front, is ~250 nm. The crack separation
distance is measured between the layers of crack in the short thickness direction (point 3 in Figure 3b)
and found almost same (~16 pm) for both the front and side views. Length of the cracks is also recorded
and averaged ~10 pm (front) to 15 um (side) with a span ranges from 2 pm to 105 um. Smaller cracks
might join together to form the larger cracks. In some cases, cracks are separated by a very small
ligament (<1 pm) and might have minimal resistance during loading, and thus considered as a single
large crack. Figure 3d shows almost similar crack size distribution for both front and side planes and
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found ~75% cracks are below 15 um with very few over 50 um. Nevertheless, these larger cracks are
supposed to serve as weaker links during fracture. The number density of cracks is also measured and
found to be 2.5 times higher at the front than the side plane.

Table 3. Side surface crack statistics of as-fabricated NFA-1

Crack opening Crack separation Crack length Crack density
Planes : . I’
width (nm) distance (um) (um) (m)
LS (Front) 252 + 142 16.3+4.7 10.2+8.9 3.45 x 10°
TS (Side) 205+ 130 15.2+4.8 149+ 12.6 1.34 x 10°

Since the front and side plate view shows almost similar microstructural features for as-fabricated
conditions, only the plates’ side view (TS) has been considered for annealing along with its face (LT)
view. Figure 4 and Tables 4 and 5 show the grain morphology and statistics of the face and side planes
after annealing at 1300°C for 1 and 5 hrs. Results show that the introduction of annealing (1300 °C/1hr)
increases the grain size up to 10%, which further increases with time (5hrs) = 25% when compared with
the as-fabricated condition. Aspect ratio of the side plane reduces from 2.7 for the as-fabricated condition
to 1.8 for annealed at 1300°C/5h condition (Table 5). Grains larger than 10 pm were also not observed for
any annealed specimen. Higher annealing temperature might recrystallize the larger grains. High
temperature annealing also appears to heal the cracks, presumably by surface diffusion, perhaps
assisted by recrystallization and grain boundary migration [6]. However, crater-like pores were observed
in all the annealed specimens, and the size of these pores increases while their number decreases with
annealing time.

Table 4. Grain morphology and hardness of NFA-1 as a function of annealing condition and plate views

Planes’ Long, | Short, s Avg, d=1+s)/2 Aspect Microhardnezss,
(Um) (M) (Lm) ratio HV, (Kg/mm®)
LTal31 0.842 £ 0.493 0.547 £ 0.285 0.695 + 0.367 16+04 294 +£13
TSal31l 0.849+0.544 | 0.354+0.144 0.602 + 0.320 24+13 304 + 17
LTal35 0.979+0.481 | 0.694 +0.325 0.837 + 0.390 14+04 252+7
TSal35 0.963+0.371 0.537 £0.197 0.750 + 0.266 1.8+0.5 247 £13

LT: As-fabricated, LTa131: Annealed at 1300°C for 1 hr, LTa135: Annealed at 1300°C for 5 hrs

Microhardness

Vicker's microhardness (H,) data for the as-fabricated and annealed NFA-1 are summarized in Tables 1
and 4, respectively. H, averages 376 + 18 (kg/mm?) and 352 + 39 (kg/mm?) when indented at face and
side plane, respectively. Hardness reduces =30% with the annealing for 1300°C/5hr. These differences
can probably be attributed to the presence of pores and grain coarsening. However, unlike as-fabricated
condition, hardness variation among different planes is negligible for annealed specimen.
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1300C/1h
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Figure 4. SEM/FIB images of the as-fabricated (a,b) and annealed (c-f) NFA-1 specimens for face (left
column), and side (right column) planes, respectively.
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Table 5. Grain aspect ratio, number and area fraction as a function of plates view, for as-fabricated and
annealed conditions

Planes Range rength. | Aspect ratio, r No. freg. of Areafraction,
(um) (Hm) grains, (%) (%)
0-1 0.57 + 0.20 15+0.4 80 60
LT (Face) 1-10 1.57 + 0.80 1.6+0.4 20 40
10+ - - - -
0-1 0.60 + 0.19 22+0.7 79.3 64.6
LS (Front) 1-10 1.42 + 0.50 45+2.0 20.5 33.2
10+ 11.3 15.8 0.2 2.2
0-1 0.56 + 0.22 22+0.9 79.3 59.5
TS (Side) 1-10 1.59 + 0.94 41+15 20.5 37.9
10+ 12.94 10.0 0.2 2.6
0-1 0.63 +0.19 1.5+0.4 72.6 56
LT131 (face) 1-10 1.40 + 0.60 1.8+0.6 27.4 44
10+ - - - -
0-1 0.60 + 0.20 20+0.7 72.8 55.2
TS131 (side) 1-10 1.51 +0.61 35+1.7 27.2 44.8
10+ - - - -
0-1 0.71+0.19 1.4+0.4 61.1 45.2
LT135 (Face) 1-10 1.39 + 0.50 1.5+0.3 38.9 54.8
10+ - - - -
0-1 0.72+0.16 1.7+0.4 59 45.6
TS135 (Side) 1-10 1.31+0.29 20+05 41 54.4
10+ - - - -

Tensile Properties

Results of low temperature uniaxial tensile test on L oriented specimens are shown in Table 6 and their
engineering stress-strain s(e) curves at Figure 5. Unlike most of the metallic materials, the NFA-1 material
shows a concurrent increase in strengths and ductility (except at -196°C) at sub-zero temperatures. For
example, ~32% higher yield strength (YS) and ~65% higher uniform elongation (UE) has been observed
for -150°C when compared to room temperature test. This exceptional phenomenon can be attributed to
the presence of microcracks that creates delamination during the test (see Figure 6a). These
delaminations split the thickness of the tensile specimen and drive them towards plane stress conditions,
and thus, suppress the effect of friction stress or Peierls force. Strengths continue to increase (1469 MPa
YS and 1563 MPa UTS) at liquid nitrogen temperature, while both the uniform and total elongation
decreases to 1.0% and 8.4%, respectively. Relatively lower ductility at -196 °C might be due to the
activation of Peierls stress, which might take control over delamination, or it might only happen to this
particular specimen. Low magnification fracture image for -196°C, shown in Figure 6a, shows a relatively
shiny fracture surface. Nevertheless, higher magnification images of the fractured specimens tested at all
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different temperatures reveals almost identical flake-like shallow dimples, attributed to ductile tearing
(Figure 6b). It is worth noting that the NFA-1 material showed remarkably low ductile brittle transition
temperature (= -185 °C), reported previously [3], which makes the NFA-1 material to achieve near record
strength-toughness combination. In contrast, The S tensile specimen tested at room temperature fails in a
complete brittle manner, mostly in its elastic zone, with almost 0% ductility. The fractured surface shows a
very flat, shiny face with cleavage like brittle features (see Figures 6 and 7). Upon loading, the pre-
existing micro cracks that run perpendicular to the loading direction propagate by brittle cleavage.

Table 6. Low temperature tensile test results of L oriented NFA-1 specimens

Temperature 0.2%YS uTsS UE TE
(’0) (MPa) (MPa) (%) (%)
20 970 1062 6.4 13.9
-50 1046 + 64 1143 + 37 9.2+0.3 16.1+0.4
-100 1123 1249 9.9 16.0
-150 1283 1380 10.6 16.6
-196 1469 1563 1.0 8.4

YS= Yield strength, UTS= ultimate tensile strength, UE = uniform elongation, TE= total elongation.
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Figure 5. Engineering stress-strain curves of L-oriented NFA-1 specimens tested at lower temperatures.
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Figure 6. Low (a), and high (b) magnified SEM images of the L and S-oriented tensile fracture surfaces.

The room temperature tensile s(e) curves and their respective SEM fractographs of as-fabricated and
annealed (with varying times) conditions for L and S oriented NFA-1 specimens are shown in Figure 7.
Figure 8 also plots the summary of their properties. Annealing at 1300°C for 1 and 5 hrs lower the tensile
strength for L by ~14% and ~24%, respectively, than their as-fabricated condition. Uniform and total
elongation remain almost similar at all conditions though the fracture mechanism changes from
delamination driven for as-fabricated specimens to microvoid coalescence dimple fracture with some
presence of crater-like features for annealed specimens. These craters might be partly responsible for
lower strength along with higher grain size compared to the as-fabricated specimens. While the as-
fabricated S oriented tensile specimen failed in the elastic region at room temperature, the corresponding
1h annealed specimen has a large total elongation of = 18% with a significantly higher UTS of = 874 MPa
compared to the as-fabricated condition (= 652 MPa). Annealing at 1300°C for 5h further improves the
total ductility to 23%, while tensile strength drops slightly (= 802 MPa), but still high enough when
compared with the as-fabricated condition. Fracture surface has also been changed from flat, shiny brittle
fracture for as-fabricated specimens to dimple dominated ductile fracture with some craters for annealed
specimens. The crater-like features may partially heal microcracks and help to increase the ductility. The
room temperature strength and ductility of the L and S oriented annealed specimens are comparable to
each other. These improvements in strength and ductility are associated with the absence of microcracks
and grains larger than 10 um (see Table 5 and Figure 4).
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Figure 7. Room temperature engineering stress-strain curves for the as-fabricated and annealed L (red)
and S (blue) oriented tensile specimens and their respective SEM fractographs. Codes 101, 131 and 135
mean as-fab, annealed at 1300°C/1hr and annealed at 1300°C/5hr conditions, respectively.

Fracture toughness

Room temperature fracture toughness test were conducted on L-T oriented as-fabricated and annealed
(1300°C/1hr) specimens and their load-displacement curves along with fracture surfaces are shown in
Figure 9. The results show that the toughness reduces = 22% for the annealed specimen when compared
with the as-fabricated specimen. This lower toughness for annealed specimen might be associated with
the relatively higher grain size, lower strength, and formation of crater-like pores and absence of
microcracks in favourable orientations. Fracture mode has also been changed from delamination driven
for the as-fabricated specimens to the classical dimple fracture by micro void coalescence for annealed
specimen.

SUMMARY

The statistical analysis of microstructural features of as-fabricated and annealed NFA-1 material has been
studied. High temperature annealing at 1300°C for 1 and 5 hrs appears to heal the microcracks and alters
the pancake-shaped grains towards more equiaxed than exist in the as-fabricated plate. Annealing for 1
and 5 hrs also increases the average grain size by = 10% and = 24%, reducing the microhardness by =
18% and = 30%, respectively. The room temperature L loaded tensile strengths also lower by up to 24%.
Interestingly, the strength increases up to = 34% for the S loaded annealed tensile specimens. Total
ductility was also observed =23% for the annealed condition, when compared to the as-fabricated
condition that showed =0% ductility. The room temperature tensile properties are more isotropic after
annealing.
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Figure 8. Room temperature ultimate tensile strength (UTS) and total elongation (TE) of L (red) and S
(blue) oriented tensile specimens as a function of annealing conditions.
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Figure 9. Room temperature fracture toughness test for L-T oriented specimens: (a) load-displacement
curves, (b) delamination driven fracture for the as-fabricated specimen, and (c) dimple fracture surface for
annealed at1300°C/1hr specimens.

The effect of different annealing temperatures (1100 and 1200 °C) and times (1 and 5 hrs) will be
explored and more detailed observations on microcrack healing will be obtained along with the
corresponding effects on the grains, dislocations and NO nanostructures.
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2.3 THE CRYSTAL STRUCTURE, ORIENTATION RELATIONSHIPS AND INTERFACES OF THE
NANOSCALE OXIDES IN NANOSTRUCTURED FERRITIC ALLOYS — Y. Wu , S. Kraemer, G. R.
Odette (University of California Santa Barbara), J. Ciston (Lawrence Bekeley National Laboratory), N.
Bailey, P. Hosemann (University of California Berkeley)

OBJECTIVES

The objective of this study is to use aberration-corrected high-resolution transmission electron microscopy
to characterize the nanoscale oxides in four NFA conditions, including severe deformation and extreme
neutron radiation exposure.

SUMMARY

Fast Fourier Transform analysis of focal series images revealed the nano-oxide (NO) crystal structure,
including the smallest at < 2 nm in diameter, to be Y,Ti,O; pyrochlore in all cases, consistent with both
exit wave analysis and scanning transmission Z-contrast imaging of the atomic columns in larger features.
The faceted NOs exhibit a quasi-epitaxial orientation relationship to the ferrite matrix: [110]y1o||[100]z and
[001]y70]|[010]k., forming a 5x7 near coincidence site interface, and exhibit size-dependent strains in both
the oxide and matrix ferrite phases.

BACKGROUND

Fusion reactors will require advanced materials with tolerance to intense high-energy neutron fluxes that
generate helium concentrations reaching thousands of atomic parts per million and hundreds of atomic
displacements per atom over the operating lifetime. Neutron damage leads to void swelling, embrittlement
and irradiation creep [1-3]. Managing helium is a grand challenge for turning the promise of C-free fusion
power into a reality. Nanostructured ferritic alloys (NFAsg are promising candidate materials, which are
dispersion strengthened by an ultrahigh density (= 5x10°*/m®) of Y-Ti-O nano-oxides (NOs) averaging =
2.5 nm in diameter, with volume fractions of = 0.75% [1-3]. NOs result in unique irradiation tolerance
because they pin dislocations, help to self-heal vacancy and self-interstitial damage; and, most
significantly, trap otherwise highly damaging helium in harmless nm-scale interface bubbles [1-3].
Notably, NFAs can manage very high concentrations of transmutation product helium produced in fusion
reactors. Thus understanding of NOs is essential to developing, qualifying and optimizing NFAs.

PROGRESS AND STATUS
Experimental Procedure

Alloy information

The TEM studies were carried out on three conditions of NFA MA957 and a 14YWT heat recently
developed in the DOE Fuel Cycle Research and Development Program called FCRD NFA-1. The variants
of MA957 included as-extruded (AE), friction stirred weld and annealed (FSWA), and irradiated (IR)
conditions. The AE MA957 was obtained from Pacific Northwest National Laboratory in the form of
extruded 25-mm-diameter rods [4]. The FSW was prepared by Edison Welding Institute in collaboration
with UCSB, by joining two MA957 AE coupons, followed by post-weld annealing at 1150°C for 1h [5,6];
annealing was intended to relax residual stresses and to recover any potential damage to the NOs that
might be caused by severe plastic deformation. The IR condition is another MA957 heat irradiated to 109
dpa at 412°C in the Fast Flux Test Reactor [7]. FCRD NFA-1 is a best practice heat of 14YWT in the form
of an extruded and cross-rolled plate [8]. Various combinations of APT, SANS, TEM and mechanical
property measurements have been used to extensively characterize these four NFA conditions; further
details can be found in [5-8, 9-11].
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TEM characterization

Electron transparent TEM specimens were prepared by either the focused ion beam (FIB) lift-out
technique, using FEI Helios and Quanta microscopes, or by wedge polishing, followed by ion-milling, both
at successively lower energies down to 2kV to minimize the gallium and argon ion damage. Most of the
HRTEM images were recorded using the TEAM 0.5 FEI-Titan-class microscope with aberration correction
to third order in both TEM and STEM modes [12]. HRTEM data was collected at 300 kV using
monochromation to 0.1 eV with the corrector tuned to optimize bright atom contrast (C3 = -6 um, C5 =
2.5mm) and recorded on a 2048x2048 pixel CCD camera. Focal series were recorded with a defocus
step of -1.72 nm ranging from -34.4 nm under focus to 34.4 nm over focus. Exit wave reconstruction was
performed using the Gershberg-Saxton algorithm [13] as implemented in the MacTempasX software [14].
Exit wave reconstruction is a holographic technique that can provide both the amplitude and phase of the
electron wave after passing through the sample. Once the complex wave is known, all residual
aberrations of the microscope can be corrected in software [15], improving the interpretability of the
HRTEM data. Furthermore, at the limit of the weak phase object approximation, the exit wave phase is
directly related to the projected potential of the object. MacTempasX was also used to perform multi-slice
HRTEM simulations using the experimental parameters and a cutoff frequency of 10/nm. Atomic
coordinates of the Fe- Y,Ti,Os-Fe slab are provided in Supplemental Materials. TEAM 0.5 was also used
in STEM mode to record high angle annular dark field (HAADF) images with a 17.1 mrad convergence
semi-angle and a collection semi-angle ranging from 75-150 mrad. Finally, electron energy loss
spectroscopy (EELS) was used to characterize Ti-profiles for a limited humber of NOs. The HRTEM
images and exit waves were analyzed by FFT power spectrum lattice indexing. Individual FFT were first
calculated and then collectively averaged using MATLAB. The lattice spacing’s and inter-planar angles
were measured using Image J.

Results

The microstructures of the 4 NFA conditions were characterized by aberration corrected TEM: MA957 in
as-extruded (AE), friction stir welded and annealed (FSWA) and irradiated (IR) conditions; and a new
developmental heat of 14YWT (NFA-1). Note that the FSWA and IR conditions represent extreme
conditions of deformation and neutron irradiation exposure, respectively. Figure 1a is a bright field TEM
image of the MA957 FSWA condition, showing the NO features. The NOs have elongated cuboidal
shapes with sizes widely ranging from = 1 to 12 nm.
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Figure 1. a) A bright field TEM image at low magnification of FSWA MA957 showing faceted, cuboidal
oxide particles with a wide size distribution; b), representative HRTEM images from the focal series for a
large NO and the corresponding power spectra for: i) under-; ii) near; and, iii) over-focus; and, c), the
averaged FFT from all HRTEM images of the NO shown in Figure 1b, where the larger high-intensity
reflections and their multiples are from the Fe-Cr ferrite matrix (Fe) while the white circles mark the major
reflections of Y,Ti,O; pyrochlore (YTO) with corresponding zone axes of [100]g. and [110]yto.
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The left side of Figure 1b shows three HRTEM images of the same NO, as examples of a larger series
representing (i) under-; (ii) close-to-; and, (iii) over-focused conditions. The NO is sharply faceted and the
Moiré patterns indicate that it is crystalline. The right side of the Figure 1b shows the associated FFT for
each of these focal condition examples. The overlay of stronger and weaker lattice spots represent
reflections of the ferrite matrix and the NO, respectively. The weak NO reflections vary in amplitude with
the focal condition and, in some cases, even disappear. This is a result of the strong image modulations
introduced by the contrast transfer function of the TEM objective lens.

Taking the average over all fast Fourier transforms (FFTs) in a focal series minimizes contrast transfer
function effects and provides a higher signal-to-noise ratio. The corresponding averaged FFT is shown in
Figure 1c. The strong reflections (with a red spot in the middle) are the <100> zone-axis pattern of the
bcc ferrite matrix. The primary reflections from the NOs, marked by white circles, are consistent with
Y,Ti,O; pyrochlore with a <110>-zone axis. Detailed analysis shows that all other spots arise from
multiple scattering.

The in-focus electron wave phase obtained from exit-wave reconstruction (EWR) in Figure 2 takes into

account the transfer function modulations, and provides a more interpretable representation of the
projected crystal structure.
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Figure 2. a). The phase of the reconstructed exit wave from of the focal series in Figure 1b. b) the
corresponding HAADF STEM image where the dashed lines highlight the periodicity of the Moiré pattern
in the overlap region. ¢) magnified views of the periodic structure in the exit-wave reconstruction image,
and d), in the corresponding HAADF STEM image. The dashed lines show the periodic repeated pattern
of 5x7 Fe unit cells, while the colored balls represent lateral positions of Y (green) and Ti (blue) columns
relative to Fe (yellow) matrix.

Figure 2a displays the phase of the reconstructed HRTEM exit wave, with white atom contrast, while
Figure 2b shows the corresponding HAADF STEM image. In both cases a periodic image pattern is
observed in the central region of the large NO, reflecting the overlap of the ferrite matrix and the Y,Ti,O;
pyrochlore crystal structures. The in-focus phase of the exit wave and HAADF STEM images are both
interpreted as projected atomic columns, as supported by corresponding HRTEM simulations (not shown
here). Corresponding overlays of an ideal Y,Ti,O; pyrochlore atomic model with the observed OR are
shown in Figures 2c and 2d. The dashed lines correspond to a periodic array of 5x7 Fe periodic cells,
while the colored balls represent lateral positions of Y (green) and Ti (blue) atoms relative to the Fe matrix
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(yellow), based on a visual best fit position adjustment of the image intensities. Note the visible atoms
represent columns of pure Y, pure Ti and mixed Y and Ti. The bulk Y,Ti,O; model is very well matched to
the EWR and STEM column patterns, when displaced relative to the ferrite matrix, based on simple visual
pattern matching. The periodic pattern corresponds to a 5x7 Fe periodic cell near coincident site lattice.

A HAADF STEM image of AE MA957 is shown Figure 3a. The faceted oxides are significantly smaller in
this case, many less than 2 nm. Clearly imaging the smallest NOs in HRTEM is very difficult due to
reduced atomic mass contrast, the dominance of interfaces, as well as the possibilities of complex
chemical oxide terminations, mismatch strains, solute segregation and the presence of both ferrite matrix
lattice and oxide defects. The averaged FFT of one somewhat larger NO in the AE condition, shown in
Figure 3b, deviates from those in for the FSWA MA957 in Figure 1c, since there are {100} indexed spots
lying on a line between the major {110} type Fe reflections, which would be forbidden in an ideal bulk
crystal. These extra spots may occur due to a symmetry-breaking sharp truncation of the bcc Fe crystal at
the small NOs interface and possible lattice defects. The other reflection spots visible on the line between
the Fe reflections are consistent with a Y,Ti,O; pyrochlore crystal orientated along [100] with a [100]yo ||
[010]re and [011]y7o || [100]re OR, which is also found by both Dawson et al.[16] and Ribis et al. [17].

Figure 3. TEM images for AE MA957: a) a HAADF STEM overview image with arrows marking some
oxide particles; b) a HRTEM image of a larger particle; and, ¢) an averaged FFT of all the images in the
corresponding focal series. White circles mark the major reflections of Y,Ti,O; pyrochlore (YTO). The
corresponding zone axes are [100]g. and [001]yro.

Structural information was also obtained from the extra spots in the FFT for a larger image area
containing a sufficient volume fraction of NOs, even if they could not be individually indexed due to signal
to noise limitations for individual embedded NOs. Note that in the MA957 IR condition, the individual NOs
were not indexed, but this will be part of future research. The collage in Figure 4 is a summary of
corresponding power spectra for all the NFA conditions in this study. Each spectrum is based on the
average of all the individual images in the focal series. For comparison purposes, Figure 1c is repeated in
4a. Figures 4b and 4c are power spectra from two other regions in FSWA MA957. Figure 4b is for a NO
that is 1.8 nm high and 3.2 nm wide. The large aspect ratio can be seen as an elongation of the
corresponding reflections along the vertical axis. Due to the smaller size of these NOs, multiple scattering
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is reduced compared to the larger crystal shown in Figure 1a. The Fe region next to the particle contains
no discernible features. The corresponding FFT in Figure 4c mainly contains ferrite matrix spots, with only
very minimal indications of any other structures in the background.

Figure 4. A summary of the averaged FFTs for all the NFA conditions studied. The top row is the FSWA
MA957 for: a) the large NO shown in Figure 1c; b) a smaller 3.2x1.8 nm? NO; and C) the area next to the
small NO in b. The bottom row is for MA957 in the: d) AE MA957; e) IR MA957 conditions; and f) NFA-1.

Figures 4d and 4e are FFT for the AE and IR MA957 conditions, respectively, and Figure 4f is for NFA-1.
All the FFT for a larger area of the foil show the same characteristic extra spot features, i.e. weak peaks
in between and close to the {200}-type Fe reflections. The spots near the Fe peaks are at the same
locations that were previously assigned to Y,Ti,O; pyrochlore in Figure 1. The detailed analysis results of
Figure 3 and Figure 4 are summarized in Table 1. Note Ribis et al. also reported pyrochlore structure is
stable after irradiation [17]. However, in contrast to the other images, these spots are streak-like
broadened, as discussed in the next section.

A careful analysis of NOs in MA957 and 14YWT NFA-1 heat reveals strongly facetted shapes and a well-
defined OR to the ferrite matrix. All of the recorded and indexed power spectra are consistent with a
cube-on-edge OR as illustrated in Figure 5a with [110]yro || [100]ge and [001]yro || [010]ke for all of the
alloy conditions.
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Table 1. Summary of d-spacing’s and plane angles measured in the indicated figures compared to bulk

Y,Ti,O;
Figure d (A) di(2-22) d2(22-2) a12(°)
Fig. 4d Measured 2.83+0.09 2.83+0.09 68.7+0.9
Fig. 4e Measured 2.85+0.07 2.85+0.07 71.9+1.3
Fig. 4f Measured 2.81+0.07 2.80+0.07 69.4+1.8
Y,TiO7 2.90 2.90 70.5
Fig. 3c d (A) d1(400) d2(040) a12(°)
Measured 2.60+0.08 2.60+0.08 90.6+1.8
Y,Ti,O7 2.52 2.52 90

Due to the two-fold symmetry of the <110>-zone axis there are three possible variants of overlapping
ferrite and Y,Ti,O- pyrochlore diffraction patterns. Figure 5b i) shows possible peak locations in the power
spectrum assuming an equal mix of three cube-on-edge rotations. Figures 5b ii) and iii) correspond to
<110>-type Y,Ti,O; pyrochlore patterns rotated 90°, while iv) shows a <100>-type pattern that is 45°
rotated relative to [100]e.. Notably, Figures 4d, 4e and 4f show streaking of the corresponding Y,Ti,O;
reflections that are consistent with a combination of these three rotation variants.
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Figure 5. a) A schematic illustration of the cube on edge OR of Y,Ti,O; pyrochlore (small cube) relative
to the Fe matrix (large cube); b) i) all possible peak locations in the FFT assuming a cube-on-edge OR
where ii) and iii) represent <110>yro orientations rotated with respect to each other by 90° and, iv) is
<100>y7o rotated 45° around the zone axis. ¢) The 5 x 7 array of Fe matrix unit cells in near-coincidence
periodicity with the Y,Ti,O; pyrochlore (cation) lattice.

The strong OR between ferrite matrix and Y,Ti,O; pyrochlore is intriguing given the incommensurate bulk
unit cells of the two crystals. Nevertheless, it is noted that the overlapped crystal structures with the
specified OR show a near CSL between Fe atoms and Y and Ti cations that spans 5x7 ferrite periodic
cells, as illustrated in Figure 5c. Note, Figure 5c represents an yet to be published first principles
calculation of an embedded NO, provided by Y. Jiang at the South Central University In China, which was
inspired by the TEM results reported here. The atomic positions, including O, in a 525 atom supercell are
fully relaxed from a bulk pyrochlore structure with the 5x7 CSL interface with the ferrite matrix. The first
principles minimization resulted in only small movements of the atoms, suggesting that this interface
represents a highly stable structure. Details of this very recent modeling research will be the subject of a
future publication, including corresponding interface energies, as well as a full oxygen potential and
temperature dependent interface phase diagram. These repeat units in Figure 5¢c correspond exactly to
the observed periodicity seen in Figure 2b and the coherent structures are consistent with the EWA. The
lattice mismatch is remarkably low across these periodic distances, at only +0.45% along the horizontal
and -0.57% along the vertical directions. The corresponding strains in the fully relaxed DFT model are
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horizontal/vertical: 1/1.05% in Fe and -1.77/-0.7% in Y,Ti,O;. Due to the symmetry of the OR, the lattice
strains along horizontal and the third, out of plane, direction are equivalent.

The interfaces between the NO and ferrite matrix are also remarkably flat, as is especially seen in the
FSWA condition shown in Figure 1; note the other alloy conditions also show faceted NOs. The example
of the larger particle in the MA957 AE condition in Figure 3c is most striking. Nevertheless, upon close
inspection one can also recognize similar faceting for the smaller particles. Note that the direction of the
arrows in Figure 3a correspond to <100> directions of the ferrite lattice. Presumably optimally matched
interfaces between low-energy planes on both the oxide and iron matrix sides are self-selected. However,
the exact shape of the particles cannot be determined from the projection images we have obtained and
need to be further characterized by electron tomography, for example.

We conclude that: a) the NO are predominantly Y,Ti,O; pyrochlore that persist to small sizes even in the
face of severe deformation and extreme irradiation exposure and in all four alloy conditions; b) the NOs
observed here have a predominantly cube on edge [110]yro || [100]ce and [001]yto || [010]ce OR
relationship in all conditions; c) the atomic scale interface in a larger NO can be described as a 5x7 near
CSL.

A pertinent question is how general are these results? Even wide area TEM FFT measurements only
sample a small volume of material. Unfortunately, classical techniques for crystal structure analysis in
larger volumes, like XRD, have serious limitations when dealing with low volume fractions of nano-scale
crystals, with sizes of order of one to several nm. However, new synchrotron based techniques like the
partially or not known structures (PONKS) Rietveld Refinement approach to fit the peak broadened
background of the XRD spectra [18] has been recently demonstrated for Ni- Mn-Si nano precipitates in
reactor pressure vessel steels at the new NSLS Il synchrotron light source at Brookhaven National
Laboratory [19]. Application of XRD PONKS to NFAs and NOs will lead to further understanding. Indeed,
it is notable that the our preliminary XRD results on AE MA957 show weak peaks and enhanced
background that are consistent with the presence of Y,Ti,O; and Y,TiOs NOs, along with much larger TiO
features. These results are also consistent with several previous XRD studies that characterized greater
volume fractions of larger or extracted NOs [20-22]. Furthermore, a very recent glancing angle XRD study
found only Y,Ti,O; peaks in a MA957-like 14YWT NFA [23]. Finally, a combination of SAXS and SANS
was used to identify the NOs in another 14YWT alloy, showing that they are consistent with Y,Ti,O; or
Y,TiOs [24].

We have focused on the Y,Ti,O; and, in the case of the larger pyrochlore oxide, the detailed atomic
structure of its ferrite matrix interface. However, we should emphasize that, as noted above, other oxides
are often present in NFAs, and different cube-on-cube ORs have also been reported [25]. Further, while
we believe that the HRTEM images suggest that they are similar, we have not resolved the detailed
interface structures in the smallest NOs. We also note that in the other limit of um-scale bilayers of Fe
grown on (100) Y,Ti,O; pyrochlore, the edge-on-cube OR is accompanied by interface dislocations with a
spacing of 1.4 nm, which are not observed in small embedded NOs that do not experience a semi-infinite
in-plane strain condition.

It is useful to emphasize the critical importance of the detailed observations reported here. For example,
the presence of interface strains has important implications to the NO interactions with helium. This is
especially the case to support modeling efforts to better understand the nature of NOs, their functionality
and the corresponding overall performance of NFAs. The first principles result in Figure 5c¢ is an example
of the opportunity for close coupling of modeling and experiment. This work also provides “ground truth”
to a series of first principles and atomistic studies that have explored: a) initial clustering energetics of Y-
Ti-O solutes [26-28]; b) the structure and physical properties of Y,Ti,O; and Y,TiOs [29]; c) the
corresponding remarkable ability of NO to sequester helium, in internal interstitial sites and subsequently
in associated interface bubbles [30,31]; d) the free surface and embedded interface energies of Y,Ti,O;
[32]; and, e) the solubility of Y both in the matrix and at dislocations [33], that mediates the truly
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remarkable long-term, high-temperature thermal stability of NOs, as modeled by cluster dynamics
methods [4].

A detailed high resolution TEM study was conducted to answer unresolved questions about the nature of
the NOs present in NFAs. The results suggest that even the smallest cubic and cuboidal NOs are
predominately Y,Ti,O; pyrochlore in all the 14YWT alloy conditions we studied. The NOs have a cube on
edge, apparently coherent, interface that manifests a well-ordered 5x7 near CSL oxide-bcc ferrite-matrix
boundary structure in a larger oxide. The NOs are under compressive stress while the Fe-matrix is under
tension. With the exception of APT measurements, the more detailed results reported here are generally
in good agreement with the preponderance of corresponding evidence in the literature although other
phases and ORs also occur. The results of this study represent an important step in supporting detailed
modeling efforts, such as the first principles simulation of the 5x7 near CSL example in Figure 5c, that will
help to develop, optimize and qualify NFA for fusion and advanced fission energy service.
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