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FOREWORD

This is the fifty-fifth 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, 2013. 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 Betty Waddell, Oak
Ridge National Laboratory. Their efforts, and the efforts of the many persons who made
technical contributions, are gratefully acknowledged.

Peter J. Pappano
Research Division
Office of Fusion Energy Sciences
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FERRITIC/MARTENSITIC STEEL DEVELOPMENT
See also Sections 6.1, 7.5, 8.2, 8.3, 8.4, and 8.5.

Stability of MX-Type Nanoprecipitates in Fe-Base Model Alloys —
L. Tan, Y. Katoh, L. L. Snead (Oak Ridge National Laboratory)

The stability of MX-type nanoprecipitates TaC, TaN, and VN has been evaluated using
thermal aging at 600 and 700°C for up to 5000 h, creep testing at 600°C, and Fe®" ion
irradiation at 500°C and up to ~49 dpa. Transmission electron microscopy (TEM) has been
primarily used to characterize the evolution of the nanoprecipitates. The results indicate
different levels of stability of the nanoprecipitates under the three types of experimental
conditions. Selected particle degradation modes, e.g., dissolution, growth, re-precipitation,
and fragmentation, were observed on the nanoprecipitates. The results are being reported
and compared to literature data in our recent papers. A parallel experiment using neutron
irradiation at 300, 500, and 650°C for up to about 20 dpa has been completed recently.
Post-irradiation examination (PIE) of the neutron-irradiated samples will be conducted to
compare them with the Fe?* ion irradiated results.

ODS AND NANOCOMPOSITED ALLOY DEVELOPMENT
See also Sections 6.1, 7.5, and 8.4.

Development of ODS FeCrAl for Fusion Reactor Applications —
D. T. Hoelzer, K. A. Unocic, S. Dryepondt, and B. A. Pint (Oak Ridge National Laboratory)

Three experimental ODS FeCrAl heats of composition Fe-12Cr-5Al were prepared by
mechanical alloying with additions of Y505, Y503 + ZrO5 and Y503 + HfO,. The as-

extruded microstructure showed smaller grain size with the co-additions of ZrO, or HfO,

and high concentrations of nano-size (<5 nm diameter) oxide particles within the grains. In
the alloy with Y,045 + HfO,, either a bimodal or trimodal particle size distribution was

observed. Tensile testing was performed at 25° up to 800°C and the higher oxide con-
tents with ZrO, or HfO, resulted in higher yield and ultimate strengths but lower ductility

compared to the alloy with only Y5043.

CERAMIC COMPOSITE STRUCTURAL MATERIAL DEVELOPMENT

See also Sections 8.6 and 8.7.
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Process Development and Optimization for Silicon Carbide Joining and Irradiation
Studies-Ill —
T. Koyanagi, J. Kiggans, C. Shih, Y. Katoh (Oak Ridge National Laboratory)

Two robust pressureless joining methods for SiC ceramics proved to be promising. A Ti-Si-
C MAX phase displacement reaction bonding using commercial bonding formula
demonstrated dense microstructures and apparent shear strength of ~150 MPa. A
pressureless transient eutectic-phase (TEP) process was newly developed to demonstrate
promising properties. An experimental plan for the neutron irradiation effects study was
developed.

Low Activation Joining of SiC/SiC Composites for Fusion Applications: Tape
Casting TiC+Si Powders —

C. H. Henager, Jr., R. J. Kurtz, N. L. Canfield, Y. Shin, W. G. Luscher, J. T. Mansurov,
T. J. Roosendaal, and B. A. Borlaug (Pacific Northwest National Laboratory)

The use of SiC composites in fusion environments likely requires joining two plates using
reactive joining or brazing. One promising reactive joining method uses solid-state
displacement reactions between Si and TiC to produce Ti3SiC, + SiC. We continue to
explore the processing envelope for these joints to produce optimal joints to undergo
irradiation studies in the High Flux Isotope Reactor (HFIR). One noted feature of the older
joints, produced with tape-calendared powders of TiC + Si, were the large, unavoidable
void regions they contained. Although the joints were very strong, voids are undesirable. In
addition, the tapes made for these joints were produced approximately 20 years ago and
had aged. Therefore, we embarked on an effort to produce new tape-cast powders of TiC
and Si that can replace our aged tape-calendared materials.

HIGH HEAT FLUX MATERIALS AND COMPONENT TESTING
See also Sections 8.8 and 8.9.

Recent Progress in the Development of Ductile-Phase Toughened Tungsten for
Plasma-Facing Materials —

C. H. Henager, Jr., R. J. Kurtz, T. J. Roosendaal, and B. A. Borlaug (Pacific Northwest
National Laboratory), G. R. Odette, K. H. Cunningham, K. Fields, D. Gragg, and F. W. Zok
(University of California, Santa Barbara)

Tungsten (W) and W-alloys are the leading candidates for plasma-facing components in
nuclear fusion reactor designs because of their high melting point, strength at high
temperatures, and low sputtering yield. However, tungsten is brittle and does not exhibit
the required fracture toughness for nuclear applications. The ductile-brittle transition
temperature (DBTT) for unirradiated W-alloys ranges from 300-1000°C and radiation
hardening further elevates this range. A promising approach to increasing fracture
toughness and decreasing the DBTT of a W-alloy is by ductile-phase toughening (DPT). In
this method, a ductile phase is included in a brittle matrix to prevent fracture propagation by
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crack bridging. To examine the prospect of DPT, W-Cu and W-Ni-Fe three-point bend
samples were deformed at several strain rates and temperatures. Data from these tests will
be used for time-dependent crack bridging studies and the calibration of a crack-bridging
model that can effectively predict elevated temperature crack growth in W-composites. A
study of fabricating W-wire-reinforced W-matrix composites by spark plasma sintering
(SPS) was initiated. W-wires coated with Cu or tungsten carbide (WC) was consolidated in
a W matrix. Characterization of these composites is ongoing.

Evaluation of Mechanical Properties of Tungsten After Neutron Irradiation —
L. L. Snead, L. M. Garrison, T. S. Byun, N. A. P. K. Kumar, and W. D. Lewis (Oak Ridge
National Laboratory)

A total of 440 tungsten samples were irradiated in HFIR at temperatures from 70 to 900°C
and fast neutron fluences of 0.01 to 20 x10?° n/m? at E>0.1 MeV over the last year. Types
of tungsten included were [110] single crystal tungsten, [100] single crystal tungsten,
wrought tungsten foils, annealed tungsten foils, and tungsten-copper laminate. Samples
that were irradiated at 2x10?° n/m? and below have been tensile and hardness tested at
300°C and below. The defect structure of selected low dose samples has been
investigated in the TEM. The analysis of the lower dose samples is ongoing, and analysis
of the higher dose samples will follow.

High-Heat Flux Testing of Low-Level Irradiated Materials Using Plasma Arc Lamps —
A. S. Sabau, E. K. Ohriner, Y. Katoh, and L. L. Snead (Oak Ridge National Laboratory)

A neutron-irradiated tungsten specimen was successfully tested at ITER-relevant high-heat
flux conditions using Plasma Arc Lamp at ORNL on Aug. 14, 2013, without any
contamination outside the testing box, ensuring the readiness of the new facility for
irradiated samples. For thin specimens, often used for studies of neutron irradiation
effects, one of the main challenges to the PAL systems is the measurement of the sample
temperature.

MAGNET AND DIAGNOSTIC SYSTEM MATERIALS

Irradiation Response of Next Generation High Temperature Superconducting Rare
Earth and Nanoparticle-Doped YBa,Cu3;0;.x Coated Conductors for Fusion Energy

Applications —

K. J. Leonard, T. Aytug, Fred. A List lll, Yanwen Zhang (Oak Ridge National Laboratory),
A. Perez-Bergquist, W. J. Weber (University of Tennessee), and A. Gapud (University of
South Alabama)

During this semiannual reporting period, electrical characterization work was completed on
the irradiated superconducting films, and two presentations were made at conferences.
The first, “Irradiation Response of Next Generation High Temperature Superconductors for
Fusion Energy Applications” was presented at the International Conference of Fusion
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Reactor Materials in Beijing, China. This presentation introduced the fusion materials
community to the advances that have been made in coated conductor technology and the
potential for use in nuclear application. The second presentation “Irradiation of Commercial,
High-T. Superconducting Tape for Potential Fusion Application: Electromagnetic Transport
Properties,” was presented in November at the Southeastern Section American Physical
Society Meeting in Bowling Green, KY. This detailed the electrical property
characterizations of the conductors and is summarized in this report.

High Neutron Dose Irradiation of Dielectric Mirrors —
K. J. Leonard, G. E. Jellison Jr., N. A. P. K. Kumar and L. L. Snead (Oak Ridge National
Laboratory)

During this semiannual reporting period, work was completed on low dose (0.001 to 0.1
dpa) examinations culminating in the presentation of data at the Radiation Effects in
Insulators conference in Helsinki, Finland in July 2013. Publication of the paper “The role
of microstructure on the optical performance of neutron irradiated dielectric mirrors” has
been confirmed for the Journal of Nuclear Materials in 2014, volume 445, pages 281-290.
The optical property characterization of the 1 and 4 dpa-irradiated mirrors has also been
completed, with data presented in poster form at the International Conference of Fusion
Reactor Materials in Beijing, China in October. This semiannual contribution briefly
summarizes the low dose results, which are presented in more detail in the previous
contributions, as well as the optical property data for the high dose samples.

FUSION CORROSION AND COMPATIBILITY SCIENCE

Liquid Metal Compatibility —
S. J. Pawel (Oak Ridge National Laboratory)

Fabrication of the first thermal convection loop (TCL) using dispersion strengthened FeCrAl
(Kanthal APMT) tubing was completed in the previous reporting period. This alloy is known
for high strength and creep resistance at elevated temperature and, based on capsule
testing, it is anticipated to have excellent resistance to Pb-Li. Recent accomplishments
include initial refurbishment of suitable laboratory space in which to operate the TCL,
acquisition and chemical analysis of the Pb-17at%Li that will be used as a working fluid,
and preparation of the Kanthal APMT test coupons that will be used in the specimen chains
that will be inserted into each vertical leg of the TCL.

MECHANISMS AND ANALYSIS

Microstructural Stability and Mechanical Behavior of FeMnNiCr High Entropy Alloy
Under lon Irradiation —

N. A. P. K. Kumar'? K. J. Leonard', H. Bei’, Y. Zhang"? and S. J. Zinkle' (Oak Ridge
National Laboratory’, University of Tennessee?)

Abstract of paper to be submitted.
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Effects of lon Irradiation on BAM-11 Bulk Metallic Glass —
A. G. Perez-Bergquist’?, H. Bei', Y. Zhang'?, and S. J. Zinkle'? (Oak Ridge National
Laboratory’, University of Tennessee?)

Bulk metallic glasses are intriguing candidates for structural applications in nuclear
environments due to their good mechanical properties along with their inherent amorphous
nature, but their radiation response is largely unknown due to the relatively recent nature of
innovations in bulk metallic glass fabrication. Here, microstructural and mechanical
property evaluations have been performed on a Zrs;5Cuq79Ni146Al1oTis bulk metallic glass
(BAM-11) irradiated with 3 MeV Ni" ions to 0.1 and 1.0 dpa at room temperature and
200°C. Transmission electron microscopy showed no evidence of radiation damage or
crystallization following ion irradiation, and changes in hardness and Young’s modulus
were typically <10%, with slight softening following irradiation at room temperature and no
significant changes at 200°C. These results suggest that the BAM-11 bulk metallic glass
may be useful for certain applications in nuclear environments.

Physical and Thermal Mechanical Characterization of Non-Irradiated MAX Phase
Materials (Ti-Si-C and Ti-Al-C Systems) —
C. Shih, R. Meisner, W. Porter, Y. Katoh, and S. J. Zinkle (Oak Ridge National Laboratory)

The physical and thermo mechanical properties of two commercially available MAX phase
materials have been characterized in the non-irradiated states including: density, X-ray
diffraction analysis, microstructure analysis by SEM, coefficient of thermal expansion,
thermal diffusivity, thermal conductivity, dynamic Young’s modulus, electrical conductivity,
and equibiaxial fracture strength (including Weibull modulus). The results show that the
materials contain multiple phases. However, predominate phases are hexagonal MAX
phases composed of Ti-SiC-C and Ti-Al-C ternary systems. High thermal and electrical
conductivity, adequate Young’s modulus and equibiaxial fracture strength were observed.
All the properties studied agree well with data from the literature.

Effects of Neutron Irradiation on Ti-Si-C MAX-Phase Ceramic Microstructures —
A. G. Perez-Bergquist’?, Y. Katoh', C. Shih’, N. A. P. K. Kumar'? and S. J. Zinkle'? (Oak
Ridge National Laboratory', University of Tennessee?)

MAX phase ceramics are intriguing candidates for structural applications in nuclear
environments due to their unique mixture of metallic and ceramic properties. Specifically,
their potential to retain adequate thermal conductivity after high levels of irradiation damage
may make them an attractive alternative to SiC in fusion environments. In this study, we
investigate the MAX phase ceramic Ti;SiC, after neutron irradiation to 3.4 dpa and 5.0 dpa
at temperatures of 500 and 800°C, respectively. Initial results showed large amounts of
atomic-scale radiation damage in the material, but minimal loss of strength in selected
Ti3SiC,/TisSiz samples.
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A Dual lon Irradiation Study of Helium-DPA Interactions on Cavity Evolution in
Tempered Martensitic Steels and Nanostructured Ferritic Alloys —

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

K. Yabuuchi, S. Kondo, and A. Kimura (Kyoto University)

Cavity evolutions in a normalized and tempered martensitic steel (TMS) and two
nanostructured ferritic alloys (NFA) under Fe** and He" dual ion beam irradiations (DII) at
500°C and 650°C were characterized over a wide range of dpa, He and He/dpa.
Transmission electron microscopy (TEM) showed that DIl of a 8Cr TMS, at 500°C to up to
60 dpa and 2100 appm He, produced a moderate density of non-uniformly distributed
cavities with bimodal sizes ranging from = 1 nm He bubbles to = 20 nm faceted voids, and
swelling = 0.44%. In contrast, the same irradiation conditions produced only small = 1.3
nm diameter bubbles and swelling of = 0.05% in the NFA MA957. Similar bubble
distributions were observed in MA957 and a developmental NFA DIl at 650°C up to = 80
dpa and = 3900 appm He. These results demonstrate the outstanding He management
capability of the oxide nano-features in the NFA. The various data trends are shown as a
function of dpa, He, He/dpa and He*dpa.

MODELING PROCESSES IN FUSION SYSTEM MATERIALS

Modeling Concurrent Radiation Damage and Plastic Deformation —
T. Crosby, G. Po, N. Ghoniem (University of California, Los Angeles)

We present here an application of a fundamentally new theoretical framework for
description of the simultaneous evolution of radiation damage and plasticity that can
describe both in-situ and ex-situ deformation of structural materials. The developed self-
consistent framework allows for the determination of the simultaneous evolution of the
dislocation microstructure, as well as the spatial distribution of vacancies, interstitials and
the temperature diffusion fields. The developed theory is implemented in a new
computational code that facilitates the simulation of irradiated and unirradiated materials
alike in a consistent fashion. Computer simulations are presented for irradiated fcc metals
that address dislocation channel formation in irradiated metals (ex-situ). The simulations,
which focus on plastic flow localization in micro-pillars, show that the spatial heterogeneity
in the distribution of Stacking Fault Tetrahedra (SFTs) leads to localize plastic deformation
and incipient surface fracture of micropillars.

An Atomistic Assessment of Helium Behavior in Iron —
R. E. Stoller and Y. N. Osetskiy (Oak Ridge National Laboratory)

Extended abstract — paper submitted to J. Nucl. Mater. after ICFRM-16.
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Dynamics of Helium-Loaded Grain Boundaries under Shear Deformation in a-Fe —
F. Gao, L. Yang, H. L. Heinisch and R. J. Kurtz (Pacific Northwest National Laboratory)

Helium produced in the fusion nuclear environment will interact with microstructural
features in materials, such as GBs and dislocations. At elevated temperatures helium at
GBs can significantly influence creep-rupture properties by enhancing cavity formation and
lowering GB cohesive energy. Grain boundary sliding can lead to stress concentrations at
GB triple junctions and hard precipitates in the GB plane that may be sufficient to nucleate
cavities. Here we explore the effects of helium on coupled GB migration and sliding under
an applied shear stress. The 23 symmetric tilt GB with a <110> rotation axis in bcc iron
was selected for study. The method for exploring helium effects on GB motion involved
randomly inserting different concentrations of helium atoms around the GB plane and then
applying a shear stress parallel to the GB plane at 300 K. We reported previously [1] that,
in the absence of helium, the critical stress to induce coupled GB migration and sliding
occurred at 300 K was 1.5 GPa. The current simulations show that when helium is present
the critical stress for coupled GB motion, and the GB migration velocity are both reduced.
When the GB helium concentration is low, most single helium atoms and small helium
clusters migrate along with the GB. However, at high helium concentrations clusters easily
form that remain behind in the bulk when the GB migrates away from its original position.

Radiation-Induced Obstacles in Iron and Ferritic Alloys: An Atomic-Scale View —
Y. N. Osetskiy and R. E. Stoller (Oak Ridge National Laboratory)

Extended abstract — paper submitted to J. Nucl. Mater. after ICFRM-16, with results on
6nm obstacles added.

Modeling of Irradiation Hardening of Iron After Low Dose and Low Temperature
Neutron Irradiation —

X. Hu, D. Xu, B. D. Wirth (University of Tennessee, Knoxville), and T. S. Byun (Oak Ridge
National Laboratory)

Irradiation hardening is a prominent low temperature degradation phenomena in materials.
In this paper, a reaction-diffusion cluster dynamics model is used to predict the distribution
of wvacancy and interstitial clusters in iron subject to low temperature
(< 373K) and low dose (< 0.1 dpa) neutron irradiation. The predicted microstructure
evolutions of high purity iron samples are compared to positron annihilation spectroscopy
(PAS) and transmission electron microscopy (TEM) observations and show good
agreement for neutron irradiation in this regime. The defect cluster distributions are then
coupled to a dispersed barrier hardening model that assumes a strength factor, a, which
varies with cluster type and size to compute the yield strength increase, the results of which
are compared to the values obtained from tensile tests. A reasonable agreement between
modeling and experiments is achieved.
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Molecular Dynamics Modeling of Atomic Displacement Cascades in 3C-SiC —
G. D. Samolyuk, Y. N. Osetskiy and R. E. Stoller (Oak Ridge National Laboratory)

Extended abstract — paper submittefd to J. Nucl. Mater. after ICFRM-16.

First-Principles Calculations of Charge States and Formation Energies of Mg
Transmutant in 3C-SiC —

S. Y. Hu, W. Setyawan, W. Jiang, C. H. Henager, Jr. and R. J. Kurtz (Pacific Northwest
National Laboratory)

We employed density functional theory to study the effect of electron potentials on charge
states and the formation energies of Mg transmutant at different lattice sites in 3C-SiC. We
found that Mg., Mg, and Mg, most likely have charge state +2 whlle Mg, prefers
charge state -2. The results aIso show that the substltutlonal Mg has much smaller
formation energy than that ofMg , and mterstltlal Mch has lower formation energy than
that ofMg*z. These results imply thatMgS is the most stable substitutional defect while
Mg is the most stable interstitial defect in 3C-SiC. Since the quadrupole correction due to
the spurious interactions between images of charged defects in periodic simulation cells
was not taken into account, the calculated formation energies were overestimated. In
future work we will examine the effect of quadrupole correction on the formation energies of
defects. Additional studies on Al and Be transmutants in 3C-SiC are currently underway.

Analytical Model of Homogeneous Helium Trap-Mutation Evolution in Tungsten —
W. Setyawan, G. Nandipati, K. J. Roche, H. L. Heinisch, R. J. Kurtz (Pacific Northwest
National Laboratory) and B. D. Wirth (University of Tennessee, Knoxville)

Homogeneous trap-mutation events in which helium (He) clusters above a minimum size
displace tungsten (W) atoms from their lattice sites are simulated with molecular dynamics.
Using a He concentration of up to 4600 appm and temperature up to 2050 K (half the
absolute melting temperature), analytical models are formulated to describe the evolution
of the number of trap-mutation nucleation sites (Nc) and the number of created self-
interstitial atoms (N)) as a function of He concentration and temperature. Consistent time
scaling with respect to concentration (linear scaling) and temperature (Arrhenius scaling) is
observed in the case of N¢ curves. Therefore, a single analytical model can be obtained.
On the other hand, while the linear time scaling still applies among the N, curves, the
Arrhenius time scaling holds only during early stages of the evolution due to the
temperature-dependence of the saturation value (larger at higher temperatures). Hence,
for N,, a specific model is formulated for each temperature.
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Object Kinetic Monte Carlo Simulations of Cascade Annealing in Tungsten —
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 code; KSOME [1]
to carryout simulations of annealing of individual displacement cascades in bulk tungsten
that were generated using molecular dynamics (MD) simulations, at temperatures of 300,
1025 and 2050 K and PKA energies up to 100 keV. We find that at smaller PKA energies
the fraction of surviving self-interstitial atoms (SIAs) and vacancies decreases with
temperature, whereas at higher PKA energies the fraction of surviving defects at first
decreases and then increases with temperature.

IRRADIATION METHODS, EXPERIMENTS, AND SCHEDULES

Fusion Material Irradiation Test Station (FMITS) at SNS —
Mark Wendel, Phil Ferguson (Oak Ridge National Laboratory)

Highlights of the FMITS Concept Design include safety round-table findings, advances in
the mechanical design of the harness and vent-line shield block (through which FMITS
utilities pass), improved remote handling procedures and tooling, and refinements of the
user science envelope. Samples would be welded inside the FMITS target harness in two
horizontal tubes, which project out in front of the mercury target. For these specimen
locations, the back-scattering neutron flux spectra should be close to the ITER fusion
spectrum. The PKA spectra at the FMITS samples were also compared to those for ITER,
and the results show good agreement. Radiation damage rates would be 1.6-5.5 dpaly for
steel, with the range of helium-to-dpa production ratios starting close to those expected in
D-T fusion, and increasing toward beam center locations.

HFIR Irradiation Experiments — December 31, 2013 —
Y. Katoh (Oak Ridge National Laboratory)
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1.1 Stability of MX-Type Nanoprecipitates in Fe-Base Model Alloys — L. Tan, Y. Katoh,
L. L. Snead (Oak Ridge National Laboratory)

OBJECTIVE

Study the stability of MX-type nanoprecipitates in reduced-activation ferritic (RAF) steels using
Fe-base model alloys under thermal, stress, and radiation conditions to help understanding the
failure mechanisms of RAF steels and identify promising strengthening particles for advanced
RAF steel development.

SUMMARY

The stability of MX-type nanoprecipitates TaC, TaN, and VN has been evaluated using thermal
aging at 600 and 700°C for up to 5000 h, creep testing at 600°C, and Fe®" ion irradiation at
500°C and up to ~49 dpa. Transmission electron microscopy (TEM) has been primarily used to
characterize the evolution of the nanoprecipitates. The results indicate different levels of
stability of the nanoprecipitates under the three types of experimental conditions. Selected
particle degradation modes, e.g., dissolution, growth, re-precipitation, and fragmentation, were
observed on the nanoprecipitates. The results are being reported and compared to literature
data in our recent papers. A parallel experiment using neutron irradiation at 300, 500, and
650°C for up to about 20 dpa has been completed recently. Post-irradiation examination (PIE)
of the neutron-irradiated samples will be conducted to compare them with the Fe®" ion irradiated
results.

PROGRESS AND STATUS
Introduction

MX-type precipitates have shown excellent coarsening resistance compared to Laves phase
and chromium-rich M>3Cg in 9-12% Cr ferritic-martensitic steels as well as RAF steels. The MX-
type precipitates are believed to be critical for high temperature strength of this class of steels.
Recently, however, limited data have shown the instability of MX, e.g., VN, TaC, and TaN, at
elevated temperatures and irradiation conditions [1-4]. Therefore, three model alloys,
respectively favoring the formation of TaC, TaN, and VN nanoprecipitates, had been designed
and prepared to investigate the stability of these nanoprecipitates under thermal aging, creep
testing, and irradiation conditions.

Experimental Procedure

Samples of the TaC, TaN, and VN bearing model alloys were subjected to thermal aging at 600
and 700°C for up to 5000 h, creep testing at 600°C, and Fe®" ion irradiation at 500°C for up to
~49 dpa. The microstructures of the samples were characterized using transmission electron
microscopy (TEM) in both conventional and scanning modes (STEM) on a FEI CM200 field-
emission-gun TEM/STEM equipped with an EDAX energy dispersive X-ray spectroscopy (EDS)
detector. TEM specimens, perpendicular to the surfaces, were lifted out and thinned to
electron-transparent using focused ion beam (FIB) on a Hitachi NB5000. Specimen thickness
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of the characterized regions was estimated using convergent beam electron diffraction (CBED)
technique.

Results

The thermal aging experiment exhibited different effects on the stability of the nanoprecipitates.
The lower temperature aging at 600°C basically led to coarsening in different degrees,
accompanied with corresponding reduction in number density. In contrast, the higher
temperature aging at 700°C resulted in a bimodal phenomenon to the nanoprecipitates. Figure
1 shows an example of TaC nanoprecipitates after aging at 600 and 700°C for 5000 h.
Compared to the slightly coarsened TaC particles at 600°C in the bright-field (BF) image,
700°C-aged sample in the dark-field (DF) image is predominant with ultrafine TaC particles,
together with a few large particles that have size similar to the 600°C-aged sample. The high-
resolution image shows lattice fringes of two large particles and one ultrafine particle pointed
with a white arrow. The ultrafine particle having a different orientation from the two large
particles suggests that the ultrafine particle may have been re-precipitated during the 700°C

aging.

| ﬁ(’@GO&ékh .
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Figure 1. Effect of thermal aging at 600 and 700°C for 5000 h on the stability of TaC
nanoprecipitates.

Microstructures at both the tab and gauge sections of the 600°C creep-tested samples were
characterized using TEM. The tab section is assumed to be stress-free other than the stress-
intensified regime at gauge section. This assumption is reasonable as the characterized results
at the tab section are generally consistent with the thermal aging results at 600°C. The stress at
gauge section significantly altered the geometry of TaN particles, as shown in DF images of
Figure 2. The aligned plate-shaped particles were getting thinner and fragmented under the
stress, which significantly reduced the size and increased the number density of the particles.
Unlike TaN particles, the stress did not alter the geometry but slightly or noticeably increased
the size of the TaC and VN particles.
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Figure 2. DF TEM images of the tab and gauges sections of the TaN sample after creep testing
at 600°C and 170 MPa.

The Fe* ion irradiated samples were characterized using FIB-ed TEM specimens. Figure 3
shows an example of the VN-bearing sample from the irradiated surface on left to the matrix
on right of the DF image. The irradiation damage (dpa) depth profile in the model alloy,
aligned beneath the DF image, was simulated using the stopping and range of ions in matter
software SRIM-2013 [5] with parameters recommended by Stoller et al. [6]. The length,
thickness, and number density of the particles were statistically analyzed as a function of the
irradiation depth as well as irradiation dose (dpa) according to the SRIM-simulated result.
Similar analyses were conducted for the TaC and TaN particles.

Dose (dpa)
o

Depth (um)

Figure 3. DF TEM image of the VN sample after Fe®" irradiation at 500°C, accompanied with
the simulated depth profile of irradiation dose in dpa using SRIM-2013.
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Compared to the nitrides of TaN and VN, generally, TaC nanoprecipitates exhibited relatively
greater stability in terms of thermal aging, creep testing, and Fe?* irradiation resistance. Both
consistency and discrepancies with literature reported results are discussed in our recent
papers [7,8]. Neutron irradiation experiment of the model alloy samples has been completed
recently. The PIE of the samples will be conducted to compare them with the Fe?* ion irradiated
results.
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2.1 DEVELOPMENT OF ODS FeCrAl FOR FUSION REACTOR APPLICATIONS - D. T. Hoelzer, K. A.
Unocic, S. Dryepondt and B. A. Pint (Oak Ridge National Laboratory, USA)

OBJECTIVE

The dual coolant lead-lithium (DCLL) blanket concept requires improved Pb-Li compatibility with ferritic
steels in order to demonstrate viable blanket operation in a DEMO-type fusion reactor. The goal of this
work is to develop an oxide dispersion strengthened (ODS) alloy with improved compatibility with Pb-Li
and excellent mechanical properties. The current focus is characterizing the first batch of ODS Fe-12Cr-
5Al.

SUMMARY

Three experimental ODS FeCrAl heats of composition Fe-12Cr-5Al were prepared by mechanical alloying
with additions of Y503, Y503 + ZrO, and Y,03 + HfO,. The as-extruded microstructure showed smaller
grain size with the co-additions of ZrO, or HfO, and high concentrations of nano-size (<5 nm diameter)
oxide particles within the grains. In the alloy with Y,05 + HfO,, either a bimodal or trimodal particle size
distribution was observed. Tensile testing was performed at 25° up to 800°C and the higher oxide con-
tents with ZrO, or HfO, resulted in higher yield and ultimate strengths but lower ductility compared to the
alloy with only Y5,03.

PROGRESS AND STATUS
Introduction

The DCLL blanket concept (Pb-Li and He coolants) is the leading U.S. design for a test blanket module
(TBM) for ITER and for a DEMO-type fusion reactor.[1] With reduced activation ferritic-martensitic (FM)
steel as the structural material, the DCLL is limited to ~475°C metal temperature because Fe and Cr
readily dissolve in Pb-Li above 500°C and Eurofer 97 plugged a Pb-Li loop at 550°C.[2-3] For a higher
temperature blanket for DEMO, structural materials with enhanced creep and compatibility are needed.
ODS FeCrAl alloys are one possibility to meet this objective and considerable research on ODS FeCr
alloys has shown an excellent combination of creep strength and radiation resistance.[4-7] However,
these ODS FeCr alloys do not have adequate compatibility with Pb-based coolants, such as Pb-Bi eutectic
(LBE) [8-11]. With the addition of Al, isothermal compatibility tests have shown low mass losses at up to
800°C.[12] Therefore, a materials development effort is underway, specific to this application. ODS
FeCrAl was commercialized in the 1970’s for its high temperature (>1000°C) creep and oxidation
resistance [13] and other research groups are currently investigating new FeCrAl alloy compositions for
fission and fusion applications with liquid metals.[14-16]

Previously, initial work was presented to identify composition factors such as the stability of ternary oxides
and the Pb-Li compatibility of cast model FeCrAl alloys.[17,18] While previous studies found good Pb-Li
compatibility for Fe-20wt.%Cr-5.5Al1,[12] there is concern about thermal ageing embrittlement and the
formation of a’ during irradiation due to the high Cr content [19]. Thus, the initial alloy fabrication focused
on a base alloy composition of Fe-12Cr-5Al, as 5%Al was identified as being the minimum Al content
needed for low mass change in Pb-Li at 700°C.[17] Based on the oxide stability experiments,
combinations of Y,043 and ZrO, or HfO, were initially fabricated along with only Y,05. A fourth alloy with
Y503 and TiO, also is being processed but has not been extruded yet.



Experimental Procedure

Three experimental ODS FeCrAl ferritic alloys were produced by mechanical alloying (MA). Powder of
specified composition Fe-12.1wt.%Cr-5.0Al and particle size range ~45-150 ym was prepared by Ar gas
atomization by ATl Metal Powders. The FeCrAl powder was blended with Y,O3 powder (17-31 nm
crystallite size, produced by Nanophase, Inc.) and batches included ZrO, and HfO, powders (<100 nm
diameter from American Elements). Three 1 kg batches of powder were prepared for ball milling with the
following oxide additions: (1) 0.3Y,03, (2) 0.3Y,03 + 0.4ZrO, and (3) 0.3Y,05 + 0.22HfO,. Each batch
was ball milled for 40 h in Ar gas atmosphere using the Zoz CMO08 Simoloyer. After ball milling, the
powders were placed in mild steel cans, degassed at 300°C under vacuum and sealed. The cans were
equilibrated at 950°C for 1 h and then extruded through a rectangular shaped die. Table 1 shows the as-
extruded compositions of each alloy. The alloys with additional ZrO, and HfO, oxide additions showed
higher O contents and the Cr and Al contents were lower than the starting powder. Other typical impurities
were Co, Cu, Ni and Mn at the 0.01-0.02% level and the C and N pickups from the milling process were
acceptable. Tensile tests were performed using SS-3 type tensile specimens fabricated with the gage
section (7.62 mm long and 0.762 mm thick) parallel to the extrusion axis of the ODS FeCrAl heats. The
tensile tests were conducted in an MTS hydraulic frame at temperatures ranging from 25°C-800°C and a
strain rate of 10-3 s-1. Polished metallographic specimens were examined with a JEOL model 6500 Field
Emission Gun (FEG) Scanning Electron Microscope (SEM) employing X-ray Energy Dispersive
Spectroscopy (XEDS). The average grain size was obtained by the line intercept method in terms of the
95-percent confidence interval around the mean. Specimens for Transmission Electron Microscope (TEM)
analysis were prepared by Focused lon Beam (FIB, Hitachi model NB500) using the in-situ lift-out method
from the polished metallographic samples of the extruded ODS FeCrAl heats. A Philips model CM200
FEG-TEM/STEM (Scanning TEM) with XEDS and EELS (Electron Energy Loss Spectroscopy) was used
for analysis. Bright-Field (BF) and High Angle Annular Dark Field (HAADF) STEM and Energy Filtered
TEM (EFTEM) imaging methods were used in the microstructural investigations.

Results and Discussion

The general microstructural features of the ODS FeCrAl heats observed by BF STEM are shown in Figure
1. In the micrographs, the extrusion direction runs horizontally from left to right. The results showed
variations in grain size for the three heats (Table 2); the largest grain size was observed with only Y505
(Figure 1a) and the smallest grain size was observed for Y,05 + ZrO, (Figure 1b) with that of Y,04 + HfO,
(Figure 1c) in between. The grain size was measured parallel and normal to the extrusion axis to
determine the grain aspect ratio (GAR), which is shown in Table 2. The results showed no significant
elongation of the grains parallel to the extrusion direction of the heats since the GAR values were <2 for
the three heats.

Particles showing dark contrast in BF STEM images were observed in each of the three heats, but a higher

number density of these particles was observed in the alloy with Y,03 + HfO, (Figure 1c). Higher

Table 1. Alloy chemical compositions (mass% or ppmw) by inductively coupled plasma analysis and
combustion analysis.

Material Fe% Cr%  Al% Y% (0] C N S Other

Powder 828 121 50 < 64 31 11 <3 0.004Si

125Y 833 114 438 0.19 842 380 455 20 0.05W, 0.02Si, 0.01Ti
125YZ 828 115 49 0.18 1920 250 161 10 0.30Zr, 0.01Hf, 0.01Si
125YH 823 117 4.8 0.17 2280 220 110 10 0.68Hf, 0.01Zr, 0.01Si
PM2000 741 19.1 55 0.39 2480 14 86 8 0.48Ti, 0.02Si

< indicates below the detectability limit of <0.01%
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Figure 1. BF STEM micrographs showing the grain size and structure of the extruded ODS FeCrAl heats;
(a) with Y503, (b) Y505 + ZrO, and (c) Y,03 + HfO,. The extrusion axis lies horizontal from left to right.

magnification images of the oxide particle dispersions in each heat are shown in Figure 2. The
microstructural analysis revealed bimodal particle sizes in the alloys with Y,045 and Y,05 + ZrO, and a
trimodal particle size with Y,03 + HfO, based on differences in size and phase, i.e. image contrast and
XEDS. The average particle size (d) determined from the bimodal and trimodal size distributions of the
ODS FeCrAl heats are shown in Table 3. In general, the oxide particles observed in the bimodal size
distributions with Y,04 and Y,03 + ZrO, showed dark contrast relative to the surrounding matrix in HAADF
STEM images suggesting that they are an oxide phase. The oxygen-enriched nanoclusters observed in
the advanced ODS 14YWT ferritic alloy have also been shown to exhibit darker contrast than the
surrounding matrix when imaged by HAADF (commonly known as Z or atomic nhumber contrast), since the
intensity scales with Z2.[20] The smaller particles (d ~ 2.5 nm with only Y,03 and d ~ 2.9 nm with Y503
+ ZrO,) were present within grains and showed the highest number densities. A lower number density of
larger particles (d ~ 7 with only Y,05 and d ~ 9 nm with Y,03 + ZrO,) were mostly associated near grain
boundaries in these heats. In the trimodal size distribution with Y,04 + HfO,, only the smallest particles
(d ~ 3.2 nm) showed dark contrast in HAADF STEM images as shown in Figure 3. Particles in the
intermediate size range (d ~ 14.5 nm) showed dark and bright contrast (indicated by arrows) while those
in the largest size range (d ~ 28 nm) showed bright contrast relative to the surrounding matrix, Table 3.
The XEDS analysis of the largest particles showed that they were Hf-rich. The size distributions
determined for the different types of particles observed in each heat are shown in Figure 4. In the counting
assessment, an equal number of particles were measured in each population and are distinguished in the
bar graphs with different colors. It is possible that the particles comprising the bimodal size distributions
observed with only Y,0O3 (Figure 4a) and with Y,04 + ZrO, (Figure 4b) are the same phase indicating that
the particles experienced different nucleation mechanisms, for example, higher solute diffusion rates near
grain boundaries compared to bulk diffusion rates in the grains. For the alloy with Y,04 + HfO, (Figure
4c), the scale for particle sizes was increased to show the trimodal size distributions, which accounts for
the high frequency value observed for particles below 5 nm in size. The results show three distinct particle
size ranges representing the different oxide phases present in this alloy.

Table 2. Measurements of the grain size and grain aspect ratio (GAR) of the ODS FeCrAl ferritic alloys.

Alloy Grain Size (um) GAR
Parallel to Extrusion Axis Normal to Extrusion Axis (Parallel/Normal)
125Y 0.83+£0.17 0.56 £ 0.09 1.48
125YZ2 0.27 £ 0.06 0.17 £ 0.02 1.59
125YH 0.70 £ 0.16 0.39 £ 0.06 1.79



(a) BF STEM with Y,03, (b) HAADF STEM with Y,03 + ZrO, and (c) BF STEM with Y,04 + HfO,.

Table 3. Measurements of the particle size diameters (nm) of the three Fe-12Cr-5Al heats based on the
type of particle contrast in the HAADF images.

Alloy Small dark contrast Large dark contrast Dark/bright contrast Large bright contrast
(Hf-rich)

125Y 2.43 £ 0.36 6.87 £ 0.82 - -

125YZ 2.91+0.32 8.97 £ 0.85 - -

125YH 3.18 £ 0.51 - 14.58 + 2.18 27.77 £ 3.49

Figure 3. HAADF STEM image of the alloy with Y,03 + HfO, showing the contrast characteristics of three
different particles; small dark contrast, dark/bright contrast (arrows) and large bright Hf-rich contrast.
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Figure 4. The size distributions measured for the different oxide particles observed in the ODS FeCrAl
heats; (a) with Y503, (b) Y,03 + ZrO, and (c) Y505 + HfO,.

The results of the tensile testing from 25°-800°C are shown in Figure 5 and are compared to data for
unrecrystallized PM2000 (composition shown in Table 1). The values for yield stress (o,s) and ultimate
tensile strength (o,4s) and their temperature dependence were similar with Y,O3 + ZrO, and Y,03 + HfO,
(Figure 5c) and consistently higher than the values with only Y504, Figure 5a. All of the new alloys were
higher than the values for PM2000. At room temperature, the o,s was >1200 MPa and the o, was >1300
MPa for the alloys with greater oxide additions compared to o, = 1017 MPa and o5 = 1235 MPa for the
alloy with only Y,O3. Both alloys with Y,O5 + ZrO, and with Y,03 + HfO, retained significant levels of
strength at 800°C, with 0,5 = 327 and 304 MPa and o = 381 and 334 MPa, respectively. These are
considerably higher than the o, = 73 MPa and o = 120 MPa measured for PM2000 at 800°C. However,
considerably different behavior was observed for the total elongation measurements in these tensile tests,
Figure 5b. The elongation for PM2000 was significantly higher than any of the 12Cr-5Al alloys, especially
at the higher temperatures. The large difference for PM2000 is likely related to the extrusion conditions
and requires further study. Among the new alloys, both the uniform elongation and total elongation were
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Figure 5. Tensile properties of the ODS FeCrAl heats as a function of test temperature. (a) yield stress
and ultimate tensile strength and (b) total elongation.



very similar at room temperature. As the test temperature increased from 25° to 800°C, the total
elongation was consistently highest for the alloy with only Y,05; compared to the other two alloys. The
alloy with Y,03 + ZrO, had slightly higher ductility at 500° and 600°C. All of the new heats showed
reasonable work hardening from 25° to 800°C, except for the alloy with only Y,03, which showed very little
work hardening capacity at 800°C.
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3.1 Process Development and Optimization for Silicon Carbide Joining and Irradiation
Studies-lll—T. Koyanagi, J. Kiggans, C. Shih, Y. Katoh (Oak Ridge National Laboratory)

OBJECTIVE

The objective of this task is to develop and optimize joining processes for silicon carbide (SiC)
ceramics and composites for fusion energy applications.

SUMMARY

Two robust pressureless joining methods for SiC ceramics proved to be promising. A Ti-Si-C MAX
phase displacement reaction bonding using commercial bonding formula demonstrated dense
microstructures and apparent shear strength of ~150 MPa. A pressureless transient eutectic-
phase (TEP) process was newly developed to demonstrate promising properties. An experimental
plan for the neutron irradiation effects study was developed.

PROGRESS AND STATUS
Introduction

Development of SiC joints that retain adequate mechanical and functional properties in fusion
reactor environment is essential for use SiC and its composites as the primary structural material
[1]. Requirement of external pressurization during joining process is a major factor that dictates
applicability of a specific joining method to integration of components with certain geometries and
dimensions. While several joining technologies for SiC ceramics and composites have proved to
be neutron irradiation tolerant to low-to-intermediate fluence levels in our previous study [2], all the
joining processes involved require substantial pressurization with an exception of the calcia-
alumina glass-ceramic joining. The present work focuses on development of processes that are
anticipated to be radiation-tolerant but do not require external pressurization for joining SiC
ceramics and composites.

In the previous report [3], the optimal processing conditions for Ti and Mo foil joining have been
established. In the present work, pressure-less Ti-Si-C MAX phase joining and pressure-less TEP
joining were specifically prepared and evaluated. The Ti-Si-C MAX phase joining was chosen
because of the previously demonstrated neutron tolerance for a similar joint, relatively low
processing temperature requirement, and availability of commercial joining material. The TEP
joining was considered particularly attractive because of its ability to produce SiC-based bond that
anticipated leads to robust strength and irradiation tolerance.

Neutron irradiation can affect the physical and mechanical properties of the SiC joints, and the
irradiation effects are of critical importance in reactor technology. This report also provides an
updated technical plan for the neutron irradiation experiment in the High Flux Isotope Reactor
(HFIR).
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Experimental Procedure
Materials

For MAX phase bonding, a set of joining agent materials were purchased from Hyper-Therm High
Temperature Composites, Inc. (currently Rolls-Royce High Temperature Composites, Inc.,
Huntington Beach, CA). Ti;SiC,-based joints of CVD SiC were produced at ORNL based on a
pressure-less slurry process per the Hyper-Therm formula. Two types of the MAX phase joints
were prepared in this work. The process conditions were same among them except for the method
of slurry preparation. Details of the raw materials and the process conditions are proprietary.

The TEP joints were formed using four types of mixed powders. The mixed powders consist of SiC
nano-powder (average diameters ~30 nm) or combined SiC nano- and micron-powders, and
sintering additives (Al,O3; powder and Y,O3; powder) with or without organic agents. The total
amount of the oxide additives was 6 or 10 wt.%. To form the TEP joints, SiC plates sandwiching
thin mixed powder were cold-pressed at ~10 MPa and then heat-treated at 1875°C for 1 h in an
argon atmosphere. Process conditions determined and the specimen ID are summarized in Table
1.

12
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Table 1. Processing conditions, apparent shear strength, fracture behavior, and joint phases of CVD-SIC joined by MAX phase and TEP methods.

Processing Conditions

Joint Strength

Joining | Specimen . _ DNS Torsion Phases in joint
method ID starting Atmosphere Temperature - Time | gy oy, Shear Fracture location layer
Materials (°C) (h) (MPa)? strength
(MPa)®
1 Joint layer for DNS TisSiC,, TiC,
A MAX-A N.A. N.A. N.A. N.A. 141+23 152+16 Substrate for torsion unknown phase
Phase Substrate and joint Expected to be
MAX-B N.A. N.A. N.A. N.A. 44+10 142+15 layer for DNS
, same as MAX-A
Substrate for torsion
SiC nano and micron powder, sic
TEP-6A 6wt.% oxide additives, Ar 1875 1 113+52 N.D.? Joint layer . '
) oxide phases
Organic agents
SiC nano powder, sic
TEP-6B 6wt.% oxide additives, Ar 1875 1 163+43 N.D. Substrate , '
) oxide phases
TEP Organic agents
SiC nano powder, SiC,
TEP-6C 6wt.% oxide additives, Ar 1875 1 N.D. N.D. N.D. oxide phases
SiC nano powder, sic
TEP-10B 10wt.% oxide additives, Ar 1875 1 N.D. N.D. N.D. '

Organic agents

oxide phases

* Not available due to the proprietary
% Average strength +one standard deviation
® Not determined
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Strength evaluation

Shear strength of the SiC joints were determined by double-notch shear (DNS) test [4] and
torsional shear test. The DNS test has advantages for both the ease of specimen preparation and
for testing. However, this test cannot provide uniform stress states at the joints, which makes an
accurate evaluation of the strength difficult. The torsional shear test using an hourglass specimen
is near ideal to evaluate accurate evaluation of the strength because of its ability to apply true
shear loading to the joint specimens, but it is relatively difficult to machine the test specimen.
Therefore, the DNS test was used for quick estimation of the shear strength and the torsion test
was used for accurate strength evaluation in this work.

For DNS test specimen, distance between the notches, the notch width, and curvature radius of the
notch tip were 3, 0.5, and 0.2 mm, respectively. The tip of both notches reached the joint layer.
The tests were conducted at a constant cross head displacement rate of 0.6 mm/min. More than
three DNS tests were conducted for each processing condition. Detailed test procedure can be
found elsewhere [4].

The dimensions of the torsional test specimen were 6 mm x 6 mm x 3 mm, and diameter of the
neck was 5 mm as shown in Figure 1. The torsional load was applied in a universal testing
machine with a wire equipped rotating disk fixture (Figure 2). Aluminum-alloy tabs were installed at
the square grip sections to obtain uniform stress distributions there. The crosshead speed was 1.0
mm/min with an estimated rotation speed of about 0.025 rad/min. Nominal shear strength values
(7) in this work are given by following equation,

r=16T/md"’ @
where T is the applied torque and d is the specimen diameter of the neck. Number of the torsion

test was more than two for each condition. Further description of details of the test method can be
found elsewhere [4]. All mechanical tests were conducted at room temperature.

(a) (b)

Fig. 1. Optical micrograph of torsional test specimen (MAX-B specimen):
(a) Top-view image, and (b and c) side-view images.
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specimein : “ Load cell
1 “

Fig. 2. Overview of the torsional testing machine.

Metallographic examinations

Microstructures of the bonded regions were characterized using optical microscope (Keyence,
VHX-1000) and field-emission scanning electron microscope (SEM, Hitachi, S4800) equipped with
energy dispersive spectroscopy (EDS). The phases of the joints were determined by XRD analysis
(Model Scinatag Pad V, Thermo ARL) on the fracture surface of the DNS specimens.

RESULTS

Pressureless MAX phase joining

Defects in the as-processed joints were observed using the optical microscope as shown in Figure
3. The MAX-A specimen contained high-density pores in the bonded-zone and the joint interface.
By contrast, crack roughly perpendicular to the joint boundary was dominant processing defect in
the MAX-B specimen.
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Fig. 3. Optical micrograph of MAX phase jointed SiC.

Analysis using SEM/EDS revealed that the bonded zone of the MAX-A specimen consisted of SiC
grains and Ti-Si-C phase as shown in Figure 4(a). Hexagonal Ti;SiC, was the main phase in the
Ti-Si-C phase based on SEM/EDS (Figure 4(b)) and XRD analysis. The Ti-Si-C phase also
contained cubic TiC and unknown phase. The Ti;SiC, and TiC phases had random grain-
orientation based on analysis of the XRD patterns. Note that the EDS spectrum of the point C in
Figure 4(b) was affected by both Ti;SiC, and the unknown phase considering the spot size of the
SEM. Average atomic number of the unknown phase was higher than Ti;SiC, judging from the
backscattered electron image. Therefore, the possible candidates of that phase are TiSi, TiSi,,
TisSi4, and TisSizCyx, according to the phase diagram of Ti-Si-C system [4].

Ti-Si-C phase W4 R i A
2 T TiSIC

E:ern(ke.;)

Si o

Unknown phase
Ti

Energy (keV) Energy (keV)

Fig. 4. SEM images and EDS spectra of the MAX-A specimen: (a) secondary electron image, and
(b) backscattered electron image.

Figure 5 shows SEM images of the as-fabricated MAX phase joints. Micro-cracks along the grain
boundaries were found in both specimens in addition to ~1 micron-sized pores. These cracks may
be caused by the misfit strain due to differential coefficients of thermal expansion (CTE) between
TisSiC, phase (a-axis 8.6 x 10° K', and c-axes 9.75 x 10® K" at RT to 906°C [5]) and SiC
(4.0 x 10® K" at RT to 1000°C according to material property data sheet from Dow Chemical Co.).
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The strong anisotropy of the thermal expansion in the Ti;SiC, phase was also possible cause of the
micro cracking at the grain boundaries. Minor phases in Ti-Si-C layer can also affect the strain due
to the CTE mismatch.

S5pum

S5pum

Fig. 5. Secondary electron images of as-fabricated MAX-A and MAX-B specimens.
Micro-cracks are arrowed.

The apparent DNS strengths of the MAX phase joined SiC are summarized in Table 1. The
average DNS strengths of the MAX-A and MAX-B joints were 141 and 44 MPa, respectively. In
addition, the typical fracture appearances of the test specimens are shown in Figure 6. Notch to
notch fractures were observed in both specimens. In the MAX-A specimen, the cracks propagated
along the joint layer. By contrast, the cracks ran through both the SiC substrates and the joint layer
in the MAX-B specimen. This differential fracture behavior may be caused by the differences of the
defect shape, size, and the distribution in the bonded zone as shown in Figure 3.

MAX-A, DNS strength:141+23MPa MAX-B, DNS strength:44:10MPa
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Fig. 6. Typical fracture appearances of MAX phase jointed SiC after DNS tests. The average
strength and the one standard deviation are also shown.

Nominal shear strengths of ~150 MPa were demonstrated by the torsional test for both MAX phase
jointed specimens. All specimens failed at the SiC substrates as shown in Figure 7, and the
fracture appearance was similar between the MAX-A and MAX-B joint specimens. This base
failure was typically observed in robust SiC joints determined by the torsional shear test on
hourglass specimens [2]. In case of a weak bonding of SiC joints, the flat failure at the joint plane
was observed, and the shear strength was typically less than~100 MPa [2, 6]. Therefore, the
torsional tests in this work indicate that both MAX phase joints had adequate shear strength. The
weak DNS strength of the MAX-B specimen is not considered here, because only the torsional test
can give a quantitative strength value as mentioned in the experimental section. It is difficult to
identify the location of the crack initiation for the robust joints in the torsion test, because the neck
part of the specimen got shattered into pieces after the test. In the torsional test, maximum stress
is loaded at the surface of a neck with a minimum diameter, which corresponds to the jointed
region in this study. Since machining defects on the specimen surface was more significant
comparing to the process defects as shown in Figure 1(c), the fractures in the MAX phase jointed
SiC might initiate from the machining defects near the joint layer.

MAX-A MAX-B
Torsion shear strength:152+16MPa Torsion shear strength:142+15MPa

o
¥i%

Al tab

Fig. 7. Micrographs of pieces of the torsional tested specimens for the MAX-A and MAX-B. The
average strength and the one standard deviation are also shown.

Pressureless transient eutectic-phase joining

Microstructures of the as-fabricated TEP joined SiC are shown in Figure 8. It is found that the SiC-
based joint layers of all specimens were composed of two different regions, where the one is well-
sintered region and the other is porous region. The well-sintered regions contained secondary
phases attributed to the sintering additives at the grain pockets and grain boundaries, and the
secondary phases were rarely observed in the pours region. Effects of type of the starting SiC
powder on the microstructures can be seen in SEM images of the TEP-6A fabricated with SiC
nano- and micron-powders and TEP-6B with only the SiC nano-powder. Area ratio of the well-
sintered region was not significantly different between them, but the size of the pores was smaller
in the TEP-6 specimen. The effects of the use of the organic agents were clearly found in the
images of the TEP-6B joint with the organic agents and TEP-6C joint without the organic agents.
The large pores were observed in the bonded region of the TEP-6C joint. This result strongly
indicates that the use of the organic agent was effective for improving the quality of the TEP joint.
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The effects on the amount of sintering additives can be seen in the SEM images of the TEP-6B
(6 wt.% of additives) joint and TEP-10B (10 wt.% of additives) joint. Reduction of the porosity was
achieved by the increased use of the additives. On the other hand, the segregation of the
secondary phases at the joint interface and network of the secondary phases became marked with
increasing the amount of the additives. The reduction of the porosity is expected to be of
advantage for the mechanical properties. The increased amount of the secondary phases possibly
affects the irradiation resistance of the joint, but the effects are currently not clear, because both
encouraging and negative results were reported. Excellent irradiation-resistance of the pressurized
TEP joints was demonstrated following neutron irradiation at 500 and 800°C to up to 5.0 dpa [2].
On the other hand, significant degradation of the strength of monolithic SiC ceramics fabricated by
the TEP method was reported following irradiation at 830 and 1270°C to ~6dpa [6]. The possible
mechanism of this degradation is cracking and/or strain due to the differential swelling between SiC
and the secondary phases. The effects of the secondary phases on the irradiation resistance will
be determined in future HFIR irradiation experiment.
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TEP-6A

CVD SiC CVD SiC

TEP-10B

Fig. 8. Secondary electron image (SEI) and backscattered electron image (BSEI) of as-fabricated
TEP jointed SiC.
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The apparent DNS strengths of 113 MPa and 163 MPa were demonstrated for the TEP-6A and
TEP-6B joint specimens, respectively. The one standard deviation was ~50 MPa for both joints.
Though the strengths were similar to each other considering the large deviations, obvious
difference of the fracture appearance was observed as shown in Figure 9. The TEP-6A joint
failed at boned zone by the DNS test. By contrast, cracks ran thorough the SiC substrates in the
TEP-6B joint. The failure at the joint in the TEP-6A specimen indicates that the defects in the
bonded zone affected this fracture behavior. The DNS strength of ~150 MPa with the failure at
the substrates in the TEP-6B specimen is typical for very strong joints, implying absence of
severe processing defect or misfit strain at the bonded zone.

TEP-6A, DNS strength:11352 MPa TEP-6B, DNS strength:163+43 MPa

‘Bonded zone

Fig. 9. Optical microscope images of the TEP-6M and TEP-6N specimen after the DNS test. The
average strength and the one standard deviation are also shown.

Irradiation test plans

It is planned that rabbit capsules containing the SiC joint specimens are irradiated in HFIR to study
effects of irradiation on the shear strength. The conditions planned are irradiation at ~500°C to
~3dpa, ~500°C to >~10 dpa, and ~1000°C to ~3 dpa. The torsional test will be conducted as a
post-irradiation experiment. Proven geometries of miniature torsion specimen are adopted in this
experiment as shown in Figure 10 [2].
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Fig. 10. Geometries of miniature torsion specimens for the irradiation study.
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In the previous study conducted as a part of the ORNL and international fusion materials research
and development program, several variations of SiC joints were neutron-irradiated in HFIR
nominally at 500 and 800°C to the maximum dose of ~5 dpa. The joint materials included the
monolithic SiC and its composites, joined by the titanium diffusion bonding, calcia-alumina (CA)
glass-ceramic joining, Ti-Si-C MAX phase joining, TEP slurry joining, and TEP green tape joining.
The post-irradiation examination for this experiment showed encouraging results including the
retention of the pre-irradiation strength following all irradiation conditions [2]. The new experiment
will evaluate irradiation tolerance of additional SiC joints prepared in this work or by collaborators.
Effects of temperature and fluence on the irradiation resistance of the SiC joints will be also
investigated. The joint materials that are planned to be irradiated in this campaign are listed in
Table 2.

Table 2. Candidate materials for irradiation

Material description Supplier
Rolls-Royce HTC Proprietary, Pressureless MAX-phase Rolls-Royce HTC/ORNL

Ti Diffusion Bonding ORNL
Mo Diffusion Bonding ORNL
Pressureless TEP ORNL

TEP, Slurry Kyoto University

TEP, Green Tape Kyoto University

Calcia-Alumina Glass-Ceramics Politecnico di Torino

MAX-phase, Green Tape PNNL

Spark Plasma Sintering Queen Mary Univ.
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3.2 Low Activation Joining of SiC/SiC Composites for Fusion Applications: Tape
Casting TiC+Si Powders — C. H. Henager, Jr., R. J. Kurtz, N. L. Canfield, Y. Shin,
W. G. Luscher, J. T. Mansurov, T. J. Roosendaal, and B. A. Borlaug (Pacific Northwest National
Laboratory’)

OBJECTIVE

This work discusses the latest developments in TiC + Si displacement reaction joining at PNNL
based on new work to produce tape-cast powders for improved SiC-joints.

SUMMARY

The use of SiC composites in fusion environments likely requires joining two plates using
reactive joining or brazing. @ One promising reactive joining method uses solid-state
displacement reactions between Si and TiC to produce TisSiC, + SiC. We continue to explore
the processing envelope for these joints to produce optimal joints to undergo irradiation studies
in the High Flux Isotope Reactor (HFIR). One noted feature of the older joints, produced with
tape-calendared powders of TiC + Si, were the large, unavoidable void regions they contained.
Although the joints were very strong, voids are undesirable. In addition, the tapes made for
these joints were produced approximately 20 years ago and had aged. Therefore, we
embarked on an effort to produce new tape-cast powders of TiC and Si that can replace our
aged tape-calendared materials.

PROGRESS AND STATUS
Introduction

SiC is an excellent material for fusion reactor environments, including first wall, plasma-facing,
and breeder materials. SiC is low-activation, temperature-resistant, and radiation damage-
tolerant relative to most materials. In the form of woven or braided composites with high-
strength SiC fibers, it has the requisite mechanical, thermal, and electrical properties to be a
useful and versatile material system for fusion applications, especially since microstructural
tailoring during processing allows for control over the physical properties of interest [1-6].
However, it is difficult to mechanically join large sections of SiC using conventional fasteners. As
a result, the analog of welding is being pursued for these ceramic materials [2, 4-15]. This
paper reports on the current status of the production of tape-cast powders to be used for strong
SiC-joining materials with fewer voids than observed in previous joints made with tape-
calendared powders. The status of the unirradiated strength testing and HFIR irradiation testing
of the new, tape-cast joints is also discussed.

Experimental Procedures

Tapes are cast using a prepared powder, binder, solvent, and plasticizer mixture that consists of
a slurry preparation and tape-casting operation using blended TiC+Si powders (all high purity
and d<10 pm), ethanol and methyl ethyl ketone (MEK) as solvents, polyvinyl butyral resin (PVB)
as binder, n-butyl benzyl phthalate (BBP) as a plasticizer, and EMPHOS PS-21A
organophosphate ester as a dispersant. The powder loading was opti