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FOREWORD

This is the thirty-third in a series of semiannual technical progress reports on fusion materials
science activities supported by the Fusion Energy Sciences Program of the U.S. Department of
Energy.  This report focuses on research addressing the effects on materials properties and
performance from 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 of 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 product 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 and edited under the guidance of Ron Klueh and Renetta Godfrey,
Oak Ridge National Laboratory.  Their efforts, and the efforts of the many persons who made
technical contributions, are gratefully acknowledged.

S. E. Berk
Facilities and Enabling Technologies Division
Office of Fusion Energy Sciences
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The ferritic-martensitic steel F82H is a primary candidate low-activation material for
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Japan Atomic Energy Research Institute collaboration program. As part of this
program, two capsules containing a variety of specimen designs were irradiated at two
different temperatures in the Oak Ridge National Laboratory (ORNL) High Flux Isotope
Reactor. The bottom and top parts of these capsules were loaded with disk-shaped
compact tension [DC(T)] specimens that were used for fracture toughness
characterization. This small (12.5 mm in diameter with thickness of 4.6 mm) DC(T)
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irradiated in each “low-“ and “high-“ irradiation temperature capsule up to ~3.8 dpa.
Irradiation temperatures were measured by thermocouples. In the low-temperature
capsule, three specimens were irradiated at an average temperature of 261°C and
another three at 240°C; temperature variation during irradiation was within ±19°C for a
given specimen. In the high temperature capsule, all six specimens were irradiated at
an average temperature of 377°C in the bottom part of the capsule; temperature
variation during irradiation was within ±30°C for a given specimen. All irradiated
specimens failed by cleavage instability. From these data, fracture toughness transition
temperatures were evaluated for irradiated F82H steel and compared to unirradiated
values. Specimens irradiated at the higher temperature exhibited a relatively modest
shift of the fracture toughness transition temperature of ~57°C. However, the shift of
fracture toughness transition temperature of specimens irradiated at 250°C was much
larger, ~191°C. These results are compared with available tensile and impact Charpy
data for this material.
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necked region of the irradiated F82H TIG, which showed less hardening than F82H
BM, showed deformation bands only. From these results, it is suggested that the pre-
irradiation microstructure, especially the dislocation density, could affect the post-
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relationship between the microstructure and the deformation response. The results of
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small defects produced during irradiation, particularly regarding the stability of these
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In a previous study, we demonstrated the in-situ formation of a CaO insulator coating,
generating defects under thermal cycling conditions, and self-healing of defects on V-
Cr-Ti alloys in the liquid lithium system.1 We also found that sintered Y2O3 is
compatible with liquid Li.2 These encouraging results caused us to investigate O-
charged V-4Cr-4Ti with a Y film deposited by means of physical vapor deposition
(PVD). We are now investigating the in-situ formation of a CaO layer on a V-4Cr-4Ti
surface enriched with Y-O or Si-O. In the study of coatings on the V/Li blanket, the
electrical insulation behavior should be maximized to have a thin film with high
toughness and thermal conduction. What needs to be eliminated or minimized is V
incorporation into the insulator film and in-situ self-healing. In this report we present
microstructures for the electrical insulator coating reported previously.3 Also
investigated was Si-O addition based on a thermodynamic evaluation. The addition of
Si was tested to minimize the V incorporation in the in-situ CaO film. Our previous
investigations showed that the incorporation of V into the in-situ-formed CaO was
normally 15 to 35 at.%. If V is highly incorporated, the film could be conductive due to
the V having a wide range of ionic valence states. Based on the thermodynamic
evaluation, we determined that additions of Si could form as Ca-Si-O in the Ca-Li
environment. Therefore, we performed surface modification by Cr+Cr2O3 equilibrium
inside a vacuumsealed quartz (SiO2) chamber. When the oxygen partial pressure
(pO2) is low, such as the level corresponding to Cr+Cr2O3 equilibrium at high
temperatures, the quartz becomes the source of the Si, Si- O, and Cr that are
incorporated into the V-4Cr-4Ti along with O in the chemical vapor. Based on these
concerns, we initiated study of the Y and Si additions to the in-situ CaO films, and we
are reporting the results of short exposures.
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9.1 MD MODELING OF SCREW DISLOCATION - <100> LOOP IINTERATION IN Fe –
J. Marian and B. D. Wirth (LLNL)

Ferritic/martensitic steels considered as candidate first-wall materials for fusion
reactors experience significant radiation hardening at temperatures below ~400°C. In
this work we describe the motion of screw dislocations, known to control the plastic
response of bcc materials to external stress, and their interaction with 100 dislocation
loops. MD simulations are used to simulate screw dislocation motion and, following a
description of the computational method, we report the main physical mechanisms of
the dislocation – loop interaction, including an estimate of the critical bowing angle and
a first-order estimation of the induced hardening.
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9.2 KINETIC MONTE CARLO SIMULATIONS OF THE EFFECTS OF 1-D DEFECT
TRANSPORT ON DEFECT REACTION KINETICS AND VOID LATTICE
FORMATION DURING IRRADIATION - H. L. Heinisch (PNNL) and B. N. Singh (Risø
National Laboratory, Denmark)

Within the last decade molecular dynamics simulations of displacement cascades have
revealed that glissile clusters of self-interstitial crowdions are formed directly in
cascades. Also, under various conditions, a crowdion cluster can change its Burgers
vector and glide along a different close-packed direction. In order to incorporate the
migration properties of crowdion clusters into analytical rate theory models, it is
necessary to describe the reaction kinetics of defects that migrate one-dimensionally
with occasional changes in their Burgers vector. To meet this requirement, atomic-
scale kinetic Monte Carlo (KMC) simulations have been used to study the defect
reaction kinetics of one-dimensionally migrating crowdion clusters as a function of the
frequency of direction changes, specifically to determine the sink strengths for such
one-dimensionally migrating defects. The KMC experiments are used to guide the
development of analytical expressions for use in reaction rate theories and especially
to test their validity. Excellent agreement is found between the results of KMC
experiments and the analytical expressions derived for the transition from one-
dimensional to three-dimensional reaction kinetics. Furthermore, KMC simulations
have been performed to investigate the significant role of crowdion clusters in the
formation and stability of void lattices. The necessity for both one-dimensional
migration and Burgers vectors changes for achieving a stable void lattice is
demonstrated.
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9.3 FINDING POSSIBLE TRANSITION STATES OF DEFECTS IN SILICON-CARBIDE
AND ALPHA-IRON USING THE DIMER METHOD – F. Gao, W. J. Weber,
L. R. Corrales (PNNL), G. Henkelman, and H. Jónsson (U. of Washington)

The ‘dimer’ method was employed to search for possible transition states and their
saddle point energies for interstitials and small interstitial clusters in SiC and £\-Fe. The
dimer method is a technique for finding saddle points in the potential energy surface
within a solid, without knowledge of the final state of transition, and without the use of
second derivatives of the potential, has been recently developed by Henkelman and
Jónsson [1]. In addition to the calculation of activation energies of point defect and
cluster migration along the <111> direction in £\-Fe, the activation energies for the
directional change of interstitial clusters is investigated. The dimer method, described
in detail elsewhere [1], involves two atomic images of the system, separated by a very
small 3N-dimensional unit vector. The energy of this dimer and the force on the
midpoint, as well as the curvature of the potential at the dimer, can be calculated from
the forces acting on the two images. The net force on the dimer is minimized by
rotation of the dimer, and the dimer is translated so as to move up the potential
surface. Saddle points are located through a series of rotations and translations of the
dimer. Upon finding a saddle point, the dimer is returned to the starting configuration,
and it is randomly assigned a new orientation as a starting configuration for another
saddle point search. In principle, all saddle points surrounding the initial configuration
can be found. In practice, the same saddle point or symmetrically equivalent saddle
points are often found, and occasionally no saddle points are located after a
reasonable expenditure of computer time. Once the saddle point is found, the minimum
energy path to the next energy basin can be determined, and the changes in atom
positions during the transition can be followed.
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9.4 NUCLEATION AND GROWTH OF HELIUM-VACANCY CLUSTERS IN IRRADIATED
METALS. PART. I. A GROUP METHOD FOR AN APPROXIMATE SOLUTION OF
TWO DIMENSIONAL KINETIC EQUATIONS DESCRIBING EVOLUTION OF POINT
DEFECT CLUSTERS - S. I. Golubov, R. E. Stoller, S. J. Zinkle (ORNL).

Nucleation, growth and coarsening of point-defect clusters or secondary phase
precipitates are of interest for many applications in solid-state physics. As an example,
clusters nucleate and grow from point defects in solids through irradiation. In typical
nucleation, growth and coarsening problems, a master equation (ME) is constructed
that summarizes the large number of ordinary differential equations (ODE) needed to
describe the evolution process. To solve the large number of ODEs in the case when it
is one dimensional, e.g. clustering of vacancies and self-interstitial atoms (SIAs) under
irradiation in a form of voids or dislocation loops, a grouping method was originally
proposed by Kiritani [1] in 1972. In 2001 Golubov et al. [2] have shown that Kiritani’s
method is not adequate and developed a new grouping method. The gas-assisted
nucleation of voids or bubble formation is typical of problems that require solving two-
dimensional ME, which has not been subjected to any specific grouping method of the
type mentioned. This work intends to fill this gap. In the present work the grouping
method proposed by Golubov et al. [2] is generalized for the case of the two-
dimensional one. An application of the method to the problem of helium-assisted
void/bubble formation under irradiation is presented.
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