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It has long been recognized that attainment of the safety and environmental potential of fusion
energy requires the successful development of low-activation materials for the first wall, blanket and
other high heat flux region structures. Only a limited number of materials potentially possess the
physical, mechanical and low-activation characteristics required for this application. The current U.S.
structural materials research effort is focused on three candidate materials: ferritic-martensitic steels,
vanadium alloys, and silicon carbide composites. Recent progress has been made in understanding the
response of these materials to neutron irradiation.

Ferritic-Martensitic Steels. The ferritic-martensitic steels being considered for fusion are a
modified composition of conventional Fe - 9-12% Cr steels [I]. Low-activation characteristics are
obtained by removing elements such as Mo, Nb, Ni and specific impurities. In the low-activation steel
Mo is replaced by W or V, and Nb by Ta. These steels are attractive because of extensive industrial
experience with fabrication and joining of the conventional alloy. The U.S. effort on ferritic-
martensitic steels is part of an International Energy Agency cooperative program in which the U.S. role
is to characterize the fracture behavior of these alloys. Two five-ton heats of low-activation steel were
produced in Japan and are being used to generate the necessary data.

Any fracture property data base must be created with relatively small specimens compatible
with available irradiation volumes. A goal of the U.S. program is to develop physically-based micro-
mechanical models of fracture to define the transition from quasi-cleavage to microvoid coalescence
fracture modes. Confocal microscopy fracture reconstruction methods are being developed [2] to
characterize fracture toughness by determination of the critical crack tip opening displacement. This
methodology provides a robust means to evaluate the effects of strain rate, irradiation, specimen size
and constraint on fracture toughness.

Recent headway has been made in evaluating the effect of helium on fracture behavior. To
achieve helium production rates prototypic of fusion in a mixed-spectrum reactor requires simulation
techniques. One approach is to add isotopes of Ni to the steel. About 2% Ni is sufficient to give a He
to dpa ratio representative of a fusion neutron spectrum. One-third scale Charpy impact specimens
irradiated at 400°C to 40 dpa in the High Flux Isotope Reactor at ORNL suggest that He levels from 30
to 110 appm may significantly increase the ductile-to-britlle transition (DBTT) [3]. These results are
not unequivocal, however, due to uncertainties associated with the Ni doping technique.

Vanadium Alloys. Vanadium alloys containing 4-5% Cr and Ti exhibit physical, thermal, and
mechanical properties that are favorable for fusion applications [4). These alloys are particularly
attractive in combination with lithium-cooled blanket designs. Favorable characteristics include low
long-term radioactivity, high heat load capacity and resistance to void swelling. The unirradiated
tensile properties and limited thermal creep data suggest an upper temperature limit between 650 and
750°C. The industrial experience and manufacturing capacity of vanadium alloys is very limited in
comparison with ferritic-martensitic steels, however scale-up from laboratory heats to commercial
production of 500 and 1200 kg ingots has been successfully accomplished.

Considerable experience has been obtained on V-4Cr-4Ti irradiated in the range of 420 to
600°C to neutron doses of 24 to 32 dpa, and with helium generation rates in the range of 0.4 to 4.2
appm/dpa. In this environment the material shows promising resistance to radiation-induced
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embrittlement and swelling. The DBTT did not increase above -100°C and density changes did not
exceed 0.5% [5]. Recently the focus of the U.S. research effort has been on characterizing the low-
temperature, low-dose irradiation performance of this alloy. Experiments performed at temperatures
<400°C and doses <0.5 dpa have established the primary radiation damage effects which govern the
low-temperature operating limit for V-4Cr-4Ti [6]. Under these irradiation conditions this material
exhibits rapid hardening and loss of strain hardening capacity. Large increases in yield and tensile
strengths were observed with concomitant decreases in uniform elongation. These changes in tensile
properties are generally accompanied by large increases in the DBTT. Microstructural analysis
revealed that these property changes were related to a high density of small defect clusters which can be
easily sheared by dislocations during deformation. Such a microstructure leads to flow localization or
dislocation channeling which is responsible for the reduced uniform elongation.

Silicon Carbide Composites. Silicon carbide (SiQ composites, usually made with continuous
SiC fiber reintorcement, are attractive for structural applications in fusion energy systems because of
their high temperature strength, thermal shock and thermal cycling resistance, corrosion resistance and
fracture toughness together with desirable nuclear attributes such as low neutron activation and
afterheat, low plasma contamination and reasonable dimensional stability.

A helium-cooled SiC ceramic breeder blanket design is proposed in the ARIES concept [7].
With this concept upper use temperatures of 900 to 1000°C may be possible with the attendant benefit
of high thermodynamic efficiency. For fusion applications, the primary issue is the development of a
radiation tolerant reinforcement SiC fiber and the integration of this fiber into an acceptable composite
architecture.

Recent high fluence (up to 80 dpa) results [8] indicate that the strength of SiC composite
decreases rapidly with increasing fluence initially but attains a plateau of about 300 MPa at 800°C. The
strength decrease was attributable primarily to degradation of the Nicalon™ fiber. For similar
exposures, the composite thermal conductivity was reduced by 60% from 7 to 3 W/mK at 800°C.

Newly developed, advanced SiC fibers such as Hi-Nicalon™ and Nicalon-S , as well as
composites made from these fibers, are being produced and evaluated for fusion applications.
Composites with advanced interfaces such as multilayer C/SiC/C and quasi-porous SiC are being
developed. A promising new, relatively inexpensive process for fiber and composite manufacture has
been demonstrated by MER Corporation to produce material with much improved thermal conductivity
of35W/mKatlOOO*C.
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