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WTA 2A was developed on the basis of prier breeder program MOTAs to suppert the research and development efforts
of three fusion materials programs: the US. DOE Neutron Interactive Materials (NIMs) program, the Japanese university
fusion materials program, and the IEA-sponsored BEATRIX-II experiment. The MOTA was designed and fabricated te support
the specimen loading desired by each of ths three partners and was inserted into the FFTF for irradiation beginning in
cycle 11. Cycle 118.1 has been completed successfully. Both the specimen loading and the history of cycle IIB.| are
documented here.
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To examine the accuracy ot immersion density data, an identical control specimen was measured repeatedly. The dis-
tribution of the density data obtained shows that the accuracy of this method using an austenitic stainless steel specimen
is 0.1% in swelling. Although no direct systematic relationship between the temperature change of the imnersion liquid
and the density data was shown. the instability of the microbalance due to such an environmental change was shown to
be imoortant.
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2.1 DAVAGE PARAMETERS FOR CANDIDATE FUSION MATERIALS IRRADIATION TEST FACILITIES — (Pacific Northwest Laboratory.
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A comparison was made of damage parameters for carbon, iron, and melybdenum irradiated in spectra for ¢-L{, spal-
lation, and beam-plasma (d-t) neutron sources and a reference DEM0 first wall spectrum. The transmutation results
emphasize the need to define the neutron spectra at low energies; only the DEMO spectrum wes so defined. The spallation
spectra were also poorly defined at high neutron energies: they were too soft to produce the desired gas production
rates. The treatments of neutron-induced displacement reactions were limited to betow 20 MV and transmutation reactions
to below 50 Me¥ by the limited availability of calculational tools. Recommendations are given for further work to
be performed under an international working group.

2.2 NEUTRON DOSIMETRY AND DAMVIAGE CALCULATIONS FOR THE ORR-MFE-8J EXPERHENTS — (Argonne National Laboratory)

Neutron fluence measurements and damage calculations have been compteted for the joint U.S. Japanese MFE &) exper-
iment in the Oak Ridge Research Reactor. Specimens were irradiated from June 28, 1983, to March 26. 1987 (475 fuII—Power
days) in position C7 at temperatures of 60 and 200°C. The average neutron fiuence was 2.40 x 10%? n/cm? (8.8 x 10°
»3.1 MeV) resulting in 6.9 dpa and 75 appm helium in 316 stainless steel. Radial fluence and damage gradients of 0%
were detemined across the assembly.

2.3 DOSIMETRY FOR THE HFIR-CTR 53/54 EXPERIMENTS — (Argonne National Laboratory)

Neutron fluence measurements and radiation damage calculations have been completed for the CTR 53 and 54 experiments
in the High Flux Isotope Reactor at Ok Ridge National Laboratory. Both irradiations were started on October 25, 1986.
and only lasted one cycle due to the suspension of HFIR Operations. The net exposure was 2026 MWd resulting in a neutron
fluence of 8.4 x 10"~ nfem® (2.3 x 10®' above 0.1 MeV) with damage production of only 1.8 ds2 and 20 appm helium in 316
stainless steel.
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41 RADIATION HARDENING IN NEUTRON-RRADIATED POLYCRYSTALLINE COPPER: BARRIER STRENGIH OF DEFECT CLUSTERS — (Nagoya

University, Osak Ridge National Laboratory, and Pacific Northwest Laboratory) . . « & v v v & v v v 2 0 0 0 2 s s

Oefect cluster formation in 14-MeV neutron-irradiated polycrystalline copper has been observed by transmission
electron microscopy (TM) and correlated with the increase in yield Stress. The measurements indicate that the radlation
hardening component of the yield strength in polycrystals is not directly additive to the unirradiated yield Strength. A
transitional behavior was observed for radiation hardening at 1aw fluences, which produces an anomalous variation of the
defect cluster barrier strength with fluence. The behavior is attributed to the effect of grain boundaries on slip
band transmission. An upper limit far the room temperature barrier strength of defect Clusters in neutron-irradiated
copper wes determined to be a = 0.23.
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MICROSTRUCTURE-TENSILE PROPERTY CORRELATION G 31685 IN LOW DOSE NEUTRON IRRADIATIONS — (Kyustu University, Pacific
Horthwest Laboratory, and Nagoya UNiVersity) w v o & v w v s & 0w s s & & w5 s s & & s s 8 s & s s s s . » + 8 = & 2 s

Annealed 31655 was irradiated at $0°C and 290°C in RTNS-I1 and in CWR. Radiation induced micrestructures were
examined by transmissfon electron microscopy. Very small dislocation 1oeps of extremaly high density were observed
in dark field images. In the case of irradiations at 80°C and 280°C in RTNS-II and $0°C in OWR, the loop density
increased mederately with dpa, roughly proportional to the square rwt of dpa, while that of 290°*C irradiation at OwR
showed stronger dpa dependence about 0.003 dpa, where the yield stress change also Increased strongly. The yield stress
change was roughly propertional to the square rect of the defect density, independent of irradiation temperature and
neutron energy spectrum. The observed small dislocation loops are the origin of the yield stress change, with a Strength
parameter estimated to be 0.2.

MICRO-BULGE TESTING APPLIED TO NEUTRON IRRADIATED MATERIALS — (Hekkaido University and Pacific Horthwest
[ = o] - 1 (] 57

Micro-bulge testing was conducted on several Fe-Ni-Cr alloys irradiated as 0.3 m thick disks to i0 dpa at &03
and 773 K in the Osk Ridge Research Reactor. Miniature tensile tests were performed on specimens of the same alloys
irradiated concurrently. Good correlation between the tensile yield strength and the bulge yield load was observed
in unirradiated specimens; however, the correlation was not simple for irradiated specimens. Good correlation was
also observed between the ultimate tensile strength and the maximum bulge load. While irradiation produced a significant
reduction in total elongation in the tensile test, irradiation caused only a small decrease in the deflection corresponding
to the maximum bulge load ¢compared to that observed on thinner disks used in earlier experiments. The results suggest
that the thinner disk 15 better suited for ductility evaluatiens than the thicker disk. The area bounded by the 1oad-
deflection traces of the bulge tests shows a systematic variation with both alloy composition and Irradiation condition
which is net observed in the tensile data. 1t 1§ anticipated that this parameter nay prove useful in the evaluation
of material toughness.

RADIATION EFFECTS: MECHANISTIC STUDIES, THEORY AND MODELING . & v @ v v v i v v v s v v v s v n n s a a s aa o as

ME INFLUENCE OF HELIUM ON MICROSTRUCTURAL EVOLUTION: IMPLICATIONS FOR DT FUSION REACTORS — [Oak Ridge National
Laboratory)

The influence of helium on the microstructural evolution of irradiated metals is reviered. The review encompasses
data from past work involving charged particle irradiations and nedtren Irradiations in fission reactors, but emphasfzes
more recent results. This latter data was obtained frem experiments in which either the reactor nsutron spectrum er the
isotepic content of the nickel in the irradiated alloys was tallored to yield a ratio of hellum to displacement produc-
tion (He/dpa ratio) that is near the value that will be obtained in a DT fusion reactor. Both the absolute level of
helium present and the He/dpa ratio ara shown to ba {mportant parameters. All major components of the irradiated
microstructure — cavities, precipitates. and dislocations — are shown to be sensitive to helium as a result of either
its direct influence on cavity formation, or its Indirect effect on point defect and solute partitioning. The results
emphasize the fmportance of careful experimental and theoretical anatysis ifdata from fission reactor experiments are
to be used in fusion reactor design. In particular, the effects of helium appear to be greatest @tring the swelling
incubation period, the time of most practical interest for fusion reactor designers.

THEORY OF MICROSTRUCTURE EVOLUTION LNDER FUSION NEUTRON IRRADIATION — (University of California, Los Angeles) e

New concepts are reviewad which replace the conventional separation of microstructure evolution analysis into
nucleation and grewth. Classical nucleation theery 15 inadequate under fusion conditions (high hel{um-to-dpa ratios) and
the usual "mean field" appreximation of microstructural grewth cannot account for cascade effects. A comprehensive thecry
of microstructure evolution Under fusion conditions 1s formulated based on non-equilibrium statistical mechanics. Dynamic
re-selution of helium gas in cavities is shown to result 1n continuous nucleation of helium-filled cavities. Micro-
structure evolution {e.g., dislocation lcops and cavities) is medeled by kinetic rate equatiens for small size features
and Fakker-Planck (F-P) equations for sizes larger than fed atemic dimensions. Semi-analytical and pumerical methods
are developed for the analysis of microstructure evelution and the results are compared to experiments. The problea
of spatial self-organization of microstructures under irradiation is described in terms of a nwly developed Ginzburg-
Landau-type equation and the results are also conpared to sxperiments.

ME EFFECTS OF MANY-BCDY INTERACTIONS ON POINT-DEFECT GENERATION — (University of California, Los Angeles) « « « « « «

Point-defect generation by energetic displacment events 15 known to take place when a lattice atom regdires an
energy several tines its lattice binding value. In this energy range, ®any-pody effects are important and interateaic
pair potentials generally give poor representations of atemic interactions. By applying our nerly developed molecular-
dynamics code, CASC-MD, we investigate the influence of aany-body interatomic interactions on the generation Char-
acteristics of pint defects. W use a composite interatomic potential Which assumes the pair-potential nature at
high energles and the many-body nature, based o7 the embedded-atom formalism, at low energies. 1t is shown that
many-body effects lead to lower directional sensitivity of the displacenent threshold surface. For a 60-e¥ celliston
cascade in Cu, it is shown that the length of the replacement collision sequence decreases from 6 lattice constants
at low temperature [near 4 K) to 1.5 lattice constants near the melting point.
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NUCLEATION AND GROWTH THEORY OF CAVITY EVOLUTION UNDER CONDITIONS OF CASCADE DAMAGE AND HIGH HELIUM GENERATION —
(University of California, LoS ANgeles) v v v v v v & v v & s s & = 5 & & s & & = 5 & = 4w worw o n e e s

The evolution of helium-filled cavities during neutron irradiation i s analyzed in terms of the Stochastic theory
of atomic clustering. The conventional separation of nucleation and growth 15 replaced by a self-censistent evolution
model. Starting fom kinetic rate (master) equations for the clustering of helium and vacancies, helium mobility,
helium-vacancy stability, and cavity nucleation and growth are all included in the model. Under typical fusion
irradiation conditions (cascade damage and high helium-to-ma ratios}), the following s suggested: (1) Helium
mobi11ty decreases with the evolution of the micrastructure. At quasi-steady-state, it is mainly controlled by inter-
stitial replacement or thermal desorption. (2) Gas re-solution from cavities by cascades increases nucleation at
high fluences. (3) The cavity size distribution 1s broadened because of cascade-induced fluctuatiens. (4) The

majority of helium-filled Cavities are in a nonequilibrium thermodynamic State.

ISOTOPIC TAILORING WITH ¥*81 TO STUDY THE INFLUENCE OF HELIUM/OPA RATIO ON TENSILE PROPERTY CHANGES — (Pacific Northwest

Laboratory, Westinghouse Hanford Company. Northwest College and University Association for Science.
Washington State University)  w v v v o v v & s v & % & s % & s w o m ox w o w n e m o w e a e e w e waawa

Irradiation of miniature tensile specimens of simple mdel Fe-Cr-Ni alloys is proceeding in the Fast Flux Test
Facility to study the interactive effects of alloy compesiticn, cold work level, helium/dpa ratio and irradiation
temperature on the evolution of microstructure and associated changes in mechanical properties. The addition of
5%4{ to these alloys allows side-by-side irradiation of etherwise identical specimens, differing only in helium/dpa
ratio. Inthe absence of differences in displacement rate and temperature history, it is shown that helium in
this experiment exerts a rather small influence on tensile properties at 365 and €00°C. While the Saturation level
of yield stress in Fe-25R1-15Cr is strongly dependent on irradiation tenperature. it is relatively insensitive to
cold work level and helium/dpa ratio. At 385°C, the yield Strength of Fe-25N1-15Cr 1s increased s11ghtly by addition

of 0.04 wt % phosphorus.

THE EFFECT GF HELIUM ON MICROSTRUCTURAL EVOLUTION IN AUSTENITIC STEELS AS DETERMINED BY SPECTRAL TAILORING EXPERIMENTS

— (University of Tokyo, Pacific Northwest Laboratory, and University of Wisconsin-Madison) P

Fe-15Cr-XNi alloys irradiated at both low (0.66 to 1.2) and very high (27 to 58) hellum/dpa levels exhibit signif-
icantly different levels of strengthening due to an unprecedented refinement of cavity microstructure at the very
high helium levels, When compounded with the nickel dependence of helium generation, the cavity distribution for
some irradiation conditions and alloy compositions can be driven below the critical radius for bubble to void conver-
sion, leading to a delay in swelling.

THE SOLUTE DEPENDENCE OF BIAS FACTORS IN IRRADIATED Fe-Ni ALLOYS — (Washington State University and Pacific Northwest
[ Lo To ] - 1 (] 57

The interstitial and vacancy biases for an edge dislocation in & binary alloy were examined, assuming the
existence of an equilibrium Cottrell atmesphere around the time defect. The Larche” and Cahn treatment of stress
relaxation due to & solute atmosphere was employed with the Wolfer and Ashkin formulation for the Btas of an edge
dislocation to compute the bias as a function of nickel Concentration in the Fe-Ni system. Using the minimum
critical void radius concept, the concentration-dependent bias offers a plausible explanation for the minimum
in swelling observed at intermediate nickel levels and the gradual increase in swelling at higher nickel levels.

INFLUENCE CF MATERIAL AND ENVIRONMENTAL VARIABLES ON THE NEUTRON-INOUCED SWELLING 6F NICKEL — (Pacific Northvest
=Yoo - 1] /)

Nickel has been employed in a number of efforts directed toward the development of fission-fusion correlations
Unlike iron-bare alloys, nickel's swelling behavior 15 dominated not by its tendency to swell initially at a rat0
comparable to that of Fe-Cr-Ni austenitic alloys, but by its psrsistent tendency to later saturate in sweliing, a
behavior not observed in other metals and alloys. The saturatien level of swelling in neutron irradiation studies
in nickel 15 usually less than 10%, but the rate of approach to saturation is very sensitive to many environmental
and material Variables. Fission-fusion correlation efforts involving nickel are difficult to interpret unless
great care {5 taken to conduct single variable experiments which take into account the unique swelling behavior of
this metal.

A TEST OF THE CREEP-SWELLING RELATIONSHIP DEVELOPED FOR AUSTENITIC STEELS — (Pacific Northwest Laboratory) . . . . . . .

Pure nickel at 350°C swells with almost no incubation period and with a continuously declining instantaneous
swelling rate, in contrast to the large incubation periods and increasing swelling rates observed in austenitic
steels. Both typas of metals appear to obey the same Creep-swelling relationship, however, in which the major
component of the irradiation creep rate 15 directly prgportignal to the instantaneous swelling rate. The creep-
swelling coupling coefficient appears to be ~0.6 x 107 MPa™ in bath systems. The coefficient is remarkably
insensitive to a variety of environmental and material variables.
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5.10 VvOID FORMRTION AND PHASE STABILITY OF Fe—15Cr—15Mn—Ni ALLOYS IRRADIATED IN FFTF — (Hekkaide University and Pacific
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A series of Fe-15Cr-isMn-%Ni alloys (X =0, 5, 10, 15) have been examined by transmission electron microscopy
and X-ray microanalysis following irradiatlon In the FFTF/MOTA to 17-25 dba at 420-550°C. Al specimens were
found to have developed features typical of radiation damage; %.e., voids, dislecatiens, and precipitates. Both vaid
formation and radiation-induced phase instability were found to be strongly dependent on nickel content. Ferrite
formed on grain boundaries in alloys with zero or low Ni content. Sigma phase Often formed on the boundary between
ferrite and austenite. With increasing nickel, both ferrite and sigma formation Were suppressed. The density change
was also found to be sensitive to nickel content. The phase instability and density change behavior are explained
in terms of radiation-induced solute segregation and formation of lower swelling phases.

511  RADIATION-INDUCED MICROSTRUCTURAL DEVELOPMENT AND MICROCHEMICAL CHANGES IN Fe-Cr-Mn-Ni SOLUTE-BEARING ALLOYS —
(Hokkalae University and Pacific Northwest Laboratory) . . & @ v v @ v v i v vt o e e s e e s n s s n s s n s a s 146

The density changes measured in three Fe-Cr-Mn-Ni solute-bearing alloys irradiated in FFTF-MOTA indicate that
nickel additions do not decrease swelling as had been anticipated, but actually increase swelling initially. These
data were confirmed by microscopy examination but are contrary to the behaviaer observed during electron irradiatlon
of these same alloys. Nickel and commercially relevant Solute additions also appear to suppress the formation of
ferrite and sigma phases, which were observed in solute-free Fe-Cr-Mn ternary alloys irradiated in the same experiment.

5.12 NEW DEVELOPMENTS IN FUSION MRTERIALS RESEARCH USING SURROGATE NEUTRON SPECTRA == (Pacific Northwest Laboratory) . . . . . 155

The use of surrogate irradlatlon facilities to conduct fusien-relevant materials research requires that fission-
fusion correlations be developed to account for the differences between the surrogate and fusion spectra. Itis
shown that with the exception of ¥®N1 isotopic deping of nickel-containing alloys and irradiation in a temperature-
controlled envirenmeat, it is almost impossible to study the effects of helium without introducing other inportant
variables such as displacement rate, temperature history and solid transmutants. When helium effects are studied in
the absence of differences 1in these variables, helium's impact on macroscopic properties 1s shown to scmetimes be
second order fn magnitude. Differences in displacement rate and temperature history. however, can completely
deminate experiments directed toward the study of PKA recoil spectra and helium/dpa ratio.

5.13 LOW BEXPOSURE SPECTRAL EFFECTS EXPERIMENTS UTILIZING IRRADIATIONS WITH LAMPF SPALLATION NEUTRONS — (Pacific Nertfwest

Laboratory and Las Alamor National Laboratory) v v v v @ v v v s v v 0 s % 0 & 5 % & 5 % & & o w nn e e e 165

An irradiation program is in progress at the Los Alames Spallation Radiation Effects Facility (LASREF) that
will complement earlier low exposure spectral effects experiments (LESEX) performed using RTNS-11 and the Omega
West Reactor. As in RTNS-II, the specimens In LASREF w111 be brought to temperature prior to irradiatlon so as to
avoid temperature history effects apparently present in some materials in the OR irradiations. LASREF irradiations
will include specific experiments to look for and quantify temperature history effects. Damage rate effects will
also be investigated. A trial LESEX irradlatlon has been completed at LASREF using an abbreviated specimen matrix,

aznd the specimens are being shipped to PNL for tensile testing.

6. DEVELOPMENT QF STRUCTURAL ALLOYS v & v & v v v v s w s 0 s m s s s s & s & s 0 s & s o 5 & s = s s s = = s ¢ + ¢ 2 2 = » 167

6.1 Ferritic Stainless Steels 167

6.1.1 IRRADIATION EFFECTS ON IMPACT BEHAVIOR 0f 12Cr-1MoVW AND 24Cr-IMo STEELS — (oak Ridge National Laboratory) . . . 169

Charpy impact tests were conducted on 12¢r-1MoVW steel after irradiation in the Fast Flux Test Facility
(FFTF) and the Osk Ridge Research Reactor (ORR). One-half-size and one-third-size Charpy specimens were irra-
diated in FFTF at 385°C. After irradiating half-sfze specimens to ~10 and 17 dpa, a shift in ductile-brittie-
transition tenperature (DBTT) of 160°C was observed for both fluences. indicating a saturation in the shift.

A shlft in DBTT of 181°C was observed for the third-size specimens after irradiation to 10 dpa. Third-size
specimens of 12Cr-1MoVW steel irradiated to ~7 doa in the ORR at 330 and 400°C developed shifts in DBTT of
Z00 and 120°C, respectively, somewhat above and below the shifts observed after irradiation at 365°C in FFTF.
This correspondence of results in the mixed-spectrum ORR and the fast-spectrum FFTF is in marked contrast

to large differences observed between specimens {rradiated In the mixed-spectrum High Flux Isotope Reactor
and the fast spectrum Experimental Breeder Reactor.

The first data on the effect of fast reactor irradiation on the impact behavior of 24Cr-1Me Steel were
obtained. Third-size specimens were irradiated in FFTF to ~10 dpa at 365°C. An increase in DBTT of 170°C
was observed, similar to the shift observed for 12Cr-1MoviW steel following comparabie irradlatlon. The reduc-
tion in the upper-she!f energy for the 2iCr-1Me steel wes less than that observed for 12Cr-1MoVW steel. Because
of the low DBTT of unirradiated ZXCr-1Mo steel, the DBIT after irradiation remained below that for 12Cr-1MovwW

steel.



6.1.2  IMPROVED PROCESSING FOR TWC FERRITIC LOW ACTIVATION OXIDE DISPERSION STRENGTHENED STEELS — (Michigan Technology
Institute and Pacific Northwest Laboratory) . « v v v v & 4 v 0 0 s 0 s & & s & 5 s ¢ 5 s & s = 5 s s 2 = v 2 = » 177

Two oxide dispersion strengthened low activation ferritic alloys have been manufactured into extruded
bar using impreved mechanical alloying and extrusion procedures. The alloy compositions are, in weight percent,
Fe—13Cr—0.7T1—0.8W0.2Y,0; and Fe—9Cr—0.8w—0.04C—0.2Y,0,.

6.1.3 RESEARCH AND DEVELOFUENT OF IRON-BASED ALLOYS FCR NUCLEAR TECHNOLOGY — (Pacific Northwest Laboratory) . « « + . . 183

This paper describes several of the nuclear materials research and development programs that have Involved
ferrous metallurgy. The research programs highlighted are as follows: For light water reactors, corrections
have been made for stress corrosion of coolant piping and irradiation embrittiement of pressure vessel steels.
Gar-cooled reactor concerns have included breakaway oxidation of mild steel components, nitride strengthened
cladding materials development, breakaway oxidation in martensitic Steel and structural materials specifica-
tions for very high tenperature. Programs for 11quid metal reactors have included efforts on void swelling
resistance, piping alloy optimization, and application of mechanically alloyed oxfde dispersion Strengthened
steels. Fusion alloy development has considered first wall materials optimization and 1ow activation materials
development. Descriptions of the causes and needed corrections are given for each of these research and
development programs.

6.2 Austenitic Stainless StEEIS v v v 4 &+ & 4w ok w o w o x o m w w s e w e h w e e e e a e e e e e e e e 197

6.2.1 IRRAOIATION CREEP IN FUSION REACTCR MATERIALS AT LOW TEVPERATURES —  (Oak Ridge National Laboratory) . . . . .. 199

Irradiation creep has been investigated in the Gk Ridge Research Reactor {ORR) at 60 to 400°C in an
assembly spectrally tailored to achieve a He:dva ratio of 12 to 14:1 appm/dpa in austenitic stainless steels.
I't was found that austenitic alloys, especially PCA have higher creep rates at 80°C then at 330 and 460°C,
A new mechanism was propesed and a corresponding theoretical mdel developed. Since vacancy migration times
can be a few orders of magnitude longer than the Irradiation times in this temperature regime. the {mmobite
vacancies do not cancel climb produced by mebile interstitials absorbed at dislocatiens, resulting in a high
ciimb rate. Preliminary caleulations indicate that this mechanism coupled with preferred absorption driven
glide predicts a high creep rate at low temperatures and a weak temperature dependence of irradiation creep
over the entire temperature range investigated.

6.2.2 MCROSTRUCTURAL EXAMINATION IN FFTF IRRADIATED MANGANESE STABILIZED MARTENSITIC STEEL — (University of Tokyo
and Pacific Northwest Laboratory) & v v v v v o v & v 0 v s 0 s v v r o n e n s a e e e s s 207

Transmission electron microscopy has been performed on FFTF irradiated specimens of manganese stab!!ized
martensitic Steels in order to identify the cause of irradiation-induced embrittlement. Examinations demcn-
strated the presence of Fe-Cr-Mn chi phase, a body-centered cubic intermetallic phase. known to be detrimental
te mechanical properties.

6.2.3 NEUTRONHNDUCED SWELLING GF MCDH. Fe—Cr-MmH1 ALLOYS AND COMMERCIAL MANGANESE-STABILIZED STEELS — (Pacific
Northwest Laboratory, Westinghouse Hanford Canpany, and Hokkaido University) « + « & + & & & & % & & 2« 2 =« » 211

The addition of nickel to both simple and selute-medified Fe-Cr-Mn alloys leads initially to an increase
in neutron-induced swelling. The addition ef various minor solutes, particularly silicen, in general leads te
a reduction in swelling. Depending on composition, thermemechanical condition and irradiation temperature, a
wide variety of swelling behavior is observed in various commercial Fe-Cr-Mn alloys. There is some indication
in the commercial alloys of massive formation of ferrite phases during irradiation at 420°C, leading to a reduc-
tion in the swelling rate.

6.24 THE DEVELOPVENT OF AUSTENITIC STAINLESS STEELS FCR FAST IMDUCED-RADIOACTIVITY DECAY -- (Oak Ridge National
Laboratory) w v v v v v w e w e e e e e e mw e w w e w e e w n o waw e womw e r o w s e m o n s 217

A program 1s under way to develop a nickel-fres austenitic stainless steel for fusion-reactor applica-

tions. Previous work on small button heats Showed that an austenite-stable alloy could be obtained with a

base composition of Fe-20Mn-12Cr-0.25C. To Improve strength and irradiation resistance, closely controlled

quantities of W, Ti. V. C B and P were added to this bare. A large heat of this steel with the composition

of the best button heat has been obtained to determine i Fit is possible to scale up from the small heats.

The tensile properties of that heat have been found to be similar to those of the smaller heats.
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RELATIONSHIP GF MICROSTRUCTURE AND TENSILE PROPERTIES FOR NEUTRON-IRRADIATED YANADIUM ALLOYS — (Argonne National
= oo - 1 (] 57 225

The microstructures of ¥-15Cr-5Ti, V-10Cr—5T1, V-3Ti-151, V-15Ti-7.5Cr, and V-20 Ti alloys were examined
by transmission electron microscopy after irradiation at 600°C to 21-84 dpa 1n the Materials Open Test Assembly
of the Fast Flux Test Facility (FFTF-MOTA). The microstructures of these Irradiated alloys were analyzed
to deteralne the radiation-preduced dirlocatlon denrlty. precipitate number denslty and size, and void number
density and size. The results of these analyses were used to compute Increase of yield stress and swelling for
the Irradlated alloys. The computed Increase of yield stress for the irradiated alloys was compared with the
increase of yield stress determined from tensile tests on the irradiated alloys to allow evaluation of the
influence of alloy composition on evolution of the radfation-damaged microstructure and resulting tensile properties,

Y 10 £ 237
STRENGTH A\D FATIGUE OF DISPERSION-STRENGTHENED COPPER — (Auburn University and Oek Ridge National Laboratory) 239

The tensile and fatigue propertles of cold-worked copper and a commercial Cu-A1,04 dispersion-
strengthened alloy were measured at temperatures between 25 and 600°C. The GLIDCOP AI-15 alloy, which contains
0.15 wt % Al in the form of Alz0; Particles, exhiblted a significantly higher tensile and fatigue strength than
copper under all test conditiens. The mechanical properties ot this alloy appear to be suitabte for high-
strength. high-conductivity alloy applications in fusion reactors.

UNUSUAL TENSILE AND FRACTURE BEHAVIOR F PURE COPPER AT HIGH LEVELS OF NEUTRON-NOWED SWELLING — (Uriversity of
Illinois and Pacific Northwest Laboratory)  « « « + & & ¢ & 4 & & s & & s 0 s & & 2 & 5 = & s s 5 s ¢ 2 = ¢ s = » 243

The most common measures of ductllity are uniform and total elongation and reduction of area. Pure

copper in the unirradiated state exhikits large amounts of both measures of ductility along with a serpentine
glide fracture morphology. After irradiation at 411-414°C with fast neutrons to 34 or 50 displacements per
atom (dpa), the tensile and fracture behavior change greatly. Significant uniform elongation is retained but
the reduction o area 1s very small.

Such a unllateral shift between magroscopic measures of ductility is unusual. The fracture surface s
also unusual and reflects not only the influence of the large swelling levels attained during irradiatlon but
also the dlstributlon of swelling near grain boundaries. The unique fracture mode in highly voided copper
appears to enhance susceptibility to crack propagation and sudden failure without necking, even though the
material exhlblts a significant level of uhiform elongation prier to fallure.

Environmental Effects on Structural Alloys . . . . . . . 255

6.5.1

6.5.2

COMPATIBILITY BETWEEN VANADIUM-BASE ALLOYS AND FLOWING LITHIUM: PARTITIONING OF HYDROGEN AT ELEVATED
TEMPERATURES — (Argonne National Laboratory) . . @ @ @ v v v v v v v v v v v v v s n n v s aaa s 257

Hydrogen fractionatien occurs between 1{thium and various refractory metals according to a temperature-
dependent distribution coeffldent, Ky, that is deflned as the ratfe of the hydrogen concentration In the
metallic specimen to that in the liquid 11thium. In the present work, Ky was determined for pure vanadium
and several binary (V-10Cr, V~15Cr, ¥-5T1, ¥-15Ti, ¥—20T1, ¥-30Ti) and ternary alloys {V-10Cr-5Ti, ¥-15Cr—
179, V-15Cr—5TY, V-37i-0.581), and the commercial Vanstar 7 {(¥-10Cr-3Fe-1Ir). Hydrogen distribution studies

were performed 1m an austenlitic steel forced-circulation lithium loop. Equilibrium concentrations of hydregen
in vanadium-base alloys exposed to flowing lithium at temperatures of 350 to 550°C were measured by inert

gas fusion techniques and resldual gas analysis. Thermodynamic calculations are consistent with the effect
of chromium and titanium 10 the alloys on the resultant hydrogen fractionatien. Experimental and calculated
results Indicate that Ky values are very low; i.e., the hydrogen concentrations 1n the 11thium-equitibrated

vanadium-base alloy specimens are about two orders of magnitude lower than those in the Ilthiun. Because of
thls Yow distributlon coefflcient, embrittiement of vanadium alloys by hydrogen in lithium would not be expected.

DEPOSITION BEHAVIOR G- AUSTENITIC STAINLESS STEEL IN MOLTEN Pb-17 at. % L1 — (Oak Ridge Natlonal Laboratory) . 264

The mass transfer of type 316 stainless steel in Pb-17 at. % L1 wes studied using a thermal convection
loop operating at a maximum temperature of 500°C to generate mass change and surface composition data as a
function of tlme and loop position. Data anaiysis indicated that particles suspended in the flowing 11quid
metal (particularly those centaining nickel) probably played a significant role in overall transport and
deposition. There was also some evidence of physical detachment of deposits. The deposition of chromium (but
not nickel) correlated wlith the temperature dependence of solubility. as dld previous weight change results
from a study of ferritlc (Fe-Cr) steels in nonisothermal Pb-17 at. % Li. Due te the influence of particulate
matter in the 114uid metal and deposit detachment, mass transfer predictlon for austenltic (Fe-Cr-N1) steels
in Pb-17 at. % L1 should be more complicated than that far Fe-Cr steels.
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6.5.3 RADIATION-INDUCED SENSITIZATION GF PCA UNDER SPECTRALLY TAILORED IRRADIATION CONDITIONS — (Japan Atomic Energy
Research Institute and Oak Ridge National Laboratory) R R R R 272

The degree of sensitization of 25% cold-worked PCA irradiated at 60, 200, 330, and 400°C up to 7 dpa
under spectrally tailored conditions in the ORR-MFE-8J/7) experiments was evaluated by the electrochemical
potentiokinetic reactivation (EPR) test technique on miniaturized TEM disk-type specimens. Irradiation at
60°C to 7 dpa did not affect the reactivation behavior of PCA. The reactivation charge of PCA was increased
by the Irradiation at 200, 330, and 400°C, as conpared with unirradiated Control specimens. and increased with
increasing irradiation tenperature. Post-EPR examination of the specimen surfaces showed grain boundary
etching for the specimen irradiated at 400°C, but not for the specimens irradiated at 330°C and below. This
indicates that the intergranular stress corrosion cracking (1G5CC) susceptibility associated with chromium
depletion along grain boundaries wes not increased by the irradiation at temperatures below 330°C to this
damage level. Localized attack across the grain faces was ¢bserved for all the specimens irradiated at 200,
330, and 400°C, which suggests the Occurrence of localized sensitization in the grain interior. The Investi-
gation of the possibility of the localized sensitization in grain interiors and 1ts effects on the corrosion
behavior 1s in progress.
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THE FUBR-1B IRRADIATION EXPERMENT = TRITIUM RELEASE AND PHYSICAL STABILITY OF SOLID BREEDER MATERIALS — (Pacific
Northwest Laboratory) v w v @ w v s & v w8 & w s m w w s om e w s e e s a e mhw e w e e s aaa e 281

The FUBR-1B irradiation experiment in EBR-II has provided important information on the irradiatien behavior of
candidate lithium solid breeder materials in a high energy asutron Spectrum. The 5a11d breedsr materials include
L1,0, LiA10,, L1,Zr0y, Li4Zr0, and L1,510, pallets and L1A10; spheres. The irradiation behavior of the materials was
characterized for the temperature range from 400 to 900°C. The amount of tritium retained by the solid brsedsr
materials, as well as swelling and physical stability, was detemined for specimens removed after the first period
of irradlatlon.

LIAIO,. LizZrQ;, and LizZr0¢ exhibited excellent dimensional stability during irradiation while the dimensional
stability of Li,0 wes found to be dependent on the microstructure. The amount of retained tritium is compared to
similar ¢losed capsule experiments and extends the data to burnups as high as 1.6 X 10*? at/cc.

DESORPTION CHARACTERISTICS G- THE L1Al1,-Hz~H:0 (g} SYSTEM — (Argonne National Laboratory) . 286

Temparature programmed desorption (TPD) measurements have started on the LiA10z-Hy system. The sensitivity of
the mass spectrometer that will detect the peaks was shown to be adequate for the measurements. Blank experiments
to Characterize the behavior of the stainless steel sample tube 1n the measurements have revealed the evolution of
N from the steel, a process facilitated by Hz. It is necessary to stabilize the sample tube $o that it does not
augment or distort the TPD peaks. The behavior of an unstabilized tube was demenstrated by means of a simulated TPD
run. Stabilization consists of treating the tube with 990 ppm H; in helium at high temperature until undistorted
simulated TPG runs are obtained. A LtA10; sample was loaded in the apparatus: it came from the same batch of
material that wes used in an EXOTIC test. Prolonged drying of the sample in a He-H, stream 1s necessary, a finding
that has important implications for many earlier reports on measurements of tritium release from irradiated samples
where it wes not demonstrated that the sample was adequately dry or that the apparatus did not affect the data.
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HELIUM-ASSISTED CAVITY FORPATION IN ION-IRRADIATED CERAMICS — (Oak Ridge National Laboratory and
Nagoya University, Nagoya, Japan) .+ « « = v & = s = & s s 5 = s s » = = = s = = = = = = » = » = = s = » = &« 293

Polycrystalline specimens of spinel {MgAl:04) and alumina {A1;04) were irradiated at room temperature and 650°C
with either dual- or triple-ion beams in order to investigate the effects of simultaneous displacement damage and helium
implantation on cavity formation. The cavities in alumina were aligned along the direction of the c-axis,
with diameters ranging from ¢2 to 10 m  The cavities in spinel were preferentially associated with dislocation 1oops
and were of similar size as the cavities in alumina. Catastrophic amotints of Cavitation were observed at the grain
boundaries in spinel when the displacement damage level exceeded a critical value {~20 dpa) in the presence of a
fusion-relevant (~€0 appm/dpa} helium environment.

IN SITU MEASUREMENTS OF DIELECTRIC PROPERTIES |N ALUMINA -- (Oak Ridge National Laboratory) & « & v & v & & v & & s & s 297

A series of experiments have been planned to measure the dielectric properties of alumina in the presence sf
ionizing and ¢isptacive irradiation.

CERAMICS FOR FUSION PROGRAM RESEARCH PATERIALS INVENTORY — (Oak Ridge National Laberatory) e e e e e e e s 299

A stock of commercial, polycrystalline alumina with four different levels of purity (0.94, 0976, 0995 and
0.9¢8) has been added to the Fusion Reactor Materials inventory. The material is in the form of 3/4 in. (0.g98) and
1in. (0.94) diameter rods and 2 in. by 2 in. bars (0.976 and 0.995).





