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IRRADIATION FACILITIES, TEST MATRICES, AND EXPERIMENTAL METHODS

1.1 Design and Fabrication of HFIR-MFE RB* Spectrally Tailored Irradiation Capsules —A. W. Longest (Oak
Ridge National Laboratory), J. E Corum (Midwest Technical, ne.), and D. W. Heaatherly
(Oak Ridge National Laboratory)

Design and fabrication of four HFIR-MFE RB* capsules (80, 200, 330. and 400°C) M accommodate MFE specimens
preirradisted in spectrally teilored experiments in the ORR (and associated facility preparations) are proceeding satigfactorily.
Thaese capsule designs incorporate provisions for removai, examination, and re-encapsulation 0f the MFE specimens at inter-
mediate axposure levels an route to a target exposure Jevel of 24 (formerly 30) displacements per A M (dpa). With the
exception of the 6WC capsule, when, the test specimens will be in direct contact with the resctor cooling water, the speci
men temperatures {(monitored by 21 thermocoupies) will be controiad by varying the thermal conductance of a small gap
region between the specimen hoider and the containment rube. Hefniurn liners will be used to tailor the neutron spectrum M
closely match the helium production-to-atom dispiacement ratio {14 appm/dpsa) expected in a fusion reactor first wall,

Assembly of the 60 and 33(PC capsules is complete and irradiation of both will begin when the HFIR returns to full-
p o w operation. Design of the remaining two {200 and 400°C) capsules is complete, and issue Of fabrication drawings is
near. Fabrication of perts and assembiy of the 200 and 400°C capsules is scheduled for compietion by the end of FY
1990; operation of these two capsuies will follow the first two (80 and 330°C).

1.2 Image Calculation of Tilted Contamination Deposit for the Thickness Measurement of specimen Foll—
T. Sawai [Japan Atomic Energy Research Institute (JAERI), assigned to ORNL] and M. Suzuki, JAERI

A new imaging model has been proposed to explain some features of the image {formed by tited contamination
cones) that is used to determine the spacimen thickness in a transmission electron microscope (TEM). The calculation
assumes the lines with clesr contrast in the image appear when, the surface of tifted combination cones is parafiel to the
imaging electron beam. The calculated result explains some features of the sctuel image rather well. Also, the caiculatior:
shows the image shift, which lsads to an overestimation of the parsfiax between two contamination cones, which leeds to
the overestimation of the foil thickness.

1.3 Small-Scale Bending Fatigue specimen Development—&6. A. Chin, G. R. Roa (Auburn University),
and E. H. Lee (Oak Ridge National Laboratwy) ........c.coviiiiiiiniiiiniinrinneenns

Two small-scale bending fatigue teat specimens were devsioped. The first specimen, termed the “rectangular” speci-
m n, has overall dimensions of 30.1625x 4.7625 x 0.762 mm, with e gauge length of 6.35mm. The unirradisted rec-
tangular specimens were tasted at both room temperature and at 80C°C.

The second specimen is a “miniature-disc” specimen With outer dimensions of 8 3-mm diarmmeter Transmission Eiec-
won Microscope specimen and a reduced gauge section formed by two cireular radii of 1.6 mm. The thickness is
0.264 mm. The ministura specimens W e fabricated using three different techniques: (1) punching followsd by electro-
polishing, {2) electrical discharge machining, and (3) punching followsd by annealing. The three sets of ministure-disc
specimens were tasted separately at room temperature.

Tests were performed using annealed type 316 stainiess stesl (Reference Heat 6092297). The resuits were found to
conform to the Coffin-Manson relationship, where the value of the exponent was found to lie between 0.1 and 0.25. There
was some degradation in fatigue life for the rectangulsr specimen at 600PC compared with the room-tempersture fatigue
data. The miniature-disc specimens gave higher than expected values of fatigue endurance for alf three sets of specimens.
Both specimen designs appear to be suitable for scoping irradiated specimens for bending fatigue properties.

DOSIMETRY. DAMAGE PARAMETERS, AND ACTIVATION CALCULATIONS

2.1 Neutron Dosimetry and Damage Calculations for the ORR-MFE 7J Experiment—L. R. Greenwood
(Argonne National Laboratory)

Neutron measuremenis and damage caiculations have been completed for the joint U.S.-Japsnese 7J experiment in
the Osk Ridge Research Reactor. Tensileand TEM specimens were irradiated from June 28, 1983, to March 26, 1967
1475 fulk-power days) in position C3 at temperatures between 300-400PC. The maximum fast neutron flusence was 9.5 X
10* n/em?, which produced 7.4dpa and 102 sppm helium in 316 stainless steel,
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2.2 Production of *8v, Mo, and ¥¥™Nb near 14.7 MeV— L R. Greenwood. D. L. Bowers, and A. Intasom
(Argonne National Laboratory)

Results are presented for the production of **V (331 o), ®*Mo (3500 v}, and ®*™Nb (16 ¥} by 74 MeV new-
trons., Samples ware irradiated at RTNS fl. Chemical separations were performed to remove impurities and to
separate the Mo-Nb fractions. Thin samples were then X-ray counted. Results predict that we will produce 28
mCi/ec of *V in vanadium and 2.8 mCi/ce of ®Mo and 106 mCi/cc of ™ Nb in molybdenum in a fusion
first-wall, assuming the STARFIRE reactor dssign.

2.3 Dosimetry and Damage Calculations for the ORR-MFE 4A/4B Spectral Tailoring Experiments —
L R. Greenwood (Argonne National Laboratory)

Resuits are presentsd for INE MFE 4A/48 spectral teiforing experiments in INE Oak Ridge Research Reactor. These
experiments started With an aluminum core piace filled with water, switched 10 a solid sluminum core pieca, and finally
added hafnium liners to suppress the thermal neutron flux. The maximum exposure for MFE 4A at 107.0 FPO 1223.1 FPD
under HF) was 4.2 x 1072 n/erm?, resulting in 13.1 dpa and 243 appm hefium for 316 staintess steel. Corresponding
vaives for MFE 48 at 995.5 FPD {121.8 FPD under HF) were 4.0 x 1072 n/onf, resulting in 12.0 dpa and 216 appm
helium for 3 16 stainfess stesl,

2.4 Neutron Spectral Calculations for the REAL88 Exercise—L. R. Greenwood and A. Intasorn
(Argonne National Laboratory)

Neutron spectral analyses and dsmage calculations have been completed for six reference data sets distributed by the
IAEA in Vienna. This interiaboratory imtercomparison is dasigned to standardize dosimetry techniques and damage astimates
for various spectra including fusion reactor simulations, pressure vessel surveillance, 2*®U fission. and fast fission reactors.
The dste will be reviewed at a meeting in ECN Petten, The Netheriands, in October 1988.

3. MATERIALS ENGINEERING AND DESIGN REQUIREMENTS
4. FUNDAMENTAL MECHANICAL BEHAVIOR ........ccvviinianns R T

4.1 Grain Size Effect on Radiation Hardening in Neutron-IrradiatedPolycrystalline Copper—S. Kgima,
S. J. Zinkle (Oak Ridge National Laboratory). and H. L. Heinisch (Pacific Northwest Laboratory) - «............

Microstructural changes in 14 MeV neutron-irradiated polycrystaliine copper were observed by transmission electron
microscopy and correiated with I variation of yield stress. Conventional theory of radiation hardening was found to be not
directly applicabie to polycrystals, Radiation-induced point defect clusters are considersd to become obstacles not only to
ME rmotion of disiocations on the piling-up side of a grain, but alsa to the generation of dislocations on the next grain. Gen-
erally, applicable simpiified equations for polyerystels are proposed. By applying the equations to the published tensile test
resufts, the contribution of matrix hardening was found to be fairly low.

4.2 Correlation of Mechanical Property Changes in Neutron-Irradiated Pressure Vessel Steels on the Basis of
Spectral Effects —H. L. Heinisch (Pacific Northwest laboratory) —......c: veevvvn-en R

Defect production functions derived TQmatomistic modeling were evaluated for use in correlting yield stress
changes of A2 128 and A3028 pressure vassel steels iradiatad in 8 wide variety of neutron Spectra st jow temperatures
{40-90¢C) and low dosss (<0. 1 dpa). The irradiations were performed iN RTNS-#, O M , ORR, and the HFIR prassure vessel
surveillance positions. The dats from RTNS-ll, O M , and ORR are correlated fairfy well on the basis of dpa, but the data
FOMHFIR show that only one tenth as m vy dpa ara needed to produce the same radiation-induced yield stress changes as
in the other neutron spectre. About 96% of the neuirons N the HFIR surveillance position are thermal neutrons, and a sign-
ficant fraction of the displacements is produced by recoils TQMthermal neutron captures. The best correlation Of alf the
data is achieved when the property chenges are compared on the basis of the production of freely migrating seif-interstitial
defats, which better represents the defects participating in the radiation-strengthening process.

& RADIATION EFFECTS MECHANISTIC STUDIES, THEORY, MODELING . .. .ottt iae e e s
5.1 Tensile Behavior and Swelling f Ternary Austenitic Alloys Irradiated in Different Neutron Spectra—

M. L. Hamilton (Pacific Northwest Laboratory.) A. Okada (Hokkaido University), and F. A. Garner
(Pacific Northwest Laboratory) ........iieiiii i i e et ie e eeen e

Two nominalfy identical experiments dasigned to study the effects of nickei fevel, chromium level, and helium genera-
tion rate on the migrostructural development and tensile propertias of Fe-Cr-Ni slloys are eurrsntly undergoing axamination.
One of thess, conducted in the ORR at a higher He/dpa rate and a lower displacement rate comparad with the other
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5.2

53

5.4

55

5.6

experiment in EBR-I, ShOwv substantiaily more strengthening and a different temperature range of swelling. The effects of
irradiation temperature, neutron flux, and neutron spectra appear | be larger than those of the compositional variations stu-
died. Transmigsion electron microscopy (TEM) examination is in progress to determine the origin of the obssrved changes.

Radiation-Induced Spinodal-Like Decomposition of Fe-Cr-Ni Allow and Its Influence on Electropolishing of

Microscopy Disks—J. M. McCarthy and F. A. Garner (Pacific Northwest Laboratory) «...........cooovviiiiin,

Scanning electron microscopy was used as a toof to investigate the dependence 0N nickel content of radiation-
induced spinodak-fike decomposition in Fe- 16Cr-XNi alloys. It appsers that the relative resistance to swelling observed in the
invar compositional regime at 5§ 10°C is concurrent with spinodaklike decomposition. The influence of this phenomenon in
prolonging the loop-dominated phase of dislocation avolution and also suppressing the onset of accelerated void growth hes
nor yst ban determined.

Microstructural Examination of a Reactor-Irradiated Dilute Copper-Boron Alloy—S. J. tinkle

[Oak Ridge National Laboratory) ... vttt e ettt et e e

An initia! microstructural examination has been performed on copper specimens containing —20 wt ppm B that were
frradiated with fission neutrons to ~ 1.2 dpa at a damage rare of 2 x 10—7dpa/s. A bimodal size distribution of cavities
was observed for the irradiation temperatures of 182 through 5OCPC as a resuft of the generation of 100 appm He during
the irradiation. Stacking faun tetrahedra were also observed at alf irradiation temperatures. Comparigson with pure copper
Specimens jrradiated in the earns capsule revealsd several interesting diffsrences in the microstructure—namely, a shght

enhancernent in the SFT density at an temperatures and the presence of voids at 182°C h the copper-boron specimens.

Radiation Damage in Binary Ceramic Oxides: A Preliminary Model—Roger E Stoller
(Oak Ridge National Laboratory) ......eiiiiiiniiiniiieiininnnennnns

A prefiminary model of radiation damage in binary ceramic oxides has ban developed. The model described here
accounts in an approximate way Tor some of the major differences betwoeen metaliic alloys and ceramics thet are believed to
be responsible for the fact rhat ceramic materials are observed M behave differently than metslic alioys when exposed to
displacive irradiation. The model considers the influence Of the existence of a second iattice and the additional constraint of
stoichiornetric point defect absorption by disiocation loops 0N the concentrations of point defects that would be observed at
steady-state in an irradiated ceramic. Thess point defect concentrations are then used I compute various measures of the
sensitivity of these materisls I the type of microstructural evolution thet is observed in irradiated metals. Initial resuits
obtained with the present modef indicate that both the isttice and stoichiometry effects can help M mitigate radietion dam
age in ceramics. However, the effect is not necessarily largs; in agreement with recent cata, the results indicate thar at
feast some ceremk oxiges may exhibit a sensitivity to displscement damage that is similer 1| metals.

Microstructural Evolution of Neutron-IrradiatedFe-Cr-Ni Allow at 495% in Response to Changes in He/dpa

Ratio—J. F. Stubbins and J. E. Nevling (University of lllinois). F. A. Garner {Pacific Northwest
Laboratory). and R. L. Simons Westinghouse Hanford Company)

A saries Of three Fo- 15Cr-XNi alloys in both annealed and cold-worked conditions was irradiated in the Fast Flux
Text Facility at 496°C M 14 dpa. The experiment was developed 1o detenmine the separste and synergistic effects of nickel
and phosphorus content, cold-work, and helium/dpa ratio. This experiment was conducted without introducing variations h
displacermnent rate, a variable known to strongly influence microstructural evolution. Each alloy condition was irradiated in
two varients, one with Ratural nickel and one enhanced with the "BNi isotope. The istter variant produces helium/dpa ratios
typical of fusion reactor spectra, while the former yiskds a much lower levsi of helium. The results show that helium alters
the microstructural evolution somewhat at 485°C, bur its effect is relatively smalf comparsd ith the influences of the other
variables studied. Increases in starting dislocation density, nickel content, or phosphorus lavel all retard swelling temporarily,
while higher rates of helium generation, usualfy, bur not always, accelerste swelling. Phosphorus addition of 0.04 wt % nor
only decrsassed Snelling but lead M refinement of distocation loop microstructure and stabifization of dislocation networks
crested by cokd working. Phosphide precipitates did not form at this tempersture and dose level.

Precipitation at Grain Boundaries in Irradiated Austenitic Fe~Cr-Mn Alloys —J. M. McCarthy

(Pacific Northwest Laboratory) ... ..o e e e e et e

In previous work, the phase stability 0f Fe-Cr-Mn alloys during irradiation was investigated in a study thet included
simple binaries, simple tarnaries, and commercially produced afioys. Thess low-activation alloys are being considered for
fusion reactor service in the first wall and in other structural spplications subject to high neutron doses. In addition to phase
instabilities observed within the grains, grain boundaries wera susceptible M varying levels of precipitation dependent upon
alloy composfion | displacement doss, and irradiation temperaturs. This report describes the grain boundary microstructures
that developed in these Fe-Cr-Mn alloys during irraciation.
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6.

5.7 The Effect of Phosphorus on Microstructures of Fe-15Cr-25Ni Alloys Irradiated with Fast Neutrons —
T. Muroga (Kyushu University). F. A. Garner, and J. M. McCarthy (Pacific Northwest Laboratory)

Fa- 15Cr-25Ni austenitic alloys with various phosphoru-s contents were irradiated with fast neutrons in the EBR-I

reactor at temperatures ranging from 399 to 64FC and between 8.2 and 14.3 dpa. Observations 0& ———
and microchemical snalyses were carried out to datarmine the various rokes of phosphorus. At b w iradiation tempers-

tures and lower phosphorus contents, whera no precipitate formation was observed, Nd phosphorus remained in solution

and had & strong but variable influence ON swelling and void density. However, the resufts suggest that more than one

mechanism involving phosphorus-point defect interaction was operating and that the net effect was a result ofthe competi-

tion of ssveral mechanisms. Phosphide precipitates were observed to form at higher irradiation temperatures and phos-
phorus levels. The formation of these precipitates then exarted a further infiuence ON MA void density and dkstribution.

DEVELOPMENT OF STRUCTURAL ALLOYS

6.1 FerriticSteels ..............

6.1.1

6.1.2

6.1.3

6.1.4

Void Formation and Helium Effects in 9Cr-1MoVNb end 12Cr-1MoVW Steels [rradiated in HFIR

and FFTF at 400°C—FP. J. Maziasz and R. L. Klueh (Oak R i € National Laboratory) .................

Martensitic/ferritic 9Cr- IMoVND and 12Cr- IMoVW steels doped with up to 2 wt % NI have up to 450
appm He after HFIR irradiation to — 38dpa, but only 6 apprn He after 47 dpa in FFTF. No fine helium bubbles
and few or no larger voids w e observable in any of these steels after FFTF irradiation at 407°C. By contrast,
many voids were found in the undoped steels (30- 90 sppm He) irradigted in HFIR at 400°C, while voids plus
many more fine heifum bubbles w e found in the nickel-doped stesis (400- 450 sppm He). Irradistion in both
reactors et — W produced significant changes in the as-tempered lath/subgrain boundsry, dislocation, and
precipitation structures that w e sensitive to alfoy compasition | including doping with nickel. However, for each
specific ailoy the irradiation-produced changes Were exactly the same, comparing sampies irradiated in FFTF and
HFIR, particularly NMA nickel-doped steels. Therefore, the increased void formation appeers solely due m the
increased hefiurm generation found in HFIR. While the Jeveds of voids are relatively low after 37 to 39 dpa
in HFIR (0. 1-0.4%/, details of the microstructural evolution suggest that void nucheation is still progressing, and
swelling could increase with d0se. The effect of helium 0N voids remains a valid concern for fusion appi-
cation that requires higher-dose expseriments.

Tensile Properties of 9Cr-1MoVNb and 12Cr-1MoVW Steels Irradiated to 23 dpa at 390to
§50°C—R. L. Klueh (Oak Ridge National Laboratory) ...........c.c.oovvviin oot

Normalized-and-tempered 9Cr- IMoVNb and 12Cr- IMoVW steels w e irradiated in the Experimental
Breeder Reactor i (EBR-Il) at 390, 450, 500, and 5§56C°C to displascement damage leveis of up to 25 dpa. Tensie
tests Were made at the irradiation temperstures ON three types of specimens: irradiated specimens, normalized-
and-tempered specimens, and spacimens thermally aged 10,000 h et the irradiation temperatures. Observations
from these tests were compared with resulfts ON these same materials irradiated in EBR-l at the same tempera-
tures Up 13 dpa and thermally aged 5000 h. Rasults were interpreted in terms of the precipitate and dislocation
microstructures devejoped during heat treatment, thermal aging. and irradiation.

Impsct Behavior of 9Cr-1MoVNb and 12Cr-1MoVW Steels Irradiated in HFIR—R. L Klueh
and D. J. Alexander (Oak Ridge National Laboratory) .. ........coviviriviv ey

impact specimens of 9Cr- IMoVND and 12Cr- IMoVW steals w e irrediated in the High Fiux Isotope
Reactor (HFIR) at 300 end 40(PC to as high as 42 dpa. lrradiation caused larpe increases in the ductie-brittle
transition ternperature (DBTT) of both steels, with the increase being greater at 40C°C than et SO0PC. At 40CPC,
shifts in DBTT of 204 and 242°C were observed for the 9Cr- TMoVND and 12Cr- TMOVW Steals, respectively.
These are the largest shifts ever abserved for these Steels and are attributed to the higher hefium concentration
generated during irradiation in HFIR.

The Fracture Toughness Data Base for HT9 and Medified 9Cr- 1Mo Irradiated in Several Reactors

up to ~ 100 dpa—F. H. Huang (Westinghouse Hanfwd Company). and M. L. Hamilton
(Pacific Northwest Laboratory)

A summary is presented of the antire fracture toughness database for HT9 and 9Cr- 1Mo generated at
Hanford. Fracture toughness tests were racently performed on miniature specimens of HT9 and modifisd
9Cr- 1Mo irradiated in FFTF to exposures ranging from 35 to about 100 dpa. At test temperstures ranging from
20 to 430°C, values of toughness and tearing modulus at 35 to 100 dpa were no lower than those obtained

viii

110

123
125

127

145

155

. 161



previcusly in tests conducted ON specimens irradiated in EBR-H, despite differences in orientation between the
EBR-If and FFTF specimens.

6.1.6 Effect of Specimen Size on the Upper Shelf Energy of Ferritic Steels—A. S. Kumar (University of
Missouri-Rolla) and F. A. Garner and M. L. Hamilton (Pacific Northwest Laboratory) ......................

A previous effort led to the development of size effect correlations for the ductile-brittle transition tem-
perature (DBTT} and upper sheif energy (USE) of ferritic steels. An improved methodology is proposed that can
be used to better praedict the LISE based 0N subsize specimen data. The proposed methodology utilizes the part-
tioning of the USE to anergies required for crack initistion and crack propegation. Notched-only Charpy spect-
mens are used in conjunction with precracked specimens to separate the two components. An unirradiated ferri-
tic steel, HT-8, was used to demonstrate the validity of the methodology. Uniike previous correlations that were
limited N their applicability to either highly ductile Or brittle material, the proposed rmethodology is expected to be
applicable over a wide range of ductility and to be particularly useful for materisis which harden significantly dur-
ing Irradiation.
6.1.8 Processing of Two Iron-Chromium Cxide Dispersion Strengthened Steels by Mechanical Alloying—A. N. Niemi,
M. G. McKimpson (Michigan Technology Institute). and D. S. Gelles (Pacific Northwest Laboratory) ..........

Two low-activation ferritic 0DS alloys haw bsen manufactured, using mechanical alloying procedures, into
extruded bar. The alloy compositions in weight percent are: Fe- 14Cr- 1.0THO.6W-0.25Y305 and
Fe-9Cr-2.0W-0.3V-0.08C-0.25Y,0q. Dispersoid phase instabifity is indicated in the Fe-9Cr carbon-contsining
alloy, but the 14Cr alloy appears to offer a novel material which m y be suitable for first wall applications and
warrants further study.

8.1.7 Microstructural Examination of HT-9 Irradiated in the FFTF/MOTA to 110 dpa—D. S. Gelles
(Pacific Northwest Laboratory) and Akira Kohyama (University 0FTokyo) ... ..o cviviniiiiiiat,

HT-8 in two heat treatrent conditions has been examined following irradiation at 42CFC to 114 dpa. The
frradiations were performed in the Fast Flux Test Fecility Materials Open Test Assembly (FFTF/MOTA). \bid
swalling is found in both conditions, with swelling values as high as 0.9%in isolated regions. Voids show a wide
range of truncation between cubic and octahedral shapes. Void swelling appears to vary as a function of preirra-
distion heat treatment, whereas the dislocation structure and precipitation thet developed during irradiation is
uneffected. Quantitative microstructural measurements are in good agreement \\ith results on similar simple
alloys.

6.1.8 Irradiation Creep of Ferritic (and other BCC) Alloys—R. J. Puigh (Westinghouse Hanford Company)
and D. S, Gelles (Pacific Northwest Laboratory) . ......uueiuiennn it in i i enenraas

Ferritic/martensitic alloys are now being used as structural materials in several reactor systems and are
being considered as structural materials for future fusion reactors. The irradiations creep response of body cen-
tarad cubic (BCC) alloys has been studied for over 20 ysars; however, only in the last 10 yeers has the effort
narrowsd to concentrate ON the irradiation creep behavior of ferritic/martensitic alloys. This paper reviews our
current understending of irradiation creep behavior in ferritic alioys by reviewing the literature and reporting new
data on the topic.

6.2 AUSIENITIC StAINIESS StEEIS v\ vt ittt ittt ittt ittt sttt sttt it i e s e e s

6.2.1 The Development of Austenitic Stainless Steels for Fast Induced-Radioactivity Decay—
R. L Klueh and P. J. Maziasz (Oak Riie National Laboratory) .« ... ceeuninenneenna e,

A program is undsr way 1o develop a nickel-free austenitic stainless steel for fusion-reactor appiications.
Pravious work has shown thet an austenite-stabile afloy should be possible \ith a base compasition of
Fe-20Mn- 12Cr-0.25C, Tensile properties for this base composition were comparable to those of type 316 stain-
leas steel. TO improve strength and irradiation resistance, closely controlied quantities of W, 71, V,C, 8 and P
were added to this base. Such additions resulted in improved tensile properties over those for type 318 stainless
steel in both the solution-annealed and 20% cold-worked conditions.

8.2.2 Developmentof Tensile Property Relations for ITER Data Bass—™M. L. Grossbeck
(Oak Ridge National Laboratory) ...vevineiiiii it ie i aninnsnnnsnnnns

Tensile data from the Oak Ridge Matrix (Fusion Implementing Agreement Annex H#), the U.S. Japen colia-
boration, and the availabie literature wers reviewed. Type 316 stainless stesl, in both cokd-worked and annesled
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6.2.3

6.2.4

6.2.5

6.3.1

conditions and PCA {both U.S. and Japsanese heats} were included. Equations were developed for yield strength,
uniform elongation, and total elongation. In many cases, one expression could be usad for affoys and condftions;
in others, separate equations had to be used. In alf cases an attempt was mads i0 provide a conservative
expression rether thar to have the best fit to the dam. Especially in the case of strength, the value was rather
insensitive to alloy composition.

Tensile Properties of Austenitic Stainless Steels Irradiated in the ORR Spectral Tailoring Experiment
ORR-MFE-6J and -7J—M. L. Grossbeck (Oak R i i National Laboratory). T. Sawai.

8. Jitsukawa (Japan Atomic Energy Research Institute, assigned to ORNL}, and L T. Gibson

(Oak Ridge National Laboratory) ... ... e e et e e e e e

Tensile properties were found to be consistent with those of previous irradiations in mixed-spectrum roac-
1as. The yield strength st 6P C was found to be fess dun that at 330°C, but this can be understood in terms
of hardening by dislocation loops. The properties of weids were found to resemble those of anneaied base matal
whether O not the weld was mads in annealed OI cold-worked material,

Development of Low Activation Fe-Mn and Fe-Mn-Cr Alloys for Fusion Service——L. D. Thompson

(San Diego State University) and T. Lechtenberg (General AtOmics) .+« .vvvivniiiniii ..

Recent attention in the fusion materis/s research community has been focused on attempting to define
compositional requirements for low-sctivation stainiess steel afioys for first wall and blanket structures of future
fusion reactors. Alloy design efforts have been initisted by the NIM, as well as in other fusion materials pro-
grams, to develop materials and mirostructures inhevently resistant to neutron damage. More recently, to
address the concern sbout expected post-service neutron activation characteristics, the baseline programs
focused primarily on developing neutron damage resistant materials have expsnded to include ME investigation
and development of low-activation structurel steels contsining manganese (Raefs. T-5). Iron afoys containing
25-50% Mn and ternery alloys containing 10- 20% Mn with 5- 20% Cr are included in the alfoy classes being
studied.
The former .8, Energy Research and Development Administration (ERDA), and now the Department of
Energy {DOE), was interested in developing afternative austenitic stainless steels which would rely less 0N stra-
tagic and expensive alloying elements for their properties. They sponsored a substantial alloy design effort during
the 1970s dirscted at investigating the properties of Fe-Mn and Fe-Mn-Cr alloy compositions for cryogenic appk-
cations (such as liquid natural ges containment structuraes) which were similar to those of interest in the fusion
materigls program. While the database for the Fe-Mn and Fe-Mn-Cr systerns is limited, the dam obtained in
thase esrifer studies are useful in understanding the afloy design capabilities of this system and for providing gu-
camn to the current program. Many of the compositions previously investigated complement those in the NIM
program and the data we will report will help establish trends in behavior. Machanical properties and microsiruc-
rural characterization data and their correiations are presented for those alloy systems of general interest to the
prasent NIM program and ITER alloy development efforts.

Effects of Low-Temperature Neutron Irradiation on the Properties of 300 Series Stainless

Steels—G. R Odette and G. E. Lucas (University of California. Santa Barbara) .............. e

Nsutron irradiation of gustenitic Stainless steels can result in significant property changes. Property degra-
dation appears to be graataest for irradiation temperatures land comparable M tsmperatures] near 30 C. Hers,
hardening and loss of ductiiity may reduce fracture toughness values to as low as 45 MPg./m by exposure lev-
eis of 6 dpa. Thess dam suggest an experimental tast program designed to evaluate critical microstructral and
machanical property changes in austenitic stainless steels ai low irradiation temperatures.

6.3 VanadiUm AllOYS ..t ittt e e e e

Swelling of Neutron-Irradiated Vanadium Alloys— B. A. Loomis and D. L. Smith {Argonne

National Laboratory)and F. A. Garner (Pacific Northwest Laboratory) . ........... ...

The swelling of V-10.0Cr-0. 1Al V-14.1Cr-0.3Al V-3, 1T+0.35i, V-4.9Ti, V-9.87], V-14.4T], V- 17.7T],
V-20.0Ti, V-14.4Cr-0.3Ti-0.3Al, V-14.1Cr- 1.0TFO.3Al, V- 13.7Cr-4.8Ti, V-9.0Cr-3.3Fe- 1. 2Zr (Vanstar-7),
V-14.8Ti-7.2Cr, V-8.6W, V-4,0Mo, and V-12.3Ni alloys and unafioyed V was determined after neutron iracie-
tion ai 42C°C and 80CFC 0 irradiation damage levels ranging from 17 10 77 dpa in the FFT-MOTA raactor
facility. The swelling of these alloys was obtained from a determination of ME density for the uniradiated and
irradisted alloys on immersion in CCly. The swelling of unafioysd V ai 80FC was substantially increased by the
addition OF Cr. The addition of sither NI, W, or Mo to V hed 5 relatively minor sffect on the swelling of V. The



6.3.2

swelling of the \/-€-N sloys was strongly dependent on the Ti concentration. The swelling of 1€ V-3.17i-0.38¢
and V- 14.47i sfoys at 60(PC was greeter than that exhibited by the other binary V-Ti slioys. The Vanstar-7
alloy underwent iarger swelling than M€ V-Ti and \/-€- afloys. For the binary V-Ti afioys and ME ternary V-
Cr-Ti akloys, the dependence of swelling on [1\€ amount of irradiation damage was <0. | % swelling per dpa.

Literature Review of Research on Vanadium and Vanadium Base Alloys for Use in Fusion Reactor First
Wall/Blanket Applicstions—C. A. Marsh and A. B. Hull (Argonne National Laboratory)

The Hterature was reviewesd for research on the fabrication of vanadium base alloys and the effects of
chemical environment, helium implantation, and neutron irradiation ON the mechanical properties, microstructure,
and corrosion behavior of vanadiurn and vanadium boas alloys. The relevant materisi was compiled into an anno-
tated bibllography of MOre than 100 representative raferences. These references address the topics highlighted
in this report.

6.4 COPPEr AllOYS Lt ittt e e e e e e e e e

6.4.1

6.4.2

6.5 Environmental Effects on Structural Alloys

8.5.1

6.5.2

Overview of Copper Irradiation Programs —F. A. Garner, M. L. Hamilton (Pacific Northwest
Laboratory), K. R. Anderson, J. F. Stubbins (University &f lllinois). B. N. Singh. A. Horsewell
(RISO National Laboratory), and W. F. Sommer {Los Alamos National Laboratory}

Researchers (It Pacific Northwest Laboratory are collaborating with scientists from RISO Netional Labora-
tory, Los Alamos National Laboratory, and the University of lllinois to generate data On the response to rackation
of copper alloys intended for use in ITER, NET. and fong-term fusion devices. An overview of these experiments
is presented.

Electrical Resistivity Changes Induced in Copper Alloys by Fast Neutron Irradiation—K. R. Anderson
(NORCUS Program, University of lllinois), F. A. Garner, M. L Hamilton (Pacific Northwest
Laboratory), and J. F. Stubbins (University of lllinois)

Thirteen copper-base alloys ware irradiated m FFTF/MOTA to determine the response of various alioy
classes to neutron irrediation. This effort is directed towaerds the selection of copper alloys to serve as high heat
flux components in both naar-term and Jong-term fusion devices. Post-irradiation measurements s h o d that a
wide variety of responses was observed in the neutron-inducad changes m electrical resistivity. Tensile tests are
in progress, and microscopy examination will be initiated soon.

Design of an Electrochemical Testing System to Evaluate Sensitization of Austenitic Stainless
Steels Using Miniaturized Specimens—T. Inazumi [Japan Atomic Energy Research Institute
(JAERI). assigned to ORNL] and GE.C. Bell (Oak Ridgs Associated Universities)

An slectrochemical testing system was developed to avaluate the sensitization of austenitic stainless stoels
using miniaturized disk-type specimens, 3 mm diem by0 .26 mm thick. The specirnens are also suitable for
exarnination using transmission electron microscopy (TEM) after elactrochernical testing. The apparatus consists
of a specimen holder in which a miniaturized specimen is mounted as the working electrods, a test cell designed
to handla radioactive materigls snd waste, and a potentiostat/gslvanostat, Sensitization of thermally aged austen-
itic stainless steal specimens was successfully detected hy the single-loop slectrochemical potentiokinetic reac-
tivation (SL-EPR} method.

Aqueous Stress Corrosion of Austenitic Steels—H. Khalak, A. B. Hull, and T. F. Kassner
(Argonne National Laboratory) ........c..iiiiiiiiiiiinineninirnnnanenss

Stress corrosion cracking fSCC) ofaustenitic stainless Steal in water is considered a key unresolved issue
for the ULS. ITER shieid and bianket design activities. A computer code has been devsioped | detsrmina the
concentration of radiolytic species produced in the aqueous environment I various subsystems of a fusion rasc-
tor in order 10 estimate the subgequent likelihood of stress corrpsion cracking. This code also serves as q vaiu-
able precursor to slow-strain-rate tests to determine the SCC susceptibility oF austenitic stainless steefs. The
code is being benchmarked with the concentrations of radiolytic molecular species in boiling water reactors.
Ssmples of candidate steals, primarily Type 316 NGSS, are being prapared to initiate low-strain-rate tests.
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6.5.3 Corrosion and Compatibility Studies in Flowing Lithium Environments —A. E. Hull and
O. K. Chopra (Argonne National Laboratory) ............oiiiiieeinnnnnnnnnn. 385

The Argonne Lithium Corrosion Experiment (ALICE), a high-flow-velocity ferritic steel forced circulation mi
facility, is now fully operational and is being used i0 address the effects of fiud fiow velocity and nonmetalic
slements ON corrosion, mass transfer. and deposition in liquid metal systems. Hydrogen distribution data were
obtained from the austenitic steel Fatigus and Failurs Tsgting in Lithium (FFTL-3) facility in which the bw circule-
tion velocity provided only for impurity control O the liquid metal; analysis or these data indicates that hydrogen
fractionates between lithium and vanadium affoys in sccordsnce with the thermodynamic distribution coefficients.

6.5.4 Assessment of Stress-Corrosion Cracking in a Water-Cooled ITER—R. H. Jones and
S. M. Bruemmer (Pacific NOrthwest LADOTAIONY) . vvvuet ittt ettt et it i neen oeeeen 389

Water-cooled, near-term reactors will operate under conditions ai which SCC is possible; however, control
of material purity and processing and coolant chemistry can sither eliminate o— greatly reduce the probability of
this type of structural failure. This evaluation has focused 0N an assessment of water impurity effects on SCC of
austenftic stainless steel ai temperatures beiow 10CPC and on the conditions controlling sensitization in the
fusion heat of Tvpe 316 §S and the fusion materials hest of modified Tvpe 316 SS designated ss PCA. This
assessment identifies the dorminant effect of small concentrations of impurities in high-purity water 0N SCC such
that crack growth ram ai 26- 75°C in water with as fittke as 6- 16 pom CI~ are egual to the crack growth
rates at 200- 20C°C in high-purity water. These effects sre primanily for sensitized Tvpe 304 SS, so anslysis of
sensitization behavior of fusion austenitic alfoys was also undertaken. An SSDOS model developed ai PNL was
used i0 make thase assessments, and correlation to experimental results for Tvpe 316 85 was very good. Both
the fusion hesat of Tvpe 316 8§ and PCA can be seversly sensitized, but with proper thermal treatment, it
shoukd be possible 10 avoid sensitization.

7. SOLID BREEDING MATERIALS ... e e e e

7.1 A Fast Neutron, In Situ Tritium Recovery Experiment on Soli Breeder Materials—G. W. Hollenberg (Pacific
Northwest Laboratory). T. Kurasawa and H. Watanabe (Japan Atomic Energy Research Institute)
S.E. Berk {U.S. DOE/OFE), Institute), I.J. Hastings and J. Miller (Atomic Energy of
Canada Research Company), D. E. Baker. R. E. Eauer. and R. J. Puigh {(Westinghouse Hanford Company) .......... 399

An in situ tritium recovery experiment has bean designed and is being fabricated for the irradiation of LibQ in the Fast
Flux Test Facility (FFTF). Two in situ tritiurm recovery canisters will be irradigted wirh fithivm atom burnups to 4%. One can-
ism will pravide fundsmental data On tritium refease as a function of termnperature, gas compaosition, and fiow rats. The
othar canister will contain solid peflet specimens with large (43(PC) radis! temperature gradients in order to provide
integrated performanca data.

7.2 Interfacial Roughness and the Thermal Conductivity of a Sphere-Pac Bed—S. W. Tam and
C. E. Johnson (Argonne National Laboratory) .« ........couiinniiiiiiinnnenenna, 407

Various configurations for the solid breeder (e.g., LiO) plus neutron multiplier (i.e., Be) component has ban con-
siderad for blanket application in fusion rsactor technology. One possible option is the sphere-pac configuration. This con-
sists Of the solid component in the form of small particles (ideally as spheres) put together in a bed in a close-packed
manner, In orger 10 achieve high packing density, particles of several different sizes need to be used. The interstitial spaces
between partickes of a given size are packed with particles oF the naxt smaller size and so on in a heirachical manner. The
packing process can be schisved by wibratory compaction. Much experience has ban gained on this configuration in fission
reactor reiated technology. In particular extensive datas has been gathered vis fission-related ressarch \m wedl as from high
thermai insulation techncfogy work ON the thermal conductivities Ko, of such systems. The heat conduction properties of
systems possess unusual characteristics dun to the convoluted interweaving bicontinuous nature of the sofid component and
the porosity phase. For axample, when sphere-pac beds are immersed in a gas {e.g.. He, Ar), the thermal conductivities Keo
are found to be dependnet ON the gas pressure P. Typically, K, increases rapidly by 50- 100%, when Pis raised by as kt-
tle as a MPa and then changas much more slowly thereafter (see Fig. | and discussion in the following section). }t m y bs
thought that such subtle behavior m y be exploited i0 the sdvantage of blanket technology if 8 sphere pac configuration is
vtilized in the breedar-plus-multiplier component. However, straightforwerd extrapolation from fission and thermal and insu-
aftion technological experience to a fusion blankst environment shoukd be treated with care since quits different materials
characteristics are invoived. It turns out that a careful anatysis of the physics of the situation revesls that a gas pressure-
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sensitive thermal conductivity is a much less prominent effect than would have been suggested from other technology
oxperiences alone. In order to understand this, one needs to first appreciate the reasons why such pressure effscts are so
dramatic in fission and thermasl insuletion materials.

7.3 Tritium Transport Modeling—J. P. Kopasgz and C. E Johnson (Argonne National Laboratory) .................... 411

The modeling effort for this period was focused on the desorption process. The desorption process consists of 8 sur-
face reaction and desorption of surface-bound tritiun in the form of HTQ, T,0, HT, OF T,. Of concern are the order of the
surface reaction and the energetics of the surface reaction and desorption step. In most of our pravious work, desorption of
tritium was considersd 10 be first order in tritiun due to the expected excess of hydrogen in the system. Equations for
desorption which are second order in tritium were derived for situations where the hydrogen concentration M the breeder
surface would be low and comparable to the expected tritiun concentration. Expressions for tritium inventory were derived
and calculations were performed to determine the grain radius regimes where desorption would be expected to be the rem
controlling refesse process. Inour previous Work we have found evidence thet the desorption energetics change as a func-
tion of surface coverage. \\e beliavs that thisis due to the presence of multiple sites for desorption of tritiun from the
ceramic. To support this view we haw analyzed constant-rem hesting tritium refease experiments from the literature to
datermine the number ot desorption sites and t0 obtain sstimates of the desorption activation energies. Estimates Of active-
tion energies for desorption of tritium from Y O and LiySi0, were obtained.

7.4 Adsorption, Dissolution, and Desorption Characteristics of the LiAlO,-H,0lg) System—Albert K. Fischer
and Carl E. Johnson (Argonne National Laboratory) . ... cuv v ittt i iieiiiaaa e aeenenn 419

Adsorption of HaOg), dissolution of OH , and rates of evolution of H,Ofg/ ara being measured for the
LiAIOy-H,0g) system. These thermodynamic and kinetic data for these processes relate to the issues of tritium
retention and refease, and, hence, to concems about tritium inventory in ceramic tritium breeder materials. The
information will enable (1) comparison of candidate breeder materials. (2} calculation of operating conditions,
and (3} elucidation of the principles underlying the behavior of tritium in bresder materials.

8. CERAMICS oot i e e e s 423
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