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AN EVALUATION OF ME LOS ALAVOS SPALLATION RADIATION EFFECTS FACILITY (LASREF) FOR FUSION APPLICATIONS
(Pacific Northwest Laboratory) o u s = s & & » o s s o s s # % s s % s s 5 s s » % % s % s s * % s *» % s s % 8 s * % # »

The appropriate role, both shert-term and long-term. of the Les Alames Spallation Radiation Effects Facility
(LASREF) in the U.5. Fusion Materials Progran was reviewed by a peer group in June 1890, This report presents the
LASREF review committes's findings and recemmendations.

CEVELOPVENT F DISC COMPACT TENSION SPECIMENS AND TEST TECHNIQUES ROR HFIR IRRADIATIONS (University of California-SB and
Oak Ridge National Laboratory) « « s = s = & s & s s 2 s 2 = 2 = = = = = = » = » s =2 s = = = = = » = » = » = » = = = % =

Near tern irradiations of candidate alloys being planned for the High Flux Isotope Reactor (HFIR) in support of ITER
and isotope tailoring experiments necessitate the use of relatlvely small fracture toughness specimens, e.g., darn to
12.5 mm in diameter. The specimens will also contain substantial ameunts of helium. This werk involved the applica-
tion of electropotential drop techniques to determine J-resistance Curves for this purpose in HT-9 specimens with
diameters of 40, 25. and 12.5 mm at temperatures ranging from 20°C to 100¢C; in addition, the effects of side grooving
were examined. Good agreement between J-resistance curves determined by the electropotential drop and by multiple
specimen techniques was obtalned for all specimen gecmetries, sizes. and temperatures.

DESIGN, FABRICATION, AND OPERATION OF HFIR-MFE RB* SPECTRALLY TAILORED IRRADIATION CAPSULES (oak Ridge National Laboratory

i

and Midwest Technical. INC.) & 4 v 4 & & & & s & ® & ® & # ® % s % = % s % #» * ®» ® *# # P @ oA oE oA EwEE L w o w 13

Design and fabrication of four HFIR-MFE RB* capsules {60, 200, 330, and 400*C) to accommodate specimens previously
irradiated in spectrally tailored experiments inthe ORR are proceeding satisfactorily. These capsula designs incorporate
provisions for removal, examination. and re-encapsulation of specimens at an intermediate exposure level of 16 displacments
per atom (dpa) en route to a target exposure level of 24 dpa. With the exception of the §0¢C capsule, where the test sped-
mens are in direct contact with the reactor cooling Water. the specimen temperatures {monitored by 21 thermocouples) are
controlled by varying the thermal Conductance of a small gap region between the specimen holder and the containment tube.

APPLICATION GF BALL PUNCH TESTS TO EVALUATING FRACTURE MCDE TRANSITION IN FERRITIC STEELS (University of
California-SB) & s & & & & & & s & & 2 2 & & 8 & & 2 o8 mow E " E A E N @ R EoE R E oA oa oA EE o EoE oA aaw s 1

An investigation was mad8 of the applicabilfty of a ball punch test to evaluating the fracture mode transition in ferritic
steel specimens eqdivalent to transmission electron microscopy (TEM) discs. Both static and dynamic test conditions were Ma-

5

mined in specimens with and without several intentional defects. High displacement rates (>4 mm/s) resulted in adiabatic heating

of the specimen during testing. Smooth spetimens were found to provide more reproducible and useful data than specimens
containing holes and grooves. A good correlation was found between the absorbed energy beyond maximum load and fracture
mode transition, with the latter characterized by either fracture appearance or Charpy impact energy.

DEVELOPVENT OF PRESSURIZED TUBE SPECIMEN FCR CREEP TESTING CF BERYLLIW (Lawrence Livermore National Laboratory,
Westinghouse Savannah River Company. and Pacific Northwest Laboratory) .« .« v v v v 4 o 0 o o o 0 0 0 0 0 0 s 2 s = » = » 2

The ability to fabricate a pressurized tube specimen from beryllium was successfully demonstrated. The specimen
failed at a midwall hoop stress of about 32 ksi in a burst test at 500°C.

DOSIMETRY, DAMAGE PARAMETERS, AND ACTIVATION CALCULATIONS & v v s v s s o s s o s s o s 8 s s s s s ¢ s s s s 8 ¢ % 8 »

NEUTRON DOSIMETRY FOR THE MOTA-IF EXPERIMENT IN FFTF (Pacific Northwest Laboratory) . « v v v & v & & & & & & s = 5 = & »

Neutron fluence and spectral measurements are reported for the MOTA-IF experiment in the Fast Flux Test Facility
(FFTF). The irradiation was conducted from HNovember 18, 1987, to January 8, 1989, far a total exposure of 3354 EFPD.
The maximum fluence was 12.7 x 1022 nlem’, 956 x 1072 above 0.1 MeV¥ producing 39.1 dra in iron. Neutron energy
spectra were adjusted at three positions and gradients were measured at nine other locations.

MATERIALS ENGINEERING AND DESIGN REQUIREMENTS
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RADIATION EFFECTS: MECHAWISTIC STUDIES, THECRY, AND MODELING & v v v & & & s s o 0 o 0 5 s 5 s s s ¢ ¢ ¢ s s s s s

MOLECULAR DYNAMICS OF COLLISION CASCADES WITH COMPOSITE PAIR/MANY-BODY POTENTIALS (University ot California.
LOS ANGEIES) 4 v et v v vk m e e e e e e e e e e e e e e e e e e

An empirical, composite fnteratomic potential i s developed to describe interaction of energetic particles by pair
potentials at high energies and many-body potentials at 1ew energies. Molecular-dynamics studies of low-energy col-
lision cascades are performed. The displacement threshold surface in copper is investigated and compared to experi-
mental data. Our computer simulations show good agreement with the experimental results of King and Benedek at 10 K.

INFLUENCE Of QOLD WORK AND PHOSPHORUS CONTENT ON NEUTRONHNDUCED SMELLING OF Fs-Cr-Ni ALLOYS (Pacific Morthwest
Laboratory) v v v o v v v w w m e w w w m e aw w w e w w n e w w n m o aw wnn o ww wan e ww e

Phosphorus additions can either Increase or decrease void swelling of Fe-Cr-#i alloys, depending on irradiation tem-

perature, phosphorus level and cold work level. The role of cold work i s not always to suppress swelling in Fe-Cr-Ni-p
alloys. however, particularly at relatively higher irradiation temperatures, where cold working often increases swelling

substantially.

HELTUM MEASUREMENTS FOR THE MFE-4 SPECTRAL TAILORING EXPERIMENT (Pacific Northwest Laboratory and Rockwell
International) « v & 4 & 4 s w n w e e e e e e e e e e e e e w o w e w e w m e e w e w o r e

Measurements of helium concentration have been made on Fe-15.1Cr-34.5N1 specimens irradiated at 330. 400, sgo, and

60C°C after irradiation in ORR to displacement levels ranging from 12.6 to 13.8 dpa. The measurements compare well to
Previously calculated Values. being 4 to 8% lower. Minor differences in helium content were also observed between
specimens from capsules that were assumed to have possessed identical spectral environments.

THE. INFLUENCE OF HELIUM ON MECHANICAL PROPERTIES CF MCDEL AUSTENITIC ALLOYS, DETERMINED USING 59Ni ISOTOPIC TAILORING ANg
FAST REACTOR |RRADIATION (Pacific Northwest Laboratory and Rockwell INternational) « « « « v o v o « « + « o # o # « + «

Tensile testing and microscopy Continue on specimens removed fam the first. second, and third discharges of the 59y

isotopic goping experiment. The results t¢ date indlcate that helium/dpa ratios typical of fusion reactors (4 to 1g

appm/dpa) do not lead to significant changes in the Kield strength of model Fe-Cr-Ni alloys. Measurements of helium
generated in undoped specimens from the second and third discharges show that the helium/dpa ratio increaser during

irradiation in FFTF due to the production of 59N1. I specimens doped with 59Ni prior to irradiation, the helium/dpa

ratie can increase, decrease °F remain the same during.the second irradiation interval. This behavior occurs because
the Cross sections for the production and burnout of 2“Ni are very sensitive to core location and the nature of

neighboring conponents.

CORRELATION OF MECHANICAL PROPERTY CHANGES IN NEUTRON IRRADIATED PRESSURE VESSEL STEELS ON THE BASIS OF SPECTRAL
EFFECTS (Pacific Northwest Laboratory) .+« o v v v v v s s 0 0 s s 8 & & 2 s 8 8 & & & s s ¢ & & s s s & & 2+ s = s & = »

Comparisons are made of tensile data on specimens of 42128 and A302B pressure vessel steels irradiated at Tod
temperatures (40-90°C) and to Tow doses (<0.1 doa) with 14 M D-T fusion neutrons in the Rotating Target Neutron
source (RTHS-11), with fission reactor neutrons in the mega West Reactor (CR) and the Osk Ridge Research Reactor

ORR), and with the highly thermal spectrum at the pressure vessel surveillance positions of the High Flux Isotope
eactor (HFIR). For each neutron spectrum, damage cross sections are determined for several defect production

functions derived from atomistic computer simulations of collision cascades. Displacements per atom (dpa) and
the numbers of freely migrating defects are tested a5 damage correlation parameters for the tensile data. The data
from RTNS-11, OWR and ORR correlate fairly well when compared on the basis of &2, but the data from HFIR show that

only about one-sixth as many dpa are needed to produce the same radiation-induced yield stress changes as in the
other neutron spectra. In the HFIR surveillance position a Significant fraction of the displacments is produced by

recoils resulting from thermal neutron Captures. Having energies of about 400 e¥, these recoils are much more

efficient per unit energy at producing freely migrating defects than the hiqh enertlzy recoils responsible for most
of the displacements in the other neutron spectra considered, A significantly better correlation of data from HFIR

with those from the other spectra is achieved when the property changes are compared on the basis of the production
of freely migrating self-interstitial defects. This parameter may better represent the defects participating in the

radiation strengthening process in this temperature and fluence regime.

LW EXPOSURE SPECTRAL EFFECTS EXPERIMENT; [RRADIATIONS AT 473 K IN OMEGA WEST REACTOR (Pacific Northwest Laboratory)

Tensile tests have been performed on specimens fom the last ret of West Reactor {OWR) irradiations
performed as part of the Low Exposure Spectral Effects Experiment (LESEX). Tensile data are reported.

41

50

58

61

69

17



5.7

58

6.1.3

NEW INSIGHTS ON THE MEWNISMS CONTROLLING THE NICKEL DEPENDENCE (F SWELLING I N IRRADIATED Fe-Cr-Ni ALLOYS (Washimten
State University and Pacific Northwest Laboratory) « « « « o o o = & s o s & s s s s » s 2 s 2 s % s = s s s s s s » s » 81

In a previous report the interstitial and vacancy biases for an edge dislocation in a binary alloy were examined,
assuming the existence of an equilibrium Cottrell atmosphere around the 11ne defect. The Lareh® and Cahn treatment of
stress relaxation due to a solute atmsphsre was empioyed with the Wolfer and Ashkin formulation for the bias 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 was shown to offer a plausible explanation for the minimum in
welling observed at intermediate nickel levels and the gradual increase in s#811ing at higher nickel levels. |n this
report, a mere realistic description of the conposition dependence of vacancy diffusion has also been included, an
addition Which improves the model substantially.

THE INFLUENCE OF NICKEL CONTENT ON MICROSTRUCTURES OF Fe-Cr-Ni AUSTENITIC ALLOYS IRRMIATED WITH NICKEL IONS
(Kyushu University and Pacific Northwest Laboratory) « s s « & o o s = « s 2 s s s 2 2 s s = 2 2 s s = 2 2 s s = 2 » = » 87

lon-irradiated Fe-15Cr-XNi (X = 20, 35, 45. 60, 75) ternary alloys and a 15Cr-85N1 binary alloy were examined after
bombardment at 675°C and compared to earlier observations made on these same alloys after irradiation in ESR-II at 510
or 538°C. The response of the ion-irradiated microstructures to nickel content appears to be very consistent with that
of neutron irradiation even though there are four orders of magnitude difference in displacement rate and over 206°C

difference in temperature. |t appears that the transition to higher rates of swelling during both types of irradiation
is related to the eperatior of SOme mechanism that is net directly associated With void nucleation.

DEVELOPMENT OF STRUCTURAL ALLOYS & & & = = = & o = & # # = s s s = % % ® ®s s s s = = = ®» ®» s s s s = = » *» s s s s s % & 95

Eerritic Stajnlesg Steels o v o s & & 5 & # & = % = ® & 2 o® o ®oE o= o® o= 2 oE = o® = o® % oEoE o®oE "o owomoEoEowowowowowowoww 95

IMPACT BEHAVIOR OF SCr-1MoVNb AND 12Cr-1Me¥W STEELS IRRADIATED | N HFIR (Oak Ridge National Laboratory) e e e e e e 97

Charpy impact specimens of SCr-1Mo¥Mb and 12Cr-1MovW steels and these steels with 2% Ni {($¢r-1MoYNb-2N1 and 12Cr-
1MoVW-2N1) were irradiated in the High Flux Isotope Reactor (HFIR) at 300°¢C up to 34 dpa and at 400°¢ to 42 dpa,
Nickel was added to the standard conposition to study the effect of transmutation helium formed by reaction of *®N{ with
thermal neutrons in the mixed-spectrum of HFIR. Helium levels approaching 400 appm were achieved in the steels containing
26 M. Irradiation caused large increases in the DBTT of all four stesls, A saturation inthe shift in pBTT with
increasing fluence that was observed in fast reactor irradiations does not apply to specimens irradiated in HFIR.
Shifts in DBTT of over 300°C were observed at 400°C for 9Cr-1MoVNb-2Ni and 12Cr-1MoVW-2Ni; shifts of over 200°C were
observed for the standard steels. For all steels, the increase was greater at 40¢°C than at 300°C. The shifts
are the largest ever recorded for this type of steel and are attributed to the higher helium concentrations.

THE DEVELOPMENT OF FERRITIC STEELS FOR FAST INDUCED-RADIOACTIVITY DECAY (Oak Ridge National Laboratory) « « o o o & w o & 106

Irradiation of ferritic steels with neutrons at temperatures up to ~450°C causes a loss of toughness. This can be
measured in a Charpy impact test. where an increase in the ductile-brittle transition temperature (DBTT) and a decrease
in the upper-shelf energy is observed after irradiation. ®educed-activatien Cr-W steals with enromium concentrations
varying from 2.25 to 12% were irradiated at 365°C to ~7 dpa in the Fast Flux Test Facility. Steels With Z,25% Cr and
9 combination of 2%W and 0.25% V were less severely affected by irradiation than steels with vanadium and no tungsten.
tungsten and NO vanadium, Or with 194 and 0.25% V. Twe steels with 9% Cr showed the most resistance to a loss of
toughness. A P Cr steel with 20%W and 0.25% V showed an increase in DBTT of €g°¢. This same composition with an
addition of 0.07% Ta developed an increase in DBTT of only 4*C. These values compare to increaser of over 100°¢
for the rest of the Steels.

COMPARISON OF THE EFFECTS OF LONG-TERM THERMAL AGING AND HFIR IRRADIATION ON THE MICROSTRUCTURAL EVOLUTION OF
SCr-1Mo¥ib STEEL (Oak Ridge National Laboratory) « a s a « & o « # s o s 2 s 2 s 2 s 2 s 2 s = s % s = s = s s s = » s = 113

Both thermal aging at 482-704*C for uP to 25.000 h and HFIR irradiation at 3¢0-600*C for up to 39 dpa produce substan- =
tial changes in the as-tempered microstructure of $tr-1Mo¥Kp martensiticiferritic steel. However, the changes in the
distocation/subgrain boundary and the precipitate Structures caused by thermal aging or neutron irradiation are quite
different in nature. During thermal aging, the as-tempered lathlsubgrain boundary and carbide precipitate structures
remain stable below 650°C, but coarsen and recover somewhat at 650-704°C. The formation of abundant intergranular
Laves phase, intra-lath dislocation networks, and fine dispersions of VC needles are thermal aging effects that are
superimposed upon the as-tempered microstructure at 482-593°¢. HFIR irradiation produces dense dispersions of very small
"black-dot" dislocation loops at 300°C and produces helium bubbles and voids at 400°C, At 300-500°C, there is considerable
recovery of the as-tempsred tath/subgrain boundary structure and the mierestructural/microcompositional instability of the
as-tempered carbide precipitates during irradiation. By contrast, the as-tempered mi¢crostructure remains essentially
unchanged during irradiation at 800°C. Comparison of thermally aged with irradiated material suggests that the instapii-
ities of the as-tempered lathisubgrain boundary and precipitate structures at lower irradiation temperatures are
radiation-induced effects, whereas the absence of both Laves phase and fine VC needles during irradiation is a radiation-
retarded thermal effect.
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MICROSTRUCTURE AND PROPERTIES OF WHDED W ¥, AND Ta MODIFIED FERRITIC STEELS WITH FAST INDUCED-RADIOACTIVITY DECAY

(Auburn University) 133

Sheet specimens of W, V. Ta modified low activation ferritic steels were welded using the gas tungsten arc welding
(GTAW) process. Autegenous bead-on-plate welds were produced on samples of 2¥Crv, 2¥Cr-1WY, 2XCr-2W, 2YCr-2Wv, SCr-2wy,
oCr-2w¥, 9Cr-2WvTa, and 12Cr-2W¥. Sound autogenous welds were obtained in all low activation 2% Cr bainitic steels and
the 5%Cr martensitic steel. Bendtests of the welds yielded insufficient toughness at the fusion zone in the 1ow
activation 9 and 12% Cr martensitic steels. A port-weld heat treatment i s recommended for the 9 and 12%Cr low activa-
tion steels to restore toughness.

Austenitic Stainless StEeIS v w &+ x w8 o w w s x o w o m o= w w8 s wow s s wowom o wwom o w wom o wwm e w s 143

IRRADIATION EFFECTS OF GRAIN BOUNDARY CHEMISTRY OF MANGAMESE STABILIZED MARTENSITIC STEELS (Muroran Institute of
Technology and Pacific Northwest Laboratory) v v v w v o 4 v & 4 s & 0 s & % = & 5 = & # s & s s = s = » s » » = » » = » 145

The effect of nmeutron irradiation (10 dpa at 638 K, FFTF/MOTA) on solute Segregation to the grain boundaries in
reduced-activation 9Cr-1W-2Mn and 12Cr-1W-8Mn martensitic steels was investigated using Auger electron spectroscopy (AES).
The AES spectrum obtained from the grain boundaries in both martensitic steels was influenced by neutron irradiation.
Neutron irradiation caused marked increases in the amount of intergranular segregation of Si in 8tr and Mn in 12¢r steel,
respectively. while m significant increase in S and/or P Segregations were found in either steel. Large shifts in D8TT
to high tenperatwe caused by neutron irradlation observed in these two martensitic steels are interpreted in terms of
site canpetition between C and Si resulting frem irradiation-inducedlenhanced Segregation of Si in gcr steel and
weakening of grain boundary strength by irradiation-inducedlenhanced segregation of Mnh in 12Cr steels, respectively.

SWELLING BEHAVIOR OF AUSTENITIC STAINLESS STEELS IRRADIATED AT 400°C |N ORR MFE-7J CAPSULE BY SPECTRALLY TAILCRED NEUTRONS
(Japan Atemic Energy Research Establishment and Oak Ridge National Laboratory) .« « v v v v 0 0 v 0 s s s s 0 0 0 2 5 2 » 152

Several Japanese austenitic stainless steels. including specimens taken from the electron beam (EB) welds. have been
irradiated in the Ok Ridge Research Reactor {ORR} in Special spectrally tailored experiments. The first batch of specimens
have been retrieved at the damage level of 7.4 dpa and helium level of 102 appm in a type 316 stainless steel, and 130 appm
He in JPCA with 16wt % Ni. This irradiation produced significant alloy-to-alloy differences in Swelling at 400¢¢., One
low-carbon steel and an experimental ternary alloy have shown higher values of swelling. Irradiation in HFIR of the sane
set of alloys caused very high levels of void swelling only at 500*C and above. Metallurgical efforts to suppress such
swelling {1.e., cold werking and/or increased carbon level) were effective at this tenperature range. The present results
suggest that appropriate care also needs to be taken for the fusion application of this kind of alloy at lower temperatures
like 400°C. Welds in this experiment Showed no measurable degradation in swelling resistance compared to their base metals.

DETERMINATION OF CREEP-SWELLING COUPLING COEFFICIENTS FOR [RRADIATED STAINLESS STEELS (University of California-
Berkeley, Pacific Northwest Laboratory, and Westinghouse Hanford Conpany) « « v v & & & o % s & s s s s s s s s = « « « » 160

Irradiation creep data at ~400°C Were analyzed for two Z0% Cold-worked titanium-modified type 316 stainless steels.
Ore of these Steels was the fusion Prime candidate alloy designated PCA. The analysis was based an the assumotion that
the By * DS creep model applies to these steels at this tenperature. This assumptien was found to be valid. A creep-
Swelling coupling coefficient of D = 0.6 x 10- MPa=! was found for both steels, Which s in excellent agreement with
the results of earlier studies conducted using annealed AISI 304L and also 10% and 20% cold-worked AIS1 316 stainless
steels. There appears to be some enhancement of swelling by stress. leading to an apparent but misleading nonlinearity
of creep with respect to stress. The dependence of the creep-swelling coupling coefficient an irradiation tenperatwe
for temperatures greater than 400°C has not yet been established.

Refractory Metal Alloys 167

FFTFIWOTA IRRADIATION OF REFRACTORY ALLOYS UNDER CONSIDERATION AS PLASMA FACING COMPONENTS (Pacific Northwest
Laboratory) 169

A refractory alloy irradiation series involving four discharges of the Materials open Test Assembly (MoTA-1B through
HOTA-1E) has been canpleted. This experiment contains pure Mo, Mo-4iRe, TIM, and Nb-1Zr. Irradiation temperatures in
this experiment ranged frem 404 to 730°C with neutron exposures yielding 8.7 to 110.8 dpa. Measurement of density changes
and disk bend testing are planned to begin shortly.



6.3.2 SWELLING DEPENDENCE OF NEUTRON-IRRADIATED VANADIW ALLOYS ON TEMPERATURE NEUTRON FLUENCE. AND THERMOWECHANICAL
TREATMENT (Argonne Natlonal Laboratory and Tohoku University} .o v v v v v v v s 0 s 0 s 0 s 0 s 0 s 0 s 0 s 0 s 0 8 08 #

Swelling of vanadium alloys wes determined after Irradlation at 420 and 600°C to neutron fluences ranging from
03 x 1027 neutrons/m? (17 @a) to 1.9 x 1027 newtrons/m® (114 dpa). Binary and ternary vanadium alloys With Cr.
Ti, Mo, W, Kt, Fe, Zr, and Si additions were irradlated in either the fully annealed, partially annealed. or 10%
cold-worked condition. Upon irradiatien at 600°C, the swelling of vanadium to which Cr had been added was greatly
exacerbated. Whereas the swelling of vanadlum to which Ti. Mo, W and NI (3-20%} had been added was rot signlficantly
affected.  Swelling of V-Cr alloys upon Irradiatlon at 800°C was substantially reduced (<0.1% per dpa} by the addition
of Ti (1-15%). Upon Irradiation at 420°C, the swetling of the vanadium alloys was <0.2% per dpa. Partial annealing
or 10%cold-working had no significant effect on swelling of the alloys.

6.4 Copper Alloys

6.4.1 MECHANICAL PROPERTY CHAMGES AND MICROSTRUCTURES OF DISPERSION-STRENGTHENED COPPER ALLOYS AFTER KEUTRCN IRRADIATION
AT 411, 414, AND 529*C (University of I11ipois and Pacific Northwest Laboratory) « o @ s o & s o o s s 0 0 s s 5 s s » &

Dispersion strengthened copper alloys have shown promise for certain hlgh heat flux applications in both near term
and long term fusion devices. Thls study examines mechanical properties changes and microstructural evolution in several
oxide dispersion strengthened alloys which were subjected to high levels of 1rradiation-induced displacement damage.
Irradlations were carried out in FFTF to 34 and 50 dpa at 411-414°C and 32 dpa at 529°C. The alloys Include several oxide
dispersion-strengthened alloys based on the Cu-Al system, as well as ones based On the Cu-Cr and Cu-Hf systems, Of
this greup, certain of the Cu-Al alloys. those produced by an Internal oxidation technique to contain alumina weight
fractions of 0.15 to 0.25% cutperformed the other alloys in all respects. These alloys, designated CuA115, CuAl20,
and Cu4125, were found to be resistant to void swelling up to 50 dpa at 414°C, and to retaln their superior mechanical
and physical properties after extended irradiation. The major factor which controls the stability during irradiation
was found to be the dispersoid volume fractlon and distribution. The other alloys examined were less resistant to

radiation-induced properties changes for a variety of reasons. Some of these Include disperseid redistribution by batlistic
resolution. effects of retained dissolved oxygen. and horunhiformity of dispersion distribution. The effect of laser welding

was also examined. Thls joining technigue was found to be unacceptable since it destroys the dispersoid distribution and
thereby the resistance of the alloys to radfation~-induced damage.

6.42 BRAZING OF COPPER-ALWINA ALLOYS (Auburn University) « « o o o o o o o » & s s s s s s s s s s s = » » * « & ¢ ¢ ¢ @ % &

An fnduction braze has been developed to join copper-alumina alloys. Thls brazing technique 1s proposed to replace
current furnace brazing methods that have yielded peer results because of silver ingression along the fine graln boundaries
of the copper-alumina alloys. The induction braze (because of the short braze time) severely restricts silver ingression

along the grain boundarles of the alloy. Tensile tests of induction brazed lap joints fail in the base material rather than

the braze Indicating good braze propsrties.
6.43 A BRIEF REYIEW OF CAVITY SWELLING AND HARDERING |N IRRADIATED COPPER AND COPPER ALLOYS (Oak Ridge National Laboratory)

The 11terature on racdiation-induced swelltng and hardening 1n copper and its alloys s reviewed. Vold formation does
rot occur during irradiation of copper unless suitable impurity atoms such as oxygen or helium are present. Void formation
occurs for neutron Irradiation temperatures of 180 to $50°C, with peak swelling occurring at ~320°C for irradiation at a
damage rate of 2 x l0-' apa/s. The port-translent swelling rate has been measured to be ~0.5%/dpa at temperatures near
400°C. Dispersion-strengthened copper has been round to be very resistant to vold swelling due to the high sink denslty
associated with the dispersion-stabilized dislocation Structure. Irradiation of copper at temperaturss below 400°C gen-
erally causes an increase in strength dus to the formation of defect clusters which inhibit dislocation metien. The
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177

179

196

201

radiatton hardening can be adequately described by Seeger's dispersed barrier medel, with a barrier strength for small defect

clusters of a= 02. The radiatlon hardening apparently saturates for fluences greater than ~10** a/n? {~0.1 dpa) during
Irradiation at room tmperature due to a saturation of the defect cluster density. Grain boundarles can modify the
hardening behavlor by blacking the transmissicn of dislocation s11p bands. leading to a radiatlon-modified Hall-Petch
relation between yield Strength and grain size. Radiation-enhanced recrystallizatien can lead to softening of cold-
worked copper alloys at temperatures above 300°C.
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Environmental Effects on Structural ATT1OYS « « « + « ¢ 4 v v v v v v v v v w e e e e e e e e e e

ELECTROCHEMICAL AND MICROSTRUCTURAL CHARACTERIZATION OF AN AUSTENITIC STAINLESS SUEEL IRRADIATED BY HEAVY IONS AT 515°C
(Oak Ridge National Laboratory and Japan Atomic Energy Research INStitute) . . . . . . v v v v v o o v v v mnn e nns

The electrochemical and microstructural behavior of a solution-annealed, heavy-ion-irradiated. austenitic stainless
steel, designated LS1A, have been investigated at 515°C after doses of 1, 10, and 30 displacements per atem (dpa).
Changes in electrochemical properties due to radiation induced segregation in thin radiation-affected layers of the
material were detected by the electrochemical potentiokinetic reactivation (EPR) tethnique using transmission electron
microscopy (TEM) disk specimens. At all doses, the Flade potential and reactivation charge were greater than those
measured for thermally aged control specimens. Flade potentials increased with increasing dpa while the reactivation
charge did not increase beyond 10 dpa. Grain face etching, similar to that found on EPR-tested neutron-irradiated
austenitic stainless steels, was observed on all specimens after testing. Grain boundaries were etched after doses of
10 and 30 dpa. The extent of grain face etching increased with increasing dose. Duplicate heavy-ion-irradiated spect-
mens were also examined by high resolution analytical electron microscopy (AEM). The 1-dpa specimen showed only a high
density of small faulted dislocations (~10 nm), and no grain boundary precipitation was observed nor was any grain
boundary segregation detected. AEM confirmed chromium depletion at grain boundaries as measured by EPR for the 1a-
and 30-dpa specimens. Depletion widths of approximately 10 nm and grain boundary chromium compositions of less than
10% by weight were found. Molybdenum was also depleted near the boundary, whereas nickel, silicon, and iron were enriched
for the 10- and 30-dpa irradiations. Precipitation of G and eta phases and larger dislocation loops {~60 nm) were
observed in the 10- and 30-dpa specimens.

ENVIRONMENTAL EFFECTS ON AQUEOUS STRESS CORROSION OF CANDIDATE AUSTENITIC STEELS F(IR ITER STRUCTURAL APPLICATIONS
(Argonne Natiomal Laboratory) . . . . . . . . . . . L oL, ok h s e e e e s e e

Susceptibility of Types 316 NG, 316, and 304 stainless steel to SCC was investigated at several temperatures
between 50 and 150°C in slow-strain-rate-tests (SSRTs) in oxygenated water that simulates important parameters anticipated
in first-wall/blanket systems. The water chemistry was based on a computer code that yielded the nominal toncentra-
tions of molecular radiolytic species produced in an aqueous environment under conditions likely to be found in the
ITER. To be conservative, however, the SSRTs were performed in a less benign, more oxidizing reference environment.
Predominantly ductile fracture was observed in crevice specimens of Type 316 stainless steel ($5) strained to failure

in a reference ITER water chemistry. The failure behavior of Type 304 SS crevice specimens heat-treated to yield sensitiza-
tion values of 2, 3, or 20 C/cm? by electrochemical potentiokinetic reactivation (EPR} demonstrated that degree of sensitiza-

tion had a dramatic effect on intergranular SCC (IGSCC) susceptibility. Type 304 55 specimens sensitized to the highest
value exhibited shorter failure times, lower maximum stresses, and lower reduction in area values than did less-sensitized
Type- 304 SS or Type 316 NG SS specimens. Scanning electron microscopy showed minimal evidence of SCC in the Type 316

NG and solution-annealed Type 316 SS but clear evidence of IGSCC in moderately sensitized (EPR » 20 C/cm®) Type 304 $5
specimens in these environments. Ranking for resistance to SCC in simulated ITER Mater by electron microscopy and SSRT
parameters (e.g., total elongation, ultimate strength, and reduction in area) is: 304 55 EPR = 20 ¢ 2 C/cm®) < 316 HG S5,

SEGREGATION IN THERMALLY AGED TYPE 304L ALLOYS FOR THE ICG-IASCC ROUND ROBIN (Oak Ridge National Laboratory) . . . . . .

Grain boundary segregation in thermally aged type 304 stainless steels has been investigated by X-ray microanalysis.
In one commercial alloy sensitized at low temperature, narrow (<10 nm) zones depleted of chromium, silicon, and molyb-
denum have been observed along with enrichment of phosphorus and nickel. For high purity alloys doped with either sulfur
or phosphorus, no significant segregation of either impurity was detected. In a second ecommercial alloy Which exhibited
no grain boundary precipitation, segregation of phosphorus, chromium, and molybdenum to boundaries was observed along
with a corresponding depletion of iron. The occurrence of phosphorus segregation |n the two commercial alloys and absence

in the high-purity, phosphorus-doped alloys seems to indicate some synergism of phosphorus Segregation with either chromium

or carbon segregation or with the precipitation of M,4Cg at the grain boundaries.

MEASUREMENT OF RADIATION-INDUCED SEGREGATION IN NEUTRON-IRRADIATED AUSTENITIC STAIKLESS STEELS (Oak Ridge National
Laboratory and Japan Atomic Energy Research Institute) . . . . . ... .. .. .. P

X-ray microanalysis of RIS to grain boundaries and large dislocation loops in neutron-irradiated USPCA has indicated

enrichment of silicon and nickel and depletion of chromium and iron. However, there are numerous artifacts which can lead
to erroneous results and must be recognized and avoided. Some of these effects incfude surface films, preferential etching,

overlapping RIS profiles from different defects, as well as the more obvious hole count and induced radioactivity of

neutron-irradiated material. For irradiated EP838, silicon, nickel, and iron are enriched at boundaries, whereas manganese

replaces chromium as the strongly depleted element. Preliminary measurements of RIS profiles at grain boundaries by
parallel electron energy loss spectroscopy (PEELS) are discussed. The relative advantages and disadvantages of EDS and
PEELS for such measurements are considered.
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6.5.5 RADIATION-INDUCED GRAIN BOUNDARY SEGREGATION AND SENSITIZATION OF A NNTRON-IRRADIATED AUSTENITIC STAINLESS STEEL (Oak
Ridge National Laboratory and Japan Atomic Energy Research Institute) e e e n o n o a o mm s a e 244

Analytical electron microscopy and electrochemical potentiokinetic reactivation {EPR) testing were applied to the
radiation-induced segregation (RIS) and sensitization of a titanium-modified austenitic stainless steel irradiated to
9 dpa at 420°C in the Materials open Test Assembly {MOTA) of the Fast Flux Test Facility {FFTF}. The EPR testing of
both selution annealed (SA) and 25% cold-worked (CW) materials indicated a significant Increase iNn the reactivation
charge {P3). Both optical and scanning electron microscopy of the specimen surface after EPR testing indicated preferen-
tial attack at grain boundaries, indicative of sensitization. |n addition. localized attack of the matrix was observed.
Though precipitates were occasionally present on grain boundaries. they were not chromium-rich Mz3Ce, but nickel- and
silicon-enriched G phase. Faulted 1e0ps, fine ¥* precipitates, and isolated cavities were observed in the matrix.
X-ray microanalysis indicated significant RIS at high-angle boundaries i n both materials. Depletion of chromium
to apparent levels of 10 at. % was observed in the irradiated SA material. The boundaries were enriched in nickel,
silicon. and titanium (up to 28, 6 and 1at. %, respectively) and depleted of iron and melybdenum (as low as
54 and 0.7 at. %, respectively). The width of the Segregation zone was very narrow (<6 nm). Similar grain boundary
RIS was observed in the Cold-worked material. There was also evidence for boundary migration in the cold-worked material
(boundary facetting and asymmetric conposition profiles). Voids and faulted dislocation loops in the SA material also
exhibited similar RIS.

6.5.6 DEVELOPMENT OF CERAWIC COATINGS FOR LIQUID METAL SLANKET APPLICATIONS (National Chung H$img University and Argonne
National Laboratory) « w s & s = o = # = = » = 2 = % = % = % » ® » ® B o® B ®o® ®o® o Eowowomow o= ow omwoEwoamowmwowow o 252

Based on a preliminary survey of more than 15 oxides and nitrides, four materials (€ad, Mgl, Y03, and BN)
were identified as candidates for insulator coating development. Additionally, Cra03, ¥x0, and (V,Ti)xN were included
for study because of their Chemical stability in liquid lithium and their potential as corrosion inhibitors. These
ceramic compounds were fabricated by a variety of techniques and exposed to flowing lithium at 400°C to assess chemi-
cal compatibility. Preparation technologies included hot-press-sintering of M30, Ca0, and Y,0s; diffusion coating of
Cr,04; oxidation of vanadium; and reactive sputtering of BN. Among the three hot-pressed-sintered materials. only
Y,0; displayed acceptable corrosion resistance when exposed to high purity lithium. A ferritic substrate alloy (HT-9.
coated with a I-pa-thick BN layer) was immersed in flowing lithium at 400°C for 1 h, after which 1t$ physical stability
and chemical conpatibility were determined to be unacceptable. Chromized ¥-20T1 and oxidized ¥-20T1 immersed in flowing
lithium at 410°C for 100 h showed greater potential for further develocpment than did the BN insulator coating. Prelim-
inary work has begun in the development of {n-situ-formed insulator coatings. The first step has been to examine the
characteristics of (V,Ti1}4N reaction prohrct layers formed after exposure of V-Ti specimens to flowing lithium.
Work s also in progress to test a self-regenerating Ca0*¥;05-1¥pe insulator coating ONn a vanadium substrate.

7. SOLID BREEDING MATERIALS 261
7.1 LITHIM MASS TRANSPORT IX¥ CERAWIC BREEDER MATERIALS (Argonne National Laboratory) o w v v v o o o v s s s # s s s = s s = 263

The transport of lithium by vaporization of L1OH({g} from lithium ceramics, particularly Liz0(s), poses a constraint
on tha maximum operating temperature of the blanket. Experimental measurements have shown that, depending On tempera-
ture, moisture pressure, and proximity of structural steels. the lithium transport process is cemplex. For conditions
wherein the L1;0(s) is "free standing," the lithium vaporization is controlled by the L1,0/H;0 system thermodynamics that
are already well established. Simpiy stated lithium transport as LIOH(g), increases with increasing temperature and
higher partial pressures @f moisture. In the proximity of stainless steel. there 18 an added Chemical potential
driving force due to formation of Li,Cr0,, LiFed, and LiNiC,. The transport of L10H{g) to the stainless steel is driven
by the concentration gradient of LiOH(g) from that at the Li;0(s) surface and that at the steel surface. This gas-solid
reaction may become important for blanket designs where the structural steel is very close to the Lt30($) ceramic.

72 DESORPTION CHARACTERISTICS OF THE LiA10,-H,0(g) SYSTEM (Argenna national Laboratory) .« « s = w s = o = = 2 = = = = = = = 268

The energetics and kinetics of the evolution of Hz@(g) and Hz(g@) from L1A10; are being studied by the temperature
programed desorption technique. The concentrations of Hy, H;0, Mz, and Oy in & helium stream during a tqerature ramp
are measured simultaneously With a mass spectrometer. The amount of Hy adsorptionldesorption is small compared to the
ameunt of H,0 adsorptionidesorption. After prolonged treatment with helium containing 990 ppom H at 400°C, H:Q evolution
into the He-H, stream was observed during 473 to 1023 K (200 to 750°C) ramps at rates of 2 or 5.6 K/min. The different peak
shapes reflecting this process were deconvoluted to show that they are composttes of only 2 or 3 repreducible processes. The
activation energies and pre-exponential terms were evaluated. The different behavior originates in the differences among
different surface sites for adsorption. The interpretation of higher temperature peaks [above 873 K (850*C)] must sti11
consider the possibility of contributions frem interactions with the steel walls.
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TRITIUM RELEASE FROM LITHIUM CERAMICS (Argonne National Laboratory, CEA/CEN, ENEAICRE, and Karlsruhe) « « v « « & & o & &«

Recent in-pile tritium extraction experiments from lithium ceramics have investigated the effects of tmperature.
material microstructure, purge gas composition, and tritium generation rate on the kinetics of tritium release. The
relationship between the tritium release characteristics and sample microstructure indicates desorption 1s the dominant
mechanism controlling tritium release for the conditions Investigated. Literature results indicate that this desorption

Step may be second Order and the activation energy of desorption nay vary signlficantly with surface coverage. The changes
in inventory with variations in the key parameters mentioned above were investigated to determine the applicability of these
reports to in-pile tritium release. The results suggest tritium release is first order, and that the desorption activation

energy is dependent on the surface coverage.

IN-SITU TRITIUM RECOVERY FROM L1,0 [RRADIATED IN FAST NEUTRON AUX - BEATRIX-II INITIAL RESULTS (Japan Atomic Energy
Research Institute, Pacific Northwest Laboratory, and Chalk River Laboratories) « « v v v v v v v & s s s 0 0 0 s = 5 s

The BEATRIX-II experiment in FFTF is an in-situ tritium recovery experiment to evaluate the tritium release charac-
teristics of Li30 and 1ts stability under fast neutron irradiation to extended burnups. This experiment includes two
specimens: a thin annular ring specimen capable of temperature transients and a larger temperature gradient specimen.
During the first 85 days of the operating cycle of the reactor, the tritium recovery rate of a temperature transient
capsule was examined as a function of temperature, gas flow rate, gas composition and burnup. Temperature changes in
the range from 500 to 650°C resulted in decreasing tritium inventory with increasing temperature. Lower gas flow rates
resulted in slightly lower tritium release rates while gas compesition changes affected the tritium release rate signif-
icantly, mere than either flow rate or temperature changes. Three different sweep gases were used: He-0.1% H,,
He-0.01% H,, and pure He. Decreasing the aumunt of hydrogen in the sweep gas decreased the steady-state release rate
by as much as a factor of two.

CERAMICS & & 4 & o 4 & & & 2 & s & & 2 & 2 & s & s & & s % s & # 2 & s = s @ ®# 2 = s = % @ & #» &« s @ % * &8 s @« s @ € @ &

1EA WORKSHOP ON IN-SITU MEASUREMENT CF ELECTRICAL PROPERTIES OF IRRADIATED CERAMICS (LOS Alames National
Laboratory) w v v v v v v n w n e e e e e mw e w e e e w e w e e e e wn o m e e e

This International Energy Agency workshop was held in Los Alames, NM June 27-29, 1990, |In attendance were

14 participants representing fusion ceramics programs in Spain, the Y.K., Japan and the U.S. The workshop was divided
into four Sessions: Background, Current In-Situ Work. Plans and Goals for Future work, and Recommenations. Informal
discussion sessions on various subjects were also included in tho workshop. Studies of in-situ electrical properties
have accelerated since the last gathering of this group, with recent findings demonstrating that dielectric breakmwn
as ‘w@” as enhanced conductivity can be induced by concurrent irradiation. Eased on present knowledge, recommendations
were made to designers of NET and ITER on materials selection and anticipated Performance, as well as on design-related
considerations.

IN-SITU MEASUREVENT CF RADIATICON INDUCED CONDUCTIVITY IN CERAMICS {Les Alames National Laboratory) .« v v v v v s s s » »

This report describes our experimental plan and schedule for measuring the radiation induced Conductivity (RIC)
in ceramics while being irradiated with 3 M protons. Inthe initial experiments, dielectric constant and loss will
be measured in pure and in Ti-doped sapphire. The measurements will be made at room temperature, at frequencies
between 100 Hz and 10 MHz, with and without an applied DC bias, and as a function of radiation flux and fluence.

The lon Beam Materials Laboratory (IBML) ion source at Los Alamos will be used with beam currents up to 1 micro-ampere.
Ye expect initial results to be available for the next semi-annual Progress Report.

MILLIMETER-WAVE TESTING OF ISOTOPICALLY ENRICHED ALUMINA (Los Alamos National Laboratory and Oak Ridge
National Laboratory) v v v w v v v & 4 0 0w m w n nwon e r e e e e e s awn e e e

In a Special fusion-neutron Irradiation simulation experiment, 170 has been substituted for **0 in 99.5% alumina
to be neutron-irradiated in the High Flux Isotope Reactor (HFIR) at Osk Ridge for raising the potentially deleterious
helium gas yield to levels closer to those expected frem the neutrons of deuterium-tritium (D-T) fusion reactions.
Earlier. we reported values of complex dielectric constant k* measured at Los Alamos at millimeter-wave (MMW)
frequencies for conventional (unenriched) 99.9% alumina test specimens, There specimens were made under the same
conditions applying to the present report of k* measured for **0-enriched specimens based on the same alumina System.
The present alumina has lower dielectric iosses than that reported in the earlier work. Furtherumre. we corroborate
the earlier finding that k* is a sensitive nondestructive measure of the quality of alumina being considered for
rf-windew use == and the overall quality of high-purity ceramics in general.
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WORKSHOP ON CERAMIC MATRIX COMPOSITE MATERIALS FCR STRWTURAL APPLICATIONS | N FUSION REACTORS (Pacific Herthwest
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The workshop to assess the potential application of ceramic matrix composites (CMCs) for structural applications
in fusion reactors was held on May 21-22, 1958, at University of California, Santa Barbara. "articipants included
individuals familiar with materials and design requirements in fusion reactors, ceramic comesite processing and
properties and radiation effects.

Clear advantages for the use of CMCs (i.#., SiC/SIC) are high-temperature operation. which would allow a high-
efficiency Rankine ¢ycle, and low activation. Limitations to their use are material Costs. fabrication complexity
and costs, lack of familiarity with these materials in design. and the lack of data on radiation stability at relevant
temperatures and fluences. Fusion-relevant feasibillty issues were identified.

DEVELOPMENT OF THIN-SECTION PUSH-OUT TECHNIQUE FOR USE N MEASURING RADBATION-INDUCED MODIFICATION OF
CMPOSITE INTERFACES (Rensrelaer Polytechnic Institute and Oak Ridge National Laboratory) « « « « s s « « s 2 s s s 2 2 = = 308

A technique for measuring the interfacial properties for extremely thin compnsite sections is presented. The data
shown is for a single composite section of 22 Ym thickness. By employing a Nanoindenter microhardness tester. composite
fibers were individually loaded and the debond and frictional Sliding Strength measured. 1t is shown that such a technique
can discriminate between the debond and frictional components of the interfacial band. The technique presented is a
substantial improvement over previous techniques in both thickness of composite section. fiber loading accuracy, and
percentage of fiber failures. Though the data presented i s only for a single section. the results are typical of other
sections tested. A statistical analysis of the data suggests that a Weibull treatment is more appropriate to interfacial
data than the commonly used normal distribution.

MEASUREMENT CF DIELECTRIC PROPERTIES |N ALUMINA UNDER IONIZING AND DISPLACIVE IRRADIATION CONDITIONS (Oak Ridge
National Laboratory) w o w s & & & & = % & = 2 % & = % 8 = » ® o® o# o o® B o®oE o ® o= ow oE o ® o owow o= owow s owwowonww oo 317

Several experiments have been compieted in Which the dielectric properties of alumina have been measured in the
presence of ionizing and displacive irradiation. Spent fuel elements from the High Flux Isotope Reactor (HFIR) at the
Oak Ridge National Laboratory were Used to provide an intense source of jonizing irradiation for seme of the measure-
ments. The TRIGA reactor at the University of I11inois was used to provide an irradiation field that produced
both ionization and atomic displacements. The results of these in situ measurements indicate that the dielectric
properties of alumina are more severely degraded by displacive irradiation than was indicated by earlier. post-
irradiation measursments,

DISLOCATION L3P FORMATION I N ION-IRRADIATED POLYCRYSTALLINE SPINEL AND ALMINA (Oak Ridge National Laboratory) . . « « & 323

The microstructure of magnesium aluminate spinel (MgA1,0,) and alumina (A1;04) has been examined with transmission
electron microscopy following ion irradiation to damage levels of 0.1 to 5§ ke¥/atem (L1to 50 dpa) at roem temperature and
B50°C. The ion irradiatlon produced interstitial dislocation loops of types a!4<110>{110} and al4<11_[_)>{111} in spinel along
with a very low density of a!ﬁ(lll){lll} loops. Dislocation loops of types a/3[0001](0001) and al3<1100)[1100} were ten-
tatively identified in alumina. The loop size increased and the density decreased gradually with increasing ftiuence in
spinel irradiated at 650°C, with the net result that the concentration of interstitials contained in the loops remained
nearly Constant at ~0.1 at. %. Defect-free regions were observed adjacent to grain boundaries and the irradiated surface
in spinel irradiated at 650°C. The denuded zone width was very small for spinel Irradiated at 25°¢ and A1,04 irradiated
at 650°C. For a given irradiation tenperature, tho loops in spinel were larger and of much lower density than the loops
in Al1;0,.

TECHNIQUE FOR PREPARING CROSS-SECTION TRAKSMISSION ELECTRON MICROSCOPE SPECIMENS FRCU ION-IRRADIATED CERAKICS (Oak

Ridge National Laboratory) « « « o = & & & we o = o o ¢ &+ = TR 334

The general techniques necessary t0 Produce® muiyn-yuu: wmmsm==m=s=======GEramic specimen for transmission electron
microscope observation are outlined. A particularly inportant peint is that the width of the glued region between faces
of the ceramic specimen must be <0.2 um to prevent loss of the near-surface region during ion milling. A recently
developed vise for gluing ceramic Cross-section specimens is described, and some examples of the effect of glue thickness
on specimen quality are shown.





