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Materials Handbook for Fusion Energy Systems (Mcnonnell Douglas Astronautics Company
and Westinghouse Hanford Company) « « « = & = s = & = 2 = s = = = = = = s = s = s = s = % = &#

During the past year the handhook effort has been directed towards developing data
sheets. For this year the effort has been to incorporate those data sheets into the
handbook. Substantial progress has been made towards the achievement of this goal with
the publication of more than 3 new data pages covering the properties of bulk
graphites, liquid lithium, and ceramic lithiwm compounds.

Low Activation Approaches to Materials Development
(Westinghouse Hanford Company) « & = & = s = s s = s s s = s s 2 s = s s % s % s % s » s s &#

An effort has been initiated to develop low-activation alloys for fusion reactor
service. Several major compositional regimes have been identified for development. The
approach employed has been to develop low activation alloys wia routes which may miti-
gate previously identified material problems.

M Assessment of Martensitic Stainless Steels for Low Activation Status
(GA TechnoloQgiesS) = s = & = = = = = = 2 = 2 = 2 = % = % = = = = = = = = 2 = 2 = 2 = = = % = &»

A design equation gives allowable amounts of impurities in mrtensitic steels with
12% Cr, to permit trade-off of strengthening agents when some additions produce unacceptable
levels of impurities.

MATRICES AND METHODS DEVELOPMENT '« & & & & & & & % = = o s = & » s = 2 s = % s s % = s » x &

Neutron Source Characterization for Materials Experiments
(Argonne National Laboratory] « « &« & o & & & & & & = & = 2 = = % = %3 = = =+ = 3 o ow o#ow o oa

Neutron fluxes and energy spectra agree quite well for HFIR irradiations CTR-31,
-32, -34, and -35. Reaction mtes In ¢TR-32 were corrected by improved burnup
calculations. Helium production is being revised slightly because of new 3% cross
sections. Dosimetry for several irradiation experiments is summarized.

Neutronics Calculations in Support of ORR-MFE-4 Spectral Tailoring Experiments
(Oak Ridge National Laboratory) « « o « & = o = = = = s = 2 = = = = s = = = = s = = s = s = &

New scaling factors have Zzen obtained to force agreement between the experimen-
tally measured and calculated fluencea, As of March 31, 1.983, these factors yield
89.6 at. ppm He ¢not including 20 at. ppm #e from 1°3) and 6.18 dpa for type 316
stainless steel in ORR-MFE-44 and 57.7 at. ppm H and 4.48 dpa in ORR-MFE-4B,

Operation of the ORR Spectral Tailoring Experiments ORR-MFE-4A and ORR-MFE-4B
(Oak Ridge National Laboratory) « « o « = « & & a4 3 w o o o s s s s s s s s s = = = = = = =

The specimens contained in the ORR-MFE-44 experiment have been in reactor for an
equivalent OF 529.3 d at 30 MV reactor pewer, with temperatures of 400 and 330°¢. The
ORR-MFE-4B experiment, with specimen temperatures of 500 and #0¢°C, has operated for an
equivalent of 424 d at 30 M/ reactor power. |t was removed from the reactor October 21,
1982, for specimen inspection and tranafer to a nNew capsule.

Irradiation of Miniature Charpy Specimen of 12 Cr-1 MoWVM:  Experiment HFIR-CTR-46
(Oak Ridge National Laboratory] « « « a « & = o = = = = s = 2 s = = = = s = = = = = = s = s =

The HFIR-CTR-46 experiment contains miniature Charpy V-notch specimens of the
national fusion heat of 12 ¢r-1 MW steel. Irradiation at 300°¢ and ¢2g°¢ will achieve
a midplane damage level of 10 dpa.

High Fluence Irradiation of Ferritic Steel Charpy Specimens: Experiments HFIR-CTR-47 and -48
(Oak Ridge National Laboratory) « « = o & o & =« s = s s 2 s s s s s s s s s % s % s s s s &% =

The HFIR-CTR-47 and -48 experiments are companions of the earlier experiments
HFIR-CTR-34 and -35 to achieve displacement damage levels up to 40 dpa in 9 Cr-1 MoVN&
and 12 Cr-1 MMV steels. Irradiation temperatures are 300 and 420°¢. Nickel-doped
alloys are included to assess tke influence of #eliwm on post-irradiation impact
behavior.
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PATH A ALLOY DEVELOPMENT — AUSTENITIC STAINLESS STEELS . . + « & & & &+ & & = & & &

3.1 Swelling and Microstructural Development of Path A PCA and Type 316 Stainless Steel
Irradiated in HFIR (Oak Ridge National Laboratory) . « « &« & & &« & & & & = = = &« =

Evaluation of swelling of PCA wariants and 20%-cold-worked (N-1ot) type 316
stainless steel (cw 3is) irradiated at 320—600°C was extended to -22 dpa. Voids con-
tinued to develop with increased fluence in PcA-41, -BI1, and oW 318. Void swelling
saturated in PCA-BZ at -10 dpa at #g0°¢ and did not develop in PCA-A3 up to 22 dpa. A4
stnhle structure of fine titanium-rich M~ developed during irradiation of PC4-43, while
pregxisting # precipitate iz Zo4-#2 redistributes durirg irradiation.

3.2 Grain Boundary Microstructural Development and Stability for Various Pretreatments
of Path A Prime Candidate Alloy Irradiated in HFIR
(Oak Ridge National Laboratory) « « « o = o = o s = s = s« s s s s = s s » = = = s =

Irradiation t 22 dpa in HFIR at 502 and 857°C produced resolpable grain boundary

bubbles in Path A PCA and oW 316. PCA-Al had the coarsest bubble structure at som°c and

'io M precipitate. Medium to coarse distributions of #” developed at the boundaries by
heat treatment of Frd~51 and -32 were stable wunder irradiation; wery fine bubbles
clustered about these partieles at 800°C. The PCA also resisted sigma formatiown, nom-
pared with cw 316 (22 heat;)or SA 316 and 316 + Ti (RI heat) irradiated in HFIR.

3.3 The Tensile Properties of Unirradiated Path A Prime Candidate Alloy
(Oak Ridge National Laboratory) « « v & v & & 4 & &+ & = & & 2 & = & = 2 = = = = = = » &« =

The tensile properties of Path A PCA in the 41, A3, and 52 conditions have been
determined at temperatures from room temperature to 700°¢C. The 25%-cold-worked alloy,

PCA-A3, showed strength waiues similar to those of the reference heat of 20%-cold-worked

316 stainless steel but exhibited a lower duztility in the 200-300°C range.

3.4 Effect of the Microstructure on Tensile Properties of Type 31K Stainless Steel
(Oak Ridge National Laboratory) « « & & & v & & & & % & & & = 5 s s = = 5 s s s = = = » &

A series of tensile specimens that had been given different thermal and mechanical

processing treatments was irradiated in the orRR at 250, 290, 452, aid 502°C 10 a neutron

Ffluence oF about 6.8 x 1025 newtrons/m2 (»0.1 MeV;)(-5dpa and 40 at. ppm Hel, The ten-

sile properties of irradiated and unirradiated steel with 20, 30, and 50% cold work were

determined a2¢ the irradiation temperatures.

35 Tensile Properties and Swelling of 20%-Cold-Worked Type 31h Stainless Steel
Irradiated in HFIR (Oak Ridge National Laboratory) . « « « &« & & & = 2 = = = s = 2 &

Immersion density and elevated-temperature tensile properties were determined on
2% -cold-worked type 316 stainless steel irradiated in the EFIR to fluences of
1.8 to 3.7 x 18%% wewrrons/m? (>0.7 MeV/, which resulted in 75 to 32 dpz and
1250 to 2000 at. ppm He. These data were combined with the data obtained in two
previcus experiments, one to simiiar fluences and one to higher fluences (up to
8.3 x 10%° neutrons/m?},

3.6 Fracture Strain of 20%-Cold-Worked Type 316 Stainless Steel Under Irradiation in EBR-I]
(Oak Ridge National Laboratory) .« « o o & v & & & & & & 2 & = & = 2 = 2 = = = = = = = = »

Swelling-driven fracture strain saﬂecimens of 20%-cold-worked 316 stainless Steel
were irradiated to a fiuence of 5 x 102% newtrons/m? (>0.1 MeV) in ERR-1I at 430, 557,
and 625°¢C. Fracture strain was not a function of fluewce oOr strain rate but omly of
temperature. Fracture strain wis found 1o be 6% at 550°C and 1% at 625°C. Al
fractures were intergranular, hut z notched specimen irradiated at 55¢¢°C showed somz
evidence of ductility.

PATH B ALLOY DEVELOPMENT — HIGHER STRENGTH Fe-Ni-Cr ALLOYS
No contributions.
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5. PATH C ALLOY DEVELOPMENT— REACTIVE AND REFRACTORY ALLOYS & & & & = & & o = = s = 2 » s s s 4 4 4 73

5.1 Mechanical Property Evaluations of Path C Vanadium Scoping Alloys
(Westinghouse Electric Corporation) « « o « s o s o = s = s s = = 2 = » = s s = = = » » . e 74

This report updates the data on the creep/stress rupture of the wvanadium-base
saoping alloys containing zero, 600 wppm and 126¢ wppm additional oxygen. The conclu-
sions drawn earlier that V-15Cr-57% shows superior ereep/stress rupture properties to
v-20T7i and VARSTAR-7 alloys and that addition of 1200 wppm oxygen has no major effect
on the creep rupture properties remain zalid. The additional fmctography presented
here eonfirms the ductile nature of these alloys.

5.2 Weldability of Path C Vanadium Alloys
(Westinghouse Electric Corporation) « = « = & s = & = = s = = 2 = = = = s = = = = = = = .. 81

Gas tungsten arc welds were prepared for each of the three wanadium-base [Path ¢J
scoping alloys using semi-automatie, full penetration, bead-on-sheet welds. The bend
ductile-brittle transition temperatures (DBTTS} of these welds and base metal speci-
mens were determined. In terms of weldability the alloys were mnked: (best) v-207i,
V-15Cr-5T1, VANSTAR-7. The bend DBTT walues for weld specimens were: V-20T1i,
-186/-150°¢C; V-15Cr-5T1, -20/+60°C; VANSTAR-?, -75/-50°C, for longitudinal/transverse
bend tests.

5.3 Evaluations and Development of Vanadium-Base Alloys for Fusion Reactor Applicatinns
(Argonne National Laboratory) « = « « s = = = s = = = = = = = = = = = = = = = = = = = &» 87

The corrosion of "pure" Vv and V-5T¢, ¥-150r and v-15¢r-57{ alloys at 725 K and
825 K in filewing helium containing 10 ppm water was determined for exposure times that
ytelded a steady-state corrosion mte. The experimentally determined corrosion mtes
for the ¥ and V-base alloys were compared with the corrosion rate obtained for Pr4
stainless steel under the same environmental conditions. These results showed that
the steady-state corrosion mtes for the v-i15¢r alloy and v-150»-571 alloy were low
but approximately one order of magnitude greater than the steady-state corrosion mte
determined for the Pr4 stainless steel. Also, the temperature dependence of the
electrical resistivity for v and V-15Cr-571 alloy was determined for temperatures
ranging from 77 K to 1202 K.

6. INNOVATIVE MATERIAL CONCEPTS &« & + = & % s = 2 = = o s s % s s % » = % » = % » s % » s % » & . 91

6.1 Status of Scaleup of an Iron-Base Long-Range-Ordered Alloy
(Oak Ridge National Laboratory) « « « v & = & =« & 2 = 2 = 2 = = = s = = = = = = = = » =

Semiproduction scaleup of the iron-base alloy rRo-37 has been successfully
completed. Three ingots of the alloy were produced by a sommercial source, hot forged
to slab, then mlled to 3.3-, 1.6-, and ¢.8-mm sheet stock. The hiah-purity material
contained M'~-type carbides. and #;(C,¥)-type carbides were observed in commercial-
grade alloy.

6.2 Bend Ductility of Iron-Base Long-Range-Ordered Alloys After Irradiation in HFIR
(Oak Ridge National Laboratory) .« « o u & & & & & & = & = & = = 2 = 2 = 2 = = = = = s = 94

Three iron-base LRO ailoys with Bzse composition (Fe ,Ni)3Vv tested at 600°C exhi-
bited intergranular fracture and reduced bend ductilities after irradiation z» 12 dpa
at 67¢°C in HFIR. The embrittlement extended to lower temperatures as the damage
level increased. The weakness of the grain boundaries may be mused by the presence
of helium, segregating elements, vc particles, ex a combination of these factors.

7. PATH E ALLOY DEVELOPMENT — FERRITIC STEELS « & & & o o s s s s 2 s s s s s s s ¢ s s s s s » 99

7.1 Preliminary Transmission Electron Microscopy of 12 €r-1 MO Irradiated to 40 dpa in HFIR
(Oak Ridge National Laboratory) « « « & = & = & = = = = 2 = = = 2 = 2 = 2 = = = = = s = 100

Specimens of 12 Cr-1 Ms¥w steel were irradiated in HFIR to 40 dpa at 400 and
s0g°c.  Preliminary microstructural sxamination indicates significant cawity formation
in this steel, and this Is attributed in par¢ to the helium produced during
irradiation.
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Elevated-Temperature Tensile Properties of 12 Cr-1 MOW Steel Irradiated in the
ERR-11, AD-2 Experiment (Oak Ridge National Laboratory) . « « « &« & v & & & & = 2 & = & =« »

The effect of irradiation on the tensile properties of 12 Cr-1 Movwy steel in two
normalized-and-tempered conditions was determined for specimens irradiated in EBR-II
at 330 1O 550°C. Teste were conducted at room temperature and at the irradiation
temperature. lrradintion to approxzimately 1! dpa increased the ultimate tensile
strength for each irradiation temperature; an increased yield stress was noted only =t
the lowest temperature.

Fatigue Crack Growth in Path E Alloys
(Westinghouse Hanford Company) « « & & = & 2 = = 2 = = = = = = = = = = = = = » =

Fatigue crack growth tests on wrirradiated HT-9, HT-9 weldments and SCr-1¥o have
Seen conducted in helium at temperatures wup to 550¢¢ and at cyclic frequencies of 4.57
and 7.667 s=1. Little differences i+ crack growth behavior between the three
materials were observed at any single condition. Hgwewver, higher crack growth mtes
were evident at the lower stress intenmsity factors at D.667 s—! on specimens tested at
300°C compared 1o 555°C. No effect of irradiation was observed on HT-9 irradiated to
127 dpa at 550°¢ and tested at s5¢0°C at 6.67 s”l.

Fracture Toughness of Irradiated HT-9 Weld Metal
(Westinghouse Hanford Company) .« « & & =« = &« &

Fracture boughness tests using electropotential techniques on HT-9 weld material
irradiate3 to a fluence ofF 2.H = 1322 n/em® (E >0.1 MEV) at 390°C were performed at
93, 205, 316 and 427¢cC. Testing of HT-9 welds irradiated at ¢57, 592 and 850°¢C wae
performed at 205°¢. The zest results show that irradiation for the 39¢°¢ irradiation
econdition, testing at 93 and 427¢C showed little change in fracture toughness after
irradiation. Howevar, testing at 200 to 390°¢ resulted in higher toughness, higher
than that of unirradiated mterial.

Effect of Specimen Sire and Material Condition on Charpy Impact Properties of 9 Cr- 1 MoVhb
(Oak Ridge National Laboratory) « « v & v & & % & = & = = & = = s = = s = = = = = = = s » » =

Charpy-impact properties were determined on full- and subsize specimens of
normalizsed-and-temperad as well as quenched-only 9 Cr-1 MoVNE steel. The subsize
specimen produced comsistently smaller fractiomal Arops IN the wupper-shelf energy and
langer shifts in the tranazition temperature thaw did the full-size specimen. Area and
volunetric normalisations of the specimen size effect were alse performed.

The Toughness of Simulated Heat-Affected Lone Microstructures in HT-9 (ESK Melt Practice)
(Sandia National Laboratories, Liverinore) o« « o v o o = & = s s s = s s s 5 = = = s = s = s »

The toughnzss behavior of the heat-affected zone in the £58 National Fusion Heat
was Adeterminad using Gleehle-simulated microstructures. Two regions of the Y4Z were
evaluated; ONe region represents the portion OF the HAZ wearest the fusion zone, the
other corresponds to a region whish is heated only slightly above the upper eritical
temperature. Charpy V-notch results indicated that following a PWHT at 7§0°C for
7 hour both regions of the #4% exhibit superior toughness behavior to that of the
quench-and-tevpered base muterial. The upper shelf toughness increased 20-49 Joules
and the DBTT decreased nearly 20°C relative to the kase metal. The toughness of both
the 3R base materigl and HAZ microstructures was superior to that of tho
AOD-processsd National Fusion Heat, which had been previously tested i a similar
MERNE .

Fractographic Examination of Cracking in HT-9 Multipass Welds
(Sandia National Laboratories, Livermore) . . « « & + « =« » &
To be reported in the next semiannual repurt.
The Influence of Prior Cold Work on the Hydrogen Charged Tensile Fracture of a 12Cr-1Mo Steel
(Sandia National Laboratories, LiVErmore) .« « « v o & = o = o = & s s s s s s = s = = = = x =

Swaging and retempering improved the tensile ductility of quench-ad-tempered
19 7p-1 do steel and eliminated intergranular cracking, whether Or not the mterial
was wydrogen sharged,
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79 The Effect of Preheat on the Microstructure, Hardness and Toughness of HT-9 Weldments
(GA Technologies) « = o = & = & = & = & = = = = = = = = = = = = = = = = = = » = 2 = 2 = 2 » &» 155

Preheating at 10¢¢°¢ before welding HT-9 increased toughness 2y 135 J and lowered
the ductile-to-brittle transition temperature by 14°C (to —I2°C) compared with pre-
heating at 400°c. Scanning electron microscopy showed that slower cooling in the weld
after the 400°¢C preheat increased dendrite spacing significantly by depleting the
surrounding matriz of Cr, Mo, and W and inereasing the Ni.

710 An Assessment of Fabrication Methods for an HT-9 First Wall/B8lanket Module
(GA Technologi€S) « s s s s s s s s s s s s s s s s s s s s s s s ®s s ®s s ®s s ®« #s s #« s # &» & 163

A study of the TASKA tandem mirror reactor design shows that HT-9 has adequate
fabricability to meet the design requirements as a structural maferial for the first
wall and blanket.

7.11 Irradiation of ESR Alloy HT-9 and Alloy 9Cr-1Mo(Mod.) Plates for Fracture Toughness Assessment
(Naval Research Laboratory) « « « s o = s = =2 s = s s = = s = s s % s = % s = # s % s » % » & 172

During this period, irradiation exposures at 3¢o°¢ and 150°C to &xi2!%n/em?,
E>0.1MeV, were undertaken for the Alloy HT-9 and Alloy gcr-iMo(Mod.) plates,
respectively. Specimen Zypes include temsicon, Charpy-V(C,/), fatigue precracked
Charpy-Y{PCC,) and half-size Charpy-V specimens and, in the ease of the Alloy
9Cr-1Mo(Mod.], 2.54 mm thick compact tension specimens.

STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY & v v 4 4 & & 0 &« s s 2 2 o & s & & & 175

8.1 Irradiation Experiment Status and Schedule
(Oak Ridge National Laboratory) « « o o & & & & & & & = & & 2 s = 2 = = = = s = 2 = = = = » = 176

8.2 Fusion Program Research Materials Inventory
(Oak Ridge National Laboratory, McDonnell Douglas Company,
and GA Technologies) =« v & & = & & = 2 & = = & = = 2 = = = = = = = = = =2 = = = = = = 2 = = =

MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES & v v & w & % & & & & & 5 = = o & & 185

9.1 Corrosion of Path A PCA, Type 316 Stainless Steel, and 12 Cr-1 MMV Steel in Flowing Lithium
(Oak Ridge National laboratory) . « o o & & & 2 & & & = & = 2 = 2 = = s = = = = = 2 = = = » 186

In 1ithium thermal convection loop (TCL) experiments, weight losses and dissolu-
tion mtes of annealed and cold-worked path A prime candidate alloy IPCAJ were
slightly higher than those of type 316 stainless steel. The depth of the ferrite
layer on type 316 stainless steel was congtant between 3700 and 9002 h at gos°¢ but
vot at &7¢°C. Nitrogen level between 9 and 13@ wt ppm in lithium did not affect
short-term weight losses of type 315 stainless steel. The 12 Cr-1 MoVW steel showed
measurable muit small weight losses in thermally convective lithium between 350 and
s00° .

9.2 Corrosion of Type 316 Stainless Steel in Static Pb—17 at. % Li
(Oak Ridge National Laboratory) . « o & & o & & & & & = & & 2 & = & = 2 = 2 = = = = = = » = 191

The surface merphology and composition of type 316 stainless steel specimens
exposed to static Pb—17 at. % ILi between 400 and ?20¢¢ were studied. Preliminary
results indicated nickel depletion throughout this temperature mnge and relative
chromium surface enrichment for those specimens suffering the highest weight losses.

9.3 Environmental Effects on Properties of Structural Alloys
{Argonne National 1aboratory) o « v o o & & o & & s o & = = s s = s s = s = + & = + & = = & 195

Corrosion data are presented for several iustenitic and ferritic steels exposed
at temperatures between 700 and 755 K in flowing lithium an3 Pb-17 Li envirowments.
The results indicate that (dissolution mtes for both steels arz an order of magnitude
greater in Pb-Li than ix lithium. Tensile data for cold-worked Type 316 stainlzss
steel show that a flowing environment #as no effect on the tensile properties of Type 316
steel at temperatures between 473 and 773 X.



9.4

9.5

Compatibility of Vanadium Alloys with High-Temperature Water

(Oak Ridge National Laboratory) « « v & s & = % & &« & = 5 s = s s = s = = s s s = » s = s =« »
Weight gaine of Path ¢ waradium alloys (v—20% Ti, v—15% Cr—5% Ti, VANSTAR-71

exposed 10 300°C inter for 100 h were relatively small and not significantly affected

by hydrogen overpressure.

Compatibility Studies of Structural Alloys with Solid Breeder Materials
(Argonne National Laboratory) o« « & & & & & & & = o s = s = 2 s = % s = % = *» ¥ # W W o# oW o#o»

Compatibility tests between ferritic HT-9 alloy or Fe-9Cr-IMo steel and Liy0
pellets in a flowing helium environment indicate that the reaction mtes in helium
containing 93 ppm N0 are greater than in helium with 1 ppm #20. ALl alloy specimens
gain weight whereas the Li,5 pellets lose weight after exposure. Data on the reaction
kinetics and metallographic evaluation of the alloy specimens are presented.
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