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Materials Handbook for Fusion Energy Systems {McDonnell Douglas Astronautics Company
and Westinghouse Hanford Company) « « = s = s = = = s = s s = = = s = s s s s = s = s s s & &=

During the past aix months the handbook effort has been towards developing data sheets.
For this period the effort has been to establish a continuous flow of data sheets into the
handbook. Substantial progress has been mxde towards the achizvement of this goal with the
publication of 7 new data pages covering the properties of HT-9 and 316 stainless steel as
well as the establighment of a backlog of new data sheete In various stages of preparation.

Control of Activation Levels to Simplify Waste Management of Fusion Reactor Ferritic Steel
Components (Oak Ridge National Laboratory) « « « o o « & o = s s = s s = = s = = = = = = s =

Decay of steel activity within tens of years could simplify mste disposal or even per-
mit recyele. For mterial recycle, ¥, Al, Ni, ¢u, Nb, and M must b2 excluded. For shallow
land burial, initial concentration limits include (inat. ppm) ¥Z, <20,000; Mo, <3850; W,
<3650; Cu, (2400; and ¥b, <i.0. Other constituents of steels Will not be limited.

Alloy Development for Fast Induced Radioactivity Decay for Fusion Reactor Applications
(Cak Ridge National Laboratory) s « s« =« « s s s = = = s 2 = s = s s » s = % % » s » % s s s u &%

WABTE MANAGemenT CouLl D2 SLMPLLf 1L Y (eveLopiny STeELE Lndl CORLULR UNLY ersfernts
that produce mdioactive isotopes that decay to low levels in a reasonable time. The
development of suck steels by elemental substitutions for molybdenum in Cr-Mo steels a d
nickel and molybdenum in austenitic stainless steels is discussed.

Magnetic Forces on a Ferromagnetic HT-9 First Wall/Btanket and Coolant Pipe
{GA Technologies) « + = « & = « & = & & = & ®» = * ®s = = = s = = s = = s = s s = s = » s s = =

Magnetic stresses a first wazl and blanket modules and a coolant pipe were calculated
for a STARFIRE design mde of #T3. Coolant pipe stresses depend on distance from the magnet
and can be reduced by suitable support. Stresses on the first wgi? and blanket are not great
and can be aceommodated by slight design changes.

MATRICES, EXPERIMENT DESCRIPTIONS, AND METHODS DEVELOPMENT « &« & & &« & & % & & & 5 = = &« s &

Neutron Source Characterization for Materials Experiments
(Argonne National Laboratory) « « « = o = o = = = = = = s = 2 = = s = s = = = = s = s = s = &=

Damage and gas production calculations are summarized for the CTR 3%, 32, 34, and 35
irradiations in HFIK. Neutron dosimetry measurements and damage calculations are also
presented for the 72 and RBI irradiations in HFIK. The helium production from nickel has
been revised according to new erpss section evaluations for %%¥f. The status of all other
experiments 1S summarized.

Neutronic Calculations in Support of the ORR-MFE-4A and -48 Spectral Tailoring Experiments
(Oak Ridge National Lahoratory) u « s = s s s = s s s s s s s s % s = s » s » s » % s % # & =

The calculated fluences from the ongeing three-dimensional neutronics calculations are
being scaled to agree with experimental data. As of September 30, 1983, this treatment
yields 121.6 at. ppm H (not including 20 at. ppm H from 198) and 8.25 dpa for type 316
stainless steel in oORrR-MFE-4£ a d 69.3 at. ppm He and 5.13 dpa IN ORE-MFE-4B.

Operation of the ORR Spectral Tailoring Experiments ORR-MFE-4A AND ORR-MFE-4R
(Oak Ridge National Laboratory) « « o« « » s # s = s s s = & s 2 s » s s s s % s % s 2 s 2 u &»

The specimens contained in the ORR-MFE-4A ezperiment have operated for an equivalent of
680 d at 30 MW reactor power, with temperatures Of 400 a d 330°C. The ORR-MFE-4B capaule was
disassembled; the test specimens were transferred to a new mpsule assembly a d reinetalled in
the ORR on July 19, 1983. It has operated for an equivalent of 480 d at 30 M¥ reactor power
with temperatures of s¢¢ and sodec.
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Summary of EBR-II AD-2 Ferritic Irradiation Experiment
(Westinghouse Hanford Company) « « « & = s = s = s = = = = = = = = s = = = = = = = = = = &» &=

No contribution.

Disk-Bend Ductility Tests for Irradiated Materials
{02k Ridge National Laboratory) « = « « o s = s = = = = = = = s = = = = = = = » = = = = » = =

We nwdified the HEDL disk-bend test machine and are using it to qualitatively screen
alloys that are susceptible to embrittlement ecauged by irradiation. Tests designed to
understand the disk-bend test in relation to a wniaxial test are discussed. Selected results
of tests of neutron-irradiated raterial are also presented.

A ALLOY DEVELOPMENT — AUSTENITIC STAINLESS STEELS &« & & & & ¢ &« s 2 5 o s ¢ ¢ s s s s s 5 5 »

Improved Swelling Resistance for PCA Austenitic Stainless Steel Under HFIR Irradiation
Through Microstructural Control (Oak Ridge National Laboratory) . « « &« & & = & = & 2 = & = &

Swelling evaluation of PCA variants and 20%-cold-worked (N-~Lot} type 326 stainless steel
(CW 316) at 300-—600°C was extended to 44 dpa. Swelling wze negligible in all the steels at
300°C after -44 dpa. At 500 to 600°C, 25%-cold-worked?C4 showed better void eswelling
resistance than type 316 at -44 dpa. There was less swelling variation among alloys at
400°c, but again 25%-cold-workedPs4 was the best.

Microstructural Design of PCA Austenitic Stainless Steel for Improved Resistance to Helium
Embrittlement Under HFIR Irradiation {Nak Ridge National Laboratory) « « « « s s = s s &« x =

Microstructural variants of P74 and #we heats of 20%-cold-workedtype 316 stainless
steel were irradiated in HFIR and tested for embrittlement resistance with the disk-bend
test. No embrittlement was observed for irradiation t0 ~44 dpa and 3000 to 3600 at. »pm .Ye
at 300 and 400°C. All materiale Were brittle after similar irradiation at 600°C. The best
embrittlement resistance for irradiation to 44 dra at 500°C and to 22 dpa at £06°C was found
in PCA variants that contained grain boundary MC particles produced prior to irradiation.

B ALLOY DEVELOPMENT — HIGHER STRENGTH Fe-Ni-Cr ALLOYS '« & & &« = s = &« s = s s = s s = s s » =
An Evaluation of Fatigue Properties of HFIR-Irradiated Nimonic PE-16 at 430°C
(0ak Ridge National Laboratory) « s« « s s s s s s s s s s s s s s s s s s s s = s = &

Nimoniec PE-16 was irradiated in the HFIR to 6 to 9 dpa and 560 to 1200 at. ppm He at
430°c. Postirradiation fatigue tests revealed a reduction in fatigue life by about a factor
of 70 at 4309¢. In contrast with AISI type 316 stainless steel, ne endurance limit was
observed. All irradiated specimens erhibited some intergranular fracture with = increasing
tendency toward "zleavage like" intragranular fracture for low strain mnges.

C ALLOY DEVELOPMENT — REACTIVE AND REFRACTORY ALLOYS & &« & & & s s s s = s s s = s s s s » &»
No contributions.

INNOVATIVE MATERIAL CONCEPTS & & & a % » % » 5 5 5 o s & ® # ® » % % s s s s s s s s s s s » » » &
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No contributions.
E ALLOY DEVELOPMENT — FERRITIC STEELS &« &« « s = s = s s s % 2 s = 2 s s % 2 s s % s s % # s &

Swelling in Several Commercial Alloys Irradiated to Yery High Fluence
(Westinghouse Hanford Company) « o « & = & = = = = = = = = = = = 2 = = = = % = = = = % = &% =

Swelling values have been obtained from a sat of commercial alloys irradiated in EBR-IT
to a peak fluence of 25 x 1023 n/em? (E > 0.1 Me¥) or -125 dpa covering the mnge 400 to
550e¢. The alloys can be ranked for eswelling resistance from highest to lowest as follows:
the martensiiiec and ferrizie alloys, the niobium-based alloys, the precipitation-strengthened
iron- and nickel-based alloys, the molybdenum alloys, and the austenitic alloys.
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Evaluation of Ferritic Alloy Fe-2 1/4 Cr-1 Mo After Neutron Irradiation — Irradiation Creep
and Swelling (Westinghouse Hanford Company) « « s s s s s =« =« s = = s s = = = » s » » 2 x &

Iwadiation creep and swelling measurements are reported for Fe-2 1/4 Cr-1 M after
irradiation by fast neutrone over the temperature mnge 390 to 5802, Diameter change
measurements on thin-walled pressurized twhes in a bainitic condition and density change
measurements on rods in a nonstandard condition were mzde following irradiation in the
EGR 11. The iwadiation creep specimens Were irradiated to a fluence of 57 x 1022 n/em?
(B > 0.1 MeV) or 30 dpa and the swelling speeimens were irradiated to a peak fluence of
24 = 102 n/em® or 115 dpa. These results have been used as a hsis to establish in-
reactor creep and swelling correlations for 2 1/4 ¢cr-1 M in a bainitie condition. The
correlations predict moderate swelZing and moderate irmdiation-enhanced creep at 390°C.

Elevated-Temperature Tensile Properties of 2 1/4 Cr-1 Mo Steel Irradiated in the EBR-II,
AD-2 Experiment (Oak Ridge National Laboratory) « « « o« s« s s s s s s s s s s s s s s s s s &

The effect of irradiation on the tensile properties of 2 1/4 ¢r»-1 M steel was deter-
mined for specimens irradiated in ERR-11 at 390 to 550°7. Unirradiated control specimens and
specimens aged for 5000 h at the irradiation temperatures were also tested. Irradiation to
approximately 9 dpa at 330°C increased the strength and decreased the ductility compared with
the unirradiated and aged specimens. Softening occurred in samples irradiated and tested at
450, 500, and ss50°C,

Density Change Measurements for Simple Ferritic Alloys Irradiated to High Fluences
(Westinghouse Hanford Company) « s = s = s = s = s = s s s = s s s = s s s s s = s » s » & &=

A series OF Fe-Cr-C-Mo simple alloys has heenm masured for density change as a function
of irradiation in EBR-1I over the temperature mnge 400 to £50°C to fluences a& high as
213 x 10?3 n/em? IF > 0.1 MeV) or 105 dpa. Tke highest swelling wzs found in an Fe-12 Cr
binary alloy, 4.72 percent, after 1.87 = 1023 n/em? or 95 dpa at 435°C, which corresponds to
a swelling mte of 0.06%/dpa. This peak swelling mte value can be used to define melting
predictions for commercial ferritic alloys to 40 Mwy/m2.

Microstructure of 9 €r-1 MoVNb and 12 Cr-1 Mo¥W Ferritic Steels After Irradiation at Elevated
Temperatures in HFIR (Oak Ridge National Lahoratory) o« « s s s s s s s s s s s s 2 s s » s &

Microstructures of 9 ¢r=1 MOMNb and 12 Cr-I MoVW were examined following irradiation in
HFIR to 36 dpa at 300 to soo¢c. Maximum cavity development in the form of voids occurred at
400°C with only smzi? helium bubble formation at 500 and £00°C. Swelling waze greater in
9 Cr-1 MoWb than ¢n 12 ¢w-1 MaU¥. The cavity development is attributed in part to the pro-
duction of helium during irradiation.

Effect of HFIR Irradiation at 55°C on Microstructure and Toughness of HT-9
(Westinghouse Hanford Company) « « =« « » s = s = s = s = % = % s % » % s % » % s % s % » &% &

Resulte are reported for base metal and weld metal specimens of HT-9 and nwdified
9 cr-1 Mo following irradiation in HFIR at 55°C o 5 dpa. The DBTT shifts in irradiated base
metal specimens were 309¢ for HT-9 and g90ec for 9 ¢r-1 M with further shifte of 20°C for
weld metal. Concurrently, strength as mesasured by hardness increased 15 percent for HT-9 and
25 percent for 9 ¢r- Mo. The hardness increases can be attributed in part to defeet
clusters 1.5 to 30 wm in diameter at densities approaching 1017 em=3 and also to tower mtes
of mvity nucleation ahead of the propagating crack.

Fractographic Examination of HT-9 Miniature Compact Tension Specimens Tested at
Low Temperatures (Westinghouse Hanford Company) « « s« = = » » s =« = s s = = = = » s = = s s &

Fractographic eraminations have been performed on a series of miniature compact tension
specimens of HT-9 tested at room temperature and belcw. Reductions in toughness found for
these specimens are shown to be associated with transgranular cleavage fracture and are a
function of the plastic deformtion which occurs prior to the onset of brittle fracture.

Postirradiation Tests of ESR Alloy HT-9 and Modified 9 Cr-1 Mo Alloy from UBR Reactor
Experiments (Naval Research Laboratory) « « =« s« = s« s » = s » = = » = » » = s » » » » s s » &%

During this period, irradiation exposures at 300°C and 750°C to ~8 x 101 n/em?,
E > 01 MeV, were completed for the Alloy RT-9 plate and the modified Alloy 9 Cr-1 mo plates,
respectively. Postirradiation tests of Charpy-v (C,/) specimens werz completed for both
alloys; other specimen types included in the reactor assemblies werz fatigue precracked
Charpy-¥ (FCC,), half-size Charpy-V, and, in the case of the mdified 9 ¢r-1 Mo, 2.54-m-thick
compact tension specimens.

82

95

103

108

115

128

136



79

7.10

7.11

7.12

7.13

7.14

7.15

7.16

viii

Effect of Specimen Size and Nickel Content on the Impact Properties of 12 r-1 MW
Ferritic Steel (Oak Ridge National Laboratory) « « « « o« « « s = = = » » = » s = s » » s » =

Charpy impact properties Were developed on sir heats of 72 or-1 Movw steel with full- and
subsize specimens t0 examine effects of nickel and chromium adjustments. These data provide
a baseline for comparison of effects of irradiation on the impact properties of these alloys.

Grain Boundary Segregation and Embrittlement in a 12 Cr-1 Mo Steel Resulting from
Cooling Rate Variations (Sandia National Laboratories) « « « « o« s s = s &« = = = = = = s x =

Segregation of embrittling elements, especially phosphorus, to the prior austenite
grain boundaries in this 72 ¢r-iMo steel has been shown to reduce tensile ductility,
increase grain boundary fracture, and affeet hydrogen compatibility. Tests Were performed
to determine the influence of wariations in cooling mte during heat treatment on the tensile
properties. The non-hydrogen-exposed tensile ductility increased a d the occurrence of
intergranular rupture decreased as the cooling n:ztes were increased. Phosphorus segregation
at the prior austenite grain boundaries aleo decreased as the cooling mtes Were inersasged.

An Assessment of the Weldability of HT-9 Using a Y-Groove Test
{GA TechnologieS) « « & = & = o o = = = = s & = * s s = = = = #s s s s = = = s s s = » = s » =

A minimam preheat temperature of 200°C (392¢F) wae found necessary for gas tungsten arc
(GTA) welding HT-3 plate of thickness 95 mm (3/8 in.) and 16 =m (5/8 in.). Thermal shock
treatments produced no cmcking in welded test specimens.

Time-Temperature Characteristics of the Various Heat-Affected Zones in HT-9 Weldaments
(GA TechnologiesS) = v = = s & o » = = ® = % s *» = = = = = = % = *» = s = s = s *» s s s » s »s &

Tempemtures at different distances from the fusion boundary were masured during 574
weld depositing ¥78-¢ filler wire on 952 mm {3/8 in.) thick HT-9 plate. Peak temperature
measurements indicate each of the heat-affeected regions to be austenitised. An exponential
expression has been used to describe the cooling eurves as a function of peak temperature (or
distance from the fusion boundary).

Fractographic Examination of Cracking in Multipass Welds in HT-9
(Sandia National Lahoratories) « « s« = o = = = = = = = = = = = = = = = = = = = = = = = = = =

No contribution.

TEM Observations of HT-9 As-Welded Weldment Microstructures
(GA Technologies) w = v & s & s & = ® = & = ®s = s = = *» = s » = %= s *» = s = s *» s s = s % # &

TEM studies of different locations in a2 #78 weldment indicated delta-ferrite ()
occurrence, M,3C¢ precipitation at &-martensite interfaces, fine carbide precipitation at
prior austenite grain boundaries, and mzrtensite lath and lath packet siae to be the
distinguishable microstructure features observed. Furthermore, retained austenite films were
observed in the weld metal and the HAZ adjacent to the weld metal that reached the highest
temperature during joining. The microstructures correlate welt with the observed room tem-
perature microhardness except for the fusion boundary in weld mtal, which exhibited a hard-
ness drop and an mgxzpected minimum mount of delta-ferrite.

An Assessment of the Applicability of Critical-Stress-Critical-Distance Models of
Cleavage fracture in Martensitic Steels (GA TechnologieS) « « s = = & = = s = = 2 = = 2 = = =

No contributior.

The Jy. Fracture Toughness Transition Behavior of HT-9
{Westinghouse Hanford Company) « o o s s = o o s s s = s s s = s s s = s s s *» s s s *» s & &

Small compact tension specimens of #we heats of HT-9 were tested at temperatures mnging
from room tempemture to —122°¢. The ductile-brittle transition toughness of HT-9 was
evaluated using the J-integral approach. There were #wo loading mtes of 2.1 = 10~° m/e and
3.2 x 10~% m/s. The ductile-brittle-transition temperatures of HT-9 (No. I heat) tested at
2.1 % 107% m/s and HT-9 (¥e. 2 heat) tested at 32 x 10=2 m/s Were found to be —60 and —19°C,
respectively. Results showed the fracture toughness of the former waze not sensitive to
loading mte a d the tower-shelf toughness decreased with temperature to a J;, value of
5 kJ/m? at -180°c. Furthermore, the values of J;, were valid since the thickness of the test
specimens was well above the thickness criterion.
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1.17 The Fracture Toughness of Ferritic Alloys Irradiated in HFIR

(Westinghouse Hanford Company) s« s « s = s = = = = = s = » % » s » s » s » s % #» % s % » u &

The fracture toughness of HT-9 and 9 c»-I M irradiated in HFIK to I? dpa at 50°C was
evaluated using electropotential eingle specimen techniques. Circular compact tension speci-
mens Were tested at temperatures mnging from room temperature to 450°C. The test results
were analyzed using the J-integml approach. Analyses showed that the fmcture toughness of
both alloys was reduced 2z a result of EFIR irradiation. The degradation of irradiation
toughness resistance was more severe fOr 9 ¢r-1 Mo than HT-9. The thickness eriferion for
valid Jy, values was satisfied by the thickness of the test specimens.
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Irradiation Experiment Status and Schedule
(Oak Ridge National Laboratory) « « s« « s s s = = s = s = s » % = % s » s » s » s s % s % » &

Fusion Program Research Materials Inventory
(Oak Ridge National Laboratory, McPDonnell Douglas Company,
and GA TechnologieS) « s & = s = = s = = s = = s = = = s = = % s =2 % s 2 % s » % s » &% s » &
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Corrosion of Path A PCA and 12 Cr-1 MO Steel in Thermally Convective Lithium
(flak Ridge National Lahoratory) « « « s« » s » s = & s 2 = = = = = » s s % s % s % s % s s » &»

Exposure of path A PCA alloys to thermally convective Iithium for 6700 h at 600 and
570°C resulted in corrosion reactions that were similar to what is observed for other
austenitic alloys exposed under similar conditions. Pc4 corroded more rmapidiy than type 316
stainless steel, and the presence of nitride stringers in P04 did not affect the measured
weight losses. Consideration of the weight change and surface analysis data for 12 Cr-1 Mol
steel exposed to thermally convective lithium between 500 and 35¢¢C for 10,088 h revealed
that reactioms with earbon and nitrogen were probably the principal corrosion processes for
this alloy in this temperature mnge. Corrosion was not eevere.

Corrosion of Type 316 Stainless Steel in Flowing Pb—17 at. % Li
(Oak Ridge National Laboratory) « o « « = s = s = 2 = = = = = = = = = = = = = = = s = = = = =

The corrosion of type 316 stainless steel exposed to thermally convective P17 at. % Li
was severe. Plugging started to occur after just several hundred hours. At 500°C, the
weight loss of type 316 stainless steel exposed to P M 7 at. % Li was more than an order of
magnitude greater than that of this alloy exposed to thermally convective lithium at 802°C,

Compatibility Studies of Structural Alloys with Solid Breeder Materials
(Argonne National Laboratory) « « s = s = = s s s s = s = s = = s = = s = s s s s » s s % »# &»

Compatibility tests between Li,0 pellets and austenitic Type 316 stainless steel or
Fferritie HT-9 alloy and Fe-9 (r-I Mo Steel in a ftowing-helium environment indicate that the
reaction rates in helZum containing 93 ppm H,o are greater than in keZium with | ppm Hp0.
The corrosion behavior of Type 316 stainless steel is similar to that of the ferritic stesels.
The Li,0 pellets, exposed both with and without the alloy specimens, lose weight in flowing
helium.

Corrosion and Oxidation of Vanadium-Rase Alloys in Helium Environments
(Argonne National Lahoratory) « « s« « = s = s = = = = = = s = = = = s s = s = s s % s 2 s » &%

The increase in weight of unalloyed Vv and V-57%, V-15Cr and V-15Cr-5Ti alloys at 725,
825 and 925 K was determined for exposure times ranging up to 2004 hours in H containing
H, and/or #,0 impurity. The microhardness of the specimens in a transverse section was also
determined after exposure for 1002 hours. These results were utilized to discuss the con-
sequences of the selection of certain mdiation-damage resistant, V-base alloys for struc-
tural materials applications in a fusion reactor.

Environmental Effects on Properties of Structural Alloys
(Argonne National Laboratory) « o« o« o & « & s o & 2 & » & s 2 « » s » s s 2 # » % # % s » ®u &

Corrosion data are presented for several austenitic and ferritic steels exposed at
temperatures between 700 and 755 K in flowing lithium and Pb-17 < environments. Tke results
indicate that dissolution mtes for both steels are an order of magnitude greater in Pb-Li
than in lithium. Tensile data for cold-worked Type 316 stainless steel show that a flowing
environment has no effect onm the tensile properties of Type 316 stainless steel at tem-
peratures between 473 and 773 X.

180

185

1856

187

196

197

203

205

209

216





