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FOREWORD

This report is the seventeenth in a series of Technical Progress Reports on ""Alloy Development far
Irradiation Performance' (ADIP), which is one element of the Fusion Reactor Materials Program, conducted in
support of the Magnetic Fusion Energy Program of the U.S. Department of Energy. Other elements of the
Materials Program are

« Damage Analysis and Fundamental Studies {DAFS)
. Plasma-Yaterials Interaction (PMI)
. Special-Purpose Materials {SPM)

The first seven reports in this series are numbered NOE/ET-0058/1 through 7. This report is the tenth
in a new numbering sequence that begins with DOE/ER-0D45/1.

The ADIP program element is a national effort composed of contributions from a number of National
Laboratories and other government laboratories, universities, and industrial laboratories. It was organized
by the Materials and Radiation Effects Branch, Office of Fusion Energy, DOE, and a Task Group on Alloy
Development for Irradiation Performance, which now operates under the auspices of the Reactor Technologies
Rranch. The purpose of this series of reports is to provide a working technical record of that effort for
the use of the program participants, for the fusion energy program in general, and for the Department of

Energy.

This report is organized along topical lines in parallel to a Program Plan of the same title so that
activities and accomplishments may be followed readily relative to that Program Plan. Thus, the work of a
given laboratory may appear throughout the report. Chapters 1, 2, 8, and 9 review activities on analysis
and evaluation, test methods development, status Of irradiation experiments, and corrosion testing and
hydrogen permeation studies, respectively. These activities relate to each of the alloy development paths.
Chapters 3, 4, 5 6, and 7 present the ongoing work on each alloy development path. The Table of Contents is
annotated for the convenience of the reader.

This report has been compiled and edited under the guidance of the Chairman of the Task Group on Alloy
Development for Irradiation Performanae. E. E. Bloom, Oak Ridge National Laboratory, and his efforts and
those of the supporting staff of ORNL and the many persons who made technical contributions are gratefully
acknowledged. T. C. Reuther, Reactor Technologies Branch, is the Department of Energy Counterpart to the
Task Group Chairman and has responsibility for the AOIP Program within DOE.

G. M. Haas, Chief
Reactor Technologies Branch
Office of Fusion Energy
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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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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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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.
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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
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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.
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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
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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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1. ANALYSIS AND EVALUATION STUDIES



1.1 MATERTALS HANDBOOK TOR FUSION ENERGY SYSTEMS - J. W, Davis (McDonnell Douglas Astronautics
Company — 5t. Louis Division) and T. K. Bierlein (Westinghouse Hanford Company)

1.1.1 ADIP 'Task

Task Number |.A.1 - Define material property requirements and make structural life predictions
1.1.2 Objective

To provide a consistent and authoritative source of material property data for use by the fusion com-
munity in concept evaluation, design, safety analysis, and performance/verification studies of various
fusion energy systems. A secondary obiective is the early identification of areas in the materials data
base where insufficient information or voids exist.

1.1.3 Summary

During the past year the handbook effort has been directed towards developing data sheets. For this

vear the effort has been to incorporate those data sheets into the handbook. Substantial progress has been
niade towards the achievement of this goal with the publication of more than 30 new data pages .,,.ring the

properties of bulk graphites, liquid lithium, and ceramic lithivw compounds.

1.1.4 Progress and Status

While the Materials handbook fur fusion energy systems {(MHFES) still has a long way to go it is begin-
ning to look like a materials handbook. With the addition of the last three publication packages (3, 6, and
7) the MHFES now contains information on materials for four of its eight major chapters. The latest addi-
tions to the handbook consist of data pages on the propertics of hulk or structural graphite, prepared by
D. J. Suiter of MDAC; properties of liquid lithium, prepared by W. Brehm of HEDL; and properties of ceramic
lithium compounds prepared by G. W. Hollenberg of HEDL. These data sheets cover materials used in two im-
portant areas in reactor design: 1st wall protection and tritium production.

The impact of particles emitted from the plasma on the Tirst wall can lead to rapid ercsicon of the
structure or N the case of plasma disruptions vaporization of the surface layer. A number of approaches
have been proposed to protect this structure ranging from coatings Lo tiles. <Carbon or more specifically
graphite is one of the materials proposed for use as tiles. |In the application of carbon to fusion reactor
components, it is often treated as a material with a single set of propertics rather than as a family of
materials whose properties are tailored to fit a specific application. Depending upon the degree of
crystallinity and crystal orientation, it can be described as bulk graphite, fibrous graphite, pyrolytic, or
vitreous carbon each having different properties. The data sheets in the MHFES presents the properties of
five different types of bulk graphite. These data pages allow the designer to compare the various bulk
craphites available and then to select the one most suited to his needs using a consistent data set.

Fusion reactors that are based on the D-T fuel cycle will be required to breed their own tritium fuel.
The production of tritium can be accomplished through the use of liquid lithium, lithium bearing salts, or
lithium ceramic compounds. The handhook concentrated on two areas: liquid lithium and lithium oxide cera-

mic compounds (binary and ternary). The liquid lithium data sheets werc prepared in support of work per-
formed for FMIT and consist of information needed to use liquid lithium as a coolant, e.g. thermal conduc-
tivity, viscosity, and surface tension. The lithium ceramic data sheets were prepared in support of the
solid breeder studies. These data sheets cover four separate lithium ceramic compounds (Li20, Li;31id,,
LipZr03 and LiAlGp) and represent new data specifically developed for the fusion program. These data sheets
consist of specific heat and thermal expansion both as a function of temperature and the theoretical density
as a function of isotopic enrichment. Additional lithium ceramic: data sheets are in development and will he
released at a later date.

In addition to the data sheets that have been incorporated into the handbook during this reporting
period there are a number of data sheets in the review cycle and, pending approval, will be released in the
next period. These data sheets will cover two different areas of reactor design: Lst Wall/Blanket struc-
tural material and magnet materials. The 1st Wall/Blanket structural material is a Ferritic Steel desipg-
nated HT-9, while the magnet structural material is 31h LS. The inclusion of HI-9 in the handbook repre-
sents the first step in expanding the information in each handbocok chapter Lo include more than cne
material.

1.1.5 Conclusions

While substantial progress has been made with regard to putting information in the handbook during this
period, more work is needed on the part of everyone, reviewers and page preparers included. There are still
a number of data pages in the review cycle awaiting approval, however, once these data pages are included in
the handbook additional new data pages will be needed if the current momentum is to be sustained. Research-
ers in ADIP and other task groups can help by turning their experimental results into data sheets.



12 LOW ACTIVATION APPROACHES TO MATERIALS DEVELOPMENT - D. S. Gelles, H. R. Brager and F. A Garner
(Uestinghouse Hanford Company)

1.2.1 ADIP Task

The Department of Energy Office of Fusion Energy has cited the need for development of low activation
alloys. While such development could be undertaken as part of Path D (Innovative Materials), it is proposed
that portions of this effort proceed in the established Path A (Austenitic) and Path E (Ferritic) programs.
The scope of such an effort is similar to that described in Task 1.A.?2, "to define material property test
matrices and test procedures that will provide efficient develooment of long life and reliable alloys
considering time, cost and test facility constraints.”

1.2.2 Objective

The objective of this work is to identify three orornising compositional regimes with potential for low
activation structural alloys.

1.2.3  Summary

An effort has been initiated to develop low-activation alloys for fusion reactor service. Several
major compositional regimes have been identified for development. The aporoach employed has been to develoo
low activation alloys via routes which may mitigate oreviously identified material prohlems.

1.2.4 Progress and Status

1.24.1 Introduction

The Nuclear Regulatory Commission in January 1983 established a regulation designated 10-CFR-61, which
governs the land disposal of nuclear waste. This regulation is based on fission reactor experience and
currently covers a limited number of radionuclides. The limits established fnr each isotope involve not
only activity and decay rate considerations but also heat generation and rate of transport in the biosphere.
It is anticipated that the list of covered radionuclides will expand as fusion-relevant spectra and materials
are consiaerea.

Calculations of the induced radioactivity in the STARFIRE first wall position have recently been per-
formed and compared to the restrictions Dosed by 10-CFR-61.'-? Serious limits are found to be olaced on N
(330C ppm) Ni (9100 ppm}, Nb (2.9 ppm) and MO (470 ppm}.? The restriction on nickrl in particular
seriously complicates alloy development via paths A’ B and D and the restriction on melybdenum significantly
restricts the Paths C and E options. Therefore, new alloy compositional reqgimes must be developed iFflow
activation materials are required for first wall applications.

Several promising compositional regimes have been identified wherein the potential for low-activation
structural alloys is perceived. One of these lies in the austenitic system and two others lie in the
ferritic system. There is an interest in these materials both in the ADIP proqram and the Damaoe Analysis
arid Fundamental Studies (DAFS) Program of the U. 5. Fusion Materials effort

1.2.4.2 Austenitic Alloys

The nickel and chromium Content of Fe-Cr-Ni alloys has heen shown tec have a larae effect on the swelling
behavior of irradiated ternary alloys.*"® 1In general the qreatest resistance to the onset of accelerated
swelling in this system corresponds to the comoositional regime which possesses anomalous hehavior of proper-
ties such as low-temperature expansivity, lattice parameter, Curie temperature, temperature dependence of
the magnetization, resistivity, increases in magnetization upon application of magnetic fields, and forced
volume magnetostriction. One of the most marked conseauences of this anomalous behavior is the Invar
anomaly, the very small coefficient of thermal expansion.

The possible relation between swelling resistance and Invar-like hehavior is supported hy the fact that
the dependence of swelling with chromium content is similar to that exhihited by the low-chromium Invar-like
alloys'designated as Etlinvar.* |If the Invar-swelling relationship is valid then there is optimism that
other anarnalous alloys may also exhibit minimums in swelling. Invar anomalies have been observed in the
Fe-Mn7-'% and Fe-Mn-Cr"" systems. Although Fe-Mn allovs have anomalous thermal exoansion similar to that of
Invar alloys, they are nonferromagnetic in nature, incontrast to Fe-Ni, Fe-Pt and Fe-Pd hase Invar alloys.'?
Therefore, substitution of manganese for nickel appears to be a possible approach within Path A to develop low
activation alloys.

The motivations for substituting manganese for nickel include in addition its abundance within the U. 5.,
its lower residual activity and the possibility that manganese-based alloys might exhibit different swelling
properties than nickel-based alloys. Research on such alloys has been pursued for non-radiation environments
{e.g. ref 13, 14) and some swelling studies have been conducted using high enerqy electrons. s

The Fe-Cr-Mn system is now being studied in the DAFS program and an experimental alloy matrix is heinq
prepared for possible inclusion in upcoming fast reactor irradiations. Manqganese-stahilized alloys are not
anticipated for inclusion in mixed spectrum reactors such as HFIR because of the rapid depletion of manga-
nese arising from its transmutation to iron.""



1.2.4.3 Ferritic Alloys

Molybdenum is added to ferritic alloys to provide solid solution hardening for improved high tempera-
ture strength. Removal of molybdenum for low activation will therefore degrade high temperature Properties.
Possible alloying substitutes are vamadium?!®, tantalum and tungsten. However, it is likely that low
activation alloys will not have the high temperature strength now available in Path E alloys.

Nickel is often found in ferritic alloys above 0.91 percent (the 10-CFR-61 limit for Starfire) and
niobium has been used as an effective carbide former. Low activation alloy design will therefore restrict
aooitions of these elements as well. Because nickel is an austenite former used to control the presence of
delta ferrite, limitations on nickel levels must be offset by increases in other austenite formers or reduc-
tions in ferrite formers. However, such trade-offs can be expected to he beneficial. Removal of nickel
should reduce the tendency for G-phase formation and reduce irradiation-induced changes in mechanical
properties." It should be possible to straightforwardly substitute other elements for niobiumr.

Two ferritic alloy classes appear to be feasible. An alloy similar to 2 1/4 Cr-1 Mo with vanadium
substituted for molybdenum has been produced!® and initial mechanical tests can be expected in the near
future. The same approach is now being employed in the martensitic stainless steel regime. *? However,
careful alloy design will be required to ensure optimum properties.

1.2.5 Conclusions
Three regimes have been identified for low activation alloy development:

{1) Fe-Cr-Mn invar alloys designed for low swelling,
(2) Fe-Cr-V bainitic steels similar in properties to 2 1/4Cr-1 Mo,
(3) Fe-Cr-V martensitic steels similar in properties to HT-Q.

Due to the similarity of these alloys to present candidate alloys, they can be developed under Path A
and Path E.
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13 M ASSESSMENT OF MARTENSITIC STAINLESS STEELS FOR LON ACTIVATION STATUS = T. LECHTENEERG (GA
TECHNOLOGIES)

131 ADIP Task

The Alloy Development for Irradiation Performance task is currently evaluating the 9-12 Cr class of
steels for applications in first wall/ breeding blankets. Recently the Low Actlvatlon Panel const]tuted
by DOE has assessed the requirements for low activation materials In fusion machines and has recommended
that, "Activatlon of structural material should remain one of the primary considerations in the develop-
ment of fusion reactor materlals"!., Furthermore, the goals of the AOIP program state?: "Since at this
time no single alloy can be shown to satisfy the probable fusion environment ... the long-term goals are
focused on developing alloys wlth mechanical and physical properties tallored for fuslon power reactor
appl ications. ™

132 Objective

The objectlve of this work was to assess the Path E alloy, HT-9, relative to its qualifying for low
actlvatlon status as defined in the Low Activatlon Panel report. This guallfication would requlre i+ meet
two of the three goals of safety, surface waste disposal, and contact maintenance. Furthermore the feasi-
bll Ity of produclng low activation alloys of this type was assessed by Interactlon wlth two producers of
those alloys.

133 Summary

This work was privately funded by the Fusion and Advanced Technology Division of GA Technologies
Incorporated (GA) fran its office of Research and Development as a part of GA's continuing interest In
actlvatlon Issues as they Impact fusion technology development. The Interactlon of neutrons fran_a fusion
machlne wlth the structural material will cause all conventional alloys and materlals to activate’. There

are three results of this: (1} special safeguards wlll be required for the removal and storage of the
activated materlal wastes after service, (2) the potential safety risk resulting fran release of activated
specie during an accident will require mitigation, and {3) Increased costs of developing and Incorporating

remote maintenance equipment. These results address the waste management concerns and the safety Issues.
Currently, the tight water reactor {LWR) waste guideline, 10CFR&1, has four classes of waste.
Classes A E and C which are all surface disposal, and Class D which Is geologic disposal. Al l conven-

tional materials will actlvate such that they would not qualify for surface waste disposal, and would
require deep, geologic disposal for many generations because of major constituent elements or levels of
Impurltles too hlgh for surface disposal. While all elements will actlvate. it Is a relatively few that

have daughter radionuclides that decay quickly enough or are weak enough such that they could be disposed
of as surface waste. The relatlve cost advantages of surface disposal vs. geologic disposal cannot be
estimated easily, but for packaging and burying without monitoring, they have been estimated at $200-600
per cubic foot for any of the three classes of surface waste. whiile costs for the only other alternative,
geologic disposal, will llkely be closer to $200.000 per cublc foot.

The issue of the safety Implications of materials activation is less well defined. Currently, the
most Important mechanism for release of activated material off-site Is considered to be through volatii-
lzatlon followlng lithium or other breeder material flres, or by loss of coolant to a structure of highly
activated material which has its own self-heating due to radloactlve decay4. Both scenarios ralse the

temperature of the Structural materlal. The hlgher the melting point of a material, the less Ilkely the
materlal will votatilize unless the material forms a surface oxide that Is volatile at temperatures weil
below the melting polnt of the unoxidized structural material. Manganese as an alloying element is a

major concern due to Its hlgh vapor pressure and formatlon of a volatile oxlde?.

134 Status

12% Cr-martensitic steels that meet the requirement for surface waste disposal probably can be melted
and fabricated. The guidelines for maximum allowable residual impurity levels must be adhered to and will
Impact the design philosophy for any alloy camposition. A design equation was written for allowable
amounts ot impurities such that the producer and alloy design team could trade-off certain strengthening
additions for others when those pure-element alley addltlons Introduce unacceptable levels of impurities.
Currently, the levels of Impurities for several different lots of starting material are being reviewed,
and implications to alloy canpositions assessed.

135 Resuits

In order to achieve minimum activatlion alloys based on modifcations of conventional materials (such
as HT-9}, certain alloying elements such as nlckel and molybdenum must be reduced to low levels and all
impuritles In the matrix that transmute to unacceptable radionuclides must be reduced to stringent |imita=



tions proposed in waste regulation 10CFR61 in order to guailify for class a waste. for example, trans-
mutation products from nickel are Cob0, Fe33, and NiB3. Calculations have shown that the maximum allow-
able amount of nickel in a first wall material |ike HT-9 would have to be less than 380 appm, or 0.040
wi-% (based on 8 x 1022 atoms/male and an alloy atomic weight estimated to be 55.2 gms). A list of
radionuclides In a 12Cr-1Me material is given 1n Table I. The total amounts of impurities Introduced by
alloying should not exceed the amount dictated by regulation 10CFR61, such that the following "impurity"
equation requirement must be met:

Z)}I ni/Kp <

i

where ¥X; Is the atom part per milllon of residual element I, nj is the Specific activity, and K; Is the
allowable radioactivity according to 10CFR61, This equation says the fractlon of allovable radiocactivity
due to any Impurity element times the atomic fractlon of that element (in appm) Is to be summed over atl
expected impurity elements, and that summation must be less than unity.

Thus, as a good approximation, an empirical equation can be written accounting for only those specie
that would dominate the radioactivity levels. For example, Cobl s produced by transmutations from Ni,
Cu, and Co. But the n/K factor is very low (one or two orders of magnitude lover) for Cu and Co as com-
pared to Ni transmutations. So, only those radionuclides that appear to be major contributors to activity
are Included in the equation. In this example, Ni would be included. So an approximotion for Class A
waste s ~

514 x 1073 Xyp + 143 x 1072 Xy, + 245 x 1072 Xg, + 1.8 x 1073 X,

+ 12 x 1072 Xgg + 10 Xyp + 844 x 1073 Xap + 1.6 x 1072 Xy, <1
while for Class B, the equation would be =

257 x 1074 Xyp + 325 x 1074 Xyo + 1,22 x 1072 Xgy + 1.8 x 1072 %,

+ 127 x 1076 Xgo + 10 Xnp + 1.6 X 1077 Xup + 191 x 1074 %, <

136 Eeasibilitv of Producing Minimum Activation Steels and Cther
Proposed Solutions

Two producers and fabricators of steels similar to those being considered in the minimum actlvatlion
ferritic steels program were visited. They were Special Metals in Utica, NY. and Carpenter Technology In
Reading, PA. They purpose of the trip was to discuss the methods and state-of-the— art of steel production
to determine what purity could be achieved for special application steels.

The production staff at Special Metals and Carpenter Technology were consulted on the problem con-
cerning activation products and the careful quality control that 1s necessary if these materials are to be
produced. They thought that the residual amounts discussed could probably be met. but that specific com-
posltlons with specifications should be submitted to them for analysis. They would then review the avall-
able virgin materials and their residuals content. This is Important because, for example, to reduce the
molybdenum content to as low as possible, other strengtheners such as tungsten must be addea to compen-
sate. The ore from which tungsten Is made may have other residuals in it such as niobium which may
Increase the Nb content to above the specifications. So, a trade-off may be necessary between adding
tungsten and, for example, more chromium in order to minimize impurity contamination fran further addi-
tions yet also malintaln desirable mechanical properties.

Other proposed solutions are (1) isotopic tailoring of the elements that are used In the materials,
or (2) the use of conventional materials without certain alloying elements that activate to controlied
radionucl Ides!. Isotopic talloring means to remove certain naturally occurring isotopes of elements. For
example, molybdenum has nine stable occurring isotopes, two of which 94Mc and %Mo activate by interacting
with neutrons to unacceptable radionuclides %*™Nb and 93Mo respectively. Isotopic ’rallorln% would cause
94Mo and 99Mo to be removed during isotopic processing such that the dominant radionuclides 9°™Nb and Mo
could, therefore, not be produced. The disadvantages of this is that an entire industry would have to be
created to separate the offending isotopes in every alloying element addition, and quality control of pro-
duced heats would be very risky because of the difficulty of determining the differences between an
isotopically tailored steel versus a conventional alloy of the same composition. Also, work done at GA
has shown that the residual impurity levels must be very small?, and it is not clear that isotopic
tailoring on a large scale could produce elements with the required controlled levels of offending
isotopes.

Twe major influences In eliminating the molybdenum and, to a lesser extent, the nickel are (1) a
decrease in strength due to elimlinating molybdenum which if present would stablllze carbides with respect
to temperature, and (2} a shift in the phase contents of the steel to a dual phase alloy which Is not
fully martensitic but containing some ferrite. While this has no adverse effect on activation properties,



it my effect the strength, corrosion, radiation damage and swelling. Both phases, martensite and fer-
rite, are body-centered cubic and, therefore, inherently resistant to swelllngs, but the large number of
dislocations in martensite act to getter vacancies, thus greatly increasing the incubation time for

swelling. So, a fully martensitic structure fs more attractive. In order to counter this phase shifft,
and to increase the strength wlthout adversely affecting activation characterlstics. tungsten can be added
in the same atomic amounts as molybdenum had been in HT-9. Tungsten wlli shift the composition Into a

fully martensitic phase field and also has the property of precipitating and stabillizing the same
strengthening Mp3Cg carbide as molybdenum In HT-9. The exact amount of the shift is about the same as for
molybdenum in atomic percent. Proposed alloys should have a small amount of titanium which further pro-
motes martensite and stabilizes the carbides further. Silicon should be reduced to Impurity levels
becagse of recent data suggesting that a nickel siticide may be a factor in causing Irradiation embrltt|e~
ment-,
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Table 1.3.1

Maximum elemental concentrations of Impurltles
In HT-9 to qualify for Class A waste

Maxt mum
Concentration#*
Element DomInant Nuclide Appm. 10 YR.

Ni Co 60 1,220
Fe 55 2,550
Ni 63 200
Mo Mo 93 70
Nb 93m 1380
\ V 49 -
TI Ca 45 -—
W W 181 -—
cu Co 60 5.250
Ni 63 1
N Cc 14 550
Mh Vh 54 60.000
Al Al 26 270,000
Co Co 60 83,000
Nb Zr 93 13.000
Nh 92 260.000

Nb 94 0.1
B Be 10 49,000

¥ Maximum concentrations calculated as If
each were the only impurity In the material



Table 1.3.2
Speciflic Regulation
Dominant Actlvity, Requlrements, K {n/K)
Element Radlonuc) ides { Ci/cm3/appm) Class A Class A
Ni CotQ 5.72 7000 8,17x10~4
Fe55 2.74
N163 0.28 35 5,14x1073
Mo Ma92 0.143 10 1.43x20~2
Nb93m 0.052 10 5, 2x10~3
cu Co60 1.33 7000 1.9x10~4%
Ni63 0.66 35 2.457x10™2
N Cl4 0.0145 8 1.8x10™3
Co Cob60 0.0844 7000 1.2x10™3
Nb Zr93 3x20-2 10 3x1076
Nb92 3x20™3 (20) {3x2070)
Nb94 0.20 0.02 10
Mh Mn54 0.117 7000 1.6x10™2
Al Al 26 0.0844 10 8.44x10~3
B Bel0 8.1076 ()% { %

* Calculations in Progress






2. TEST MATRICES AND METHODS DEVELOPMENT
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2.1.1

2.1.2

2.1.3

neutron fluxes and energy spectra agree quite well between the runs.
the C7R32 reaction rates due to improved burnup calculations.
steel is being revised slightly according to new neutron cross section evaluations for 99Ni.

12

2.1 NEUTRON SOURCE CHARACTERIZATION FOR MATERIALS EXPERIMENTS -
L. R. Greenwood (Argonne National Laboratory)

ADIP/DAFS Tasks

ADIP - Task 1.A.2 - Define Test Matrices and Procedures
DAFS - Task II.A.l - Fission Reactor Dosimetry

Objective

To characterize neutron irradiation facilities in terms of neutron flux, spectra, and damage parameters
(DPA, He, transmutation) and to measure these exposure parameters during fusion materials irradiations.

Summary

Results are summarized for four separate irradiations in HFIR, designated CTR-31, 32, 34, and 35. The

all other experiments is sumnarized in Table 2.1.1.

completed.

HFBR,

Table z.1.1,

Status of Dosimetry Experiments

Faci lity/Experiment

ORR

HAR

Omega West

EBR II
IPNS

MFE 1

MFE 2

MFE 4Al

MFE 4A2

MFE 48

MFE 4C

TBC 07
TRIO-Test
TRIO-1

CTR 2

CTR 31, 34, 35
CTR 0

Tl. RBL, CTR29
T2: T3

RB2, RB3

CTR 40-45
Spectral Analysis
HEDL1

X287

Spectral Analysis
LANLL (Hurley)
Hurley
Coltman

Status/Comments

Completed 12/79
Completed 06/81
Completed 12/81
Completed 11/82
Samples Expected 04/83
Irradiation in Progress
Completed 07/80
Completed 07/82
Irradiation in Progress
Completed 04/82
Completed 04/83
Irradiation in Progress
Samples Received 03/83
Irradiations in Progress
Irradiations in Progress
Samples Sent 10/82
Completed 10/80
Completed 05/81
Completed 09/81
Completed 01/82
Completed 06/82
Completed 02/83
Irradiation in Progress

s. Small corrections have been made to
Helium production in nickel and stainless

The status of

The first version of our standardized dosimetry and damage data computer file (DOSFILE) has been

and IPNS.

for testing.

2.1.4
2.1.4

Isotopes Reactor (HFIR} at Ok Ridge National Laboratory.

1

Progress and Status

Dosimetry far the HF1R-CTR31, 32, 34, and 35 Irradiations

At present, data is available for 17 recent irradiations at oRR, HFIR, EBRII, Omega West, CP5,
Copies of the data file and retrieval programs will be made available to interested parties

Measurements and calculations have been completed for four separate irradiations in the High Flux

The irradiation histories are, as follows:

Experiment Dates Power (#KD)
CTR31 10-03-80 to 05-25-81 21,853
CTR3Z 08-17-80 to 12-12-80 10,863
CTR34, 35 12-24-81 to 04-17-82 10,614
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Results from CTR32 were reported previously (L. R. Greenwood, Damage Analysis and Fundamental Studies,
Quarterly Progress Report, DOE/ER-0046/9, pp. 32-40, 1982). However, slight revisions have been made in
activation and helium production rates according to new nuclear data.

Radiometric and helium accumulation dosimeters were located at eight different vertical heights in each
experimental assembly, either at the top or bottom of each level. All samples were gamma counted at ANL and
then sent to Rockwell International for helium analysis.

The radiometric dosimetry results are listed in Tables 2.1.2 and 2.1.3. Burnup corrections are
required for all of the reactions and these are typically 5-10%for the fast reactions but as high as 20-50%
for thermal reactions. These corrections can be checked in several ways. 1In the case of thermal reactions,
a simple iterative technique provides a unique reaction rate since the reaction in question is responsible
for the burnup of the target nuclei. Once the thermal flux is known, it can then be used to estimate the
much smaller corrections for the threshold reactions. Since the flux spectrum i s apparently quite constant
in HFIR, we can check the final results by demanding internal consistency within each run and between dif-
fereps runs. In the case o 53!-‘@(n,\r)SQFe5 corrections must be made for the burnin of 98Fe from both 56Fe
and ?‘Fe. Corrections for Fe{n,p} and 53Mn(n,2n) are hampered by the lack of any cross section measure-
ments on 9%Mn (<10 b). Excellent ggnsis'mncy i s_obtained for both reactions if we assume a 94Mn thermal
cross sections of about 5 b. The 2°Fe{n,y} and 63Cu(n,a) reaction rates have been adjusted slightly from
the rates published previously (CTR32} according to these new burnup calculations. The 58Fe(n,y) values are
about 4% lower and the 93Cu{n,a) values about 7% higher than reported previously for CTR32. Some of the
values reported for 53Cu(n,a} Co appear to be inconsistent, although the reasons for these differences are
not understood. Random cobalt impurities could explain the problem; however, overall the cobalt impurity
level should be less than 0.1 ppm.

Table 2.1.2. Thermal Activation Measurements in HFIR
Values corrected for burnup and normalized to 100 MW, uncertainty 2%

op (atom/atom-s}

Height, om 59Co(n,v}{10-8) 58Fe{n,y)(10-9)
31 32 34 35 32 34 35
20.8 3.64 4.18 - — 1.26 - -
18.8 -- - 435 4.50 -— 1.28 1.30
16.7 - - - — 1.35 - -
12.5 5.56 5.55 5.56 5.64 1.67 -- 1.59
6.3 - — 6.68 6.63 - 1.95 1.92
4.2 7.10 7.21 _— - 2.08 - -
-3.1 -- - 6.72 6.35 -- 1.93 --
-4.2 6.67 7.28 - - 2.10 - -
-8.3 - - - _— 1.82 - --
-9.4 -- - 5.92 5.94 - 1.68 1.74
-125 5.63 5.76 - - 1.70 -- --
-15.6 - — 5.11 5.07 - 1.48 1.46
-20.8 4.28 422 — — 1.20 -- --
-21.9 — _- 3.67 3.69 - 1.09 1.09

93Nb(n,y)(10-9)

31 32

20.8 1.63 1.73
12.5 2.46 2.43
8.3 -— 2.78
4.2 3.04 3.05
0.0 3.26 -
-4.2 3.02 3.08
-12.5 2.46 2.49
-20.8 1.73 1.67

-25.0 - 1.43
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Table 2.1.3. Threshold Activation Measurements in HAR
Values corrected for burnup and normalized to 100 mw, uncertainty +2%

op (atom/atom-s)

Height, cm S4Fe{n,p){10-11) 4674 (n,p)(10-12)
31 32 34 35 31 32 34
20.8 3.94 4.13 - _ 5.86 _— -
18.8 - - 4.79 4.58 _— _— 6.82
16.7 - 5.22 - - — - -
12.5 5.81 6.44 _— 6.08 9.02 9.43 -
6.3 — _— 6.82 6.85 - - 9.81
4.2 6.43 6.99 - —_ 10.16 10.46 -
0.0 - - - - — 10.34 _—
-3.1 - - 7.13 -- - -- 10.54
-4.2 6.95 6.86 -— - 10.98 10.23 -
-8.3 - 6.77 - - . — _—
-9.4 - -— 6.62 6.58 _— - 9.69
-12.5 5.85 6.08 -— - 9.16 8.89 -
-15.6 - -_ 5.19 5.41 - - 7.60
-16.7 _— - _— _— - 7.28 -
-20.8 3.94 3.86 —— - 5.98 5.66 -
-21.9 - - 3.69 3.82 - - 5.28
Height, an 55Mn(n.2n)(10-13) 83culn,«)(10-13)
31 32 34 35 31 32
20.8 1.18 1.23 -~ - 2.73 3.22
18.8 -= - 1.50 1.35 -- —-
12.5 1.74 1.94 1.75 1.78 4.44 4.65
6.3 -- - 2.02 2.06 -- --
4.2 1.94 2.13 - -- 6.50 5.18
0.0 - - 2.07 - 6.01 -
-3.1 - - 2.08 -= - -—
-4.2 2.02 2.10 -- - 5.94 5.18
-9.4 - -- 1.93 2.14 - -
-12.5 1.87 1.83 - -- 5.00 5.42
-15.6 - - 1.59 1.61 - --
-20.8 1.26 1.23 - -- 3.20 2.98
-21.9 -- - 1.10 1.15 -- --

Activation rates for threshold reactions from all four runs are compared in Fig. 2.1.1. /s can be seen,
the consistency is excellent demonstrating the repeatability of the neutron flux and spectrum in HFIR. The
maximum activation rates are listed below, as determined by a least-squares fit to the data in Table 2.1.2.

Reaction Midplane Activation Ratelatom/atom-s)

- N CTR31 CTR3Z  CTR34 CTR35
58Fe(n v)59Fe(10-9) - 2.04 1.94 1.92
59¢o(n, 7)60(:0(10 8) 6.87 7.12 6.72 6.57
S4Fe(n.pn)5MMn(10-11) 6.83 7.22 7.16 7.17
46Ti(n p)465c(10-11) 1.08 1.05 1.05 -
63Cu{n.a)60Co(10-13) 6.13 5.51 - --
55Mn(n 2n&54Mn(10 13y 2.05 2.18 2.08 2.22
93INb(n 10-9) 3.05 3.06 -- --

These data were used with the computer code STAYSL to adjust the neutron flux spectrum calculated by
Kam and Swanks.l The adjusted flux and fluence values are listed in Table 2.1.4. The last column of fluxes
i s the average for all four runs. The run-to-run scatter from the average is only #5%; however, there does
aﬁpear to be real differences in the thermal flux level. Differences in the fuel cycle and variations in
shielding by the experimental assemblies can of course perturb the thermal flux. e flux spectra adjusted
by STAYSL are all quite similar and are represented by Fig. 2.1.2.



Fig. 2.1.1.
46T (n,p)46sc, S4r
and 35.
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Table 2.1.4. Midplane Neutron Fluxes and Fluences Measured in HFIR
Values normalized to 100 MW, uncertainty +5-10%
Energy, MeV Flux, x 1015 n/cm?-s
CTR31 CTR32 CTR34 CTR35 Average
Total 4.95 5.10 4.87 4.71 4.92
Thermal {<.5 eV) 2.04 2.11 1.9 1A 2.02
>0.11 1.29 1.34 1.30 1.28 1.30
05 ev - 0.11 l.e2 1.65 1.59 1.55 1.60
ol -1 0.643 0.655 0.629 0.617 0.636
1-5 0.598 0.630 0.616 0.610 0.614
5-10 0.051 0.061 0.050 0.049 0.050
10-20 0.0016 0.0016 0.0016 0.0016 0.0016
Fluence, x 1022 nsem2
CTR31 CTR32 CTR34 CTR3%
Total 9.34 4.78 4.47 4.38
Thermal (<.5 e¥) 3.84 1.8 1.82 1.78
»>0.11 2.45 1.26 1.19 1.17
05 ev - 0.11 3.06 1.55 1.45 1.42
0.11-1 1.21 0.614 0.577 0.565
1-5 1.13 0.590 0.564 0.560
5-10 0.097 0.048 0.045 0.045
0-20 0.0031 0.0015 0.0014 0.0014
C = Ling:
© < - QIRT2
D7 A= TTRYY 40
- - 2TRIS -
| o* o 8
o a &
n o}
o 8 %4 N
e Fat V Fe
o [
o & 0 4
<= | . L C o g
— 33‘1 N = @l ]
l; : & 5 ©
|j: | £
= 55, -
i";_ [\Zi‘ﬂ\
= A s A i:| ey e
= B .
— - - — — -
= - = ! z e .3

e T R
= r :
o B

=

LT T

Relative activation rates are shown as a function of height above midplane for the

e(n,p)54Mn, and 55

Mn reactions.

Four irradiations are compared i n HFIR-CTR31l, 32, 34,



Fig. 2.1.2.

nearly identical for the CTR32, 34, and 35 irradiations.

dotted and dashed lines represent one standard deviation;

Flux gradients were deduced from the activities in Tables 2.1.2 and 2.1.3, as shown in Fig. 2.1.1.
of the data for each reaction and run were fitted to a quadratic function by the least-squares method.

average fits for each reaction are listed in Table 2.1.5.

Flux per unit lethargy is energy times flux.
however. uncertainties are highly correlated.

The linear term b is quite insignificant,
firming that the maximum flux is centered within *1 cm of midplane for all reactions.

The adjusted neutron spectrum is shown for the HFIR-CTR31 irradiation.

This spectrum is
The

All
The
con-
The quadratic term ¢

is very nearly the same for all reactions; however, the thermal gradient is slightly flatter than the fast

gradient, as might be expected.

This spectral difference is less than 7% over *20 an of interest.
gradients in Table 2.1.5 were determined by averaging the thermal and fast gradient coefficients.

The flux
Displace-

ment damage and gas production would also be expected to follow the same gradients except for helium pro-
duction in nickel which is a two-step thermal reaction.

Table 2.1.5.

flz) =

Work on these gradients is now in progress.

Flux and Activity Gradients for HFIR
Least-squares fit to data in Tables 2.1.2-2.1.3
al1 + bz + ¢z21, z = height (cm)

Reaction

59co(n,v160Co
58Fe(n,y)59Fe
54Fe(n,p)>HMn
4674(n,p)%6sc
55Mn(n,2n)5%n

Flux {n/cml-s)

Thermal (<.5 eV)
Fast (>0.1 MeV)
Total

2.1.4.2

a

6.82
1.97
7.10
1.06
2.13

<X X X »x X

a

2.02 x
1.30 x

492 x

10-8
10-9
10-11
10-11
10-13

1015
1015

1015

Standardized Dosimetry and Damage Data File

Version B of our standardized dosimetry and damage data file,
as listed in Table 2.1.6.
The data is written in a simple card-image format similar to ENDF.

recorded for 17 recent irradiations,
into the file.

b(10-3) c(10-3)
-0.365 -0.968
+0.066 -0.944
+0.284 -0.994
t0.841 -0.995%
t0.147 -0.974
b(10-3) c{1c-3)
-0.150 -0.956
+0.563 -0.995
+0. 195 -0.975
DOSFILE,

i s now available.
Older data is now being reviewed for entry

Data has been

However, alpha numeric

titles and header records have been used extensively to make the files more readable, without the need to

reference external manuals.
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Table 2.1.6. Irradiations Included in DOSFILE

Irradiation™ Key Word
HFIR-CTR22 HFR32
HFIR-CTR34 HFR34
HFIR-CTR2S HFR3E
CRR-MFF1 ORMF1
ORR-MFEZ ORMF2
ORR-MFE4A-1 ORAAL
ORR-MFE4A-Z OR4A2
ORR-Spectral Run ORRLP
CRR-TBCO7 ORRT?
ORR-TRIO-1 TRIO1
Omega West-Spectral Run oMwsP
Omega West-HEDL-1 OMWH1
IPNS-9-VT2-REF IPNIC
EBRII-X287 EB287
CP5-Fission Converter CPSFC
HFBR-YT15-2 HFBR2
HFBR-YT15-3 HFBR3

*HFIR: High Flux Isotope Reactor {DRNL)
ORR Ok Ridae Research Reactor (ORNL)

West Reactor (LANL)
IPNS: Intense Pulsed Neutron Source {ANL-E)
EBRII:  Experimental Breeder Reactor IT {AKL-W)
CP5:  Chicago Pile 5 (ANL)
HFBR: High Flux Beam Reactor [(BKL)

The types of data stored in the file are listed in Table 2.1.7. A short fortran retrieval program is
provided to aid users. By typing in the key words for the irradiation and type of data wanted, a user can
rapidly obtain a listing. For example, the key words HFR-32 and FSM would instruct the program to list a
flux and fluence summary table for the HFIR-CTR3Z irradiation. The identification {I1DN) file contains a
plain-English description of the irradiation history, gradients, and references to more complete publica-
tions as well as reference cross section, self-shielding, and uncertainty data files. These latter files
are also contained in the DOSFILE package to facilitate cross-referencing.

Table 2.1.7. Data Key Words for DOSFILE

Key Word Description

IDN Identification, irradiation history,
gradients, references

ACT Activities with uncertainties, covers,
and self-shielding

FLI Input flux data

FUN Input flux uncertainties

FLO Output flux data

FCV Jutput flux covariance matrix

BV Flux, fluence summary

DAM Damage Parameters

In establishing the file we have attempted to not only document data and procedures, but also provide
all input data required for spectral adjustment. Specifically, the input data is provided for the STAYSL
computer code which is used for spectral adjustment. Uncertainties and covariances are thus listed for the
activities, cross sections, input, and output flux spectra. Covariances on the input spectrum and cross
sections are assumed to be described by a Gaussian function. However, the output covariances have no such
simple functional dependence and hence must be reported as a complete 100 x 100 element matrix, although
only half the terms need be listed since the matrix is symmetric. This output matrix must be used to
determine errors on derived quantities such as DPA or gas production.



At present copies of DOSFILE will be sent to interested parties for testing. Feedback from the user
comnunity would be particularly useful at this stage in determining suitability of data and formats as well
as future changes and additions to the file. 1In the near future the file will be placed on the NMFE
Computer System at Lawrence Livermore Laboratory for general access by the fusion comnunity. A manual is
now beino written and this will be published as an Argonne report.

T1.5  Innclusion

Helium and displacement calculations are now in progress for all four irradiations. Helium values are
being reevaluated in terms of new cross section evaluations for 53Ni. Dosimeters are now being analyzed for
the T1, T2, RB1, and CTR-39 irradiations in HFIR.

Older dosimetry data will be included in OOSFILE. This data will require some review to update nuclear
data and procedures to ensure complete compatibility of all data in the file.

2.1.6 References

1. F. B. K. Kam and J. H. Swanks, Neutron Flux Spectrum in the HFIR Target Region, ORNL-TM-3322 11971).
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7.7 NEUTRONICS CALCULATIONS IN SUPPORT CF THE ORR-MFE-4 SPECTRAL TAILORING EXPERIMENTS — R. A Lillie and
T. A Gabriel (Oak Ridge National Laboratory)

2.2.1 ADIP Task
ADIP Task I.A.7, Define Test Matrices and Test Procedures.

2717 Objective

The objective of this work is to provide the neutronic design for materials irradiation experiments in
the Oak Ridge Research Reactor {ORR). Spectral tailoring to control the fast and thermal fluxes is required
to provide the desired displacement and helium production rates in alloys containing nickel.

273 Summary

New scaling factors have been obtained to force agreement between the experilnentally measured and calcu-
lated fluences. As of March 31, 1983, these factors yield 896 at. ppm He (not including 20 at. ppm He from
108} and 6.18 dpa for type 316 stainless steel in ORR-MFE-4A and 57.7 at. ppm He and 4.48 dpa in ORR-MFE-4B,

224 Progress and Status

Experimentally measured fluences from a second set of dosimeters in the ORR-MFE-4A capsule became
available on November 7, 1987. These data lead to a drastic change in the ratio of calculated to experimen-
tally measured thermal fluence, C/E. Previously, a C/E ratio of 0.76 had been applied to the calculated
thermal fluences. This ratio resulted frorn comparing the calculated total thermal fluence at 95°C {i.e., the
effective ORR moderator temperature) with an experimentally measured thermal fluence at 20°C. In addition,
it was determined that the fluence to be used in the helium production equations should be the effective
2200-m/s fluence, which is the experimentally measured total thermal fluence at 95°C divided by 1.28. The
end result is that a new C/E ratio of 099 is now being used to scale the calculated thermal fluences,
whereas 0.76 is still being used to scale the calculated total fluences.

The operating and current calculated data based on the new fluence scaling factors are summarized in
Table 221 for the ORR-MFE-4A and -45 experiments. The change in thermal fluence scaling has produced a
large increase in the He production frorn that reported previously.l |In addition, the dpa rates in both the
ORR-MFE-4A and -4B experiments have dropped slightly because of a slight decrease in the time averaged total
flux.

The real-time projections of the helium-
to-displacement ratios based on current

calculated data as of March 31, 1983, are pre- Table 7.2.1. Operating and calculated data for
sented in Figs. 2.2.1 and 277 for the experiinents ORR-MFE-4A and -4B
ORR-MFE-4A and -4B experiinents, respectively. as of March 31, 1983

The projected dates were obtained assuming an
ORR duty factor of 0.86. Because the

ORR-MFE-45 experiment was removed from the ORR-MFC-4A ORR-MFE-4B
reactor on October 21, 1982, its real-time
projected dates are given in calendar months ORR cycles 44 37
after insertion. The solid aluminum core- Power {Mwh) 381,096 305,280
piece was placed in the ORR-MFE-4A experiment Equivalent full-power daysa 529.3 424.0
on December 7, 1982. This change was precip- Thermal fluence {neutrons/m?2) 9.16 x 1025 7.15 x 102%
itated by the large increase in the calcu- Total fluence (neutronsfm2) 740 = 1026  1.75 = 1026
lated helium production, which i$ now Helium (at. ppm}d 89.6 57.7
consistent with the measured helium produc- dpab 6.18 4.48
tion in the second set of dosimetrv wires.

Although the He-to-dpa ratio for the " Full power for ORR is 30 MW.
ORR-MFE-4A experiment is currently above the

PHelium and dpa values are for type 316 stainless

first-wall ratio and will continue to be
steel.

above the first-wall ratio, the solid alumi-
num corepiece may be used until the 10-dpa
level is reached, provided it is then
replaced with an aluminum corepiece containing a 1.0-mm-thick hafnium insert rather than the 0.65-mm-thick
hafnium insert previously required.2 The required hafnium thickness for the ORR-MFE-45 experiment at the
10-dpa level will be between 0.65 and 1.0 mm, provided the solid aluminum corepiece is used when the experi-
ment is reinserted in ORR.

715 Future Work

The neutronics calculations that moniter the radiation environment will continue with each ORR cycle.
The fluences from these calculations will continue to he scaled for agreement with experimentally determined
fluences. 4s experimental data become available from the ORR-MFL-45 experiment dosimeters, it will be used
to determine the hafnium thickness needed in the ORR-MFE-AB corepiece at the 10-dpa level.
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23 OPERATION OF THE ORR SPECTRAL TAILORING EXPERIMENTS ORR-MFE-4A AND ORR-MFE-4B — J. A Conlin,
I. T Dudley, and E. M Lees (Oak Ridge National Laboratory)

2.3.1 ADIP Task

ADIP Task I|.A.2, Define Test Matrices and Test Procedures.
2.3.2 Objectives

Experiments ORR-MFE-4A and -4B, which irradiate austenitic stainless steels, use neutron spectral
tailoring to achieve the same helium-to-displacement-per-atom (He/dpa) ratio as predicted for fusion reactor
first-wall service. Experiment DRR-MFE-4A contains mainly type 316 stainless steel and Path A Prime

Candidate Alloy (PCA) at irradiation temperatures of 330 and 400°C. = Experiment ORR-MFE-43 contains similar
materials at irradiation temperatures of 500 and 600°C.

2.3.3 Summary

The specimens contained in the ORR-MFE-4A experiment have been in reactor for an equivalent of 529.3 d
at 30 MW reactor power, with temperatures of 400 and 330°C. The ORR-MFC4R experiment, with specimen tem-
peratures of 500 and 600°C, has operated for an equivalent of 424 d at 30 MW reactor power. It was removed
from the reactor October 21, 1982, for specimen inspection and transfer to a new capsule.

234 Progress and Status

The details of the Oak Ridge Research Reactor (ORR) Spectral Tailoring Experiments have been described
previously. 1-9

The ORR-MFE-4A capsule experiment continues to operate. This capsule was disassembled, the test speci-
mens transferred to a new capsule assembly, and the new capsule assembly then reinstalled in the ORR in
September 1982. The new capsule was modified to eliminate the faults of the first capsule and to incorporate
other changes, which provide an improved and more reliable capsule. The modifications have been described
previously.’

Unusual He/Ar ratios for the control gases were required to bring the upper and lower regions of the
capsule to the normal operating temperatures. Temperature responses to a series of tests in which control
gas flow rates and He/Ar ratios were varied were similar to those that would be expected if the upper region
control gas line and the common control gas line were reversed. During the following reactor shutdown on
October 11, 1982, the two gas lines in question were reversed at the in-pool junction box. After the reactor
started, a slight improvement in the capsule temperature distribution was observed; however, the unusual
control gas Hef/Ar ratios remained essentially unchanged. This indicated that the control gas lines in
question had not been reversed as first suspected. W have concluded that some of the lower region control
gas is mixing with the upper region control gas within the capsule. This could occur by leakage either at
the slip joint that separates the two regions or in the control gas passage to the lower region at some point
where it passes through the upper region of the capsule. This condition does not prevent the capsule opera-
tion at specified temperatures.

As operation of the experiment progressed, the temperature indicated by thermocouple 4 began to show an
increase relative to the other thermocouoles in the lower reaion of the caosule. A vertical temoerature pro-
file of the center temperature of the capsule was made by step adjustments'of the central thermocouple. That
temperature profile indicated a higher than normal center temperature in the immediate vicinity of thermo-
couple 4. This was interpreted to be an indication that a small gas bubble had formed and become trapped
inthe NaK at that point. The primary system was evacuated to approximately 12.6 Pa, then pressured to
-1.38 » 105 Pa (20 psia) with helium during the reactor shutdown on December 8, 1982. The evacuation and
pressurization procedure was repeated three times. The bubble was successfully removed by this operation, as
evidenced by norinal temperature gradients following the next reactor startup.

The aluminum corepiece for the ORR-MFE-4A experiment was changed on December 7, 1982. The lightweight
aluminum corepiece identified as MFE-4-1-E3 was removed and a solid aluminum corepiece identified as
MFE-4-2E3 was installed. This corepiece change was made to ensure the proper He/dpa ratio in the stainless
steel specimens.

The only thermocouple failure to date in ORR-MFE-4A is TC 3, which failed Deceinber 1}, 1982. Through
Mdrch 31. 1983. this experiment has accumulated an eouivalent of 529.3 d at 30 MW reactor Dower. with speci-
men temperatures of 400°C and 330°C.

The ORR-MFE-43 experiment developed a leak between the control gas system and the lead tube. The fact
that the leak had no effect on the cansule temoerature control indicated that the leak was in the control gas
outlet line. 1t became necessary to vent the iead tube volume more frequently as the control gas leak rate
increased. The experiment was removed from the redctor on October 21, 1982, after having attained approxima-
tely 5 dpa. Hot-cell examination of the capsule during disassembly indicated that the leak in the control
gas outlet line was caused by corrosion above the capsule bulkhead. This corrosion is believed to be the
result of Nak vapor leakage through a braze joint in the bulkhead. The NaK that leaked into the cavity above
the bulkhead then reacted with the air in that region, producing a corrosive atmosphere. This is believed to
be the same type of failure as occurred in the ORR-MFE-4A capsule.® The test specimens have been removed
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from the capsule for inspection and will be loaded into a new capsule. The new capsule assembly design has
been modified to eliminate the faults of the capsule and to incorporate other changes, which should provide
an improved, more reliable capsule. These changes are similar to the design changes made to the JRR-MFL-4A
capsule reported previously.3

Through March 31, 1983, the ORR-MFE-4B experiment has accumulated an equivalent of 424 d at "~ MW reac-
tor power, with specimen temperatures of 500°C and 600°%C.

2.3.5 References
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2.4 IRRADIATION OF MINIATURE CHARPY SPECIMEN OF 12 Cr-1 MowV: EXPERIMENT HFIR-CTR-46 — 1. M. ¥itek
(Oak Ridge National Laboratory)

24.1 ADIP Task

ADIP Task LA.2, Define Test Matrices and Test Procedures.
242 Objective

This experiment will evaluate the impact properties of the national fusion heat of 12 Cr-1 MoVW steel
after elevated temperature irradiation in HFIK. A second objective is to correlate the results of this
experiment with a low-fluence irradiation experiment in the University of Buffalo reactor. The correlation
will assess the fluerce dependence of the impact properties of 12 Cr-1 MOW. Finally, this experiment will
provide information or the effect of heat-to-heat variations on the postirradiation impact properties of
12 Cr-1 Mo¥W since other heats of this alloy have been irradiated in HFIR under identical conditions.
243  Summary

The HFIR-CTR-46 experiment contains miniature Charpy V-notch specimens of the national fusion heat of
12 Cr-1 MoVW steel. Irradiation at 300°C and 400°C will achieve a midplane damage level of 10 dpa.

244 Progress and Status

2441 Introduction

The impact properties of ferritic steels following irradiation are of primary concern when considering
the applicability of ferritic steels as a first wall and structural inaterial. Irradiation experiments on
these steels are being conducted in the HFIR, EBR-II, and University of Buffalo reactors as a part of the
ADIP program. However, earlier experiments have involved differences in heats of steels, sample orientations,
irradiation temperatures, and heat treatments. Conclusions regarding the fluence dependence of the impact
properties of these steels are not possible. Therefore, a low-fluence irradiation in the University of
Buffalo reactor! and a higher fluence irradiation in HFIR were planned for direct comparison. The HFIK
experiment has been designated HFIR-CTR-46 and is described in this report.

The national fusion heat of 12 Cr-1 MWV (ref. 2) was used for these irradiation experiinents. Use of

this new heat of steel offers two immediate advantages. These experiments will provide the first data on the
impact properties of this heat following irradiation. In addition, comparison with a previous HFIR
experiment, HFIR-CTR-34 (ref. 3), will allow an assessment of the effect of heat-to-heat variations on the

irradiation response of this alloy.

2.4.4.2 Experiment Design

The experimental design is identical with that used previouslyl for elevated temperature irradiation of
miniature Charpy V-notch specimens in HFIK. The samples are contained in steel specimen holders, which are
inserted in aluminum sleeves. The gamma heating of the specimen and the temperature gradient across the
steel specimen holder set the sample irradiation temperature. These subassemblies are stacked in a water-
cooled aluminum containment tube. Details of the design are given elsewhere.3

Two irradiation temperatures will be used. The 300°C irradiation will correspond to the low-fluence
irradiation experiinent at the University of Buffalo. Irradiation at 400°C will also be carried out, and both
irradiation temperatures duplicate previous elevated temperature HFIK experiinents.

Irradiation of nickel-hearing steels in HFIR produces helium as well as displacement damage. The pro-
duction of helium occurs by the two-step transmutation reaction of 58Ni to “He and 56Fe. The nickel level of
0.51% in the 12 Cr-1 MoVW alloy will result in the production of approximately 20 at. ppm tie during the
irradiation. The displacement damage level will be near 10 dpa at the experiment midplane.

2443 Specimen Preparation

The specimens were prepared from 16-mm-thick Table 24.1 Chemical composition of the national
plate stock of the national fusion heat of 12 Cr- fusion heat of 12 Cr-1 MoVH steel
1 MoWV, described elsewhere.2  The heat chemistry (Heat 9607R2)
is given in Table 24.1. The same section of plate
was used for preparation of specimens for both the El t Content El ¢ Content
HFIR and University of Buffalo reactor experiments. emen (wt %) emen (wt %)
Heat treating and machining were performed under the
diraction of the Naval Research Laboratory (NRL). Cr 12.1 Si 0.17
The heat treatment used was 1050°C/0.5 h/air cool + Mo 1.04 M 0.027
780°C/2.5 h/air cool, to produce a tempered marten- Mn 0.57 p 0.016
site structure. Ni n.51 Al 0.006
The specimens to he irrddidted in HFIR W 0.45 | S 0.003
were 5 mm x 5 mm in cross section, 254 mm long, V 0.28 i Ti 0.001

¢ 0. 20
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and contained a notch 0.76 mm deep with a 0.08 mm root radius. The samples were not precracked. Full-size
Charpy specimens to be used by NRL were machined from the same plate. The specimens were oriented in the
plate-rolling direction with the notch running from the top to the bottom surface of the plate.

2444 Test Matrix and Irradiation Conditions

The test matrix is similar to that used in HFIR-CTR-34, with only 11 Cr-1 MoVW samples used. Four
specimens at each end of the capsule will be irradiated at 300°C, and eight specimens in the center zone will
be irradiated at 400°C. The capsule is in the HFIR peripheral target position. Irradiation began in
February 1983 and is scheduled for five cycles with completion in June 1983. Maximum displacement damage is
estimated at 10 dpa at the experimental midplane, with the damage level decreasing to approximately 6 dpa at
the capsule extremities. Approximately 20 at. ppm He will be produced at the midplane.

245 References
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3. J. M Vitek, "Elevated Temperature Irradiation of Ferritic Steel Charpy Specimens: Experiments
HFIR-CTR-34 and -35," pp. 87—90 in ADIP Sewmiannu. Proa. Rep. “ar., 31, 1982, DOL/ER-0045/8, U.S. DOE, Office
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25 HIGH FLUENCE IRRADIATION OF FERRITIC STEEL CHARPY SPECIMENS: EXPERIMENTS HFIR-CTR-47 and -48 -
J. M Vitek {Cak Ridge National Laboratory)

25.1 ADIP Task
ADIP Task I.A.2, Define Test Matrices and Test Procedures.

252 Objective

This pair of experiments is a sequel to the earlier experiments HFIR-CTR-34 and -35, designed to deter-
mine the impact properties of irradiated 9 Cr-1 MoVNb and 12 Cr-1 MOV steels. HFIR irradiation to approxi-

mately 40 dpa is planned. The transmutation of nickel to produce helium in alloys doped with varying amounts
of nickel will allow an assessment of the effect of helium on the postirradiation impact properties.

253  Summary

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 MovNb and 12 Cr-1 MOW steels. Irradiation tem-
peratures are 300 and 400°C.  Nickel-doped alloys are included to assess the influence of helium on post-
irradiation impact behavior.

254 Progress and Status

2541 Introduction

Two earlier experiments, HFIR-CTR-34 and -35, (ref. 1), were conducted to assess the effect of irra-
diation on the impact properties of 9 Cr-1 MovNb and 12 Cr-1 MOW steels. By taking advantage of the two-
step transmutation reaction of nickel, which results in helium production, increasing levels of helium
were generated during irradiation by increasing the initial nickel content of the alloys. The nickel-doped
ferritic alloys described earlier,? with 0.1, 0.5, and 2% Ni, were used in these experiments.

Recent electron microscopy results (reported in Sect. 7.1) indicate significant cavity formation in
12 Cr-1 MOW during irradiation in HFIR to a displacement damage level of 40 dpa. Therefore, a sequel
experiment to HFIR-CTR-34 and -35 was initiated to evaluate the imoact properties of ferritic steels
foilowing irradiation in HFIR to this same damage level of 40 dpa.' These experiments, designated HFIR-CTR-47
and -48, are described in this report.

254.2 Experiment Design

The experimental design is identical with that used previously for elevated temperature irradiation of
miniature Charpy V-notch specimens in HFIR.1 The specimens are contained in steel specimen holders, which
are inserted into aluminum sleeves. Gamma heating and temperature gradients across these specimens and
holders set the elevated irradiation temperatures. These subassemblies are stacked in a water-cooled alumi-
num containment tube.

The samples are miniature Charpy V-notch impact specimens. They are 5x 5 mm in cross section, 254 nmm
inlength, and contain a 0.76-mm-deep notch with a root radius of 0.05 to 0.10 mm. The samples were not
precracked. Samples were machined from 5.3-mm-thick plate in the longitudinal orientation relative to the
rolling direction and with the notch running frorn the top to bottom surface of the plate.

2543 Test Matrix and Irradiation Conditions

Table 251 Alloys to be irradiated in HFIR-CTR-47

Four different alloys are included in the and -48
experiment: two variations of 12 Cr-1 Mc¥W and
two variations of 9 Cr-1 MoVNb. The alloys have

been doped with O and 2% Ni in order to achieve Normalizing  Temoering

different helium production rates during irra- Alloy Heata

diation. Alloy chemistries have been reported C5C) (h) (°C) {h)

elsewhere.2 The alloys are in the normalized

and tempered condition. Table 251 lists the 12 Cr-1 MoVW XAA-3587 1050 0.5 780 25

alloys and their heat treatments. 12 Cr-1 MoVW-=2 Ni XAA-3589 1050 M5 700 5
The HFIR-CTR-47 capsule contains the % Cr-1 MoVNb XA-3590 1040 0.5 760 1

12 Cr-1 MoW/ series, whereas the 9 Cr-1 MoVNb 9 Cr-T MoVNb-2 Ni  XA-3591 1040 0.5 700 5

alloys are in capsule HFIR-CTR-48. Each capsule

contains 16 miniature Charpy V-notch specimens, aYendor: Combustion Engineering.

8 at 300°C and 8 at 400°C. The matrix for the
two capsules is given in Table 25.2. This
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matrix is nearly identical to the HFIR-CTR-34

and -35 matrix, with the exception of additional Table 25.2. Irradiation matrix for miniature
undoped alloy specimens substituted for nickel- Charpy V-notch specimens in HFIR-CTP-47, -48
doped specimens at the 400°C irradiation
temperature.

The capsules are to be irradiated in the Positiond Temperature HFIR-CTR-47 -7 IR-CTR-48
HFIR peripheral target positions. Irradiation osition (°c) heat heat

for 20 cvcles is planned, to vield a displace-

ment damage level'of approximately 40 dpa at the 1 300 XAA 3587 XA 3590
capsule midplane and approximately 25 dpa at the 2 300 XAA 3587 XA 3590
extremities. Calculated helium levels at the 3 300 ¥AA 3587 XA 3590
midplane are 25 and 85 at. ppm He in the 9 Cr- 4 300 XAA 3587 %A 3580
1 MoVNb and 12 Cr-1 MOW base alloys, respec-
tively. and about 300 at. ppm in the 2% Ni-doped 5 400 XAA 3589 XA 3591
alloys. 6 400 XAA 3589 YA 3501
Irradiation is scheduled to begin in June 7 400 XAA 3589 XA 3531
1983 and continue until September 1984. 8 400 XAA 3587 A 3580
255 References 9 400 XAA 3587 XA 3590
10 400 XAA 3587 XA 3550
1. J. M Vitek, "Elevated Temperature 11 400 XAA 3537 XA 3590
Irradiation of Ferritic Steel Charpy Specimens: 12 400 XAA 3587 XA 3590
Experiments HFIR-CTR-34 and -35," pp. 87—90 in
ADIP Semiannu. Prog. %ep. Mar. 31, 1982, 13 300 XAA 7587 XA 3590
DOE/ER-0045/9, U.S. DOE, Office of Fusion 14 300 XAA 3589 XA 3591
Energy. 15 300 XAA 3589 XA 3591
2. R L Klueh and J. M Vitek, "Characteri- 16 300 XAA 3589 XA 3591
zation of Ferritic Steels for HFIR Irradiation,"
pp. 294-308 in ADIP Semiamnu. Prog. Rep. June @Axial position in each experiment.

30, 1¢s0, DOEJER-0045/3, U.S. DOE, Office of
Fusion Energy.
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3.1 SWELLING AND MICROSTRUCTURAL DEVELOPMENT OF PATH A PCA AND TYPC 316 STAINLESS STEEL IRRADIATED IM HFIR —
P. J. Mariasr and D. N. Rraski (Oak Ridge National Laboratory)

3.1.1 ADIP Task

ADIP Tasks I.C.1, Microstructural Stability, and 1.C.2, Microstructure and Swelling in Austenitic
Alloys.

312 Objective

This work is intended to evaluate the effect of preirradiation microstructural variation on swelling of
the Path A PCA irradiated in the HFIR. These results are compared with results on several heats of types 316
and 316 + Ti stainless steel similarly irradiated.

3.1.3  Summary

Evaluation of swelling of PCA variants and 20%-cold-worked (Pl-lot) type 316 stainless steel {CW 315)
irradiated at 300-600°C was extended to -22 dpa. Voids continued to develop with increased fluence in
PCA-Al. -B1, and CW 316. Void swelling saturated in PCA-BZ at ~1f] dpa at 600°C and did not develop in PCA-A3
up to 22 dpa. A stable structure of fine titanium,-rich MC developed during irradiation of PCR-23, while
preexisting MC precipitate in PCA-82 redistributes during irradiation.

314 Progress and Status

This work continues the evaluation of swelling resistance in various preirradiation microstructural
variants of the Path A Prime Candidate Alloy (PCA) begun previously.l.2 The specimens were irradiated in
experiments HFIR-CTR-30, -31, and -32. Irradiation parameters and the details of specimen preparation have
been reported.2-% Tahle 3.1.1 lists the compositions of the steels, and Table 312 summarizes the various
preirradiation microstructures and thermal-mechanical pretreatments of the PCA.

3.14.1 Temperature and Fluence Dependence of Swelling

Cavity volume fraction (cvf) swelling values for the several microstructural conditions of PCA and for
CW 316 (ti-lot) irradiated in HFIR at 300-600°C to —10 dpa and at 400—600°C to —22 dpa are given in
Table 3.13. Swelling as a function of temperature is plotted in Fig. 311 for PCA-Al, -A3, and CW 316
(?1-lot). Comparable results from previously determined>>% swelling of cw 316 (DO-heat) and i 316 + Ti
{R1-heat) frorn HFIR-CTR-G through -13 are included in Fig. 3.1.1. Previous work' has narrowed the emphasis
to PCA-ALl, -A3, and -B7.

The PCA variants and CW 316 (N-lot) were previously shown to exhibit various levels of monotonically
increasing swelling with increasing irradiation temperature for HFIR irradiation to 10 dpa at 300-600°C
{ref. 2). Figure 311 shows these data for PCA-Al and CW 316 (N-Tot) at 10 dpa. The same trend was found
for these steels at —-22 dpa. The temperature dependence also became steeper as fluence increased. Minimum
swelling and the least temperature dependence were found for the PCA-A3 irradiated to 22 dpa at 400 and
600°C. In contrast with these data, the opposite temperature dependence of swelling was observed for CW 316
(DO-heat) and CW 316 + Ti (Rl-heat) irradiated in HFIR to 8.4-17.8 dpa (Fig. 3.1.1). These steels showed the
greatest swelling at 300 to 400°C, and then swelling decreased with increasing temperature.?.?

Swelling increased with increased fluence for almost all the steels for the temperatures exarined (see
Fig. 3.1.2). However, swelling rates, at least initially, depended strongly on temperature and/or
pretreatment. PCA-BI swelled the most at 600°C (1.4% at 22 dpa) and showed the most rapid rate increase with
fluence.  PCA-Al at 600°C exhibited a lower rate of swelling than PCA-B1, but the curves could converge at
higher fluence. Swelling was initially very low in PCA-Al at 500°C, hut the rate hetween 1N and 20 dpa was
simiTar to that observed at 600°C (~0.7%/dpa). Swelling and swelling rate are low but measurable for PCA-Al
irradiated at 400°C (0.2% and 0.017%/dpa, respectively). The PCA-Al and -B1 are solution-annealed (SA)
materials. A scatter hand for data on SA 316 (DO-heat) irradiated at 525640°C (refs. 7,8) is included in
Fig. 3.1.2 for comparison. Although swelling developed earlier in PCA-A] and -Bl1, these steels were not yet
exhibiting the high swelling rate {~0.33%/dpa) found in the SA 316 {D0O-heat) at hiaher fluences.

Sweliing of PCA-BZ, -A3, and CW 31h (N-Tot) irradiated to 22 dpa at 400 to 600°C is less than 0.5%
(Fig. 3.1.2). The "incubation" period for C 316 (Pl-lot) was about 170 dpa at 500 and 400°C and considerably
less at B00°C. Swelling rates were similar at 500 and 600°C and sliahtly less at 400°C. Swellina in the
PCA-A3 irradiated to 22 dpes was slightly less than in CW 316 {¥-1ot) at 400°C; at 600°C the swelling of
PCA-A3 was half that found in CW 316 (N-lot). The fluence dependence of swelling in PCA-BZ2 at 500°C is
unusual: swelling of —0.44 was observed in naterial irradiated to —10 dpa, hut no additional swelling
resulted on increased irradiation to —22 dpa. A scatter hand for higher fluence WFIR data for CW 316
(30-heat) irradiated at 525640°C (refs. 7-9) is included in Fig, 3.1.2. The data for PCA-A3 fell within
this scatter hand, but PCA-BZ and CW 316 (M-1ot) showed higher swelling.
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Table 3.1.1. Compositions of several austenitic stainless steels
Alloy composition (wt %)
Alloy - -
Fe 07 N Mo Mn Si C Ti P S N
Path A PCA Bal 14.0 16.2 2.3 1.8 0.4 0.05 0.24 0.01 0.003 0.01
316 + Ti Bal 17.0 12.0 25 0.5 0.4 0.06 0.23 0.01 0.013 0.006
(R1-heat)
316 Bal 18.0 13.0 2.6 1.9 0.8 0.05 0.05 0.01 0.016 0.05
(DO-heat)
31h Bal 16.5 13.5 2.5 1.6 0.5 0.05 0.09 0.006 0.006
(N-1lot)
Table 3.1.2.  Preirradiation microstructures of the Path A Prime Candidate Alloy (PCA)
Designation Description of microstructure Thermal-mechanical treatment
A Simple microstructures resulting from:
Al solution annealing, 25% cold worked plus 15 min at 1175°C
Yiv) 5to 10%cold working, or 15 min at 1175°C (Al) plus 10% cold
worked
A3 20 to 25% cold working. 15 min at 1175°C (Al) plus 25% cold
worked
B Microstructures with both coarse grain
boundary MC precipitation and intra-
granular MC precipitation consisting of:
Bl coarse particles or particle clusters, Solution annealed (Al} plus 8 h at
or 800°C plus 8 h at 900°C
B2 fine matrix precipitation. Solution annealed {Al) plus 8 h at
800°C plus 25% cold worked plus
2 h at 750°C
C Microstructures with both fine grain Solution annealed (A1) glus 25% cold
boundary MC precipitation and fine worked plus 2 h at 750°C
intragranular MC matrix precipitation.
D Microstructures with both fine grain Solution annealed (Al) plus 10%cold

boundary MC precipitation and fine
intragranular MC matrix precipitation
plus increased dislocation density.

worked plus 2 h at 750°C plus
10%cold worked

3.1.4.2

Microstructural Development

Previous work on stainless steels irradiated in HFIR to -22 dpa at 500-600°C has generally shown that
swelling greater than ~0.2-0.3% was due to void (or bias-driven cavity)® formation. Copious small bubbles
(or stable cavities)? formed early in the irradiation to accommodate the helium generated. Some of these
converted to voids which were then responsible for the swelling variation with temperature, fluence, or
preirradiation microstructural condition. Figure 3.1.3, for example, shows many coarse precipitates and
matrix voids in PCA-Al, less of these in PCA-B2 and oW 316 (N-lot), but only the small bubbles in PCA-A3
after irradiation to —22 dpa in HFIR at 600°C. The low swelling at 400°C and —-22 dpa was primarily due to
bubbles. Figure 3.1.4, however, shows that bimodal cavity distributions were developing in PCA-Al and CW 316
(N-Tot), but not in PCA-A3 at 400°C. Because the larger cavities are probably voids (or bias-driven
cavities) beyond their critical radius,?:20 swelling may be greater in PCA-Al and CW 316 (N-lot) at higher
fluence. Figure 3.1.5 compares the MC precipitate microstructures at 400°C; the refined MC distribution in
PCA-A3 correlates with the lack of voids in that alloy [Fig. 3.1.4(c}} compared with PCA-Al and may be a
factor in the void suppression.i!
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Tahle 3.1.3. Swelling for 20:-cold-worked  N-lot type 316 stainless steel and various
pretreatments of prime candidate alloy irradiated in HFIR

Displace- Cavit,
Alloy and Trradiat ion Heutron fluence ment Helium vol . t+
microstructural temperature >0.1 MeV damage content fraction
condition? (°c {neutrons/m2) leveld (at. ppm) swelling
(dpa) (%)
N-lot 316 300 1.21 x 1026° 9.6 375 n.d.?
400 1.26 10.4 435 0.96
400 2.62¢ ~21.8 1438 0.74
500 1.26 104 435 0.05
500 2.52¢ ~21.8 1438 0.26
600 1.25 10.4 465 0.2
600 2.50 -21.8 1474 0.4-0.5
PCA-A3 400 2.52 -22.3 1714 0.13
600 2.50 -22.3 1757 0. 203,25
PCA-Al 300 1.21 9.7 450 n.d.
400 1.26 10.5 520 n.d.
400 2.52 ~223 1714 0.2
500 1.26 10.5 520 0.05
500 i.52 -22.3 1714 0.84
600 1.25 10.6 555 0.66
600 2.50 -22.3 1757 1.7
PCA-B1 300 1.21 10.5 510 n.d.
400 1.26 10.5 510 0.14
500 1.26 10.6 550 n.33
600 1.25 10.6 550 12
60 2.50 ~22.3 1757 1.4
PCA-B2 300 1.21 10.5 510 n.d.
400 1.26 10.5 510 n.d.
5n0 1.26 10.6 550 0.16
600 1.25 10.6 550 0.4
600 2.50 -22.1 1751 0.3
PCA-A2 300 1.21 10,5 510 n.d.
400 1.26 10.5 510 n.d.
500 1.26 10.6 550 n.36
600 1.25 10.6 550 11
PCA-C 300 1.21 10.5 510 n.d.
400 1.26 10. 5 510 0.25
500 1.26 10.6 550 0.32
600 1.75 10.6 550 0.7

aSee Table 312

BThe contribution produced by recoils during helium production is included. See ref. 4
ZDosimetry from Greenwood, ref. 4.

dNot detectable by transmission electron microscopy.

“Assuming double the fluence of HFIR-CTR-32; dosimetry is still in progress.
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The development of stable, fine MC dispersions at higher irradiation temperatures correlated with void
formation resistance in some PCA variants and was strongly influenced by preirradiation thermal mechanical
treatment. Comparison of dislocation and MC precipitate microstructures for PCA-Al, -B2, and -A3 after irra-
diation at 600°C to —22 dpa can be made in Fig. 3.1.6 and correlated with the cavity microstructures in
Fig. 313 The dislocation comparison was not completely straightforward, but PCA-A3, which exhibits best
void formation resistance, had the lowest network and/or Frank loop concentrations after the irradiation.

The comparison of MC precipitation more clearly indicated that PCA-Al, which exhibited the greatest swelling
and precipitation of coarse particles of eta and/or G phase, had the least amount of fine MC precipitate.
The PCA-A3, which had the least swelling and no coarse precipitation, had the maximum amount of fine MC. The
PCA-BZ fell between Al and A3 with regard to the amount of MC; however, the fluence dependence of the MC sta-
bility was unusual and appears to be related to the saturation of swelling at about 10 dpa at 600°C.

Figure 3.1.7 examines in detail the precipitate in PCA-B2. The fine MC particles distributed along
the dislocation network. hefore irradiation disseTue and redistribute intn ¢lusters nf particles, which then
coarsen with increased fluence at 600°C. Faint images of loops can be seen in the regions denuded of MC



32

H-72312 H-72147

(@) (b)

H-69230

{c} {d)

Fig. 3.1.3.  Cavity microstructures of several austenitic stainless steels irradiated in HFIR to ~22 dpa
at 600°C. Alloys are: ~(a) PCA-Al, (h)PCA-BZ2, (a) PCA-A3, and (d) 20%-cold-worked 316 (N-lot).
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H-72849

(a)

H-72954

(b}

H-72872

(c)

Fig. 3.1.4. Cavity microstructures of (a) CW 316 (N-lot), (») PCA-Al, and (c) PCA-A3 after irradiation
in HFIR to ~22 dpa at 400°C.
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H-72944

H-72844

(b}

. Zgi%- 3.15. Distribution of MC precipitate in (a) PCA-Al and (&) PCA-A2 after HFIR irradiation at 400°C
0 - pa.



35

H-72317 H-72313

(a) (b}

(c) (d)

H-69234 H-69232

(e) (f)

Fig. 3.1.6. The influence of pretreatment on the dislocation and MC precipitate microstructures
developed in PCA by HFIR irradiation at 600°C to ~22 dpa. Dark field images were formed with a matrix
reflection (left) to reveal dislocations and with a precipitate reflection (right) to show precipitate
distributions. (a) PCA-Al (b) PCA-B2 (e) PCA-A3.



E-23953 E-23954

(a) (b

E-37929 E-37920

(c) {e)

H-72166 H-72167

(e)

Fig. 3.1.7. ‘itability as a function of fluence at 600°C for MC developed by pretreatment of PCA-B2.
Bright field and ddrk-field images are (a, b) as heat treated, (e, d) irradiated to 10.5 dpa, (e, ) irra-
diated to 22 dpa.
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Fig. 3.1.7(f). Zones of radiation-induced solute segregation (RIS) forming around such sinks may be respon-
sible for MC particles not nucleating near the loops.l2 Although the reprecipitation of dissolved MC is not
usually observed, it does correlate with the saturation of swelling shown in Fig. 3.1.2.

3.1.4.3 Discussion

As reported previously,l»2 this work continues to show different temperature dependences of swelling of
several of the PCA variants and CW 316 (N-lot) compared with CW 316 (DO-heat) and CW 316 + Ti (Rl-heat) for
irradiation in HFIR at 400-650°C. The latter steels show Tow, nearly temperature-independent swelling
because helium bubbles remain stable and do not develop into voids. The PCA variants Al and Bl show strong
increases in swelling as void formation increases with increasing irradiation temperature. Under the same
conditions, the initially cold-worked PCA-A3 showed swelling with little temperature dependence. Like CW 316
(DO-heat) and CW 316 + Ti (Rl-heat), bubbles remained stable in PCA-A3 and did not develop into voids. The
underlying reasons for the bubble stability appear to have been early development of a high concentration of
cavities that act as the dominant sinks, so neither RIS nor voids developed. Comparison of solution-annealed
and CW 316 (DO-heat) irradiated in EBR-II and HFIR showed that increased helium generation could either
increase or suppress void swelling.ll Correlation of the precipitation development in these same samples
illustrated that suppression of RIS effects coincided with suppression of void formation. These same corre-
lations result from comparison of PCA-Al, -B2, and -A3 irradiated in HFIR at 600°C to ~22 dpa. Both minimum
RIS and minimum swelling coincide with maximum stability of MC. Conversely, minimum MC stability coincides
with maximum void swelling and development of coarse particles of G or eta phase.

The fluence dependent data extend the trends observed in the last report. When void development was
minimal, swelling rates were Tow and showed 1ittle temperature dependence at 400-600°C. This was the general
behavior of CW 316 (DO-heat), CW 316 + Ti (Rl-heat), PCA-A3, and CW 316 (N-lot). Conversely, those PCA
variants that developed voids easily also had the greatest temperature dependence of the swelling rates
between 400 and 600°C. Although the SA 316 (DO-heat) shows little temperature dependence of the swelling
rate at higher fluence, it does have high total swelling due to voids over the range 525-640°C. The unusual
saturation of swelling with increasing fluence demonstrated in PCA-B2 at 600°C illustrates the impartant
coupling of swelling and precipitation. Since RIS and MC development are generally not coincident phenomena,
these data suggest that the development of RIS was interrupted as fluence increased. A similar, coupled
reversal of void and RIS development (y~- formation, in that case) with increasing fluence had been reported
previouslyl3 for CW 316 (DO heat) irradiated in HFIR at 425-450°C. (The uncorrected irradiation
temperature had been reported earlierl3 as 375°C.) Blocking or disrupting the cooperative development of
voids and strong RIS appears to be an effective way to resist continued void swelling.

3.1.5 Conclusions

1. Disks of PCA variants and CW 316 (N-lot) were irradiated in HFIR to ~22 dpa at 400-600°C. The void
swelling was less than 0.2% for all samples irradiated at 400°C, and lowest in PCA-A3 (25% CW). Swelling was
1.2-1.4% at 600°C for PCA-A1l (SA) and PCA-B1 (SA + MC coarse precipitation), 0.3-0.5% for PCA-B2 (25% CW plus
fine MC precipitation) and CW 316 (N-lot), and 0.13-0.15% for PCA-A3.

2. Swelling of the PCA variants and CW 316 (N-lot) generally increased with increased irradiation tem-
perature and fluence. However, PCA-B2 differed, with no additional swelling with fluence above 10 dpa at
600°C.

3. Low swelling in some PCA conditions was associated with an irradiated microstructure containing a
high concentration of fine MC particles, no coarse and/or RIS-induced phases, and a low density of
irradiation-induced network dislocations and Frank loops.

4. Higher swelling in the PCA alloys correlated with a minimum or lack of fine MC, the presence of
RIS-induced (or -increased) G (or eta phase), and more network dislocations and Frank loops.

5. Future work will extend evaluation of PCA variants to ~44 dpa.
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3.2 GRAIN BOUNDARY MICROSTRUCTURAL DEVELOPMENT AND STABILITY FOR VARIOUS PRETREATMVENTS OF PATH A PRIVE
CANDIDATE ALLOY IRRADIATED N HFAR — P. J. Maziasz and D. N Braski (Oak Ridge National Laboratory)

3.2.1 ADIP Task
ADIP Task I.C.I, Microstructural Stability, and I1.C.2, Microstructure and Swelling in Austenitic Alloys.
3.2.2 Objective

The purpose of this wok is to examine and evaluate the effect of thermal-mechanical pretreatments that
vary preirradiation grain boundary precipitate structure on grain boundary microstructural development during
irradiation in HFIR. ~ The goal is to refine grain boundary cavity structures and thus reduce helium
embrittlement .

3.2.3 Summary

Irradiation to 22 dpa in HAR at 500 and 600°C produced resolvable grain boundary bubbles in Path A PCA
and CW 316. PCA-Al had the coarsest bubble structure at 600°C and no MC precipitate.” Medium to coarse
distributicins of MC developed at the boundaries by heat treatment of PCA-Bl and -B2 were stable under
irradiatior; very fine bubbles clustered about these particles at 600°C. The PCA also resisted sigma
formation, compared with OW 316 (DO heat) or SA 316 and 316 t Ti (Rl heat) irradiated in HFIR.

3.2.4 Progress and Status

The approach to designing (];rain boundary MC precipitate structures in the Path A PCA and the
microstructure-properties correlations that suggested that helium embittlement resistance can thus be
obtained were discussed previously.!s2 The description of the specimens and the irradiation experiments
HFIR-CTR-30 through -32 have also been presented.? Relevant compositions, microstructures, and thermal-
mechanical pretreatments are given in Sect. 31 of this report.

Figure 3.2.1 shows that the increased helium generation in HFIR, relative to EBR-II, leads to increased
and/or coarser grain boundary bubble structures in 20%-cold-worked type 316 stainless steel (CW 316).

H-56124

(a)

Fig. 3.2.1. Increased helium generation results in increased and coarser grain boundary cavitation
in CW 316 (DO heat). Irradiations were in the temperature range 615 to 640°C. The £BR-II irradiation
(a) produced 36 dpa and about 22 at. ppm He HAR exposure (b) produced 16.6 dpa and 880 at. ppm He
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Reduced postirradiation tensile ductility and intergranular failure were associated with the HFAR
microstructure.?2 Contributions to the embrittlement may have resulted from segregation of impurities or from
undesirable precipitate phases, in addition to the helium bubble effects.

Grain boundary bubble and precipitate microstructure development under irradiation can be affected by
alloying as well as by thermal-mechanical pretreatment. Figure 3.2.2 compares the boundaries in solution-
annealed (SA) and CW 316 (00 heat) and 316 + Ti (R1 heat), all irradiated in HAR to produce 16.6 dpa and
880 at. ppm H at 615 to 640°C (ref. 4). Grain boundary bubbles are roughly similar for SA and CW 316 (DO
heat) and only slightly smaller for SA 316 + Ti (R1 heat) but are consideraﬁly smaller for the CW 316 + Ti.
Grain boundaries in the same samples are compared in Fig. 3.2.3, at lower magnification, to illustrate

E-37899 H-56124

(a)

H-70102 E-23548

(c) (d)

Fig. 3.2.2. Comparison of grain boundary cavity development for stainless steel irradiated in HAR at
615 to 640°C to 16.6 dpa and 880 at. ppm He. (a) Solution-annealed type 316 (DO heat). (&} Cold-worked
type 316. (e) Solution annealed type 316 with titanium {R1 heat). (d) Cold-worked type 316 with titanium.
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(@) b) §

(c) (d)

Fig. 323 Comparison of grain boundary precipitate structures in stainless steel after HFIR irra-
diation at 615 to 840°C to about 16.6 dpa and 880 at. ppm He. (a) Solution-annealed type 316 (DO heat).
(p) Cold-worked type 316 (DO heat). (e) Solution-annealed type 316 with titanium (Rl heat). {d} Cold-worked
type 316 with titanium (R1 heat).

boundary precipitation differences. The SA 316 (DO heat) shows a coarse dispersion of eta (and/or tau) phase
particles in the grain boundaries, but the other materials contain no grain boundary carbides. Instead, the
irradiated CW 316 (DO heat) and both SA and CW 316 + Ti (Rl heat) contained grain boundary cavities and
massive sigma phase particles. Sigma formation is often greater in titanium-modified austenitic steels.
Further, sigma precipitation can be increased by irradiation conditions that result in suppressed swelling
and radiation-induced solute segregation (RIS), because such conditions tend to favor thermal phases.5 Sigma
i s seldom observed in these steels irradiated in EBR-II below about 700°C (ref. 6).

Grain boundary microstructures of PCA-Al and PCA-A3 irradiated in HFIR at 600°C to about 22 dpa are com-
pared in Fig. 324 The cold-worked PCA-A3 had N0 precipitation, whereas PCA-Al had a sparse distribution
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H-69210

(a) (b)

Fig. 3.24. Grain boundary precipitation developed by HFIR irradiation of PCA at 600°C to about 22 dpa.
(a) PCA-Al.  {b) PCA-A3.

of coarser eta (and/or tau) carbides. Neither sample had any evidence of sigma phase. The PCA composition
was selected for reduced sigma formation, obtained by increasing the nickel content and lowering the chromium
content compared to the composition of type 316 stainless steel.

The present results show that moderately coarse distributions of MC in the grain boundary of PCA remain
stable during HFIR irradiation. The stability during irradiation at 600°C is shown in Fig. 325 for PCA-81
and in Fig. 326 for PCA-B2. The benefit of stable grain boundary precipitates is in the extremely fine
helium bubbles distributions that can be accommodated along the interfaces of these particles. Figure 3.2.7
shows such trapping in PCA-B1, irradiated at 600°C to produce about 10 dpa and 550 at. ppm He. Remember that
PCA-BI and -82 contain very different preirradiation matrix microstructures' that lead to different swelling
behavior under HFIR irradiation (See Sect. 3.1 and ref. 3). In spite of these differences, the behavior of
the grain boundary structure is similar in both, virtually independent of the matrix microstructural
development.

The grain boundary bubbles in G 316 (N lot) and PCA-Al, -A3, and -82 are shown in Fig. 3.2.8 for HFIR
irradiation that produced about 22 dpa and 1450 to 1750 at. ppm He at 600°C. = The PCA-Al contains the coar-
sest bubble distribution and PCA-B2 the finest, with intermediate bubble sizes in CW 316 (N lot) and PCA-A3.
These trends are similar to those reported2 at about 10 dpa. Figure 329 shows the development of precipi-
tation and bubble structures in GV 316 (N lot) as a function of increased fluence at 600°C. In contrast to
the stability exhibited by the grain boundary MC in PCA-Bl and -82, the grain boundary carbides (most pro-
bably eta and/or tau) coarsened and redistributed, as did the bubble microstructure, in the GV 316 {N lot).

In summary, the grain boundary microstructures of PCA-B1 and -B2 behave under irradiation as intended,’
with stable MC particles trapping the helium that migrates to the boundaries in fine interfacial bubbles.
This stable grain boundary MC structure was virtually independent of matrix microstructural development, at
least to 22 dpa at 600°C. The heat treatment to produce it — namely 8 h at 800°C following solution
annealing — can be combined with straight 25% cold working {as in PCA-A3) to attempt to impart maximum
embrittlement and swelling resistance in the same material {See Sect. 3.1 and ref. 3). Therefore, a new
microstructure for the PCA, a combination of PCA-A3 and -B2, has been developed and is referred to as PCA-B3.
It is produced by solution annealing, then aging for 8 h at 800°C, followed by 25% cold work.



43

E-23806 E-23807

(a) (b)

H-67457 H-67458

(ci

(d)

H-72127

(e)

Fig. 3.2.5. Stability of coarse grain boundary MC precipitate in PCA-B1 during HFIR irradiation at
600°C. Dark-field images formed from an MC reflection.
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E-23950 E-23951
. .0.25 pm,
(a {b)

H-72149 H-72150

(dh

Fig. 326. Stability of grain boundary MC precipitate in PCA-B2 during HFIR irradiation at 600°C.
Dark-field images formed from an MC reflection.
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H-67446

(a) 0.25 um

(b) 50 nm

Fig. 3.2.7. Helium trapped in very fine bubbles at the interfaces of grain boundary MC particles in
PCA-B1. Irradiation was in HFIR at 600°C to produce 10.5 dpa and 550 at. ppm He. Dark field image is formed
from an MC reflection.



46

H-71460 E 38666

(a) {6)

H-69246 H-72156

(c) (d)

Fig. 328 Comparison of grain boundary bubble distributions in (a) OW 316 (N lot), (&) PCA-AI
{¢) PCA-A3, and (d) PCA-BZ2, all irradiated in HFIR to about 22 dpa at 600°C.
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H-67891 H-67885

(b)

H-71439

(@)

Fig. 3.2.9. The stability of grain boundary carbides in CW 316 (N lot) during HFIR irradiation at

600°C.

Left, dark field. Right, bright field. Top, about 10.5 dpa. Bottom, about 22 dpa.

H-71440




48

3.25 Conclusions and Future Wok

Neither PCA-Al nor -A3 developed grain boundary MC during HFIR irradiation at 600°C to about 22 dpa.

The PCA-A1 developed sparse, coarse carbides (MgC and/or M,3C.) at the boundaries. In CW 316 (N lot), grain
boundary carbides developed and then coarsened and redistributed with increasing fluence at 600°C. Moderate
to coarse grain boundary MC, developed by pretreatments before irradiation in PCA-Bl and -B2, remained stable
under HFR irradiation up to about 22 dpa at 600°C.

The QW 316 (DO heat) and particularly SA and OV 316 + Ti {R1 heat) formed massive sigma phase particles
at grain boundaries during HAR irradiation at 615 to 640°C to about 16.6 dpa. In contrast, none of the PCA
variants [or OV 316 (N lot)] showed any sigma formation during irradiation to about 22 dpa at 600°C.

Grain boundary bubbles were much smaller in OV 316 (N lot) and the PCA variants than in $A or (W 316 (DO
heat) and 316 t Ti (Rl heat) irradiated in HAR at 600°C to about 22 dpa. Comparison among the PCA variants
and OW 316 (N lot) reveals that the largest grain boundary bubbles were seen in PCA-Al and the smallest in
PCA-B2 and -Bl. The smallest grain boundary bubbles occurred when the bubbles were dispersed at the inter-
faces of stable MC particles.

Future work will include disk bend testing of the PCA microstructural variants irradiated in HFIR-CTR-30
through -32.  The results may establish the effectiveness of the grain boundary structures in preventing
helium embrittlement. The rew microstructure, PCA-B3, is currently under irradiation in HFIR-CTR-42 and -43.
Postirradiation testing will evaluate the swelling and tensile properties.
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33 THE TENSILE PROPERTIES OF UNIRRADIATED PATH A PRIME CANDIDATE ALLOY - D. N Braski and P. J. Maziasz
(Oak Ridge National Laboratory)

331  ADIP Task
ADIP Task 1.B.13, Tensile Properties of Austenitic Alloys

3.3.2 Objective

The objective of this research is to determine the tensile properties of unirradiated PCA in the tem-
perature range room temperature to 700°C.

333 Summary

The tensile properties of Path A PCA in the Al, A3, and 82 conditions have been determined at tem-
peratures from room temperature to 700°C. The 25%-cold-worked alloy, PCA-A3, showed strength values similar
to those of the reference heat of 20%-cold-worked 316 stainless steel but exhibited a lower ductility in the
200--300°C range.

334 Progress and Status

3341 Introduction

The results of tensile tests at 200 and 700°C have been added to the previous results! to complete
measurements for the range 20 to 700°C. The results are shown graphically for PCA-Al (solution annealed) in
Fig. 331, PCA-A3 {25%-cold-worked) in Fig. 332 and PCA-BZ (aged, cold-worked, and reaged) in Fig. 333.
The new tensile results are also listed in Table 3.3.1 Details of the thermomechanical treatments to pro-
duce the various microstructures were reported previously.2 Drops in yield strength, ultimate tensile
strength, and uniform elongation were observed for PCA-Al, -A3, and -B? at 700°C (Figs. 33.1 and 3.3.2), but

OHNL DWG A2 176825+
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Fig. 3.3.1 Tensile properties of PCA-A1 (solution-annealed) as a function of temperature.
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the total elongation increased for these alloys above the values measured at 600°C. Strength values for
PCA-B2 at 600°C are 100 MPa higher in Figure 3.3.3 than reported in a similar figure previously (consistent
with the tabular data in ref. 1, however). PCA-A3 is measurably stronger than -82 at 500 and 600°C, but
their strengths are similar at 700°C. These alloys also have similar ductility over this same temperature
range. The data at 200°C for all three thermomechanical treatments made only slight corrections to the curve
reported previously.’ However, the relatively low uniform elongation value for PCA-A3 (Fig. 3.3.2) is worth
noting. This ductility trough in PCA-A3 between 200 and 300°C warrants further investigation. ?he results
for the PCA-A3 from room temperature to 700°C can be compared with those for the reference heat of 20%-cold-
worked type 316 stainless steel shown in Fig. 334 and Table 3.3.1. The results for the two alloys were
actually quite similar except that the PCA-A3 exhibited a somewhat deeper ductility trough at 200 to 300°C,
and higher yield strength at 500°C and above.

3.35 Conclusions and Future Work

The tensile properties of the PCA alloy in three conditions — Al, A3, and B2 — have been determined in
the temperature range room temperature to 700°C. The 25%-cold-worked PCA-A3 showed strength values similar
t o those of the reference heat of 20%-cold-worked type 316 stainless steel but exhibited a deeper ductility
trough in the 200-300°C range and higher yield strength at 500°C and above. W will attempt to uncover the
reason for the lower ductility by correlating fracture and microstructural information with the properties
for these tested samples.

3.36 References

1. D. N Braski and P. J. Maziasz, "The Tensile Properties of Unirradiated Path A PCA" pp. 6370 in
ADIP Semiannu. Frog. Rep. Sept. 30, 1982, DOE/ER-0045/9, US. DOE, Office of Fusion Energy.

2. P. J. Maziasr and T. K Roche, "Design and Fabrication of Preirradiation Microstructures in Path A

Prime Candidate Alloy," pp. 2542 in ADIP Quart. Prog. Rep. Pec. 31, 1980, DOE/ER-0045/5, U.S. DOE, Office of
Fusion Energy.
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3.4 EFFECT OF THE MICROSTRUCTURE ON TENSILE PROPERTIES CF TYPE 316 STAINLESS STEEL — R L Klueh
(Oak Ridge National Laboratory)

341  AOIP Task
AOIP Task I.B.13, Tensile Properties of Austenitic Alloys.

342 Objective

The objective of this study is the determination of the effect of microstructure on the tensile proper-
ties of irradiated type 316 stainless steel. The test material is given different levels of cold work and
different heat treatments before irradiation in the Qak Ridge Research Reactor (ORR).

343  Summary

A series of tensile specimens that had been given different thermal and mechanical processmg treat-
ments was irradiated in the ORR at 250, 290, 450, and 500°C to a neutron fluence of about 68 x 1025
neutrons/mZ (>0.1 MeV)(~5 dpa and 40 at. ppm He). The tensile properties of irradiated and unirradiated
steel with 20, 30, and 50% cold work were determined at the irradiation temperatures.

3.4.4 Progress and Status

34.4.1 Introduction

Twenty-percent cold-worked type 316 stainless steel has been chosen as the structural material for
several core components of first-generation fast breeder reactors. It is also a leading candidate for
construction of the first-wall and blanket structure of fusion reactors. The choice of the cold-worked
structure followed from the theoretical' and experimental? observations that high dislocation densities
should' and did? have a favorable effect on the void density, which should and did lead to a decrease in
swelling compared with a solution-annealed structure. Several studies have shown that cold working
stainless steel leads to a reduction in swelling when the steel is irradiated between 0.3Ty and 0,57,
is the melting point).3-8 These investigations generally considered cold-work levels up to about 25 or 30%.
Although the reason for the choice of a 20% cold-work level (as opposed to a higher or lower level)
does not appear to have been widely discussed in the literature, the choice undoubtedly reflected a con-
sideration of the properties of an unirradiated cold-worked steel as well as the effect of the cold-worked
structure on swelling. Brager® did show that for type 316 stanless steel, a 10%cold-work level caused
nearly as great a suppression of void formation as did 20% cold work. Above about 475°C, he found little
difference in the swelling behavior of steels with 10 or 20% cold work: at 420°C (the lowest temperature
investigated), there was very little difference between steel cold worked 20 and 3M%.
To date, most irradiation studies on the effect of microstructure (cold-work level and solution-anneal
heat treatment) on type 316 stainless steel have examined the effect on swelling. Little mformatlon appears
to be available on the effect of prelrradlatlon microstructure on the irradiated tensile properties.”’-? (n
the other hand, considerable information is available on the properties of solution-annealed (1 h at 1050°C)
and 20%-cold-worked type 316 stainless steel irradiated in a fast reactor environment.8-12 These irra-
diations extend to 84 x 1025 neutrons/m2 (>0.1 MeV). In addition to the irradiation in fast reactors, pro-
perties of 20%-cold-workedtype 316 stainless steel irradiated in the High Flux Isotope Reactor (HFIR), a
mixed-spectrum reactor, have been reported.!3-14
In a fusion reactor, two types of irradiation effects are expected. Displacement damage is produced by
high-energy neutrons, and large amounts of transmutation helium are formed by the high-energy neutrons.
Thus, it is of interest to determine the effect of both displacement damage and helium on properties. Only
displacement damage effects can be studied by irradiation in a fast-spectrum fission reactor. The HFIR
studies mentioned above were carried out as part of the fusion reactor materials studies. |Irradiation of a
nickel-containing alloy in such a mixed-spectrum reactor leads to helium production by a two-step reaction
of ®8Ni with thermal neutrons. Thus, irradiation of stainless steel in a mixed-spectrum reactor can lead to
both displacement damage by the fast neutrons and helium production by the thermal neutrons.

The present study investigated the effects of the preirradiation microstructure of type 316 stainless
steel on tensile properties. Specimens with three cold-work levels and three different heat-treated con-
ditions were irradiated in the ORR. The ORR is a mixed-spectrum reactor but has a maximum flux considerably
less than that of HFIR.

34.4. 2 Experimental Procedure

The type 316 stainless steel used in this study was taken from the Magnetic Fusion Energy (MFE)
reference heat (X-15893). The chemical composition of this heat is

Composition Composition Composition Composition
Element _(wt %) Element {wt %) Element (wt 2} Element _ (wt %)
17.3 Ni 12.4 Mo 22 co 0.5

c .
Mh 1.7 Si 0.7 C 0.05 Fe Bal
P 0.03 S 0.015 B 0.0004
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Tensile specimens were machined from 0.76-mm-thick
sheet. The final thermal and mechanical processing
steps used to produce specimen material are given in

Table 34.1 Heat treatment and cold-work
level variations of type 316 stainless
steel test specimens

Table 34.1. For the 20-, 30-, and 50%-cold-worked
materials, the steel was solution annealed 1 h at
1050°C before the final cold working to 0.76 mn. Specimen  Solution Anneal Cold-work

Sheet tensile specimens in this experiment were code anneal level
of the §5-1 type with a reduced gage section 20.3 mn
long by 152 mm wide by 0.76-mm thick (Fig. 3.4.1). B4 1 h 1050°C
Specimens were irradiated in the E-7 position of the B5 1 h 1150°C
ORR in experiment ORR-MFE-2. These specimens were 07 1 h 1050°C 10 h 800°C
irradiated in holders that contained 22 sheet samples. A 1 h 1050°C 20%
The cylindrical holders were contained in a water-cooled €1 1 h 1050°C 30%
aluminum block; each holder contained a central hole B1 1 h 1050°C 50%
that contained an electric heater. Temperature was 1 h 1050°C 10 h 800°C 20%
measured and controlled by two thermocouples located at
the position of the center of the gage section in two
unused sample positions located 180° apart.

~Irradiation temperatures obtained in ORNL.DWG 78.7701R1
this experiment were approximately 250,
290, 450, and 500°C. The neutron fluence
of —68 x 1025 neutrons/m2 (>0.1 MeV) a5 — —
produced —5dpa and -40 at. ppm He.

Tensile tests were made on unirra- |, REF
diated and irradiated specimens at the 121 - 203 - /““
irradiation temperatures. Tests were -6.35R ;
conducted in a vacuum chamber on a 4.14 — = - 4 36.2 et - PR
44-kN capacity Instron universal test | g
machine at a strain rate of 42 x 10-3/s, i [?\é_[ _L

i R
3443 Results and Discussions {_—:z—/—‘ N T S « ﬁ
2 w, w, !

Various types of microstructures 248
were examined (Table 3.4.1): two —4.95 1.90 mm DlAMJi l
solution-annealed heat treatments, a W. = 152mm '
solution-anneal heat treatment followed W 002
by a low-temperature anneal, three cold- 2 = 002570 0.038 mm
work levels following a common solution- GREATER THAN W,
anneal treatment, and a cold-worked DIMENSIONS IN MILLIMETERS
structure following the solution anneal
and low-temperature anneal. The dif- Fig. 341 The S$5-1 type tensile specimen.
ference in solution-annealed microstruc-
tures was a difference in grain size, with the higher annealing temperature producing the larger grains
(Fig. 3.4.2). The appearance of the cold-worked structure depended on the amount of cold work (Fig. 3.4.3);
the grain structure was still clearly visible for the material deformed only 20%. When the solution anneal

Y-189001 Y¥-189000
80 um
Fig. 34.2. Microstructure of type 316 stainless steel solution annealed 1h at (a)1050°C and

(b) 1150°C.

Differential-interference microscopy was used to show the grain size.
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Y-188996

L BOpm: 1|

Fig. 3.4.3. Microstructure of type 316 stainless steel cold worked (a) 20% and (b) 50%.

for 1 h at 1050°C was followed by the anneal for 10 h at 800°C, considerable precipitate formed on grain
boundaries and within the matrix (Fig. 3.4.4). After this structure was cold worked 20%, the grain struc-
ture was easily seen by optical microscopy.

Y-188995
N

Fig. 3.4.4. Microstructure of type 316
stainless steel solution annealed 1 h at 1050°C
and then further annealed 10 h at 800°C.

. 80pm<.

Tensile data for the specimens with 20, 30, and 50% cold work are presented in Table 3.4.2. Increasing
the cold-work level of the unirradiated type 316 stainless steel from 20 to 50% led to a progressive
increase in the 0.2%-offset yield stress (YS) (Fig. 3.4.5) and the ultimate tensile strength (UTS)

(Fig. 3.4.6). The YS and UTS decreased with increasing temperature; a minimum was observed at 450°C for
both the YS and UTS of the 20%-cold-worked steel and a minimum in YS for the 50%-cold-worked steel.

The unirradiated ductility decreased with increasing cold-work levels (Fig. 3.4.7). The uniform and
total elongations of the 20%-cold-worked steel were quite high at all temperatures but substantially less
for 30% cold work. There was only a slight further decrease for the steel cold worked to 50%. The uniform
and total elongations of the unirradiated 20%-cold-worked steel showed a relatively large increase with
increasing test temperature, but the steel with 30% and 50% cold work was essentially unaffected by
temperature.
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Tensile properties of unirradiated and

irradiated cold-worked type 316 stainless steel

(heat X-15893)

Temperature ("C)

Strength (MPa)

Elongation (%)

Test Irradiation™ Yield ultimate Uniform Total
1 h 1050°C, 20% eold work
250 2511 965 965 0.2 2.8
250 596 645 22 51
290 290 983 998 0.4 28
4511 450 494 636 10.0 114
4511 376 480 79 110
500 500 437 544 177 9.3
500 523 630 7.1 117
1 h 19500, 30% cold work
250 705 770 0.8 36
290 290 1027 1035 03 2.3
290 663 770 0.9 33
4511 4511 634 763 8.5 104
450 561 741 15 37
500 500 476 574 43 53
500 559 728 21 4.1
1 h 1050°c, 50% cold work
250 250 1130 1130 0.2 1.9
250 905 960 0.6 25
290 290 1128 1161 0.5 2.2
290 912 958 0.6 26
450 450 761 860 2.6 33
450 785 916 1.0 2.7
500 500 577 637 16 17
500 805 889 12 29
1 h 1o50°¢, 10 h g0 c, 20% cold work
250 250 983 983 0.2 19
250 617 672 1.1 35
290 290 976 995 04 2.0
450 450 528 624 32 40
450 439 512 17 31
500 500 485 551 37 41
500 524 636 31 48

" Allirradiated samgl'.es were exposed in ORR-MFE-2

to a fluence of 6.8 x 10

producing approximately 5 dpa and 40 at.

Fig. 346.

5 neutrons/m2, >0.1 MeV,

ppm He.

The ultimate tensile strength of

unirradiated and irradiated type 316 stainless

steel.

Irradiation conditions as for Fig. 345.
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When irradiated, the ¥S and UTS of all three cold-worked
steels increased over the unirradiated values at 250 and 290°C.
The relative increase was inversely related to the level of
prior cold work. Between 290 and 450°C there was a large
decrease in the irradiated strength: at 500°C, the strength of
the irradiated steel fell below that of the unirradiated steel.
Although the originally strongest 50%-cold-worked steel
remained strongest at 500°C, the irradiated strengths for the
three cold-work levels appeared to be approaching a common
value with increasing temperature.

The ductility of the irradiated cold-worked type 316
stainless steel does not directly reflect the increase in
strength (Fig. 3.4.7). Both uniform and total elongations of
the irradiated steels increased between 290 and 450°C, but they
decreased between 450 and 500°C. The steel with 20 and 30%
cold work showed a large increase between 290 and 450°C,
whereas a much smaller increase occurred for the steel with 50%

cold work. At 500°C, the total elongation of the steel with
50% cold work actually fell below the value at 250°C. At all
temperatures, the reduced ductility of the three steels main-

tained the inverse relationship with cold-work level that was
true for the unirradiated material.

For the three cold-work levels discussed above, defor-
mation followed a 1 h solution anneal at 1050°C. In
Figs. 348 through 3410 the strength and ductility of the
type 316 stainless steel cold worked 20% after the 1050°C solu-
tion anneal are compared with the steel cold worked 20% after
the 1050°C anneal and a 10-h anneal at 800°C. Both before and
after irradiation, there was very little difference in strength
for these two steels. The uniform and total elongation values
of the steel given the 800°C anneal did not increase between
290 and 450°C nearly as much as did the values for the other
steel. This was true for both irradiated and unirradiated

ORNL-DWG 839209

Fig. 3.4.8. The 02% yield stress of unirra-
diated and irradiated 20%-cold-worked type 316

— stainless steel; cold work followed two different heat

treatments. Irradiations were at the test tem-
peratures to a fluence producing approximately 5 dpa
and 40 at. ppm He.
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steels. However, the irradiated values for both steels
approached the unirradiated steels at 450 and 500°C
(Fig. 3.4.10).

Because mast irradiation studies on 20%-cold
worked type 316 stainless steel have been conducted in
coniunction with the fast breeder orearam and have
generally used EBR-II, few irradiations have been
below about 370°C (limited by the EBR-II reactor
coolant inlet temoerature). Fish et alll,12 tasted
20%-cold-worked type 316 stainless steel irradiated in
EBR-II at temperatures between 371 and 816°C. They
found an increase in both YS and UTS for material irra-
diated and tested below about 483°C and only a slight
amount of hardening was observed at 483°C.  They
reported softening for irradiation and testing at 538
and higher. This observation is similar to observa-
tions in the present tests on 20%-cold-worked type
316 stainless steel, where softening was observed at
500°C but not at 450°C. A similar observation was made
for the steel with 30% cold work; however, the steel
with 50% cold work softened at 450°C.

Bloom collected tensile data for 20%-cold-worked
type 316 stainless steel irradiated in HFIR and EBR-TT
(ref. 15). When the YS data were plotted against
temperature, Bloom found that the data could be
separated according to whether the He:dpa ratio was
high (from HFIR irradiation) or low (from EBR-II
irradiation). The low He:dpa irradiations in EBR-11I
resulted in stronger materials than those with a high
ratio after irradiation in HFIR.

When the results from the present study are com-
pared with Bloom’s collected data, good agreement was
observed with the high He:dpa data. This was despite
the fact that the HFIR results collected by Bloom were
for material that contained several thousand at. ppm
He, compared with about 40 at. ppm for the present
experiment. Furthermore, the HFIR data were for con-
siderably higher damage levels — up to 50 dpa, compared
with about 5 dpa for the present experiments.

Fig. 3.4.10. The uniform and total elongations of

unirradiated and irradiated 20%-cold-worked type 316 stainless

steel;

cold work followed two different heat treatments.

Irradiation conditions as for Fig. 3.4.8.
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Because the saturation fluence for irradiation hardening or softening is expected to be much higher
than 5 dpa, it is somewhat surprising that the hardening obtained in this study approaches values obtained
in studies where irradiation was to considerably higher doses. The only detailed saturation-studies were
those of Fish et al.'!s'2 in EBR-II (low He:dpa}. They found that from 371 to 483°C, where hardening was
observed, the hardening increased to about 4-5 x 102% neuytrons/m2; at higher fluences it remained constant.
At 538 to 816°C, where softening occurred, strength decreased to about 2 x 1028 ﬂeutr‘ons/mz, after which it
became constant.

As stated above, the strength of our irradiated steel fell below the EBR-11 data but was similar to
that of steels irradiated in HFIR, even though ours contained less helium and displacement damage. A
possible interpretation of this observation is that the presence of helium hastens irradiation-damage
saturation and also leads to a lower saturation strength.

Exposure of type 316 stainless steel at temperatures of 450 and 500°C can give rise to a loss of
strength due to thermal aging effects. For 20%-cold-worked type 316 stainless steel. thermal aging for
4000 h (approximate time of present irradiation) at 450 and 500°C causes only a slight decrease in YS and
UTS (ref. 16). In general, the high interstitial and vacancy flux during irradiation 1S expected to accel-
erate the thermal aging process. Because most of the irradiated strength properties of the present study
fell above the values of the unirradiated strengths, irradiation hardening predominated — at least for tem-
peratures up to 450°C. Only at 500°C were some of the strength properties below the unirradiated values.
In no case were there large differences, indicating that the loss of strength in this case is due to the
processes that occur during thermal aging (i.e., recovery of the cold-worked dislocation structure).

3.45 Future Work

The specimens that were solution annealed at 1050 and 1150°C and those that were solution annealed at
1050°C and subsequently heat treated 10 h at 800°C are now being tested. The results of those tests will be
presented later.
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35 TENSILE PROPERTIES AND SWELLING OF 20%-COLD-WORKED TYPE 316 STAINLESS STEEL IRRADIATED IN HFIR -
R. L Klueh and M. L. Grossheck {0ak Ridge National laboratory)

3.5.1 ADIP Tasks

ADIP Task I1.B.13, Tensile Properties of Austenitic Alloys, and I1.C.2, Microstructure and Swelling in
Austenitic Alloys.

352 Objective

The primary goal of the series of experiments HFIR-CTR-26 through -29 is to expand the mechanical
property, microstructure, and swelling data base on irradiated 20%-cold-worked type 316 stainless steel.
Previous irradiation experiments HFIR-CIR-9 through -13 provided an initial, lower-fluence data base for an
understanding of the behavior of the material. Earlier experiments (HFIR-SS-2 through -8) had also provided
high-fluence data. However, the previous work was on specimens from an experimental heat of steel. In the
present experiinent series, the magnetic fusion energy (MFE) reference heat of type 316 stainless steel (heat
%15893) was used. Sufficient overlap with previous irradiation conditions should enable a correlation to be
made between the irradiation responses of the two heats of steel.

3.5.3 Summary

immersion density and elevated-temperature tensile properties were determined on 20%-cold-worked type
316 stainless steel irradiated in the HFIR to fluences of I.R to 37 x 1026 neutrons/m? (>0.1 MeV), which
resulted in 16 to 32 dpa and 1250 to 2000 at. ppm He. These data were combined with the data obtained in two
previous experiments, one to similar fluences and one to higher fluences (up to 6.3 x 1028 neutrons/m?).

354 Progress and Status

We previously reported on tensile and immersion density results determined on the MFE reference heat
(heat X15893) of type 316 stainless steel irradiated in experiments HFIR-CTR-26 and HFIR-CTR-27 (refs. 1 and
2). The first was to a maximum fluence of 3.9 x 1026 neutrons/m2 (>0.1 MeV), the second to 6.3 x 1026
neutrons/m2. These exposures resulted in maximum displacement-damage levels of 29 dpa and about 1900 at. ppm
tie in HFIR-CTR-26 and 49 dpa and 3100 at. ppm He in HFIR-CTR-27. Irradiation temperatures ranged from 284 to
620°C. These experiments were from a series of four irradiation experiments, HFIR-CTR-26 through -29. In
this report, we present the results from HFIR-CTR-28, which was irradiated to conditions similar to those
achieved in HFIR-CTR-26. The HFIR-CTR-29 experiment was planned to obtain data similar to those obtained in
HFIR-CTR-27. Unfortunately, that capsule developed a leak during irradiation. Therefore, no data will be
obtained from that experiment.

3541 Experimental Procedure

Details on the material and test procedure were given previously when the results from HFIR-CTR-26 were
discussed.’

Experiment HFIR-CTR-28, like HFIR-CTR-26 and -27, was irradiated in a HFIR peripheral target position
with a peak thermal neutron flux of 25 x 1013 neutrons/{m2-s) and fast flux of 13 x 10l% neutrons/(m2-s)
{>0.1 MeV). Irradiation temperatures were approximately 370, 470, and 560°C. Fluences ranged from 1.8 to
3.1 x 1026 neutrons/m? (>0.1 MeV). The displacement damage and helium production were calculated by the pro-
cedures described by Gabriel, Bishop, and Wiffen.3 The calculated displacement damage levels ranged from 16
to 32 dpa, the helium concentrations from 1250 to 2000 at. ppm He.

3542 Results and Discussion

The results of the immersion density measurements showed measurable swelling (Table 3.5.1). In all
cases there was good agreement with the swelling data obtained in HFIR-CTR-PG, where fluences were Similar.
In Fig. 3.5.1, the swelling data from all three experiments are shown as a function of temperature. Curves
have been sketched through the two sets of data. The lower curve is for the data obtained from the two Tow-
fluence experiments {HFIR-CTR-26 and -28), where the displacement damage ranged from 16 to 32 dpa with helium
concentrations of 900 to 2000 at. ppm. The middle curve is for the high-dose experiment (HFIR-CTR-27}, where
the displacement damage ranged from 37 to 54 dpa and helium content from 2300 to 3300 at. ppm. Also shown in
Fig. 35.1 is a curve determined by Maziasz and Grossheck for specimens irradiated in HFIR (ref. 4). The
upper end of the fluence range for those irradiations was slightly higher {4261 dpa, 30004200 at. ppm He)
than for those of the present study (37—54 dpa, 2300--3300 at. ppm He), although there is an overlap of the
data. The Maziasr and Grossbeck swelling values were calculated frorn cavity-volume fraction measurements
determined from transmission electron microscopy studies. Finally, the Maziasz and Grossheck swelling values
were for a different heat of steel (the DO heat).

From the present observations, it is obvious that as the fluence was increased the immersion density
values began to approach the cavity volume fraction values. The curve shapes are also similar. The
present results give an indication of the local minimum observed in the cavity volume fraction
measurements.“>> Furthermore, a local maximum similar to the one observed in the present study was also pre-
viously chserved,“,5



Table 35.1.
20%-cold-worked type 316
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Swelling behavior and tensile properties of HFIR-irradiated

stainless steel, heat X15893

Fluence?

Temperature ("C) Displacement Helium Strength {MPa) Elongation® % Swelling/
>0.1 Mev damage content?
Test Irradiation?  (neutrons/m?) {dpa) (at. ppm) Yieldd Ultimate Uniform Total (%)
350 370 76 = 1026 oy 1270 792 01 5.3 88 0.05
350 370 34 29 1730 723 866 8.3 10.4 03
350 370 3.7 3 1910 743 876 69 8.7 0.2
450 370 3.7 R? 1980 750 854 41 6.8 0.2
450 470 1.8 16 880 583 713 6.9 89 0.04
450 470 34 28 1730 446 615 7.1 8.2 04
550 470 1.8 16 880 578 683 3.8 46 0.2
575 560 31 26 1530 43 539 8.7 9.9 0.3
675 560 37 32 1980 317 355 10 11 0.8

@lrradiation temperatures are calculated, +50°C.

bealculated from dosimetry of previous experiments

©Calculated from empirical relationship.
40.2% offset.

'‘Based On an 18.3-MM gage length.
Slmmersion density values.

Tensile test results also are tabulated
in Table 351 In Fig. 3.5.2 the 0.2%-offset
yield stress is plotted against fluence (and
displacement damage) for the test temperatures
of 350, 450, and 575°C (for specimens irra-
diated at 370, 470, and 560°C, respectively).
Data are presented from the present experiment
as well as from the previous two irradiation
capsuTes.ls?2 Because of the relatively few
data obtained, simple straight lines or
smoothed curves were drawn through the points
to show the trends.

At 350°C the yield stress increases with
increasing fluence to a near-constant value.
At both 450 and 575°C the yield stress
decreases with increasing fluence; eventually,
it appears to approach a constant value.
Although not shown, the ultimate tensile
strength data show trends similar to the yield
stress.

The ductility, as expressed by the total
elongation, shows relatively little change
with increasing fluence (Fig. 35.3). The
chanse in uniform elonsation values with
fluence generally follows the trend for total
elongation (Table 3.5.1).

Figures 354 and 355 compare our 350
and 575% results with those of Grossbeck and
Maziasz& and Bloom and Wiffen.' Both those
studies were made on the DO heat of type 316
stainless steel (although processed at dif-
ferent times), which was different from the
reference heat used in the present study.

The effects of irradiation on the yield
stresses show similar trends for all three
experiments. The agreement between the yield
stress as a function of fluence for the three

ORNL DWG 83-9221

;
[ I I [
g | ® HFIR-IMMERSION DENSITY, HEAT X-15893,
16 - 32 dpa, 800 - 2000 at. ppm He
A HFIR - IMMERSION DENSITY, HEAT X-15893, /
31- 54 dpa, 230G - 3B at. ppm He
5l—= HFIR-CAVITY VOLUME FRACTION, DO HEAT,
42-61 dpa, 3000-4200 at ppm He {MAZIASZ & GROSSBECKI
/
I !
]
=
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0 ' s
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Fig. 351 Swelling as a function of irradiation
temperatures for 20%-cold-workedtype 316 stainless
steel.



62

GHEG LW B apess
DISPLACFMENT DAMAGE idpal ' &
: 5 10 i 0 L 0 a5 a0 45
TEST 35070 N .
BOU - _Eemee T g . .
/'/ N
.
[l
600
40
OO
£S5 4R0
5+
Do %
bt s
F R T N
ol - ——
z [ S ™
Toaue
N
a0
18T aih
200 . - . . . . . - . . - . “ f - - -
0 04 0a 12 B 20 PR 78 3z 36 an 44 28 52 X4 50 2

ELUENCE -0 ey 107 neatruos mé:

Fig. 3.5.2. The 0.2%-offset yield strength as a function of fluence and displacement damage for irra-
diated 20%-cold-worked type 316 stainless steel for test temperatures of 350, 457, and 575°C. Calculated
HFIR irradiation temperatures were near test temperatures. Steels are further identified in text.
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TEST: 350°C —

Fig. 354. Comparison of
yield strength as a function of
fluence {>0.1 MeV) for irradiated
20%-cold-worked type 316 stainless

steel at 350 and 575°C for three

—— PRESENT STUDY
—e— GROSSBECK AND MAZIASZ
—8— BLOOM AND WIFFEN

experiments. The two curves with-
out data points were taken from
Fig. 3.5.2, and the third curve
was drawn through data taken from
E. E Bloom and F. W Wiffen

(ref. 7).

TEST: 575°C
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Fig. 3.5.5. Comparison of total elongation as
a function of fluence {>0.1 MeV) for irradiated
20%-cold-worked type 316 stainless steel at 350 and
575°C for three experiments. The two curves without
data points were taken from Fig. 3.5.3, and the third
curve was drawn through data taken from E. E Bloom
and F. W Wiffen (ref. 7).
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studies is quite good. The major difference involves ductility: the values determined by Bleoom and Wiffen
fall substantially below those determined in the present study and by Grossbeck and Maziasz — especially at
575°C, where Bloom and Wiffen reported a total elongation of 0.5%. Mo such rapid decrease in ductility was
indicated in the other two studies. Grossheck and Maziasz concluded that this difference may have arisen
from differences in the fabrication procedures used when the specimen material was cold worked. Such a
possibility agrees with the observation that the as-received specimens used by Bloom and Wiffen’ were
stronger and less ductile than those used in the present work and in the work of Grossbheck and Maziasz.®

The irradiation temperatures given in Table 351 are those that were calculated for this experiment and
for previous ones.6:7 Test temperatures are those chosen praviously,®:7 so results can be compared with pre-
vious tests. There has been some discussion concerning the accuracy of these calculated irradiation
temperatures.®»6 |ndications are that the actual temperatures are 50 to 75°C higher than those calculated
and reported here.

To determine the effect of such a temperature difference on the tensile results, specimens irradiated at
the calculated temperatures of 370, 470, and 560°C were tested at 450, 550, and 675°C. respectively (instead
of the 350, 450, and 575°C temperatures used for the majority of the specimens). The results of these tests
are given in Table 351 For the 370°C-irradiated specimens tested at 450°C and the 470°C specimens tested
at 550°C, there was essentially no difference in properties from similarly irradiated specimens tested at 350
and 450°C, respectively. The only major difference occurred for the specimen irradiated at a calculated tem-
perature of 560°C and tested at 675°C instead of 575°C. In this case there was a slight decrease in yield
stress and a considerably greater decrease in ultimate tensile strength. Despite the modest decrease in
strength properties, however, there was a large decrease in ductility. The total elongation decreased from
9.9% to 1.1%; a similar large decrease in uniform elongation was noted.

These results indicate that even ifthe calculated irradiation temperatures are 50 to 75°C below actual
temperatures,®s6 there is little difference in tensile properties for specimens irradiated at temperatures
up to about 500°C and tested at the corrected temperatures. However, if the calculated temperature of 575°C
i s lower than the irradiation temperature by 50 to 75°C, a significant difference in tensile properties will
occur when the specimens are tested at the higher temperature. At the higher temperatures the large decrease
in ultimate tensile strength shows only the normal temperature dependence of strength properties. However,
the large decrease in ductility is due to elevated-temuerature helium emhrittlement that occurs in type 316
stainless steel. This latter effect occurs for heTium-containing type 316 stainless steel tested at 650 to
700°C and is nearly independent of the irradiation temperature.
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36 FRACTURE STRAIN CF LO%-COLD-WORKED TYPE 316 STAINLESS STEEL UNDER IRRADIATION IN EBR-IT —
M. L Grossbeck and E E Bloom (0ak Ridge National Laboratory)

3.6.1 ADIP Task

ADIP Tasks I.B.9, Stress-Rupture Properties of Austenitic Alloys, and I.C.6, Irradiation Creep in
Austenitic Alloys.

3.6.2 Objective

This study evaluates the fracture strain of 20%-cold-worked type 316 stainless steel (20% CW 316 SS)
under neutron irradiation. Fracture mechanisms and conditions under which irradiation creep relieves
stresses and increases plastic flow are to be evaluated. Strain limits determined will establish whether
swelling stresses in a fusion reactor first wall can be relieved by irradiation creep.

3.6.3  Sumnary

Swelling-driven fracture strain specimens of 20%-cold-worked 316 stainless steel were irradiated to a
fluence of 5 x 102€ neutrons/m2 (>0.1 MeV] in EBR-II[ at 430, 550, and 625°C. Fracture strain was not a
function of fluence or strain rate but only of temperature. Fracture strain was found to be 6% at 550°C and
1%at 625°C. All fractures were intergranular, but a notched specimen irradiated at 550°C showed some evi-
dence of ductility.

364 Progress and Status

3.6.4.1 Introduction

Higher strains are achieved in materials stressed under irradiation than under comparable conditions
out-of-reactor.’ Irradiation creep results in large strains at temperatures well below the thermal creep
regime. It is weakly temperature dependent and often linearly stress dependent. This linear stress depen-
dence results in superplastic or viscoelastic behavior.2 Expressing true stress a as a function of true

strain rate & by
a = k&
defines the strain-rate sensitivity m:
aing
ain

m =

me

The high values of m associated with irradiation creep led Nichols to suggest superplastic behavior in
irradiation creep. 3

Bloom and Wolfer described an experiment to determine fracture strains in types 304 and 316 stainless
steels to investigate this behavior.® They used swelling-induced force to apply a uniaxial tensile stress
to specimens. Although they did not present evidence of superplastic flow, they observed that several
specimens that were predicted to fail in-reactor according to postirradiation creep tests did not fail.
They concluded, therefore, that in-reactor fracture strains are larger than fracture strains resulting from
tests out-of-reactor. Strain in a fractured specimen was estimated to be <3.8% at 550°C, and the specimen
failed intergranularly. They concluded that superplastic flow was interrupted by the onset of intergranular
fracture.

The present experiment was designed to make more precise measurements of in-reactor fracture strains
and to further study the mechanisms of in-reactor fracture under conditions of low strain rates.

3.6.4.2 Experiment Description

The material chosen for the investigation was 20%-cold-worked type 316 stainless steel of the com-
position given in Table 3.6.1. The material was swaged from rod with intermediate annealing ending with an
anneal for 15 min at 1150°C followed by swaging to a 20% reduction in area.

The specimens were loaded by the method of differential swelling. The specimens were machined into a
configuration similar to a bolt (Fig. 3.6.1) and placed inside tubes of high-swelling material. The high-
swelling material was a high-purity laboratory heat of type 316 stainless steel of composition also pre-
sented in Table 3.6.1. This was the same material used by Bloom and Wolfer. It had a swelling threshold of
about 05 x 1026 neutrons/m? (>0.1 MeV) and a swelling rate 5%/{102¢ neutrons/m2) at 550°C (ref. 5). The
specimen was designed with the area of the driver tube 8 times the gage area of the specimen. This would
permit minimal deformation in the driver but would still fulfill the constraints of irradiation space.
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Content {wt %) Content (wt %)
Specimen  Driver Specimen  Driver ﬁ‘?
cr 173 17.0 Al <0.005 0.02 SODIUM CHANNEL -, o
co 0.011 0.03 Nb <0.01 0.02 .
Ni 13.1 16.7 v 0.01 <0.001
Mn 1.51 n.03 Cu <0.01 0.02
Mo 2.26 25 N 0.002 0. 004
Si 0.54 0.10 Fe bal bal
C 0.0%6 0.001
1026
Table 3.6.2. Results of swelling and strain measurements
Strain rate Actual Swelling Fluence@
ShEegs Irrad. Speci- Gage [%/(102¢ average (density decrease) Strain (%) {1026 naytrons/m?)
te men length neutrons/m2)] strain (%)
men (QE} type ?ﬂlﬂf e rate _ Specimen Fracture At stress Estimated
Design Actual {10-10/5) Driver  SPECimen initiation a%t fracture
1 430 1 11.9 2 0.49 5. 79 5.65 0.013 2.43
2 1 11.7 2 0.59 7.05 6.56  —0.09% 2.96
3 2 11.7 0.2 0.070 0.83 0.018 0.35
4 3 12.1 2 delay 1.1 13.1 7.48 0.16 1.87 3.3
5 4 6.58 4 delay 1.9 225 6.01 0.077 1.70 4.1
21 5 11.6 2 delay, 1.3 15.0 5.97 0.028 1.64 3.7
notch
6 550 1 31.5 2 1.7% 19.4% 22.4 1.08 4.5 3
7 1 30.7 2 1.5 17.1 21.9 1.3 7.17
10 2 30.7 0.2 0.13 11 0.58 0.47
12 3 33.8 2 delay 1.3 15.8 22.3 0.72 2.93 2.8
14 4 15.4 4 delay 1.5 41.6% 25.4 1.15 5.1 2.6 4
22 5 31.0 2 delay, 2.0b 23.3b 25.0 0.89 0.44 2.2 2.2
notch
16 625 1 27.2 2 0.64F 7.64b 9.4 0.48 1.1 17-5
17 1 30.2 n.61% 7.246 9.3 —0.024
18 2 305 0.2 0.058 0.69 0.29
19 3 21.7 2 delay 1.05 12.6 11.8 0.21 1.37 3.7
20 4 13.7 4 delay 1.9b 22.6% 10.1 0,20 1.3 4.3
24 5 27.4 2 delay, 0.895 10.8% 10.2 0.18 0.0n 4.3 <1
notch

ATotal exposure was 30.496 MWd, resulting in a fluence of 5= 1026 neytrons/m2 (30.1 MeV).
Btalculated from change in length of driver. Other Strain values calculated from final length.

cDamaged 1n disassembly.
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The specimens were irradiated in sodium in ORNL-DWG 83-10963
the Experimental Breeder Reactor-I1 {EBR-II) to a max
fluence of 50 x 1026 peutrons/m2 {>0.1 Mev)

(24 dpa). The specimens were enclosed in sodium-
filled capsules containing zirconium getters.

The capsule that operated at 625°C was heat pipe
controlled, those at 550°C gas gap controlled,
and those at 430°C were in thermal contact with
reactor coolant, but sealed. All capsules con-
tained thermal expansion temperature monitors, @
although the monitor in the 625°C capsule failed.

Following irradiation, the lengths of the @@
specimens and the driver tubes were measured. The
elongations of the fractured specimens were deter- @
mined by measuring from matching identifiable
features on the fracture surfaces to fiducial
marks on the shoulders. Scanning electron Pt max
microscope {SEM) fractography was then performed FLUENCE
on the fractured specimens. Following this
destructive exami'nation, immersion densities of Fig. 362 Strain versus fluence to illustrate
driver tubes and specimens were determined. the differences in types of specimens employed.

0

STRAIN

3.64.3 Results and Discussion

The results are summarized in Table 362 Although the gage lengths were adjusted to achieve
constant strain rates at all temperatures, deviations from design temperature and uncertainties in swelling
rates resulted in different strain rates. As can be seen from comparing design strain rates with actual
strain rates, the design values were approximately achieved at 550°C. Comparison of immersion density of
driver tubes with driver tube lengths indicates that despite the 8:1 ratio of driver cross-sectional area to
specimen cross section, significant irradiation creep occurred in the tubes. Nevertheless, the stress in
the specimens resulted in irradiation creep in the specimens and in some cases fracture. Significant
swelling was observed in the specimens only at 550°C, where it was subtracted from driver swelling in the
strain calculations. Although data are very limited, an accelerating effect of stress on swelling is
apparent at 5%0°C. This is apparent from the specimen swelling data, where the low-strain-rate (low-stress)
specimens, type 2, had only half the swelling of type 1, and the delayed-stress specimens also exhibited
lower swelling than type 1 specimens. A similar effect was observed by Bates and Gilbert in pressurized
tubes.6

Seven specimens fractured in-reactor, none at 430°C. At 550°C the specimen with a strain rate of 20 x
10-9/s (type 1) and the specimen with twice this strain rate but with stress delayed until a fluence of
26 x 1026 neutrons/m2 (type 4) both fractured with about 34 strain. Since the driver continued to swell to
an effective specimen strain of about 8.5%, the fracture probably occurred at approximately 50% of the irra-
diation or at a fluence of 3 x 102€ neutrons/m2 for the type 1 specimen and 4 x 1026 peutrons/m2 for the
type 4 specimen. However, specimen 7, a twin to specimen 6, failed to fracture even at a strain of 7.6k
Therefore, the average fracture strain is greater than 8. The lack of fracture in specimen 7 also might
lead one to conclude that specimen 6 fractured near the end of the irradiation. At 625°C the two corre-
sponding specimens fractured with slightly greater than 1% elongation, consistent with results of Fish? at

650°C. Swelling measurements seem to indicate that the type 1 specimen might have fractured (at 1.7 x
1026 neutrons/m2) before the type 4 specimen initiated strain, but both fractured at approximately the same

strain level despite different fluences at the time of fracture. The specimens that were notched failed at
much lower strains, 0.7 for 550°C and 0.00% for 625°C, but the notched specimen at 420°( sustained 1.6%
strain without failure. This result is expected because of the stress concentration at the notch root. It
i’ s perhaps encouraging that a strain of almost 1%aas achieved at 550°C despite such adverse conditions.

All fractures were intergranular, as expected for such a low strain rate at elevated temperatures from
postirradiation data.8 A larger grain size is evident at 625°C than at 550°C, ASTM 4.5 and 6, respectively.
The recrystallization temperature had been previously observed to fall between 550 and 625°C for this heat
of steel.? Details of the fracture surfaces may be seen in Fig. 363. Here the grain boundary surfaces
appear to become more complex as the estimated fluence before fracture increases. At 628°C the grain boun-
daries of all these specimens had precipitates. Specimen 20 shows a structure of microdimples, many of
which contain precipitates. Although corrosion cannot be discounted, there is no evidence of such a surface
morphology on the lateral surfaces of the specimens. The structure probably resulted from creep cavities on
the grain boundaries. At 550°C the increase in complexity as the estimated fluence before fracture
increased is more dramatic. In specimen 22, which was notched and probably fractured soon after stress was
applied at a calculated fluence of 22 x 102% neutrons/m2, the grain boundaries are clean and smooth.
Evidence of slip bands with cross slip appears on specimen 6. However, specimen 14, which is estimated to
have fractured near the end of the irradiation, shows prominent features aligned with crystallographic
planes. Since the grain boundaries and even slip bands are often heavily decorated with carbide precipita-
tion at these temperatures, the sheet features may be continuous precipitates. However, since they appear



to & ductile, they could be a result of irra-
diation creep, in contrast with the notched
specimen, which was likely to have fractured
rapidly. Following nucleation of a crack on the
grain boundaries, a very high stress con-
centration arises at the crack tip. At strain
rates on the order of 109/s the crack perhaps
grows sufficiently slowly to allow plastic flow
along the slip bands at the crack tip by irra-
diation creep. This plastic flow, which might
be nearly superplastic on a microscopic level,
could result in the sheets of material along
slip bands.

Figure 3.64 shows a compilation of creep
rate curves for the three temperatures of
interest: 430, 550, and 625°C. The curves were
plotted from an equation for irradiation creep
for a similar heat of type 316 stainless steel
given by Puigh,10 Also drawn on the same axes
i s the specimen strain rate imposed by the
swelling of the driver. The creep curves, which
are plots of & = flo,0t), give the creep rate
for a given stress at a desired fluence or they
give the stress level in the specimen forced to
strain at a given rate (assumed constant) at a
desired fluence. Thus, the curves provide the
stress sustained in the specimens.

Since few in-reactor stress-rupture data
are available, data for onirradiated specimens
of another heat of type 316 stainless steel
will be used as a rough guide to understanding
the fracture behavior.7  For 430°C, curves
are plotted far types 1 and 4 specimens. As
can be seen from the intersections of the
type 1 curve with the constant stress curves,
maximum stress of about 500 MPa is reached
imnediately following the completion of tran-
sient creep, and with increasing fluence the
irradiation creep rate increases, reducing the
stress in the specimen. A stress level of
500 MPa is significantly below the ultimate
tensile stress for irradiated materials7 as well
as below the predicted (from data from unirra-
diated specimensil) creep rupture stress for
failure in 42 x 107 s, the duration of the
irradiation. The type 4 specimen attained a
stress level about equal to the creep rupture
stress but within the error limits for survival.

For 550°C a similar plot is shown with
curves for types 1, 3, and 4 specimens. Here,
the type 1 specimen is predicted to reach a
stress level of 350 MPa, and the type 4 specimen,
a level of 450 MPa. The value of 350 MPa is
above the creep rupture stress, and 450 MPa is
above the yield stress far 550°C. Therefore,
fracture is expected in the type 1 specimen
(one failed and one did not), and fracture is
predicted in the type 4 specimen soon after
application of the stress. However, the com-
pletely brittle intergranular nature of the
fracture with no apparent reduction of area
shows that the intergranular fracture mechanism
intervened before the yield stress was reached.
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Fig. 36.3. Scanning electron micrographs of
fracture surfaces of specimens that failed under
irradiation. The arrow for specimen 6 indicates a
region of slip bands.

The fact that about 5% strain was present supports the theory that superplastic flow (no necking) occurred

until the intervention of the brittle fracture.

The type 3 specimen is predicted to have reached a maximum

stress level of 200 MPa; thus, fracture was not expected on the basis of postirradiation data, and frac-

ture was not observed.
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For 625°C, curves for types 1, 3, and 4 specimens
are again plotted. The type 1 specimen is predicted to T T
have sustained a stress level of slightly greater than T=625°C
100 MPa, and the type 4 specimen, a stress of about
130 MPa; both fractured. The type 3 specimen was
predicted to incur a maximum stress of less than 100 MPa
and did not fracture. Although the specimens with the
highest predicted stresses failed and those with the
lowert did not, the stresses are too close to predict
failure from previous creep rupture data.

3.6.5 Conclusions

1 The fracture strain clearly decreases with
increasing temperature in the range 550 to 625°C for a

fluence of 5 x 102% neutrons/mZ; it is 6% at 550°C and

1%at 625°C. [ T l [T ! [

2. The strain to fracture does not appear to be a T, 10 [~ UNIAXIAL IN-REACTOR CREEP 500 —
function of fluence or strain rate in the range 2 to "5 | 20% COLD WORKED TYPE 316
5 x 1026 peutrons/m? but depends only on temperature. L STAINLESS STEEL 1

3. The presence of a notch reduces fracture g 0 RT=550-c
strain to 1% at 550°C and =0 at 625°C, but the strain g n
is <1.6% at 430°C. 5 _

4. All fractures were intergranular, with some o
evidence of ductility for a notched specimen at 550°C, u N
where fracture probably occurred rapidly and at a low o 4 —
fluence. i
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5.1 MECHANICAL PROPERTY EVALUATIONS oF PATH C VANADIUM SCOPING ALLOYS -
R. Bajaj and R. E. Gold (Westinghouse Electric Corporation)

5.1.1 ADIP Tasks

I.B.1l. Stress-Rupture Properties of Reactive/Refraciory Metal Allo¥f (Path ¢}
1.8.15. Tensile Properties of Reactive/Refractory Metal Alloys (Path C)

5.1.2 Objective

The objective of this program is to develop crzep/stress rupture data for the unirradiated Path C
Vanadlum Scoping Alloys doped with controlled amounts of non-metallic impurity, namely oxygen.

5.1.3 Sumnary

Thls report updates the data on the crzen/stress rupture of the vanadium-base scoping alloys
containing zero, 600 wppm and 1200 wppm additional oxygen. The conclusions drawn earlier that ¥-153Cr-5T1
shows superior crezp/strass rupture Eroperties to V-20T1 and vansTaR-7 alloys and that addition of 1200
wppm oxygen has no major effect on the creep rupture propertles remain valid. The additional
fractography presented here confirms the ductile nature of these alloys.

5.1.4 Progress and Status

The Path C Vanadium-Base Scoping Alloys, which were prepared for the ETM Research Materials
Inventory, sited at the Oak Ridge National Laboratory, are the subject of this evaluation. These include:

V-2011i
V-15Cr-5T4
VANSTAR-7 (V-9Cr-3.3Fe-1.2Zr-0.054C)

Efforts during the preceding fiscal year (Fy 82) focused on establishing the tensile and stress
rupture behavlor of Intentlonally contaminated alloys. Controlled amounts of oxygen contaminations (up
to 1200 wppm additional) were introduced by gas metal reaction prior to testing. The results of these
efforts were reported previously.(1,2) The activities for the current fiscal year are focused on
completion of tﬁe stress rupture testing and evaluation of the fracture behavior of these specimens.

Tasks associated with these efforts are: [from the fY'82 scope]

Task 5. Completlon of Cresp/Stress-Rupture Testing of Contaminated Specimens
Task &. Microstructural Charactertzation

The results of creep/rupture testing and post-test_microstructural analysis (fractography) of
specimens completed during FY'82 have been reported. The present report updates the results of
creap/stress rupture tests in progress at the time of the last report. Additional post-test fractography
results are also presented.

5.1.4.1 Material Identification and Condition

The chemical analysis of the three Path C Vanadium Scoping Alloys, the heat treatments, contamination
exposures, s?eCImen designations and the oxygen analyses of the contaminated specimen have been reported
previously.{1.¢)

5.1.4.2 <Creep/Stress Rupture Evaluations

Craep/stress ruPture tests on sheet specimens of the three alloys containing three levels of oxygen

ébase composition plus two levels of contamination), were conducted” in high vacuum {<10-8 torrg with a
ead-weight load system. The temperatures and stress levels for the experiments were chosen, based on
the creap/stress rupture data for the non-contaminated alloys, to cause fracture in 1000-2000 hours. In
;he following the results of all the tests completed to this date are presented in tabular and graphical
orm.

Table 5.1.1 presents the cresp/stress rupture data for this alloy in the non-contaminated and
contaminated conditions. This table updates the data collected thus far and represents a maximum rupture
time of -3000 hours. At 650°C, the alloy shows increased rupture time with Increasing oxy?en content.
with a concomitant decrease in failure straln. The alloy exhlbits a ductlle behavlor at all
contamination levels (up to 1200 wppm additional) with failure strains »25%. The creep straln vs time
curves for the alloy are shown in Figure 5.1.1.
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TABLE 5.1.1 Creep/Stress-Rupture Test Data for V-20T1%

Nomina (3] Test .
et 10 luony S Y s (T 145
15 0 650 148 21.5 1158
15{Cont'd, ) 0 650 218 31.5 2968
16 0 650 276 40 800
82-18 600 650 276 40 1006.6
82-28 1200 650 276 40 1158.4
82-38 600 700 207 30 14
82-48 1200 100 207 30 732.3

(2)additional oxygen content; i1.e. above the inittal concentratlon of 450 wppm

STRAIN (%}

CumuT.
Straln
(%)
(0.02)
50.7
34.5
32.2
28.5
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Figure 5.1.1 Effect of Oxygen on the Creep Properties of V-20Ti
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V-15Cr-5TH

The updated creep/stress rupture data for ¥-15Cr-5T1 are presented in Table 5.1.2 and the creep

strain vs time curves are shown In Figure 5.1.2. A contamlnatlon level of 1200 wppm (addltlonal) does
The effect of contaminatlon

not appear to have a significant affect on the failure straln of thls alloy.

levels on the time to rupture was not monotonic at all temperatures;
tendency was apparent above 600 wppm and Increased thereafter.

for example,

deflne the effects of contamlnatlon on the creep/stress rupture propertles of thls alloy.

at 750°C, a saturation
Addltlonal testing Is requlred to clearly

TABLE 5.1.2 Creep/Stress-Rupture Test Data for V-15Cr-5T1
Nominal{2} Test Cumul.
Speclmen O0sContent Tgmp. Stress Time Straln
Ident. No. {(wppm) C {MPa)} ks {hrs) %)
15 0 650 414 60 1055 (0.5)
82-58 600 700 414 60 11.1 33.1
17 0 150 368 53.5 115 13.8
18 0 750 345 50 321 22.4
82-16 600 750 345 50 791.9 11.4
82-28 1200 150 345 50 780.0 14.6
16 0 800 216 40 629.0 22.5
82-36 600 800 216 40 547.8 13.1
82-48 1200 800 216 40 1543.3 15.2
{2)additiona) oxygen content; i.e. above the Inltial concentration of 230 wppm
1 T T T T T 1 T T T T T 1
YCT 5B
- _1_ ::‘:h M - AUPTURE ]
i O Prm
18 | f - ]
F-'_ VCT-18C ' 4/::::#-“ x
! M5 WPa _\ ; 750°C VET248
b T :5:": f 4 ’f son P 74 MR 1
i l, VLT 4238 ,'c I :::;cpm
12 |- : —
2 I | EE"E: _\g / veTa8C
ot : | Yo | wa -
& | , Grm 750°C
' J_ 1200 PP ]
!
' H —
al
i .
|- N
- .
. t 1 t = [ |
0 100 200 - 300 400 500 600 700 800 %0@ 100D 1180 1200 1300 1400 1500 1800
TIME (HOURS)

Figure 5.1.2 Effect of Oxygen on the Creep Properties of V-15(r-5Ti
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VANSTAR-1

The updated cre=p/steess rupture data for VANSTAR-1 are shown in Table 5.1 3. Specimen 82-48
accumulated a total of 4935.8 hours at 708°C, when the test s terminated, This test represents the
longest creep/rupture test on any vanadium alloy at 100°C. e creep strain at this point was -0.2%
Indicating that the specimen is st11) in the second stage of creep and rupture life may be significantly

longer. No definiie conclusions can be drawn regarding the effect of oxygen contamination on the stress
rupture properties, although it appears to increase the rupture life at 730°C. The updated creep straln

vs time curves for VANSTAR-1 are shown in Flgure 5.1.3.

TABLE 5.1.3 <Creep/Stress-Rupiure Test Oata for VANSTAR-?

Nominal () Test ) Cumul .
Specimen OsContent Temp. Stress Time Strain
Ident. No. (wppm) ing MPa ks 1 (hrs) {%) Comment
15 0 650 216 40 1261 (0.11) No Rupture
15 (Cont*d.) O 650 331 48 1611 (0.52) No Rupture
17 0 100 216 40 1200 (0.12) No Rupture
11 (Cont"d.) O 150 216 40 1733 14.8
82-38 600 700 276 40 3579.3 10.1
82-40 1200 700 216 40 4935.8 0.19+
16 0 150 201 30 2192.0 (1.02) No Rupture
16 (Cont"d.) 0 750 241 35 2428 19.3
82-18 600 750 216 40 139.6 11.4
82-28 1200 150 216 40 10.2 16.1 Controller
Malfunction
82.68 1200 150 276 40 439.8 8.5 Repeat of
Previour
Test

{a)additional oxygen content; i.e, above the initial concentration of 280 wppm.

+Test terminated before rupture.

5.1.4.3 Fractography of Contaminated Creep Specimens

In the previous report(2) fractographs of three specimens each of v-20Ti1 and v-15Cr-5T1 and two
VANSTAR-1 specimens were presented. All specimens, wlth the exception of one v-15¢r-5T1 specimen, showed
ductile, dlmpled rupture. Four additional specimens, one of v-20T4, one of v-15¢r-574, and two of
VANSTAR-1 were examined by SéM. Representative micrographs are presented in Figures 5.1.4 through 5.1.1
and are dlscussed below.

The fracture in specimen VT-82-10 {600 wppm) tested at £50¢C/276 MPa occurred by a ductile shear
mechanism; two different dimple sizes are evident on the micrograph (figure 5.1.4). A compantop,Specimen
¥T-82-28 (1200 wppm} tested under the identical condltlon (&50°C/276 #Paj, which “showed co paraBIe
fatlure strain (324 vs. 29%) had also shown a bimodal dimple size distribution.{2} However, the large
dimples were larger in VT-82-10 than in VT-82-20. The smaiier dimples were comparable in size in the two
speclmens. No variation was found in the fracture mode from the surface to the interior of the speclmens.
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Figure 5.1.3 Effect of Oxygen on the Creep Properties of VANSTAR-7

V-15Cr-5T%

The fracture surface of speclmen VCT-82-5E (600 wppm) tested at 700°C/414 MPa dlsplayed ductlle,
dimpled rupture with a unlform size dlistrlbutlon (Figure 5.1.5). Thls speclmen was tested at the hlghest
stress (414 MPa) and lowest temperature used for thls alloy. Although thls speclmen fractured 1in
relatlvely short time (17.1 hours), no varlatlon was found In the rupture mode from the surface to the

Interlor of the speclmen.
VANSTAR-7

Specimen VS-82-38, whlich failed after 3580 hours, showed dimpled rupture, Flgure 5.1.6. The large
preclpltates seen in the micrograph were analyzed by EDX analysls and found to be rich In Zr and are
believed to be ZrC. The dimples presumably nucleate at these preclpltates durlng deformatlon.

Speclmen V5-82-6B also showed a dimpled rupture. Thils rupture was very simllar to the ductlle
rupture in another speclmen. VS-82-68, tested under_ldentical condltlons but which contalned 600 wppm

oxygen as compared to 1200 wppm oxygen (V¥S$-82-1B).

5.1.5 Dlscusslon of Results

Thls is a wrap-up report on the creep of vanadlum alloys and thereby presents only IImlted addltional
data on creep rupture. The addltlonal data presented here only support the conclusions drawn
eariter.{2) " updated plot of the Larson-MIlller parameter for the three vanadlum alloys and for Type
316 5S is presented in Flgure 5.1.8. No addltlonal comment on the creep properties of these alloys 1s

deemed necessary.

It was reported previously that the fracture mode observed for the contamlnated creep specimens was
different from that observed for sImllarly contamlnated tensile Specimens. Some of the tenslle
specimens, tested at RT and 500°C, displayed cleavage fracture in the near-surface reglons although flnal
fracture was by ductlle shear. The creep fracture of the speclmens tested in the temperature range of
650 to 800°C. almost always occurred totally by ductlle shear. 1t was concluded that the difference in
the fracture mode was due to variation tn oxygen concentration from the surface to the bulk which was
allevlated by long term exposure to hlgh temperatures durlng creep testing. The fractography presented
here confirms the observatlon of unlform fracture mode in creep specimens.
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Figure 5.1.4 Scanning Electron Micrograph of a Figure 5.1.5 Scanning Electron Micrograph of a
¥-20Ti Creep Specimen [600 wppm ¥-15Cr-5Ti Creep Specimen [600 wppm
Oxygen; 650°C; 276 MPa] Oxygen; 700°C; 414 MpPa]

e

Vo-82-68 Mk 4
= "

10PM 20KY

Figure 5.1.6  Scanning Electron Micrograph of a Figure 5.1.7 Scanning Electron Micrograph of a
VANSTAR-7 Creep Specimen [600 wppm VANSTAR-7 Creep Specimen [1200 wppm
Oxygen; 700°C; 276 MPa] Oxygen; 750°C; 276 MPa]
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5.2 WELDABILITY OF PATH C VANADIUM ALLOYS -
R. E. Gold and R. Bajaj (Westinghouse Electric Corporation)

5.2.1 ADIP Tasks

I.A.5. Fabrication and Welding of Path C Metal Alloys

5.2.2 Objective

The objective of this effort was to examine the basic weldability of the Path C Vanadium-Base Scoping
Alloys and to determine the bend ductile-brittle transition temperatures of base metal and weld specimens
of each alloy.

5.2.3 Summary

Gas tungsten arc welds were prepared for each of the three vanadium-base (Path-.C) scoping alloys using
semi-automatic, full penetration, bead-on-sheet welds. The bend ductile-brittle transition temperatures
(DBTTs) of these welds and base metal specimens were determined. In terms of weldability the alloys were
ranked: (best) V-20Ti, V-15Cr-5Ti, VANSTAR-7. The bend DBTT values for weld specimens were: V-20Ti,
-19€/-150°C; V-15Cr-5Ti, -20/+50°C; VANSTAR-7, -75/-50°C, for longitudinal/transverse bend tests.

5.2.4 Progress and Status

The Path C Vanadium-base Scoping Alloys are the subject of this evaluation. These are: V-20Ti,
V-15Cr-5Ti, and VANSTAR-7 (V-9Cr-3.3 Fe-1.2 Zr-0.054C). These alloys have been the subject of a series of
test programs aimed at the characterization of their tensile and stress rupture properties [see preceding
section, 5.1, this Semiannual Report]. Activities reported here are those associated with the FY'83 con-
tinuation of the evaluation of the unirradiated properties of the subject alloys. Specific tasks are:

Task 7. Material Procurement, Specimen Preparation, and Heat Treatments
Task 8.  Gas Tungsten Arc Welding

Task 9. Bend Ductile-Brittle Transition Temperature Determinations

Task 10. Post-test Examinations

Tasks 7, 8 and 9 have been completed and Task 10 is partially completed. The results of these activ-
ities are presented in the following subsections in the appropriate task sequence.

5.2.4.1 Material Procurement, Specimen Preparation, and Heat Treatments

Material for these investigations was procured from the ETM Research Materials Inventory in the form
of 0.76 mm thick sheet. The material identifications and chemical analyses are provided in Table 5.2.1.
Upon receipt the alloy sheet was cold-sheared into pieces approximately 2.5 x 15 cm.; the longitudinal
(ro11ing) direction of the sheet was always maintained parallel with the 15 cm. dimension.

TABLE 5.2.1 Chemical Analysis of Vanadium Alloy Sheet

Elemental Analysis (w/o)
r

After snearing, all alloys were neat treateda 1n vacuum for one hour at previousiy aeterminea recrystal-
lization temperatures. These temperatures, which produce an equiaxed (30 to 35 um) microstructure, are
1100, 1200, and 1350°C for the V-20Ti, V-15Cr-5Ti, and VANSTAR-7 alloys, respectively.

5.2.4.2 Gas Tungsten Arc Welding

A1l gas tungsten arc (GTA) welding was carried out in an argon atmosphere in a glove box used exten-
sively for the preparation of high quality weldments in refractory metal alloys. During welding opera-
tions, continuous monitoring of oxygen and water vapor was carried out. A1l welds were full penetration,
bead-on-sheet (to avoid edge preparation variables) welds performed semiautomatically with nonconsumable
thoriated tungsten electrodes. Owing to the Timited availability of sheet material, preliminary weld
parameter screening was performed to identify a common set of welding conditions for all three alloys.
These conditions were:
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Welding Speed 38.1 cm/min,
Current 70 Amperes
Voltage 10.5 V {dc)

Gap (electrode to sheet) 1.52 mm
Eight welds were prepared for each of the alloys.

During welding, the sheet specimens were held in a clamping fixture which provided mechanical restraint
to avoid buckling or bowing of the thin sheet. Molybdenum chi11/clamp plates were used, with a clamp
spacing of 9.5 mm. The tungsten electrodes were changed after every fourth weld. The oxygen level in the
argon atmosphere was maintained between 5.2 and 7 ppm (by volume), and the water vapor content was below
5.4 ppm (by volume) throughout the welding operations.

After welding, the specimens were examined visually as-welded and following dye penetrant inspection.
Except for an occasional, small transverse crack near the weld termination point, the welds in V-20Ti and
V-15Cr-5T1 were crack-free. In VANSTAR-7, however, in addition to cracks at the weld termination point,
dye penetrant inspection revealed irregular cracking in the weld fusion zones of several, but not all, of
the welds. Photographs of typical specimens of each alloy are shown in Figure 5.2.1. Note the general
curvature which resulted when the specimens were removed from the welding fixture.

Before shearing the bend test blanks, each alloy was given a one hour post weld anneal in vacuum at the
recrystallization temperatures noted previously. Post weld anneals are used routinely in refractory metal
alloy welding studies for the i)urpose of chemically combining any oxygen and/or nitrogen picked up in
welding with the reactive metal solute = e.g. Ti or Zr - in the subject alloys. This is considered par-
ticularly important for applications involving exposure of the welds to liquid alkali metals. In the
current program, the post weld anneal appeared to have little affect on V-20Ti, but caused considerable
grain growth in both the ¥-15Cr-5Ti and VANSTARY alloys (metallography incomplete at present). Grain
growth was particularly significant in the heat-affected-zones of the VANSTARY specimens, Figure 5.2.2.

V-20Ti V-15Cr-5T1 VANSTAR-7 VANSTAR-7
(Dye Penetrant)

Figure 5.2.1 Typical GTA Weld Specimens in Vanadium Alloys.
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VRNSTRR 7

Figure 5.2.2  VANSTAR-7 Weld Specimen Showing Coarse Grains in the Heat Affected Zone.

If this phenomenon had been limited to only the weld specimens it might have been possible to explain
the behavior in terms of dissolution or coarsening af grain boundary = stabilizing precipitates during the
welding; it was, however, also observed, although to a lesser degree, in the base metal specimens given

identical heat treatments. Additional heat treatment - metallographic analyses will be carried out to ex-
plore this behavior.

5.2.4.3 Bend Ductile-Brittle Transition Temperature Determinations

The eight welds and two base metal specimens, each 25 x 15 cm, of each of the vanadium alloys were
sheared to yield specimens for three point bend testing. Approximately four transverse and five longi-
tudinal test specimens were prepared from each weld. The bend test parameters and specimen orientations
are defined in Figure 5.2.3. All testing was carried out using a punch speed of 0.04 ¢cm/s (1 inch/min)
with the top surface of the weld in tension. Most tests were conducted using a 1t punch radius; this bend
radius produces an outer fiber strain of approximately 30%on the tension side of the specimen.

WELD
e——  BEND —=——=
TEST
BASE
«———— BEND
TEST BEND ANGLE
A
|
LONGITUDINAL TRANSVERSE
BEND BEND

NOTE: Arrow indicate the sheet rolling direction

Specimen Width 12 t (t= sheet thickness)

Specimen Length 24 t

Test Span 15t

Punch Speed 0.04 cm/s

Temperature Variable

Punch Radius Variable, generally 1t, 2t,
or 4t

FIGURE 5.2.3 Test Parameters and Specimen Orientations Used for Three Point Bend Tests
on Yanadium Allny Sheet.
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The bend testing procedure provides for immediate withdrawal of the mechanical load at the first sign
of load drop; this is normally observed to indicate the onset of cracking. In this way it is often
possible to locate and examine the fracture initiation site without continuing to total destruction of the
specimen. For tests at other than room temperature, the specimens are permitted tO equilibrate at the test
temperature for a minimum of ten minutes prior to testing.

The average values of the 1t bend DBTT s are summarized in Table 5.2.2. Typical plots of the bend
angle vs. test temperature for each of the three alloys are presented in Figure 5.2.4. The crack locations
and orientations are indicated for specimens which fractured during testing.

TABLE 5.2.2 Summary of Bend DBTTs for the Vanadium-Base Scoping Al1loys

1t Bend DBTT (°C)

Alloy Specimen Type Longitudinal Transverse
V-20Ti Base Metal -196 -150
Weld -125 -125
V-15Cr-5Ti Base Metal -20 50
Weld +50/+100 50
VANSTAR-7 Base Metal -75 -50
Weld 20 20

A11 values for welds are the average of bend tests on at least five welds.

Base metal values are the average of tests on two specimens.

5.2.4.4 Post-Test Examinations

Selected bend specimens were examined by scanning electron microscopy in order t0 characterize the
fracture surfaces. For V-20Ti, even for fractures at -196°C, the fractographs indicated ductile tearing to
be the predominate failure mode, Figure 5.2.5. Fractures in V-15Cr-5Ti were almost totally characteristic
of cleavage, Figure 5.2.6, as were fracture surfaces observed for VANSTAR-7 bend specimens, Figure 5.2.7.

5.2.5 Discussion of Results

In terms of the general welding behavior, both V-20Ti and V-15Cr-5Ti were welded without difficulty;
V-20Ti, in particular, appeared to be exceptionally weldable. The VANSTAR-7 alloy , while not prone to
obvious or catastrophic cracking during welding, was found to develop small cracks in the weld fusion zones
of several of the weld specimens. These cracks, although not examined in detail, are probably hot cracks
and are related to solute segregation and redistribution within the rapidly cooled fusion zone. In view of
the more complex metallurgy and greater solute element variation in this alloy, this is not altogether
surprising. Neither should it be interpreted to mean VANSTAR-7 can not be satisfactorily welded by the GTA
process. In the Timited evaluation described here no attempt was possible to develop optimum welding
parameters for each of the alloys. Hence, the parameters chosen may very well be near-optimum for V-207i
but much less so for the other two alloys.

There is no immediately apparent reason for the considerable grain growth observed in the ¥-15Cr-5T1
and VANSTAR-7 alloys following the post weld anneals at their respective recrystallization temperatures.
This issue will be examined more closely in the next several months.

For all of the alloys the bend LBTTs of the welds were higher than for the corresponding base metal;
this is as expected. Interestingly, despite the presence of small cracks in several of the bend specimens
the bend OBTT of VANSTAR-7 was lower than that of the V-15Cr-5T1 alloy which welded without incident. The
bend DBTTs of both VANSTARY and V-15Cr-5Ti were higher than would be expected from the high ductilities
exhibited by these alloys in tension tests at room femperature. Part of the reason for this might be the
higher loading rate used for the bend tests. There is also a strong possibility that the large (duplex)
grain size which developed in these alloys during the post weld anneal is a major contributing factor.
Additional base metal bend testing and heat treating/microstructural response studies are currently under-
way to explore these issues

Based on these preliminary evaluations the alloy weldability rankings appear to be: (best) ¥-20Ti,
V-15Cr-5T1, VANSTAR7Z. In terms of the bend DBTTs, the rankings would be: ~(best - or lowest DBTT)
V-20T71, VANSTAR-7, ¥-15Cr-5T1.



100

80

60

40

end Angle, Degrees

20

100

80

60

40

3snd Anzls, Dsgree<

20

0

S o
g 2 g

Bend Angle, Degre s

[pe]
o

[ @ e
a

-125°C

olL2 T?
1574

oT2

DX RERN

DO XIR

-196°C

-196°C
VT-12 Weld |

Trans./Longitud.DBTT

g

-200 -100 0

Temp., °C

Trans .DBTT +50°C

Longit. DBTT
50/100°C

+50°C L3

- 22°C
VCT-4 Weld

T |

-100 0 +100

Temp., °C

3 Trans. and

Longit. pRIT
20°C

L3

Figure 5.2.4

85

V-20Ti

V-156Cr-5T]

VANSTAR-7

3snd Angls Qsgree<

3=nd Angle, Degrees

Bend Angle, Degrees

— [ -

0 Longit. DBTT -196°C
rans. DBTT -150°C
60 t
T2
40 =
20
-196°
VT-{\ Base Meta'lI CI
0
-200 -100 0
Temp,, °C
100 — - =
80 Trans. DBTT 22°C
Longit. DBTT -50°C
60 [— T4
T4 L4
40 — _<' /
L -100°C
20 — . -50°C
\K{F%\ Base hﬂe?ﬂ
|
G <100 0 +100
Temp, °C
100
80 ongit. DBTT -100°C
rans. DBTT -50°C
60
40
-150°C
20 BL3
VS7-B Base Metal
i<
-100 0 +100
Temp., °C

Typical Bend Angles vs. Test Temperature Plots for

Vanadium Alloy Tests [Open Symbols = Fractures].



86

Base Metal Weld Specimen

Figure 5.2.5 Fractographs of ¥-20Ti Bend Specimens Tested at -196°C

20KV

Base Metal; 22°C Weld; -50°C

Figure 5.2.6 Fractographs of V¥-15Cr-5Ti Bend Specimens

Figure 5.2.7 Fractograph of VANSTAR-7 Weld Metal Bend Specimen Tested at -100°C
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5.3 EVALUATION AND DEVELOPMENT CF VANADIUM-BASE ALLOYS FOR FUSION REACTOR APPLICATIONS - B. A. Loomis and
D. L. Smith (Argonne National Laboratory)

53.1 ADIP Task

I.A.3. Perform Chemical and Metallurgical Compatibility Analyses.

5.3.2 Objective

This research program provides the necessary data that are required for the evaluation and development
of vanadium-base alloys for first-wall and blanket structures in fusion reactors. The research effort is
focused on (1) the corrosion and compatibility of selected vanadium-base alloys in the environments
projected for fusion reactors, (2) investigations of the pertinent environmental effects on the mechanical
properties of the selected alloys, (3) evaluation of the effect of vanadium alloy composition on weld micro-
structure and mechanical properties, and on secondary fabrication processes, and (4) determination of
environmental effects of the integrity and mechanical properties of weldments.

533  Summary

The corrosion of "pure" V and V¥-5Ti, V~-15Cr and V-15Cr-5Ti alloys at 725 K and 825 K in flowing helium
containing 10 ppm water was determined for exposure times that yielded a steady-state corrosion rate. The
experimentally determined corrosion rates for the V and V-base alloys were compared with the corrosion rate
obtained for PCA stainless steel under the same environmental conditions. These results showed that the
steady-state corrosion rates for the ¥-15Cr alloy and ¥-15Cr-5Ti alloy were low but approximately one order
of magnitude greater than the steady-state corrosion rate determined for the PCA stainless steel. Also, the
temperature dependence of the electrical resistivity for vV and ¥-15Cr-5Ti alloy was determined for
temperatures ranging from 17 K to 1000 K.

534 Progress and Status

534 .1 Introduction

Vanadium-base alloys offer potentially significant advantages over other candidate alloys as fusion
reactor structural materials. High fluence irradiations under LMMBR conditions and high-damage-level ion
irradiations have demonstrated an inherent resistance of certain vanadium alloys to void swelling in
comparison to most other candidate alloys. Of particular importance in projecting the potential radiation-
damage resistance of vanadium alloys to fusion reactor conditions is their apparent insensitivity to
moderate compositional and microstructural variations. Such insensitivity may make special treatments, such
as cold-work and post-weld heat treatment, unnecessary. The relatively high thermal conductivity and low
thermal expansion coefficient of vanadium alloys result in lower thermal stresses for a given heat flux
compared to most other candidate alloys and should allow an increased thermal loading and lifetime of
structural components. Since the mechanical strength of vanadium alloys is retained at relatively high
temperatures, higher operating temperatures are projected for vanadium alloys than for austenitic or
ferritic steels. Vanadium alloys produce the least impact of the primary candidate alloys on tritium
breeding, and selected vanadium alloys offer the potential for the lowest long-term {> 30 y} activation of
the candidate alloys presently considered. Under controlled conditions, vanadium alloys are among the most
corrosion-resistant alloys in high-temperature (725 K} lithium.

The major concerns regarding the use of vanadium alloys relate to their reactivity with air (primarily
oxygen and nitrogen), which may lead to embrittlement or oxidation effects when exposed to even fairly low
oxygen or nitrogen partial pressures. In this report we present some initial results on the corrosion of
pure V and V¥-5Ti, V-15Cr and V-15Cr-5Ti alloys at 725 K and 825 K in helium containing 10 ppm water. The
corrosion rates for these materials are compared with the corrosion rate for PCA stainless steel under
identical environmental conditions. Also, we present in this report the electrical resistivity for pure V
and V-15Cr-5Ti alloy at temperatures between 77 K and 1000 K.

5.3.4.2 Experimental Procedure

The "pure" V and V-base alloy specimens for these experiments were prepared from stock that contained
-900 appm 0. The V-15Cr-5Ti alloy was obtained from the Fusion Program Research Materials Inventory at Oak
Ridge National Laboratory. The "pure" V and ¥V alloys were annealed for one hour at 1475 K prior to
initiation of the experimental studies. The PCA stainless steel with BZ microstructure was also obtained
from the Fusion Program Research Materials Inventory.

For the corrosion studies, sheet specimens (0.01 m x 0.01 m x 0.0002-0.0008 m} of "pure" V, V-5 w/o Ti,
V-15 w/o Cr, V-15 w/o Cr-5 w/o Ti, and PCA stainless steel at 725 t 5 K and 825 + 5 K were exposed for
increasing pepjggs of time to flowing He that contained 10 ppm by volume of water. The flow rate of the_gas
was 8.3 Xx 10‘9 mQ/s. The ingrease in weight of the specimens was determined with an accuracy of 2 x 10-9 kg

at time intervals of -5 x 10° s (140 h).
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The electrical resistivity of the "pure” V and V-15Cr-5Ti alloy was detgjg;llned at temperatures ranglng
from 77 K to 1000 K. ~ The specimens were mounted in a system evacuated to 1 Pa for the electric

resistance measurements at temperatures above 300 K. The electrical resistance of the sheet specimens (0.04
m x 0.04 m x 0.0001 m) was determined with a precision of 0.02 wua by the four-point potentiometric method.

Copper wires of 0.0004-m diameter were spot welded to the specimens to provide electrical contact. The
electrical resistivity of the specimens was calculated from the resistance data with appropriate correction

for the dimensional change.

5.3.4.3 Experimental results

corrosion

The corrosion rates for the V, V-base alloys and the PCA stainless steel at 725 K and 825 K on exposure
for increasing periods of time to flowing helium containing 10 ppm water are shown in Fig. 1 and Fig. 2,
respectively. In Fig. 1 and Fig. 2, a plotted corrosion rate value (data point) is computed from the
increase of specimen weight per unit area for the interval of exposure time between a data point and the
preceding data point. 0On the basis of these limited studies, the steady-state corrosion rates for these
materials are shown below for an exposure time of 2 15 x 10 s (417 h).

Corrosion Rate (kg/mz-s)

Material 725 K 825 K
v 1.2x10-9 1 lxiD“B
V-5Ti 0.9x1072 0.7x10-8
V-15Cr 0.2x10-9 0.4x10-8
V-15Cr+5Ti 0.4x10"9 0.5x10-8
PCA SS 0.5x10-10 0.5x10-9
-9
IOHO T T { T I T
9 A Y —
B O V+5Ti N
ol ® V+I5C ]
O VHISCr+5T
B & PCASS —
77— 725K —
- He + 10 oppm HzQ —
% 6 8311077 m¥%s FLOW RATE —
NE _
e
::q_: —
e |
(o]
w« |
o
[ng —
(o
(=]
(4] —
]

EXPOSURE TIME (s}

Fig. I Corrosion rates for V, V-base alloys and PCA stainless steel at 725 K.
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Fig. 2. Corrosion Rates for V, ¥-base alloys and PCA stainless steel at 825 K.

It can be observed in Figs. 1 and 2 that the V and V-base alloys have corrosion rates (weight gains}

approxagatelx an order of magnitude greater than for austenitic steel during the jnitial exposure time of %
10 x 10hs. Iso, these experimental results show that the presence of Cr solute in the V alloys is

essential for minimum corrosion in flowing helium containing 10 ppm water.

Electrical Resistivity

The electrical resistivity of V and the V-15Cr-5Ti alloy at temperatures between 77 K and 100 K is shown
in Fig. 3. On the basis of these experimental data an equation which yields the temperature dependence of
the electrical resistivity (p) for Vv is

Py (T} = 2563 + 0.087 x T = 1.06 x 1075 12
and the equation for the ¥-15Cr-5T7i alloy is
Py_15¢r-571(T) = 3775 + 0077 T - 862 x 1076 x T2

In these equations, the electrical resistivity is in units of uft-cm and the temperature iS in degrees
Celsius.
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Fig. 3. Temperature Dependence of the Electrical Resistivity for V and V-15Cr-5%T1 Alloy.

55.5 Discussion of Results

Investigations on the swelling of V-base alloys during heavy-ion irradiation have shown that r
additions to V result in substantial swelling whereas Ti additions effectively suppress swelling.! These
swelling studies have also shown that the effectiveness of Ti solute for the suppression of swelling of V is
not significantly altered by the addition of Cr solute to form a ternary alloy, e.g., V-15Cr-2Ti alloy.

The experimental results obtained in the present study on the corrosion of V-base alloys show that a Cr
addition to V to form a binary V alloy results in a maximum corrosion resistance for V. The addition of Ti
solute (5 w/o) to V is much less effective than the addition of Cr solute for maximum corrosion resistance
of V. However, the addition of Ti solute to a V-Cralloy, e.g. V-15Cr-5Ti alloy, does not significantly
increase the minimum corrosion rate determined for a ¥-15Cr alloy. The experimental results obtained in
this study suggest that the corrosion rate of PCA stainless steel at 725 K and 825 K in flowing helium with
10 ppm water is approximately an order of magnitude less than the corrosion rate for ¥-15Cr and V-15Cr-5Ti

alloys .
5.3.6 References

1. Cavity Formation in Single- and Dual-lon Irradiated ¥-15Cr-5Ti Alloy, B. A. Loomis and G. Ayrault,
Damage Analysis and Fundamental Studies Quarterly Progress Report, DOE/ER-0046/12, October-December

1982, p. 194.
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6.1 STATUS OF SCALEUP OF AN IRON-BASE LONG-RANGE-ORDERED ALLOY — T. K Roche, D. N. Braski, and C. T. Liu
(Oak Ridge National Laboratory)

6.1.1 ADIP Task

ADIP Tasks I.A5, Perform Fabrication Analyses, and I.D.1, Materials Stockpile for MFE programs.
6.1.2 Objective

The objective of this work is to perform semiproduction scaleup of an iron-base long-range-ordered {LRO)
alloy to gain some commercial experience with this class of developmental alloy. The activity will provide
material for irradiation, mechanical property, compatibility, and other property tests to evaluate the poten-
tial of the alloy class for use in fusion energy systems.
6.1.3 Sumnary

Semiproduction scaleup of the iron-base alloy LRO-37 has been successfully completed. Three ingots of
the alloy were produced by a commercial source, hot forged to slab, then rolled to 3.3-, 1.6-, and 0.8-mm
sheet stock. The high-purity material contained MC-type carbides, and M,(C,N)-type carbides were observed in
commercial-grade alloy.

6.1.4 Progress and Status

Long-range-ordered alloys of the system (Fe,Ni);(V,Ti) have been developed on a laboratory scale at

ORNL These alloys have unique properties that make them attractive as structural materials for advanced
enerqy systems. This alloy development program has reached the important phase of alloy scaleup.

Semiproduction scaleup of the alloy LRO-37 (Fe-39.4 N—22.4 W.43 Ti, wt %) has been completed at the
facilities of High Technology Materials Division, Cabot Corporation. Three ingots, each weighing approxi-
mately 18 kg (40 Ib), were produced by two different melt practices — vacuum induction melting plus electron
beam remelting using high-purity materials (one ingot, LR0-37-HP), and vacuum induction melting plus
electroslag remelting using commercial grade materials (two ingots, LRO-37-CG). The principal difference
between the HP and CG ingots, other than melt practice, was the grade of vanadium melt stock. Very high-
purity vanadium was used for making the HP alloy, and more economical, but lower purity, ferrovanadium was
used for the CG alloy. Melt stock for the other additions was the same for all ingots. A small amount of
cerium was added to the alloys to improve their high-temperature properties. The previously reported’
chemical analyses showed the composition of the ingots to be reasonably close to the alloy specification.
Three-fourths of the ingot stock of each of the two alloy grades, HP and CG, was easily press forged from
102-mm-diam (4.0-in.} round to aooroximately 35-mm-thick (1.4-in.) slab at 1150°C. The unforged ingot stock
will be retained for'future studies.

The final stage of the program,
production of sheet stock by hot and
cold rolling of the forged slab, was Table 6.1.1. Sheet stock produced from semiproduction scaleup
Completed with no difficulty during of alloy LRO-37 (Fe—39.4 Ni—224 W.43 Ti, wt %)
the present reporting period. The
forged slab was hot rolled to

6.35 mm (0.25 in.) in ten passes at Thickness Width Length Total weight
a reduction in thickness of 15% per Pieces ——
pass. Initial heating and all re- (mn)  (in.)  (mm) (in.)  {mm) (in.) (kg) {1b)
heating was at 1100°C in an argon- _— -

atmosphere furnace. The material Alloy LRO-37-HP fhigh purity), Heat £B11581-2-1830

was reheated 15 min between passes

) 33 0.131 165.1 65 609.6 24 1 2.7
and annealed at the rolling tem-
perature for 20 min after the last 1.6 0.065 165.1 65 558.8 22 2 2.7
pass. . . 0.8 0.031  152.4 6.0 584.2 23 1 14 3
Following sandblasting, 0.8 0031 1651 65 7620 30 1 }

pickling, and conditioning, the
material was cold rolled to finish

thicknesses of 3.3, 16, and 0.8 mm Alloy LRO-37-CG (commercial grade), Heat EBII6£1-2-0735

(0.131, 0.065, and 0.031 in.). 33 0.131 165.1 6.5 558.8 22 2} 7.7 17
Total reduction of 50% in thickness, 3.3 0.131 165.1 6.5 660.4 26 1

using a schedule of 5 to 10% reduc- 1.6 0.065 165.1 6.5 482 6 19 4 45 10
tion per pass, was easily

accomplished before intermediate 0.8 0.031 139.7 55 381.0 15 1 5.9 13
annealing at 1100°C. The yield of 0.8 0.031 165.1 6.5 660.4 26 4

sheet stock listed in Table 6.1.1 08 0.031 139.7 55 787.4 31 1

was received with approximately 50% 0.8 0.031 165.1 6.5 914.4 36 2

cold work following the final in-
process anneal.
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The second phase found2 in the microstructure of LRO-37-CG contains the following metal elements as
determined by x-ray fluorescence analysis (in order of decreasing amounts): V, Ni, and Fe. The peak pre-
viously identified as Cr Ka is now believed to be the V Kg, and Cr is no longer believed to be part of the
phase. Vacuum fusion analyses showed that the phase also contained (by weight percent) 0.043 H, 69 N,

23 0, and 445 C.  Therefore, the second phase appears to be a vanadium-rich carbonitride with the general
formula M,(C,N). This phase has not been observed in other (Ni,Fe)yV ordered alloys, where the carbon has
been invariably tied up in the cubic MC-type carbide. The reason why M,{C,N) formed instead of MC in

LRO-37-CG is not clear at the present time, but it is probably related to the higher impurity level of the

CG feedstock.  The M,{C,N) phase was not found in the "high-purity" LRO-37-HP ingot that was prepared by the
same vendor.

6.1.5 Reference

1 T K Roche and C. T Liu, "Status of Scale-up of an Iron-Base Long-Range-Ordered Alloy," pp. 321-26
in ADIP Semiannu. Frog. Rep. Mar. 32, 2982, DOE/ER-0045/8, US. DOE, Office of Fusion Energy.
2 T. K Roche, D. N Braski, and C. T. Liu, "Status of Scale-up of an Iron-Base Long-Range-Ordered

Alloy," pp. 158-59 in ADIP Semiannu. Prog. Rep. Sept. 30, 1982, DCE/ER-0045/9, US. DOE, Office of Fusion
Energy.
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6.2 BEND DUCTILITY OF IRON-BASE LONG-RANGE-ORDERED ALLOYS AFTER IRRADIATION IN HIIR — D. N. Braski
(Oak Ridge National Laboratory)

6.2.1  ADIP Task

ADIP Task I.B.16, Tensile Properties of Special and Innovative Materials
6.2.2 Objective

The objective of this research is to define the response of {Fe,Ni}3;V long-range-ordered (LRO} alloys to
neutron irradiation. The overall goal is to determine the potential use of this alloy class as a structural
material for fusion energy systems.
523  Summary

Three iron-base LRO alloys with base composition (Fe,Ni);V tested at 600°C exhibited intergranular frac-
ture and reduced bend ductilities after irradiation to 10 dpa at 600°C in HIIR. The embrittlement extended
to lower temperatures as the damage level increased. The weakness of the grain boundaries may be caused by
the presence of helium, segregating elements, VC particles, or a combination of these factors.

6.2.4 Progress and Status

Table 6.2.1. Long-range-ordered alloy cornpositions and heat treatments

6.2.4.1 Experimental Procedure
Disks (3 mm diam x 0.25 mm Composition (wt %)

thick) of the alloys LRO-16, Mloy Heat treatment
-20, and -37 were irradiated in Fe M vV Ti
HFIR at 300, 400, 500, and
600°C. The alloy compositions LRO-16 46.0 31.0 23.0 10 min at 1170°C, water quenched, aged
and heat treatments used are at 640°C for 4 d, 600°C for 12 d,
given in Table 6.2.1. and 500°C for 6 d.
Irradiation was accomplished in
the disk irradiation experi- LRO-20 37.6 395 229 15 min at 1200°C, water quenched, aged
ments HFIR-CTR-30, -31, and at 650°C for 4 d, 600°C for 1 d,
-32. Displacement damage and 500°C for 2 d.
levels of 10, 21, and 42 dpa
were attained, with approximate LRO-37 37.6 39.5 22.4 04 15 min at 1200°C, water quenched, aged
helium generation levels of at 650°C for 4 d, 600°C for 1 d,
1000, 2000, and 6000 at. ppm, and 500°C for 2 d.

respectively. Some of the
disks were subsequently tested
in bending at the irradiation
temperatures, with the tech-
nique developed by HEDL.! In our bend test the ram speed was 0.51 mr/min (0.02 in./min). Other disks were
examined by transmission electron microscopy, and the results of some of these examinations have been
reported.2

6.2.4.2 Results

Figure 6.21 shows a typical load-deflection curve for an LRQO disk that did not fracture and was bent to
the maximum for the disk bend rig (-05 wm). The initial portion of the curve can be approximated by a
straight line and is analogous to the elastic portion of a tensile stress-strain curve. As bending continued
the curve changed slope and produced the characteristic shape shown in the figure. Sharp deviations from
this curve shape were indicative of crack initiation and propagation in the disk. The occurrence of such
changes was used to calculate the bend deflection w for a particular disk. The strain at fracture e was then
estimated by the approximation!

e = tw/{a? + w?)

where ¢ = disk thickness and a = disk radius.
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The results of the postirradiation bend tests on the three alloys LRO-16, -20, and -37 are ?iven in
Fig. 622 Bend ductility is plotted as a function of damage level. All the disks irradiated to 10 dpa at
300 to 500°C and then tested at the irradiation temperature passed the bend test without failing, but all
those irradiated and tested at 600°C fractured at strains less than 1.5%. Disks irradiated to 21 dpa failed
after irradiation and testing at 600°C, and disks irradiated to 42 dpa.failed for irradiation and test tem-
peratures as low as 400°C. In all cases of failures, the bend ductility was less than 2%. Huang, Hamilton,
and Wire showed that at low bend fracture strains the bend ductility very closely approximates the tensile
ductility of the material.'

ORNL-DWG 83-9194 ORNL PWG 839203

250 | I OLRO- 37 |
0O LRO - 20
2 A LRO - 16
200 2
>
E
-
5
= /
o ! -
150 &
g
o)
a
(o)
-1
100 C
DAMAGE LEVEL (dpa}
. Fig. 6.2.2. Bend ductility of LRO disks after
irradiation in HAR shown as a function of damage
50 level. The disks were tested at the irradiation
temperatures.
0 Figures 623 through 625 show the Tload-
0 025 0.50 deflection curves and the corresponding scanning
) ) electron micrographs for disks of each-alloy irra-
DEFLECTION {mm) diated to 10 dpa at 600°C and tested at 600°C.
In each case the disk fractured intergranularly
Fig. 621 Typical load-deflection curve after relatively little deflection. In one case
for LRO disk that does not fracture during the #Fig. 6.2.3), the ram motion was continued after
test. racture to better expose the fracture surface.

This fracture surface. of the LRO-16 disk. exhibited

features that are believed to be associated with VC

particles and also sigma phase in the grain
boundaries. The other two alloys (Figs. 6.24 and 6.25) had fracture surfaces in which the exposed grain
boundaries were very clean and smooth.

Examinations of the microstructures of the irradiated alloys showed that the grain boundaries contained

a moderate number of helium bubbles, which could have a weakening effect.2 Previous irradiation experiments
with the LRO-16 alloy also indicated that sulfur and perhaps boron segregated in the grain houndaries.3 Thus
we suspect that elemental segregation also took place in the present HFIR irradiations and contributed to the
weakness of the grain boundaries. Finally, recent transmission electron microscopy has shown that extensive
precipitation of VC in the grain boundaries occurred for irradiation at 500°C to damage levels above 10 dpa.
The precipitation was S0 extensive that the grain boundaries were completely lined with thin VC platelets,
shown in the bright field—dark field pair in Fig. 6.2.6. In these cases, many tiny helium bubbles were also
observed along the Y& particleinatrix interface. It is not known whether the VC precipitation was induced or
aided by the irradiation or caused by simple thermal aging.
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6.2.5 Conclusions and Future Work

1. After a 10-dpa irradiation in HFIR at 600°C, disks of the iron-base LRO alloys LRO-16, -20, and -37
all failed the bend tests at 600°C and exhibited bend ductilities less than 15%. At higher damage levels
LRO disks also failed for irradiation and test temperatures below 600°C, indicating that the embrittlement
was becoming more extensive.

2 All three LRO alloys fractured intergranularly.

3 The weakness of the grain boundaries may be caused by the presence of helium, segregating elements
such as sulfur, VC particles, or a combination of these factors.

Future work on the LRO alloys will attempt to establish the relative importance of the several factors
{i.e., helium, segregation, VC) that possibly contribute to the grain boundary embrittlement. Once this is
known, compositional and/or microstructural adjustments of the alloy can be investigated for possible impro-
vement of ductility after irradiation.

6.2.6 References
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7.1  PRELIMINARY TRANSMISSION ELECTRON MICROSCOPY CF 12 Cr-1 MAW IRRADIATED TO 40 dpa IN HFIR —J. M. Vitek
and R L Klueh (Oak Ridge National Laboratory)

711  ADIP Task
ADIP Tasks are not defined for Path E, Ferritic Steels, in the 1978 program plan.

712 Objective

The objective of this work is to evaluate the microstructural response of 12 Cr-1 MOW steels to HFIR
irradiation. Since a transmutation reaction of nickel produces helium, the effect of helium and displacement
damage on the microstructure can be ascertained.

7.13 Summary

Specimens of 12 Cr-1 MOW steel were irradiated in HFIR to 40 dpa at 400 and 600°C. Preliminary
microstructural examination indicates significant cavity formation in this steel, and this is attributed in

part to the helium produced during irradiation.

714 Progress and Status

7141 Introduction

Disks of 12 Cr-1 MoVW steel were included in the irradiation experiments HFIR-CTR-30, -31, and -32
(ref. 1). These experiments were conducted at 300, 400, 500, and 600°C to displacement damage levels (at the
capsule midplane) of 40, 20, and 10 dpa.

During HFIR irradiation nickel undergoes a transmutation reaction that results in helium production.
Thus, helium is generated along with displacement damage during irradiation. By including alloys with dif-
ferent nickel concentrations, the effect of helium on the irradiated microstructure can be ascertained.
Therefore, a series of nickel-doped ferritic steels? were included in the HFIR-CTR-30, -31, and -32 experi-
ments. This report presents early results on the undoped 12 €r~-1 MOV alloy irradiated to produce 40 dpa and
approximately 85 at. ppm He.

7142 Specimen Preparation

The 12 Cr-1 MOW alloy is from a Combustion Engineering heat,
XAA-3587. The alloy chemistry is given in Table 711 The disks Table 7.11 Composition of
were irradiated in the normalized-and-tempered condition, produced by 12 Cr-1 MWW heat XAA-3587

the following heat treatment: 1050°C/0.5 h/air cool + 780°C/2.5 h/air
cool. This heat treatment resulted in a tempered lath martensite

structure. The recovered lath martensite network has chromium-rich Ele- Content Ele- Content
M,4Cs located preferentially at lath boundaries and prior-austenite ment (wt %) ment (wt %)
grain boundaries. In addition, the structure contains some finer
vanadium-rich precipitates. The normalized-and-tempered microstruc- Cr 11.99 W 0.54
ture has been described in detail elsewhere,2,3 and'a typical Mo 0.93 Nb 0.018
microstructure is shown in Fig. 711 Ni 0.43 c 0.21
The irradiated samples were electropolished in a hot cell twin- v 0.27 N 0.020
jet electropolisher. A 7:1 solution of methanol and sulfuric acid was Mn 0.50 Si 018
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E-41561

(a)

(b)

Fig. 7.1.3. {a) Cavity microstructure of 12 €r-1 MOW irradiated in HFIR to 40 dpa at 600°C.
(b) Essentially dislocation-free microstructure in the same sample.
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As found after irradiation at 400°C, cavities are absent from precipitate interfaces. The cavities observed
ranged in size from 3 to 9 nm, a considerably smaller range than found after the 400°C irradiation. Further
work is currently in progress to determine the cavity size distribution, the cavity concentration, and the
corresponding volume swelling contribution. Also, in contrast to results of the 400°C irradiation, the tem-
pered martensite structure remained intact with little change in the lath substructure [Fig. 7.1.3{&}].
Finally, there was no obvious additional precipitation during irradiation. The large carbides at lath boun-
daries have remained in place, and no additional precipitation was observed. Positive identification of pre-
cipitates by examination of carbon extraction replicas is forthcoming.

7.15 Discussion

An extensive discussion of the results is premature because the results presented are limited and
preliminary. However, a few interesting features are noteworthy and are in contrast with the results of
reported work on fast-spectrum neutron-irradiated ferritic steels.

The greatest difference found is the cavity distribution observed in the HFIR-irradiated specimens.
Previous results on similar steels irradiated over the temperature range 400 to 615°C to fluences producing
up to 30 dpa have shown no homogeneous distribution of cavities and no swelling.$--6  These irradiations were
in fast reactors, where much lower helium production results. Studies on other ferritic alloys in which a
limited number of cavities were produced by fast reactor irradiation showed cavities only at irradiation tem-
peratures of 450°C and Tower.®>? These latter studies included work on 9 Cr-1 MoVNb and 2 1/4 Cr-1 Mo
steels. Density measurements also showed no swelling above 450°C (ref. 8). In contrast, we have observed
cavities at both 400 and 600°C. Thus the preliminary results presented here seem to show an influence of
simultaneous helium production on the irradiated cavity microstructure. However, the higher fluences of this
work could also be a contributing factor.

As for precipitation reactions that may occur during irradiation, no evidence of large precipitate par-
ticles was found. This contrasts with chi, sigma,> and G phase6 precipitation reported for fast-reactor
irradiation. However, the possibility of a fine distribution of precipitates cannot be discounted, and
ongoing work should clarify this point.

716 Future Work

Future analysis will complete the matrix on 12 Cr-1 MO steel irradiated to 10, 20, and 40 dpa at tem-
peratures from 300 to 600°C. The studies will quantify the microstructural observations including cavity
size distributions, concentration, and swelling. Extraction replica examination will provide more infor-
mation on the precipitation response of the alloys. Following work on the 12 Cr-1 MOW alloys, a similar
study will be undertaken to evaluate the microstructures of HFIR-irradiated 9 Cr-1 MoVNb.
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in4

7.2 ELEVATED-TEMPERATURE TENSILE PROPERTIES 0F 12 Cr-1 MoVW STEEL IRRADIATED IN THE EBR-II, AD-2 EXPERIMENT
— R L Klueh and J. M Vitek (Oak Ridge National Laboratory)

7.2.1 ADIP Task
ADIP Tasks are not defined for Path E, Ferritic Steels, in the 1978 program plan.

7.2.2 Objective

The goal of this project is to measure the tensile properties of 12 Cr-1 MoV steels irradiated at ele-
vated temperatures in EBR-II. In the future, the results from this work will be compared with elevated-
temperature irradiations of this steel in HFIR, where much more helium is produced in irradiations to the
same dpa level.

723  Summary

The effect of irradiation on the tensile properties of 12 Cr-1 MMV steel in two normalized-and-tempered
conditions was determined for specimens irradiated in EBR-I1 at 390 to 550°C. Tests were conducted at room
temperature and at the irradiation temperature. Irradiation to approximately 11 dpa increased the ultimate
tensile strength for each irradiation temperature; an increased yield stress was noted only at the lowest
temperature.

724 Progress and Status

The tensile specimens described in this report were irradiated in EBR-II as part of the large AD-2
experiment conducted by HEDL.! The experiment includes 12 Cr-1 MowV, 9 Cr-1 MoVNb, and 2 1/4 Cr-1 Mo steels,

with specimens for the determination of tensile properties, impact properties, fracture toughness, fatigue,
and crack growth. Disks of each material are also included to determine microstructural effects of

irradiation.

724.1 Experimental Procedure

The 12 Cr-1 MOW steel used in this experiment was obtained from the Carpenter Technology Corporation
and had the composition of the commercial Sandvik alloy, HT9. The vendor-certified chemical composition and
the HEDL overchecks for heat 91354 are given' in Table 7.2.1 The steel was obtained as 33.3-mm-diam bar
that had been hot and cold rolled to 0.76-mm sheet, from which the tensile specimens were fabricated.

Two different heat treatments were used' to produce normalized-and-tempered microstructures: The first,
referred to as HT-1, was 0.07 h (4 min) at 1038°C, air cooled, then tempered 05 h at 760°C; the second,
hereafter referred to as HT-2, was 05 h at 1038°C, air cooled, then tempered 25 h at 760°C. These heat
treatments resulted in prior austenite grain sizes of ASTM 7 and 5 for HT-1 and HT-2, respectively.

Table 7.2.1. Chemical composition of 12 Cr-1 MOW steel (heat 91354)

Composition (wt %)} Composition {wt %)
Element Carpenter HEDL Element Carpenter HEDL
Technology overcheck Technology overcheck

c 0.21 0.20 co 0.0L

Mn N.50 0.39 cu 0.4 0.07

P 0.008 Al 0.034

S 0.003 B 0.0007

Si 0.21 0.14 As <0.005

Ni 0.58 0.49 N 0.004

Cr 12.11 12.39 Ta <0.01

Mo 1.03 0.99 W 0.53

Vv 0.33 0.45 Fe Balance Balance

Ti 0.002

Sheet tensile specimens in this experiment were of an 55-1 type, with a reduced gage section 20.3 mm
long by 1.52 mm wide by 0.76 mm thick (Fig. 7.2.1). The specimen design was in accordance with

ASTM Specification E 8. All specimens were machined with their gage lengths perpendicular to the rolling
direction of the sheet.
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. . . . ORNL-DWG 78 7701R1
Specimens were irradiated in capsules

designed to maintain temperatures of 390,

450, 500. and 550°C. Irradiation was in 4.5 =
row 4 of EBR-I1 to a fluence of 2.3-2.5 x
1028 neutrons/m? F > 0.1 MeV), which pro- | REF
duced approximately 11 dpa in the steel. |- 121 par 203 -~ 414

After irradiation, tensile tests were I ~635R { 016
conducted at room temperature and at the 414 - - Lo 36.2 : el -
irradiation temograture. As-heat-treafed , l l | _
and thermally aged samples were also i 2t
tested to se)é)ar%te the pe?fsect of irra- | @ . — ? ¢ H
diation from thermal aaing effects. P L f

Thermal aging was at the irradiation tem-

peratures for 5000 h — the approximate 248

time of the irradiation. The tensile 4.95 1.90 mm DIAM -

tests were conducted in a vacuum chamber W, = 152mm

on a M-kN—cqpacity Instron universal W, = 0.025TO 0.038 mm

testing machine at a crosshead speed of GREATER THAN W,

85 um/s, which results in a nominal

strain rate of 42 x 10-%/s, DIMENSIONS IN MILLIMETERS

7.2.4.2 Results Fig. 721 The SS-1 tensile specimen.

The tensile results for the unirradiated and irradiated 12 Cr-1 MMV steel are given in Tables 7.22
and 7.2.3. In Figs. 7.2.2-7.2.4, the tensile properties of the irradiated steels tested at the irradiation
temperatures are compared with unirradiated specimens tested at the same temperatures. Figures 7.25 and
7.2.6 show tensile properties determined in room-temperature tests plotted against irradiation temperature.

The tensile properties of the steel in the unirradiated condition show a definite effect of heat
treatment. The specimens with HT-1 had a considerably higher 0.2%-offset yield stress (¥$)} (Fig. 7.22) and
ultimate tensile strength (UTS} (Fig. 7.2.3) at a given temperature than HT-2, although the differences in
ductility were relatively minor (Fig. 7.2.4).

When the irradiated results for the tests at the irradiation temperatures are considered (Figs. 7.2.2—
7.2.4), it is seen that irradiation at 390°C increased the YS and UTS for both heat treatments. The rela-
tive increase for HT-1 was somewhat larger than that for HT-2. A slight decrease in ductility accompanied
the increase in strength.

Table 7.23. Tensile properties of irradiated
12 Cr-1 MW steel. Irradiation in ERR-11.
row 4, in the AD-2 experiment to a fluence

producing approximately 11 dpa.

Table 7.2.2. Tensile properties of unirradiated
12 Cr-1 MoVW steel
Temperature {°C) Strength (MPa) Elongation (%)
Test Strength (MPa) Elongation (%) Test Irradiation Yield Ultimate Uniform Total
temJJerature . _
°C) Yield Ultimate Uniform Total HT-1 (0.07 h/1038°C/air cooled+0.5 h/760°C)
XT-1 10.07 A/1038°C/air cooledtD.5 h/780°C) 22 390 1017 1081 3.0 5.2
400 390 872 916 1.3 34
22 693 862 46 5.8 22 450 651 842 7.5 9.8
200 670 852 5.7 8.6 450 450 599 74s 3.9 6.6
400 641 786 29 5.6 22 500 670 862 6.3 95
450 586 722 39 6.3 500 500 543 705 33 59
500 532 645 39 8.2 22 550 622 R17 6.3 2.9
550 471 550 25 12.5 550 550 474 521 3.3 12.2
HT-2 (0,08 h/1038°C/air acooled+d.5 h/760°C) HT-2 (0,05 h/1038°C/air cooled+2.5 h/760°C)
22 £36 805 6.8 10,2 22 390 795 931 6.4 9.4
400 548 677 3.5 6.1 400 390 673 745 2.5 4.8
450 503 623 4.0 6.7 22 450. 135 374 7.5 10.8
500 499 598 4.6 10.9 450 450 515 644 5.1 8.9
550 423 486 2 9.8 22 500 578 756 6.6 10.0
500 500 509 646 3.8 6.9
22 550 562 769 72 10.0

550 550 434 529 3.6 12.9
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steel at 550°C.

There is very little difference in uni-
form or total elongation between unirradiated
and irradiated steel, regardless of heat
treatment (Fig. 7.2.4}. The greatest dif-
ference between irradiated and unirradiated
steels occurs at 400°C, the lowest test tempera-
ture, where the total elongation of HT-11s only
a little more than 3%, and at 500°C, where the
total elongation of the irradiated steel goes
through a local minimum. Ductility increases
with temperature, and total elongation of the

irradjagted steels gt °C exceeds  12%.
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7.3 FATIGUE CRACK GROWTH IN PATH E ALLOYS - A. M. Ermi (Westinghouse Hanford Company)
7.3.1 ADIP Task

The Department of Energy {DOE)/Office of Fusion Energy (OFE} has cited the need for these data under
the ADIP Program Task, Ferritic Steels Development (Path E).

7.3.2 Objective

The objective of this study is to provide fatigue crack growth data on candidate ferritic alloys and
to establish a base for the evaluation of the effects of irradiation on fatigue crack growth.

7.3.3  Summary

Fatigue crack growth tests on unirradiated HT-9, HT-9 weldments and 9Cr-1Mo have been conducted in
helium at temperatures up to 550°C and at cyclic frequencies of 6.67 and 0.667 s~!. Little differences in
crack growth behavior between the three materials were observed at any single condition. However, higher
crack growth rates were evident at the lower stress intensity factors at 0.667 s~! on specimens tested at
300°C compared to 550°C. No effect of irradiation was observed on HT-9 irradiated to 13 dpa at 550°C and
tested at 550°C at 6.67 s~!.

7.3.4 Progress and Status

7.3.4.1 Introduction

The fatigue crack growth behavior of materials being considered for fusion reactor first wall applica-
tion must be characterized in order to evaluate the integrity of potentially flawed structures. This
study investigates the crack growth behavior of two ferritic alloys, HT-9 and 3Cr-1Mo, and of one ferritic
weldment, HT-9, in order to provide baseline information from which effects of more hostile environments
can be determined.

7.3.4.2 Materials and Experimental Procedures
The chemical compositions and complete thermal-mechanical processing for the materials were described
previously in the report detailing specimen preparation for the ferritics AD-2 experiment in EBR-II.! The

final thermal-mechanical treatments are repeated in Table 7.3.1. (NOTE: Four room temperature tests on
Hi- 9 were conducted on a different heat of material and used slightly different final heat treatments.?)

Table 7.3.1. Final Thermal-Mechanical Processing of Ferritic Materials

Material Processing
HT-9 (Ht. 91354): 40% CW to 0.610 mm (0.024"); 1038°C/4 min./AC + 760°C/
30 min./AC
9Cr-1Mo (Ht. 30182): 77%CW to 0.635 mm (0.024"); 1038°C/1 hr_./AC + 760°C/
1 hr_ JAC
HT-9 Weldrnent: 6.35 mm (0.250") HT-9 (Ht. 91353) base metal; 1050°C/30

min./AC + 760°C/2.5 hr./AC; 93°C Preheat, Gas-lungsten
Arc Welded Between 93°C-143°C; Post-Weld Temper: 780°C/
1 hr.; Machined to 0.813 mm (0.032")

Miniature center-cracked-tension specimens were used for the fatigue testing.3 The stress cycling was
accomplished using feedback-controlled servo-hydraulic miniature fatigue machines operated in load control.*
A sinusoidal waveform with a stress ratio (minimum load/maximum load) of 0.05 was used for all tests.

Cyclic frequencies of 6.67 and 0.667 s-! (400 and 40 cpm) were used, except for some room temperature tests
where 15.0 s~! was used.

Tests were conducted at 25, 300, 390, 450, 500 and 550°C. The latter four temperatures were chosen to
match those of the AD-2 irradiations. The elevated temperature tests were conducted in flowing, high purity
helium (99.99%) with <0.01% oxygen. The temperatures Of the furnaces were controlled to +1.5°C. The test
parameters of all of the specimens in this study are listed in Table 7.3.2.

The crack lenqths were monitored continuously during the stress cycling by using an electrical poten-
tial technique,’ and this information along with the cycle counts and temperatures were automatically
recorded by computer. Fatigue crack growth rates {da/dN) were calculated using the secant methad,® and the
corresponding stress intensity factor ranges { 4K} were calculated using:”’
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Table 7.3.2.  Fatigue Crack Growth Test Parameters
Spec. Freg. Temp. Maximum Load
Material No. (s7%) (°c) (1bs.)
HT-9 Ea0] 15.0 25 2113 475
{0.670 mm) Ea02 15.0 25 2113 475
Ea03 15.0 25 2113 475
Ea0O4 15.0 25 2113 475
Ea25 6.67 300 1779 400
Ea32 6.67 300 1557 350
Ea38 6.67 390 1890 425
Ea4l 6.67 390 1904 428
Ea34 6.67 450 2211 497
Ea35 6.67 450 1890 425
Ea36 6.67 450 1890 425
Ea37 6.67 500 1890 425
Ea40 6.67 500 1890 425
Ea29 6.67 550 1557 350
Ea31 6.67 550 1557 350
Eabb* 6.67 550 2046 460
Ea26 .667 300 1779 400
Ea28 0.667 300 1557 350
Ea81 0.667 300 1890 425
Ea30 0.667 450 2202 495
Ea33 0.667 450 2202 495
Ea80 0.667 450 2891 650
Ea24 0.667 550 1668 375
Ea42 0.667 550 2335 525
9Cr-1Mo Eb20 6.67 300 2113 475
(0.635 mm) Eb25 6.67 300 2002 450
Eb27 6.67 550 2002 450
Eb28 6.67 550 2113 475
Eb21 0.667 300 2122 477
Eb24 0.667 300 2002 450
Eb18 0.667 550 2576 579
Eb31 0.667 550 2366 532
HT-9 Weldment Ecl4 6.67 15 2447 550
(0.813 mm) Ec7 6.67 300 2558 575
Ec08 6.67 300 2558 575
EcD4 6.67 390 2598 584
Ec05 6.67 390 2558 515
Ec03 6.67 550 2558 575
EclZ 6.67 550 2558 575
Ec09 0.667 300 2669 600
Ecl0 0.667 300 2669 600
Ec02 0.667 550 3114 700
Ecl3 0.667 550 3114 700

R = Min. Toad/max. load = 0.05.
Waveform = Sinusoidal.

Environment = Helium (except 25°C).

*Irrad. at 550°C to 13 dpa.
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K = (1-R)(Pvrasut)[sec (ra/W)1"/2 x

[a-0.025 {2a/W}? t 0.06 (2a/uW)"]

where R is the load ratio, P is the maximum applied load, W is the specimen width (nominally 25.4 mm), tis
the specimen thickness, and a is the half-crank lenqth.

7.3.4.3 Results and Discussion

Results of the individual tests for each temperature-frequency combination are given in Figs. 7.3.1
through 7.3.9 for HT-9, in Figs. 7.3.10 through 7.3.13 for 9Cr-1Mc and in Figs. 7.3.14 through 7.3.19 for
HT-9 weldments. Linear least-squares rearession analvses were Derformed for each material-temperature-
frequency combination, and are included on the plots. The results of these analyses are summarized in
Table 7.3.3. The data were fit to the Paris equation:®

dajdn = c( "

where C and n are dependent on the material and experimental condition.

The regression lines are replotted in Figures 7.3.20 through 7.3.25, showing the temperature dependence
of crack growth for the various material-frequency combinations. At a cyclic frequency of 6.67 s71, there
are insignificant differences in crack growth behavior (less than a factor of 2) between HT-9, 9Cr-1Mo and
HT-9 weldments over the temperature range from 25°C to 550°C. When the frequency is reduced by an order of
magnitude to 0.667 s~!, little differences were again observed between the materials, although at 550°C the
HT-9 exhibited a slightly higher growth rate at lower stress intensity factors. However, at this lower
frequency, higher crack growth rates at lower stress intensity factors were observed at 300°C for all three
materials compared to the crack growth rates at 500°C.

Tests at additional temperatures as well as at lower cyclic frequencies are planned to further charac-
terize this behavior. Scanning electron microscope of selected specimen fracture surfaces is also planned.
Weld development of irradiated specimen gauges to the specimen end grips using a newly developed
tungsten inert gas (TIG) welder is underway. The new TIG welder incorporates a feature for preheating the

specimen prior to welding, thus eliminating the weld zone failures observed in a number of specimens
welded on the prototypic welder. Results of one test on HT-9 irradiated at 550°C to 13 dpa in the EBR-II
AD-2 ferritics experiment is given in Fig. 7.3.6. For the range of stress intensity factor investigated,
there i? little effect of irradiation on crack growth of HT-9 tested at 550°C at a cyclic frequency of
6.67 5.

7.3.5 Conclusions and Future Work

Baseline data on the fatigue crack growth behavior of HT-9, 9Cr-1Mo, and HT-9 weldments were reported.
Little differences in the crack growth behavior were observed between the materials tested from 25 to 550°C
in helium at cyclic frequencies of 6.67 and 0.667 s~1. However, crack growth rates far all three materials
tested at a frequency 0T 0.667 s~! were higher at 300°C than at 550°C. Additional testing and post-test
fracture surface examinations are planned. One test on HT-9 irradiated at 550°C to 13 dpa and tested at
550°C at 6.67 s~! exhibited little difference in crack growth behavior compared to the control tests. Tests
on additional ferritics irradiated in the AD-2 experiment (13 dpa), the AD-2 reconstitution experiment
(~30 dpa) and the HFIR-RBI experiment (10 dpa) are planned during FY83.
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7.4 FRACTURE TOUGHNESS OF IRRADIATED HT-9 WHD METAL - F. H. Huang and D. s. Gelles
(Westinghouse Hanford Company)

7.4.1 ADIP Task

The Department of Energy/Office of Fusion Energy (DOE/OFE} has cited the need to investigate ferritic
alloys under the ADIP program task Ferritic Steels Development (Path E).

742  Qbjective

The objective of this work is to evaluate the effects of neutron irradiation on the fracture toughness
of HT-9 weld metal. The goal is to characterize the post-irradiation fracture behavior of welded ferritic
materials for fusion reactor applications.

7.43  Summary

Fracture toughness tests using electropotential techniques on HT-9 weld material Irradiated to a
fiuence of 2.8 x 10°% n/em’ (E >0.1 MeV) at 390°C were performed at 93, 205, 316 and 427°C. Testing of
HT-9 welds irradiated at 450, 500 and 550°C was performed at 205°C. The test results were analyzed using
the J-integral approach. After the test, the specimens were examined by scanning electron microscopy In
order to understand the fracture process in this weld material. The test results show that irradiation
temperature has little effect on the fracture toughness of HT-9 weld metal. In addition, it was found that
for the 390°C irradiation condition, testing at 93 and 427°C showed little change in fracture toughness
after irradiatlon. However, testing at 200 to 300°C resulted In higher toughness, higher than that of
unirradlated material.

744 Progress and Status
7441  Experimental Proceduyre

254 mm thick circular compact tension specimens were fabricated from HT-9 weld metal and were irra-
diated in EBR-Il to a fiuence of 2.8 x 10°? n/em” (E >0.1 MeV). The configuration of the specimen is shown
in Fig. 7.4.1a. The notch orientation of the weld specimen is parallel to the fuslon line of the HT-9
welded material. Detalls of specimen fabrication were reported in Reference . The single specimen
electropotential technique was used to obtain J versus Aa curves. Fig. 7.4.1b shows the lead positions for
power supply and potential output. To produce a sharp crack tip, all specimens were remotely fatigue
precracked with a hydraulic testing system at a maximum stress intensity factor of 30 MPavm.  After the
fatigue crack was initiated, the load was reduced. The test procedure was described in Reference 2
Following the test, the fracture surfaces of two irradiated HT-9 weld specimens (T727 and T730) irradiated
at 390°C and tested at 2G5°C were examlned using a scanning electron microscope.

2.734 DIA

oc |
POWER =
SUPPLY

(a)

HEDL AQ07-043. 1

Fig. 7.4.1. (a) Circular compact tension specimen dimensions. (b} Schematic drawing of
electropotential technique.

7.4.42 Results and Discussicns
Fracture_tfoughness measurements

The potential output versus crack extension as revealed by heat tinting is plotted in Fig. 7.4.2. A
calibration curve for irradiated HT-9 weld was established following the procedure described in Reference
3. The continuous crack extensions can be obtained from electropotential output via this calibration
curve. The values of J were calculated from load versus displacement curves. Figure 7.4.3 shows J versus
ta curves for irradiated HT-9 welds tested at elevated temperatures. The fracture toughness values at
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Fig. 7.4.3. J versus axa curves obtained via an
Fig. 7.4.2. Electropotentiai calibration curve electropotential calibration curve for irradiated
for irradiated HT-9 weld. HT-9 weld tested at elevated temperatures.

crack initiation, Jj., were determined from these J versus 'a curves and the blunting Iines and are listed
in Table 7.4.1. Also listed in Table 7.4.1 is the tearing modulus (T)». The test and irradiation tempera-
ture dependences of Jq. for irradiated HT-2 weld are plotted in Figs. 1.4.4 and 7.4.5, respectively. As
shown in Fig. 7.4.4, the fracture toughness of HT-9 weld metai surprisingly increases after irradiation.
Anaiysis of the results also shows that HT-9 weld metal exhibits similar trends in which the fracture
toughness decreases with increasing test temperature before as weii as after irradiation. In contrast to
fracture toughness, the tearing modulus of HT-9 weld was degraded significantiy by irradiation. As shown
in Fig. 7.4.6, the tearing modulus of HT-9 was reduced 35%due to welding, and was further reduced by a
factor of 2 as a result of irradiation.

The effects of irradiation on the fracture toughness and tearing modulus of HT-9 we!d are shown in
Fig. 7.4.5. Overall, the test results show that neutron irradiation has little effect on the fracture
toughness of HT-9 weld but severely reduces the ability of HT-9 weld to resist crack propagation after the
crack is initiated.

Tabie 7.4.1. Fracture Toughness Test Results of irradiated HT-9 Weld Metal

Irradiation Test

Temperature Temperature
(°C) (°C) (in-1b/in?2 Modulus
390 93 586.0 102.6 36.4
390 205 591.5 103.5 39.6
390 316 575.1 100.6 43.3
390 421 440.7 771 46.1
450 205 451.1 80.0 35.1
500 205 467.9 81.9 32.0

550 205 499.6 87.4 65.3
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fractography
Examples of the fracture appearances for two specimens which were irradiated at 390°C and tested at
205°C are shown in Figs. 747 and 748 The fracture surfaces are rough and failure is by dimple rupture

tending to follow microstructural features such as grain boundaries, martensite lath boundaries and delta
ferrite features. At low magnification the structures appear quite different. However, at higher magnifi-
cation, the fracture surfaces of the two specimens in the vicinity of the fatigue crack are found to be
quite similar, and as can be shown from Fig. 743, the toughness measurements from these specimens are
similar. In comparison with behavior in an unirradlated specimen." irradiation at 330°C has not affected
the fracture mode on a coarse scale, but it has resulted in less pronounced dimple rupture on a fine scale,
probably as a consequence of irradiation hardening. This change in fracture mode probably arises from the
reduction in tearing modulus which results from irradiation.

7.45 Concluslons

Test results show that the fracture toughness of HT-9 weld metal increases after Irradiation. Like
unirradiated weld metal the fracture of irradiated welds decreases with increasing temperature. In addi-
tion, it was found that welding. as well as irradiation, has little effect on the fracture toughness of
HT-9. However, the tearing modulus of HT-9 is significantly reduced as a result of welding and irradia-
tion.

T T T T
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=
of— 100 200 300 400, 500 -

TEMPERATURE, °C

HEDL BT

Fig. 74.6. Temperature dependence of tearing modulus for irradiated and unirradiated HT-9 weld
metal.
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Fig. 7.4.7. The fracture appearance of specimen T727 irradiated at 390°C and tested at 205°C
presented as stereopairs at {a) low magnification [X43] and (b} higher magnification [X200].

e
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(b)

Fig. 7.4.8. The fracture appearance of specimen T730 irradiated at 390°C and tested at 205°C
presented as stereopairs at (a) low magnification [X43] and (b) higher magnification [xzoo].
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75 EFFECT OF SPECIMEN SIZE AND MATERIAL CONDITION ON CHARPY IMPACT PROPERTIES OF 9 Cr-1 MoVNb —
W. R. Corwin and A M Hougland (OCak Ridge National Laboratory)

7.5.1 ADIP Task
ADIP tasks are not defined for Path E, Ferritic Steels, in the 1978 program plan.
75.2 Objective

Radiation-induced degradation of the impact properties of ferritic steels is a major concern in deter-
mining their suitability for first-wall and blanket structure use in magnetic fusion reactors. To evaluate
these properties, it is necessary to reduce the size of standard impact specimens for irradiation experi-
ments in existing high-flux reactors. The objective of this study was to investigate the effect of specimen
size reduction on measured impact properties. Full- and subsize specimens of normalized-and-tempered and
quench-embrittled 9 Cr-1 MoVNb steel were used in these tests.

753  Summary
Charpy-impact properties were determined on full- and subsize specimens of normalized-and-tempered as
well as quenched-only 9 Cr-1 MoVNb steel. The subsize specimen produced consistently smaller fractional

drops in the upper-shelf energy and larger shifts in the transition temperature than did the full-size
specimen. Area and volumetric normalizations of the specimen size effect were also performed.

7.5.4 Progress and Status

7541 Introduction

The degradation of fracture resistance of ferritic steels subjected to neutron irradiation can be
qualitatively evaluated by examining the shift in the ductile-to-brittle transition temperature and the drop
inthe upper-shelf energy determined in the Charpy impact test. However, the Charpy test is empirical, and
its primary usefulness is derived from either correlation with more quantitative measures of fracture tough-
ness or by comparison with other Charpy test results for different materials or conditions of interest. Any
departures from the standard testing procedures’ will yield results that will vary in some degree from those
of a standard test.

In examining the effects of neutron irradiation on the high-chromium ferritic steels 9 Cr-1 MoVNb and
12 Cr-1 MoWV, which are candidates for the first wall of magnetic fusion reactors, it is necessary to
severely limit the size of test specimens to accommodate irradiation in available high-flux test reactors.
Impact specimens with a cross section of 5 by 5 mm are employed instead of the 10 by 10-mm cross section of
standard size Charpy impact specimens. To evaluate the effectiveness of the smaller specimen in measuring
the relative shift in transition temperature and drop in upper-shelf energy, compared with a standard Charpy
specimen, a study of impact properties of 9 Cr-1 MoVNb steel in both the normalized-and-tempered (N&T) and
quenched-only {Q) conditions was conducted. Full-size Charpy V-notch specimens and subsize specimens of
both V-notch and precracked types were taken from both material conditions in both the longitudinal and
transverse orientations.

75.4.2 Experimental Procedure

All impact specimens in the study were taken from plate material of an electroslag remelt heat of
9 Cr-1 MoVNb steel, heat 30176. The steel was given a standard normalizing and tempering treatment
of 1038°C for 1 h and 760°C for 1 h. Details on the mechanical properties of this material are available
elsewhere.253 A portion of the material was then reaustenitized and quenched in water to approximate the
effects of irradiation embrittlement.  Standard Charpy and subsize Charpy impact specimens were taken from
each material condition in two orientations: the WR orientation (transverse), in which the axis of the spe-
cimen is parallel to the width of the plate and the crack propagates in the rolling direction, and the RW
orientation (longitudinal), in which the axis of the specimen lies in the rolling direction and the crack
propagates across the plate width.

The full-size Charpy specimens (the ASTM standard specimens') had dimensions of 10 by 10 by 55 mm and a
2-mm-deep 45" notch with a 025-mm root radius. The subsize specimens had dimensions of 5 by 5 by 55 mm
and a 0.76-mm-deep 30" notch with a 0.05- to 0.10-mm root radius. A limited number of the subsize specimens
were precracked to a relative crack length a/w of about 05 for comparative testing. (For z/w of 05, the
precrack extends to within 25 mm of the unnotched surface.) The subsize specimens correspond exactly to
those being used in the ADIP subsize Charpy irradiation experiments*.3 except in length. The 55 mm length
of the specimens in this study and the resultant span-to-width ratio of 8:1 (compared with 4:1 for the irra-
diation experiment specimens) was used to allow testing on an existing Charpy impact test machine.
Complementary studies using a 4:1 span subsize specimen are planned once the new impact machine to be used
intesting the irradiated specimens is operational.



132

75.4.3 Results and Discussion

The results of the impact tests in both orientations for the full-size specimens in the N&T and § con-
ditions and the subsize specimens in the N&T and Q conditions (Figs. 7.5.1 through 7.5.4}), show that the

same trends are followed for both size specimens.  The upper shelf is higher and the ductile-to-brittle
transition temperature is lower for the RW orientation in the N&T condition regardless of the specimen used.

For the Q condition, the RW orientation has a higher upper shelf and transition temperature in both specimen
sizes.
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It should be noted that the temperature rep-
resenting the ductile-to-brittle transition needs
to be explicitly defined for nonstandard specimens.
The traditional method of defining the transition
temperature at a given energy (e.g., 68 or 41 J)
cannot apply to the subsize specimen. Fracture
surface appearance could be used but is complicated
to use inasmuch as the relative amount of plastic-
ity increases with decreasing specimen size because
of a lack of constraint. In this study the tran-
sition temperature is arbitrarily defined at one-
half the average upper-shelf energy. This is
subjective but is at least consistent regardless of
specimen size.

The effect of specimen size and type on the
impact energy of the full-size and subsize V-notch
and precracked specimens can be exam-ined sepa-
rately for the WR orientation in the N&T and Q
conditions and for RW orientation in the N&T and
Q conditions (Figs. 755 through 7.5.8). Other
than the general reduction in impact energy in
going from the full-size V-notch to the subsize
V-notch to the subsize precracked specimen, little
can be said about the upper-shelf properties for
all material conditions and orientations examined.
However, the effect on transition temperature is
noticeably different for the N&T material than for
the Q material. Although the transition tempera-
ture for the subsize V-notch specimen is lower
than that for the corresponding full-size specimen
inall cases, it is less than 10°C lower for the Q
material, whereas it is about 40°C lower for the
N&T condition. In contrast, the limited data on
the precracked subsize specimen yielded a tran-
sition temperature about 35 to 40°C higher than
that of the corresponding full-size specimen and 45
to 75°C higher than the corresponding subsize V-
notched (uncracked) specimen. The behavior of the
precracked specimens can be at least partially
accounted for by the rate sensitivity of the impact
properties of ferritic steel and the higher effec-
tive strain rate at the tip of the fatigue crack in
the specimen.

To investigate the embrittlement due to the
heat treatment (which is qualitatively similar to
the effect of irradiation), the data were examined
separately for each Specimen type — full- and sub-
size specimens in each of the W and RwW orien-
tations (Figs. 759 through 7.5.12). Consistent
trends of greater transition temperature and lower
upper-shelf energy for the § material compared to
the N&T material were noted for both specimen types
and both orientations.

Methods are needed to improve agreement bet-
ween the two specimen types for the transition tem-
perature shifts and upper-shelf energy drops caused
by the quenching. To achieve this, the impact
energy for each specimen was normalized on both an
area and a volumetric basis. In the area
normalization, the impact energy for each test was
divided by the nominal fracture area. This is net
area below the notch, 0.8 cm2 for the full-size
specimens and 0.21 ¢m? for the subsize specimens.
The results of area normalization for all specimens
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inthe RW and WR orientations (Figs.

full-

At the relatively higher energy levels,
is plastically deformed,

malization based on a fracture volume was attempted.

prism with a cross-sectional area equal to the area below the V-notch and a length,
equal to the average of the two sides of the rectangular area below the notch.
by 10-mm specimen with a 2-mm-deep notch, this is 10 by 8 by 9 mm or 720 mm3

it is 5 by 424 by 462 mm or 98 mm-.

axis,

5mm specimen with a 0.76-mm-deep
metric normalization for the WR and RW orientations (Figs.

notch,
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7.5.13 and 7.5.14, respectively) show that only a poor match of the
and subsize specimens exists for either the N&T or § condition.
test energies,
plasticity.
the fracture face

The best match is seen at the low

as expected because the fracture event is more confined to a fracture plane with little or no
where shear lips develop and more material away from
normalization based on area is clearly inadequate.

A nor-

The fracture volume was taken to be a rectangular

7.5.15

parallel to the specimen
For the full-size, 10

while, for the subsize 5 by
The results of the volu-

and 7.5.16, respectively) show that the
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agreement at relatively high energy levels between the full- and subsize specimens is much better than for

the data normalized on an area basis.

However, the overall coincidence of the data sets is still small.

All the values for upper-shelf energy and transition temperature for each material condition, specimen

size, orientation, and basis of analysis are compiled in Table 7.5.1.

To facilitate comparison of the

various parameters examined, a histogram of the fractional upper-shelf drops and transition-temperature

shifts between the N&T and Q material was constructed (Fig. 7.5.17).

From this it can readily be seen that

the subsize V-notch specimen consistently yields a smaller fractional drop in upper shelf and a larger
transition-temperature shift than the full-size specimen for all conditions examined and all bases of analy-

sis employed.

These effects are most pronounced in the precracked subsize specimens.
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Table 7.5.1.  Upper shelf energy and transition temperature for 9 ¢r-1 MoVNb steel WT 30176
Upper-shelf energy Transitidon
. ; Basisa temperatured (°C)
Orientation and (units for upper-shelf energy) N&T2 Qe Drop
(%) N&TE Qe Shift
Size, 10 by 10 by 55 mm; notch mdius, 0.25 wm
WR E {0} 202 76 62 -8 53 61
WR A (d/cm?) 250 90 64 41 55 66
WR v {J/em3) 275 93 58 -18 56 74
RW E (J) 264 117 56 =31 79 110
RW A (J/em?)} 332 143 57 —38 78 116
RW ¥ (J/cm3) 372 162 56 =33 7 110
Size, 5 by 5 by 55 mm; notch mdius, 0.050.10 m
WR E {J) 5.6 15.7 41 51 51 102
WR A (J/em?) 124 74 40 —47 57 104
WR v {J/cm?) 267 163 39 —60 50 110
RUW £ {d) 31.3 18.4 41 -68 71 139
RW A (J/em?) 148 89 40 87 67 154
RW v (J/cm3) 320 180 41 -65 68 133
Size, 5 by 5 by 55 mm; precracked

WR E (J) 8.5 5.4 36 -25 96 121
RW £ (J) 10.0 e e —13 e e

9Basis for Charpy energy used in upper-shelf and transition-temperature determinations are E =
energy; A = energy/fracture area; V = erergy/nominal fracture volume.

bNormalized and tempered condition.
“Quenched-only condition.
dnetermined at 50% of upper shelf.
Zinsufficient data.
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Fig. 7.5.17. Summary of the effects of specimen type, orientation, and normalization basis on the drop
in upper shelf energy and shift in transition temperature. Property changes are for quenched compared to
normalized-and-tempered 9 Cr-1 MoVNb steel.

155 Conclusions and Future Work

In examining the impact energy of full- and subsize specimens of 9 Cr-1 MoVNb steel in two orien-
tations in both the N&T and Q conditions, the following was determined:

1. For the given material condition, the subsize V-notch specimen yielded a lower transition temperature
in all cases than did the full-size specimen, with the greater differences for the N&T material. In
contrast, the precracked subsize specimen yielded a higher transition temperature.

2. The Q material exhibited a decreased upper-shelf and a higher transition temperature than did the
NT material for all specimen types. This heat treatment was useful for evaluating the effect of specimen
size on measurement of the degree of material embrittlement that may be typical of radiation effects.

3. Normalizing the impact energy to fracture area or fracture volume showed that the low-energy tests
with little plastic deformation were better correlated on an area basis and that the higher energy tests

gave better agreement after volumetric normalization. Neither method was particularly successful ;
therefore, a more sophisticated treatment is required.

4. For all conditions examined and bases of analysis used, the subsize V-notch specimens produced a
areafer transition-temoerature shift and a lower percentage reduction of upper-shelf energy than did the
full-size V-notch specimen.

Future work will include examination of other subsize specimens, including those with the same span-to-
width ratio of 4:1 that will be used with the irradiated specimens. More sophisticated correlation and com-
parison methods for data generated with the different size specimens will also be investigated.
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The Toughness of Simulated Heat-Affected Zone Microstructures in HT-Y (ESR Melt Practice) - J. C
Lippold (Sandia National Laboratories, Livermore)

7.6.1 AULP Task

The Department of Energy (00E)/Uffice of Fusion Energy (OFE} has stated the need for these data under
ADIP program task, Ferritic Steels Uevelopment (Path El.

7.6.2 Objective

Several distinct microstructural regions have been identified in the HAZ of 1zCr-1Mo-u,3V steels
(HT9). The purpose of this investigation is to evaluate the toughness of two of these regions in the
electroslag remelted (ESR) National Fusion Heat. The toughness properties of these regions following
postweld heat treatment (PWHT) will be compared to the properties of HAZ microstructures from the
AOO-processed reference heat which have experienced identical thermal histories.

7.6.3 Summary

The toughness behavior of the heat-affected zone in the ESR National Fusion Heat was determined using
Gleeble-simulated microstructures. Two regions of the HAZ were evaluated; one region represents the
portion of the HAZ nearest the fusion zone, the other corresponds to a region which is heated only
slightly above the upper critical temperature. Charpy V-notch results indicated that following a PWHT
at 76u°C for 1 hour both regions of the HAZ exhibit superior toughness behavior to that of the
quench-and-tempered base material. The upper shelf toughness increased 2U-40 Joules and the DBTT
decreased nearly 20°C relative to the base metal. The toughness of both the ERR base material and HAL
microstructures was superior to that of the AOD-processed National Fusion Heat, which had been
previously tested in a similar manner.

7.6.4 Progress and Status

7.6.4.1 Introduction

The heat-affected zone {(HAZ) in l2{r-1Mo-0U.3V martensitic stainless steels, such as HTY, can exhibit a
variety of microstructures whose mechanical properties differ significantly fran those of the base
material. Evaluation of HAL microstructures from welds in the AOD-processed National Fusion Heat
revealed that at least four distinct regions are present in the as-welded condition. =% These
microstructures and their relation to the Fe-Cr-C pseudo-binary phase diagram are summarized in Figure
1. Note that regions 1-3 are reaustenitized during welding and subsequently transform to untempered
martensite upon cooling below the inartensite start temperature (Ms). A postweld heat treatment

{PWHT} is necessary to reduce the hardness and provide a microstructure whose properties are
comparable to the quench-and-tempered base metal.

1% G
T 1¢
A Y 1430
B U (T, FOUR HAZ REGIONS
1130
m ~ (© Y+ FERRITE —» MARTENSITE t FERRITE
~
o i (@ CCARSE-ZRAINED ¥ —s MARTENSITE
ot b
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Figure 1. Relationship between the Fe-Cr-C pseudo-binary phase diagram and the four HAZ regions
observed in HT9 weldments.
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Previous investigations have shown the effect of PWHT on the toughness of the four HAZ regions in
AOO-processed HT9. “-® 1t was shown that PWHT temperatures below 600°C for 1 hour resulted in only
a slight softening of the as-welded structure. A PWHT at 600°C provided some recovery of toughness
properties, but, in general, the HAZ properties were inferior to those of the base metal. Finally,
a PWHT at 760°C for 1 hour resulted in toughness properties throughout the HAZ which were at least
equivalent to the base metal toughness. The toughness properties of the HAZ microstructures from
the AOD-processed National Fusion Heat are sumnarized in Table 1

Sumnary of Charpy Results (A0D)

Lower ) Upper ]

HAZ Regio | PWHT* |DBTT (K)|Shelf (J]| Shelf (J)
High 288 15 80
Low 318 7 42
High 275 15 65
Low 313 5 45
High 273 27 90
Low 303 10 45
4 High 275 15 60
Low 273 15 60
Base meta | Q/T** 266 15 61

*High: 1033K/1 hi tow: 873K/l hr
*%Q/T - 1323K/0.5 /AC, 1033K/1 hr

Experimental Procedure

The material evaluated in this investigation was an electroslag remelted {ESR) heat originally
produced by the argon-oxygen decarburization {ADD} melting process. The details of the melting and
breakdown procedure were previously reported by GA Technologies, San Diego.7 The compositions of
the ESR heat and the starting AOD heat are listed in Table 22 Material was provided as 15mm thick
plate in the stress relieved condition. The plate was sectioned and given the standard
quench-and-tempered (Q/T) heat treatment consisting of austenitizing at 1050°C for 30 minutes air
cooling, and then tempering at 760°C for 1 hour. The hardness of the Q/T base material was Rg
24-26.

CHEMICAL (OMPOSITON LIMITE

HEAT c si M P 8 Cr Mo Ni \Y% W N MmN other (Max.}
DIN, sPEC| .17/ | .1/ | .3/ | 0.035 | 0.035) 11.0/ 0.8/ | .3/ | .25/ | .4/

(1.4935) | .23 .50 .80 | (max) | (max)| 12,5 1.20 | .80 35 .6

AOD 24 .57 | o0.018 | 0.007| L1.64¢] 1,01 | .52 .30 +57 |.044 |.009 | <01 | 0, .013, (» 0.0

(9607)

ESR .20 | .27 ] .57 ] 0.016 | 0.003] 12.1 | 1.04 | .52 [ .28 .45 |.027 |.008 | .001 | cu .07, o <0.05, As 0.003
{9607R2) .007 0, .002, B <.001, Bl <.001
P <0001, Sb 0.0005

| & 0,004, O <.001

The presence of four separate and distinct microstructural regions within the HAZ of 12Cr-1Mo-U.3Y
welds poses the problem of unambiguously evaluating the HAZ Rather, it would be desirable to

evaluate each region individually in order to determine its unique properties. To accomplish this
task, the Gleeble®, a highly precise thenno-mechanical simulator, was utilized to synthetically

produce the microstructures in bulk samples. Gleeble blanks 11 x 11 x 100mm were machined with the
100mm dimension either transverse or longitudinal to the rolling direction {R.D.). The blanks were
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then thermally cycled in the Gleeble to simulate Regions 1 and 3 in the HAZ (Figure 1}, The
temperature-time history of the Gleeble heat treatments is shown in Figure 2. Following the Gleeble
simulation, the blanks were tempered at 760°C for 1 hour. This tempering treatment represents the

PWHT.
1500 T r - :
GLEEBLE
1 THERMAL CYCLES

1200 |- .
o 3
o
~ 00} 8
- 4
o
=]
=
b
&
a 600 .
>
L)
—

300 |- 2

g A1 1 | 1 1
0 10 20 30 40 50 60

TIME (sec)
Figure 2. Gleeble thermal cycles used to simulate the four HAZ microstructures.

Standard Charpy V-notch samples 10 x 10 x 55mm were machined from the Gleeble-treated and tempered
blanks such that the notch was located within the uniform microstructural region produced during the
l’-‘.'lnnh1a thermal r_\’.rr"ln Tmmhnacq va'lnnc meacured in terme of aheorhed enegy (Joules) were

determined in the range fran -b0 to eec. T om T
Results

The microstructures of HAZ Region 1 and Region 3 samples following the PWHT at 760°C/1 hr are shown
in Figure 3. Region 1exhibits a relatively coarse prior austenite grainsize resulting from heating
to an extremely high austenization temperature. Careful examination of this microstructure revealed
the presence of a small mount of delta ferrite (high temperature ferrite) along prior austenite
grain boundaries. This ferrite forms during heating into the two-phase delta ferrite plus austenite
region (Figure 1) and does not completely dissolve during cooling after welding or during the PWHT.
The Region 3 microstructure contains a very fine prior austenite grain size. The grain refinement
in this HA2 region results from reaustenization at a temperature only slightly above the upper
critical temperature {Acs). In this temperature regime there is little thermal driving force for
grain growth; in addition, base metal carbides which do not completely dissolve in this temperature
range tend to retard the movement of the austenite grain boundaries.

#3

40 ym )

Figure 3. The microstructure of simulated HAZ regions after PWHT at 760°C/1 hr, a} Region 1; b)
Region 3.
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The microstructures simulated in the Gleeble were metallographically idelitical to the actual HAZ
microstructures produced in the welded HTY/ESR plate. In addition, the (31eeble heat treated and
tempered microstructures were similar to AOD-processed material subjected to the same thermal
history. The ferrite stringers observed in the AOD plate were not preseiit in the ESR plate.

7.6.4.3.1 Charpy V-notch Results

Charpy V-notch toughness plotted in terms of energy absorbed (Joules) versus temperature for the
two ESR HAZ regions tested in both the T-L and L-T orientation is presented in Figure 4. Samples
oriented parallel to the rolling direction (R.D.), the L-T orientation, erhibited superior
toughness behavior to companion samples tested in the T-L orientation.

175 T
HT9 ESR Process
150
8 1 ry
3 15} o l
.
S 100 F
v HAZ Cycle #1
g 5t PWHT: 1033K /1 hr
= Orientation :
50 F T-L m
L-T &
5 b
A 210 230 250 270 290 310 330 350 370
TEMPERATURE [ K]
]75 - ——
g @
HT9  ESR Process o#®
— 150
= .'
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&
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i
°
2 HAZ Cycle # 3
e 05
o PWHT: 1033K/1hr
50 Orientation :
T-Lm
L-Te
25

210 230 250 2710 290 310 330 350 370

TEMPERATURE [ K]

Figure 4. Charpy V-notch results for samples in the L-T and T-L orientation after PWHT at 760°C/1
hr, a) Region 1, b) Region 3.
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Table 3 summarizes the toughness behavior of the ESR material and tompares this behavior with that
of the AOD material subjected to the identical Gleeble simulations and PWHT. The base metal
toughness of both the AOD and ESR material is listed for reference. Note that the upper shelf
toughness of Regions 1 and 3 after PWHT is superior to that of the base metal for both melt
practices. In addition, the HAZ of the ESR material exhibits a reduction in DBTT relative to the
base metal. In contrast, the simulated HAZ microstructures fran the AOD material exhibit an
increase in DBTT relative to the base metal.

Effect of Melt Practice on HAZ Toughness

Melt HAZ Lower Upper
Practice|Region |DBTT (K)| Shelf (J)| Shelf (J)
1* 288 15 g |
AOD 3* 273 27 90
Base 266 15 61
Metal**
1* 268 27 122
ESR 3* 263 27 142
Base 283 25 110
Metal***
— n e e ]

*PWHT: 1033K/1 hr.
**Q/T - 1323K/0.5 hr., 1033K/1 hr.

. **Q/T @ 1323K/0.5 hr., 1033K/2.5 hr. (Ref. 7}
Fracture Behavior

The macroscopic fracture characteristics of HAZ Region 1 samples oriented transverse to the RD.
(T-L) and tested in the temperature range fran -60 to 100°C are shown in Figure 5. The samples
broken at -60 and -40°C exhibit little lateral contraction at the reot of the notch. The overall

Figure 5 Macroscopic fracture of Region 1 Charpy V-notch samples in the T-L orientation.

fracture surface is relatively flat with little evidence of shear lip formation. At -20°C there
is noticeable contraction at the root of the notch and evidence of shear lips. Above U°C the
macroscopic fracture appearance is ductile as evidence by the large shear lips at 0, %, and
100°C. There was no secondary cracking associated with any of the ESR samples, regardless of HAZ
region, orientation, or Charpy test temperature. Samples from Region 3 tested over the same
temperature exhibited similar macroscopic fracture features.

The fracture mode, as determined using the scanning electron microscope {SEM), was also a function
of test temperature. Samples tested on the lower shelf of the toughness vs. temperature curve
failed by quasi-cleavage, as evidenced by the fracture morphology of a Region 1 sample tested 3t
-40°C and shown in Figure ba. 0On the upper shelf the failure mode was predominantly ductile
rupture (Figure 6b). The dimple size was generally bimodal; small dimples nucleate at carbides
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along prior austenite and martensite lath boundaries while the large dimples (Figure 6b} nucleate
at Ag-rich inclusions.

In general, the simulated HAZ #3 samples exhibited superior toughness relative to HAZ #1 samples
which experienced identical thermal histories. As an example, a HAZ #1 sample tested at 0°C
failed at 72 Joules and a HAZ #3 sample tested at -12°C failed at 125 Joules (both were in the L-T
orientation). Despite the lower test temperature the HAZ #3 sample failed in a ductile manner
while the HAZ #1 sample exhibited a mixed ductile dimple/cleavage failure mode (Figure 7}.

7.6.4.4 Discussion

Simulated HAZ microstructures fran the ESR National Fusion Heat of 12Cr-IMo-0.3Y steel exhibited
superior toughness relative to both the quench-and-tempered ESR base material and the original
AOD-processed material. Reference to Table 3 indicates that although the absolute value of the
ESR upper shelf impact energy for both HAZ #1 and HAZ #3 is greater than the corresponding AOD
value, the percentage increase above the base metal level is actually less. Thus, the intrinsic
toughness of the quench-and-tempered base material is the most significant factor affecting the
toughness of the HAZ after tempering at 760°C.

The increase in the base metal toughness of the ESR-processed material relative to the AQD
reference heat probably results from a combination of factors including microstructural
refinement, absence of ferrite stringers, and reduction in the overall inclusion content. These
factors result in a "cleaner”, more homogeneous microstructure which generally results in higher
upper shelf toughness levels. The benefits of the ESR processing carries over into the HAZ when

Figure 6. Fractographs of Region 1 Charpy V-notch samples tested at a) -10°C, b) 25°C.
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Figure 7. Fractographs of Charpy V-notch samples tested in the transition region, a} Region 1,
0°C, b} Region 3, -12°C.

the material is welded and a further increase in toughness results due to the double k at
treatment which the HAZ experiences. In Region 3 particularly, the refinement of the prior
austenite grain size provides the greatest increase in toughness relative to the base material.

In addition to an increase in upper shelf toughness, the HAZ microstructures exhibited a decrease
in the DBTT. The shift in DBTT to a temperature nearly 4G°C below ambient temperature provides an
additional safety margin when designing welded structures which will experience a wide range of
operating conditions.

Conclusions

1. Simulated HAZ microstructures fran the ESR National Fusion Heat exhibit superior toughness
relative to both the base metal and identical microstructures produced from the AQD reference
heat.

2. Upper shelf toughness of the HAZ increases 20-40 Joules over the base metal value following at
PWHT at 760°C/1 hr.

3. The DBTT of the HAZ decreases nearly 20°C below the base metal DETT following a PWHT at 760°C.
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1.7 Fractographic Examination of Cracking in HT-9 Multipass Welds — (Sandia National Laboratories,
Livermore)

To be reported in the next semiannual report.
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The Influence of Prior Cold Work on the Hydrogen Charged Tensile Fracture of a lZLr-1Mo Steel - W
M. Garrison, Jr. and J. M. Hyzak, Sandia National Laboratories, Livermore.

AOIP Task

The Department of Energy (DOE) Office of Fusion Energy (OFE) has cited the need for these data under
the ADIP Program Task, Ferritic Alloy Uevelopment (Path E).

Ubgective

The goal of this study is to evaluate the hydrogen compatibility of 12{r-1Mo ferritic/martensitic
steel tor use in first wall and blanket structures. This report summarizes data on the effect of
internal hydrogen on the room temperature tensile properties of ESR processed 12(r-1Mo steel.

Summary

Prior research on the tensile behavior of quenched-and-tempered 12{r-1Mo steel has shown that the
alloy is susceptible to grain boundary cracking in poth the hydrogen charged and uncharged
conditions Ll,2]. In the present study, the quenched-and-tempered material has peen cold workea by
swaging to determine how distortion of the prior austenite grain boundaries affects the hydrogen
charged fracture process. quenched-and-tempered par stock was swaged to one of three different
final reductions and tested in both the cold worked condition and after retempering to reduce the
strength to the original quenched-and-tempered level. Tensile tests were performea on the specimens
in both the hyarogen Charged and uncharged conditions.

Swaging and retempering improved both the uncharged and hydroyen charged tensile ductilities
compared to the original quenchea-and-tempered properties. For the largest swaging reduction, the
uncharged tensile auctility (Rg) increased by 13%, and the hydrogen charged tensile ductility was
95% compared to 18% for the quenched-and-tempered specimens. The improvement in tensile ductility
for the swaged-and-retempered specimens was associated with changes in fracture mode compared to the
quenched-and-tempered material. The most noteworthy difference was that even after hydrogen
charging tne swaged-and-retempered specimens exhibited no intergranular cracking which was present
in both the uncharged and hydrogen charged quenched-and-tempered specimens.

Progress and Status

Introduction

Studies of the hydrogen compatibility of a 12Cr-Mg steel (HT-9) have focused on the effect of
internal hydrogen 1ntroducea by cathodic charging on its tensile ductility L1,2i. In the uncharged
conaition, tensile fracture of HT-Y was characterizea by a dimplea rupture fracture nioae primarily
along prior austenite grain boundaries. Introducing 6-8 wppm internal hyarogen by cathodic charging
reduced the ductility by 73% ana changed the fracture mode to intergranular brittle fracture. These
prior austenite grain boundaries contained high levels of phosphrous and were covered by a nearly
continuous array of plate-like Carbides. While segregated impurities and carbides are believed to
enhance decohesion along prior austenite grain boundaries (3,4), their relative importance in
promoting the intergranular tracture in hyarvgen charged HT-Y remains tv be determined. However,
sensitization vt these boundaries appears to be the most important factor promoting the low
ductility of hydrogen charged HT-Y. Cold work by swaging has been introduced in this study for two
reasons: 10 increase the surface area of the prior austenite grain boundaries, effectively reducing
the phosphorous concentration and carbide area fraction, and to provide boundaries less favorably
oriented for intergranular tracture.

Experimental Procedure

The 12Cr-1Mo steel used in this study was 1.59 cm thick ESR processed plate with chemical
composition:

C Cr M v W Si Mn S P

v.20 1Z2.1 T.08 U.Z8 ud5 0.7 U.57 ~0U3 016

The transverse tensile properties of the unswaged material were determined using specimens
machined from blanks austenitzed at 1050°C for 3u minutes, air cooled, tempered at 750°C for one
hour and then water quenched. Round bars 1.59 cm in diameter were machined from the plate stock
with their length transverse to the rolling direction. These bars were austenitzed and tempered
as above, and then swaged at room temperature to final diameters ot 1.27 c¢m, U.97 an and u.b3
cm.  These diameters correspond to reductions in area by swaging of 36%, 63% and 84%,
respectively. For each swaging condition some material was retempered at 730°C tor two hours to
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reduce the yield strength tO that of the original quenched-and-tempered condition [=7¢5 MN/MZ ).
Round tensile specimens were then machined ffom the swaged, ana swaged-and-retemperea material. The
tensile specimens had a gage diameter ana lenyth of L.28 an, and Z.v cm respectively.

Tensile specingens were cathodically chargea with hydrogen at room temperature at a current density
of U.UUb A/cm® for either 2.5 or 24 hours in a 4% sulphuric acid solution containing 5 mg/% of
sodium arsenate as a recoiiibination poison. when charged for 2.5 hours the quenched-and-tempered
plate material containea 6-t wppn of hydrogen as measured by a LECO hydrogen aeterminator. After
charging, the specimens were immediately plated with U.ub4 cm of copper and then equilibrated 24
hours oefore testing. All tensile tests were run at room temperature at an initial strain rate of
u.uzs/min.

Microstructure

The quenched-and-tempered microstructure had an equiaxed prior austenite grain size ot ASTM 3
\Figure la}. The martensite was in the overtempered conditon with carbide precipitation at both
martensite lath boundaries and prior austenite grain boundaries. The carbides precipitated at the
grain boundaries were the larger of the two and were identified as the M;3Cg type. These grain
ooundary carbides which had a maximum lenyth of approximately U.7um were plate-line in shape and
tormed a closely spaced but noncontinuous network along the boundaries (Figure 1lbj.

The swaged-ana-retempered microstructure was severely distorted along the swaging axis as shown in
Figure Z tor the 84% swaging reduction. The grain boundaries were no longer easily identifiable
although estimates from measurements of the martensite packets indicated an aspect ratio of
approxiinately 1lu. TEM replica examination of the carbide morpholegy revealed a slight coarsening of
the precipitates in the swaged-and-retempered microstructure compared to the quenched-and-tempered
structure.

Tensile Test Results - Swaged Microstructure

The yield strength of HT-Y. 74u MN/M2 prior to swaging, increased with the degree of swaging and
reached 1422 MN/M? after the 4% reduction (Figure 3). Subsequent annealing at 73G°C for 2 hours
reauced the yield strengths of all swaged material to that of the quenched-and-temperea structure
(Figure 3}. The tensile ductility, measured by reduction in area ({Rp), decreased witn the mount
of swaging (Figure 4). After the swaging reauction of 4%, the Ry decreased from 5%9% 10 43%.
However, the swayed-and-retempered material was more ductile than the original quenched-and-tempered
structure. The swaying reduction of 84% when retemperea increased the ductility by 13% (Figure 4}
compared to the unswaged specimens.

The introduction of hydroyen oy cathodic charginy reauced the tensile ductility for all material
conditions (Figure 9}. For all reductions, the swayed specimens had slightly lower ductility after
charging for ¢.5 hours than d1d the quenched-and-tempered specimens (Figure “a}. However, swaying
followed by the retemper at 73u°C resultea in substantial improvements in the hydrogen charged
ductility of HT-Y; the two largest swaging reductions were the most eftective (Figure 5b). For
example, charging at UL.Uub A/em? tor 2.5 hours reauced the Ry of the quenched-and-tempered HT-9 to
14%, while the ductilities ot the swaged-ana-retempered specimens decreased to only 55.4Y%, 56.7% ana
41.6% for swaying reduction of 84%, b4% and 36%, respectively. The same effect was seen after
charging for 24 hours; the original material had a ductility of 1U% while the structures swaged 84%,
©3% and 36% ana then retempered had Ry values of 39%, 45.7%, and 17%, respectively.

The improved ductility of the swaged-and-retemperea specimens in both the uncharged and hydrogen
charged conditions was associated with a change in fracture mode comparea tO the original
quenched-and-tempered specimens. The tensile fracture of the quenched-and-temperea uncharged
specimens was characterized by a microvoid coalescence and secondary cracking often along prior
austenite grain boundaries L1,21 (Figure b). However, secondary cracking along grain boundaries was
not observed for the swayed-and-retemperea specimens with the two largest reductions (Figure 7).

The material swaged only 36% before annealing exhibited some intergranular secondary cracking.

The differences in tracture behavior between the quenchea-ana-tempered and swaged-and-retempered
specimens were more dramatic after hydrogen charging. Cathodic charging at U.006 A/cm? for #.5 hrs
resulted in intergranular brittle fracture for the quenched-and-tempered specimens (Figure 8) and a
dimpled rupture fracture mode for swaged-and-retempered specimens with the two largest reductions
(Figure 9). While the uncharged and chargea specimens with the swagea-and-retemperea structures
both failed by void coalescence, the mechanisms differed. In the uncharged conaition the tracture
surface was rather tlat and failure occurred primarily by the coalescence of voids nucleated at
carbiae precipitates (Figure 7}. After hyarogen charging, the fracture surface was no longer flat
but was characterizea by large conical mounds ana cavities with large inclusions at their center
(Figure 9). Apparently, internal hydrogen caused preferential nucleation of voids at the larger
inclusions. These initiation sites subsequently linked up by the nucleation ana growth of voids
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Figure 1. HT-9 quenched-and-tempered martensite microstructure; a) optical micrograph of prior austenite
grain structure; and b) TEM replica micrograph of coarse carbide precipitation at prior austenite
grain boundary.

Figure 22 Optical micrograph of swaged-and-retempered microstructure showing effacement of prior austenite
grain structure.
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Figure 6. Uncharged quenched-and-tempered tensile fracture. SEM fractographs of a) cup-cone fracture and
secondary cracking, and b) intergranular character of surface cracking.

Figure 7. SEM fractographs of uncharged, swaged-and-retempered tensile fracture; a) cup-cone ductile
fracture, and b) planar fracture path without grain boundary secondary cracking.
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Figure 8. SEM fractographs of hydrogen charged (0.006 A/em2-150 min) quenched-and-tempered temsile
fracture; a] brittle intergranular fracture surface, and b) smooth grain boundary facets.

Figure 9. SEM fractographs of hydrogen charged swaged-and-retempered tensile fracture; a) ductile fracture,
and b} macroscopic dimples and mounds on the fracture surface.



7.8.4.5

7.8.5

7.8.6

154

associated with smaller carbides. Although hydrogen charging alters the fracture process of the
swaged-and retempered specimens, they maintain much greater ductility after charging than the
quenched-and-tempered material which fails by brittle intergranular fracture.

Uiscussion
Prior studies of this heat of HT-Y in the quenched-and-tempered condition have shown that the

material is susceptible to grain boundary cracking both when uncharged and hydrogen charged [1,2].
This has been related to phosphorous segregation to prior austenite boundaries and a nearly

continuous network of grain boundary carbides. In the uncharged condition, secondary cracking at
prior austenite grain boundaries is by void nucleation and growth. As discussed by Cottrell [6],
closely spaced grain boundary precipitates will favor ductile intergranular fracture. 1t has also

been well documented that phosphorous segregation in combination with grain boundary precipitates
C31 and internal hydrogen L4,5] enhances the tendency for intergranular brittle fracture.

These experiments have demonstrated that cold swaging and subsequent retempering can improve the
tensile ductility of HT-9 both with and without internal hydrogen. Most notable is that swaging and
retempering eliminated secondary cracking along prior austenite grain boundaries in the uncharged
tensile fractures and intergranular brittle fracture after charging. Swaging alone or insufficient
swaging reductions (36%) are not as effective in improving tensile ductility. The improved
ductility resulting from swaging and retempering is related to the mechanical distortion of the
prior austenite grain boundaries. This may be because swaging increases the surface area of the
prior austenite grains, thereby decreasing the segregant concentrations and carbide area fraction at
these surfaces. Swaging also elongates the prior austenite grains parallel to the tensile axis;
thus prior austenite grain boundaries are less favorably oriented for stress induced intergranular
fracture.

Conclusions

Cold swaging and subsequent retempering of HT-9 improved both the uncharged and hydrogen charged
tensile ductilities compared to the original quenched-and-tempered properties. For the 84% swaying
reauction, the unchargea tensile auctility increasea by 13% and the hydrogen charged (2.5 hr)
ductility mare than tripled compared to the unswaged specimens. However, the improvement in tensile
ductility was dependent On swaging reduction; the tensile properties of those specimens reduced 36%
and retempered were not as good as those swayed b3% and B4% and retempered. The increase in tensile
ductility for the swaged-and-retemperea specimen (63% and 84% reductions) was associated with a
change in fracture mode compared to the quenched-and-tempered specimens. |n the uncharged
conditions, the swaged-and-retempered specimens did not exhibit secondary cracking along prior
austenite grain boundaries as observed for the unswaged specimens, and when hydrogen charged they
failed by transgranular dimpled rupture rather than intergranular brittle fracture.
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79 THE EFFECT OF PREHEAT ON THE MICROSTRUCTURE, HARDNESS AND TOUGHNESS OF HT-9 WELDMENTS = T. A
LECHTENBERG AND J. R FOULDS (GA TECHNOLOGIES}

79.1 ADRIP Task

The Department of Energy (DOE}/CGtfice of Fuslon Energy (OFE) has cited the need to investigate
ferritlc/martensl+ic alloys under the ADIP program task, Ferrltic Steels Development (Path E).

7.9.2 Qbjectlve

A perceived Issue of martensitic steels is the ability to be readily welded. Preheating of weld
joints 1s recanmended by producers of the 12Cr-1Mo steel (HT-9} to mlnimize cracking, but the recommen-
datlons give a wide latitude (200-450C). It Is the purpose of thls work to contrlbute to understanding
the effect of preheat on welding behavior and resultant mechanical properties such as strength and Impact
toughness In order to define the preheat limltations more guantitatively.

7.9.3  Summary

Prlor studies have shown that HT-% plates up to 1" thick can be successfully welded wlth preheats as
low as 1009C. The use of a 1009C preheat of the base metal prior to welding HT=9 results In an increased
toughness over that for a 400C preheat by about 13.5 Joules and a ductile- brittle transltlon temperature
of =129C which Is 14°C lower than for 400°C preheated condition.

SEM examinations showed that there were significant increases in the dendrite spacing and Increased
segregation due to the slower cooling rates In the 400°C preheat weld. This Segregation s commensurate
with depletion of the "ferritflizers™ Cr, Mo, and W In the the surrounding matrix accompanied by Increases
In the NI concentrations. These results indicate the lowest preheat compatible wlth good welding practice
should be used. The Investigation 1s contlnulng using TEM and SEM In the weld metal and HAZ. These
results will be reported In further ACIP semlannuals.

794 Progress and Status
7.9.4.1 Antroduction

In the last three years 1n whlch martensitic steels have been studled In Path E weidlng has been
done on fully restralned plates of thicknesses ranging fran 0.125 to 1.0 inches (for example, see Ref. 1).
Thus far. preheats as low as 100C have been successfully used on plates of thickness 1.0 InchZ,

HT-9 has been used successfully In Europe for many years. mainly as boiler tubing and piping In heat
exchangers and bollers. However, the alloy has not been employed In structures as large and compiex as
those expectd for fuslon machines. Some designs for the flrst wail and breeding blankets require rela-
tively thick-wall tubing, while others dictate thin-walled, large outer diameter tubes which would be
welded to manlfolds. The preheat required will be different for the various designs because of the
varying tolerance for distortion and relief of resldual stresses. In one example of an HT-9 structure,
the tube banks have a wall thickness of 0.227 on and an outer diameter of 10.14 cm. This Is a compllcated
design where tubes are bent in order to shape around the plasma, and are connected to headers at the top
and bottom. In such a structure, it may be important to minlmlze the distortion during welding thus
requiring a minimum preheat. However, counterposing thls are the stresses Induced durlng welding which
would be maximlzed by a lower preheat. For this reason, It is Important to determine the exact latItude
in preheat that I's permissible.

7.9.42  Experlimental

Plates of the fusion ACD/ESR heat of HT-9 used for weldlng were glven the standard heat treatment of
1050C for half hour and 760C for 2.5 hours both followed by an alr cool. The plates were monitored for
temperature by thermocouples attached to the surface, and the time was begun for heat treatment five
minutes after the surface of the 05 In. plates came to the deslred temperature. Prior to welding, the
plates were machined to provide a 75° single V-groove with a 025 In. root gap and 0.06 In. root face.
The welds were performed by the gas-tungsten arc process using MTS-4 filler wilre and heat inputs of 26
kJ/in/pass. Each weidment required 6 passes. The plates were fully restralned by being tack welded to a
large, reinforced backing. Interpass temperature, cooling rates and the preheat were monitored by thermo—
couples. The plates were glven the standard 760°C for 2.5 hours post-weld heat treatment. The preheat
and interpass temperatures were RT, 100C. and 400C.

Transverse weldment sections were Charpy Impact tested In the T-S orientatlon, the notch located in
the center of the weld bead propagated in the plate thickness dlrectlon fra final to Initial weld pass.
The specimens were 0.05 in. undersize In thlckness. Charpy impact testing was performed on a micro-
processor controlled ETI30Q drop-weight Impact tester.
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7.9.4.3 Effect of Weldment hanical Propertles

Microhardness measurements were performed on the room temperature and 400C preheated as-welded condi=
tlon and on the RT, 100C, and 400C preheat In the PWHT'ed conditions. These data are presented In Figure
7.9.1. As observed, the changes In the as-welded hardness profiles delineate the fuslon zone/heat affect-
ed zone/base metal/ boundarles. The as-welded microhardness of the central weld metal reglon Is about 535
DPH and shows little variation with preheat. At the fuslon boundary, which was also discerned ocptically.
there is a decrease in the hardness to 4900PH and then a recovery. Thls area Is where ferrite Is expected
to form upon cooling. This hardness 'trough' 1s broader for the hlgher preheat condition although having
the same depth. The HAZ is also wlder for the 400°C preheat, belng about 1.9 mm  After a 760C, 2.5 hr
PWHT'ment the weld hardness decreased fran about 530 DPH to 260DPH for all three preheat condltlons. In
all PWHT'ed condltlons, the hardness In the heat-affected zones Is lower than in the weld metal. The
decrease Is about 30-45 DPH. Thils Is seen In Flgure 79.1 for the RT, 100C and 400C preheat conditions.
The PWHT'ed hardness is similar for all three condltlons excepting for the 100C at approximately where the
HAZ boundary Is. At thls point 1t Increases about 100DPH then decreases within 0.75 mm to the base metal
average of 260 DPH. Thls is being investigated.

Charpy V-notch specimens machined with the notch In the center of the weld metal were tested at tem-
peratures fran ~-62°C to 1009C. The data Is presented In Figure 7.9.2. The transltlon curves for these
weldments show that there are two differences seen, the upper shelf energy Is 74.5J for the I100C preheat
while I+t Is 61.0J for the 400C preheated condition. Also, the DBTT is somewhat lower for the 100C pre-
heat. It was measured as —-129C for the 100°C preheat and 2°C for the 400°C preheat. The enhanced effect
of a higher cooling rate (lower preheat temperature, higher cooling rate) on the transltlon curves is In
agreement wlth reported observations-.

7.9.4.4 The Effect of Preheat on the Weld Mlcrostructure

Optical macrographs of two weldments are shown in Figure 7.9.3. Flgure 7.9.3a Is of the as-welded
condltlon with no preheat whlie the as-welded condltlon with 400°C preheat Is shown In Figure 7.9.3b.
There are two effects of hlgher preheat seen at thls magnification. The first Is that the weld beads and
heat affected zones are larger, and the second Is that the dendrltlc structure is coarser and more clearly
defined. A closer Inspection shoved that the 400C preheat had significantly less segregatlon as evidenced
by coring. Coring, whilch Is elemental segregation during solidification, often leads to precipitation In
weld metal dendrite boundaries. Hlgher magniflcation optlcai micrographs of the weldments are shown In
Flgure 7.9.4, The weld wlth no preheat in Flgure 7,9.4a has dendrite boundarles clearly outlined by a
second phase. In Flgure 7.9.4b, there Is less evidence of corlng but the phase that does exist In the
boundarles (probably ferrite based on an EDAX analysis described below) I1s larger and better deflned and
spaced further apart due to larger dendrites. These effects are seen more clearly In Flgure 7.9.5a, the
RT preheat condition, showing the coring phase and a relatively flner dendrltlic structure as compared tfo
the 400C preheat in (b} which clearly shows the coarser dendrltlc structure and a greater fraction of the
dark appearing phase surroundlng the barely visible ferrlite core. WIthin the dendrites, typical marten-
s]tic structures are observed. The hlgher preheat temperature effected a slower weld metal ¢ocllng rate,
Increased the fraction of the dark ferrlte surrounding phase and coarsened the dendrlte structure, the
latter belng the controlllng mlcrostructural feature In fracture. It Is possible, however. that this
would change during thermal aging or service as segregants begin to play a more Important role In the
fracture pracess.

An EDAX analysls was performed on the phases seen In the weldments to determine the degree of segre

gatlon of major constituents. In general, for both preheat condltlons, the phase wlthin the dendrlte
boundarles contalned elevated levels of ferrlteforming elements Cr and My while the surroundlng area was
depleted In them but contalned elevated levels of NI. It was concluded fran thls that the phase In the

dendrlte boundaries was ferrlite.

A closer Inspectlon on the SBM of the phases In the dendrlte boundarles revealed that there was a
chranlum rlch phase surrounded by what may be another phase which appears dark on the SBM  These were
surrounded by areas depleted in chranlum and molybdenum. The IIght Interdendrltic phase seen In Figure
195 more evident at the lower preheat, appears to be ferrlte, while the darkest area in which the
ferrite seems to rest has an even higher chranlum concentratlon. Recently. chranlum rich ferrite in AlSI
316 weld metal has been shown to exhiblt a propensity for Mz3Cg preclpltation at the ferrite— matrix inter-
face with short term exposures at elevated temperatures (650°C)3. The relative proportlon of the darkly
etched phase surrounding ferrite appears to increase with an Increased preheat temperature or Slower
cooling rate. Longer times at carbide-forming temperatures wlth a slower coolling rate peints to the
possibillty of the dark reglons canprising carbldes formed fran Interdendrltic ferrite.

The EDAX results are glven in Table 79.1 for the Interdendrltic ferrite and surroundlng phases for
both preheats. The higher preheat weld showed more segregatlon not vislbie optically. The dendrltes are
not decorated as canpletely as one sees in the lower preheat {e.g., compare Figures 7.9.5a and 7.9.5b).
SEM microgrpahs show that there are two phases at the boundary, a Ilght-appearing ferrite core In a dark=
appearing matrix, the relatlve proportlons of which depend on the preheat temperature or cooling rates.
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Fig. 7.9.3 Optical photomicrographs of the as-welded (a) RT
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Fig. 7.9.4. Optical photomicrographs of the as-welded weld metal wlth
{a) RT and (b} 400C preheat. (1000X}
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Flg. 7.9.5. Scanning electron micrographs of weldments In the (a) RT
and (b) 400C preheat conditions, and both in the as-welded condition.
(500X)
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Table 791 Chemlcai compos!tion* (wt%) of Interdendrltlc ferrite and
surrounding areas In RT and 400°C preheat as-welded weld metal

Interdendrltic Dark Reglon Depleted Zone Light Area
Ferrita Core Surroundlng Adjacent to (Weld Matrix)
Ferrite Dendrite
Boundary (grey)

RT 400 RT 400 RT 400 RT 400

Si .60 .29 .50 .65 .32 41 49 .50

Mo 182 1.88 144 191 .60 75 .59 57

v .30 .25 .22 42 .16 .22 .10 91

Cr 15.81 1595 16.62 19.69 13.31 14.88 11.79 11.97

M .70 .69 .76 75 ,69 72 .54 61

NE -0- ~-0- .18 .10 33 17 .16 .10

W .34 .16 .29 45 .66 37 -0- .31
* From EDAX

795  Concluslons

Higher preheating results in coarser dendrltlc weld metal structures and Increased corlng brought on
by segregatlon of ferrite-forming elements. These coarse microstructural features appear to affect the
weld toughness causing a decrease In the upper shelf from 74J to 61J when the preheat Increases from 100°C
to 400°C, Furthermore, with this decrease In upper shelf toughness was also observed an increase in the
DBTT fran -129C to 29C.

7.9.6 References
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7.10 AN ASSESSMENT CF FABRICATION METHODS FOR AN HT-9 FIRST WALL/BLANKET MODUE = T. A Lechtenberg and
J. F Hlldebrand {(GA Technologies., San Dlego, CA)

7101  ARIP Tasks

Alloy Development for Irradiation Performance. Ferrltic Steel Development.

7.10.2 Qbjectlve

The object of thls work was to assess the manufacturing and fabrlcation procedures for a flrst wall/
blanket structure using HT-9 materlal. The TASKA blanket module was chosen as a representative reactor
structure.
7.10.3  Summary

The flrst wall/blanket module structure for the TASKA tandem mirror reactor deslgn Is dlscussed rela-
tlve to proposed materials and procedures for the fabrication. The TASKA design is a major reactor study
for a near-term englneering test faciilty, the maln objective of which was to develop a preconceptual
deslgn that could provlde engineering design information for a Demonstration Fuslon Power Reactor. This
design was chosen for thls study because HT-9 was used as the structural material and PbgzLl17 flquid
metal as the bresder/coolant for the central cell modules, and presently is the only complete reactor
study having done so. Frar the deslgn, an assessment was made of materlals, product forms and methods of
assembly, heat treating, and jolnlng to produce the unlt. The results show that HT-9 can be used as a
structural material for TASKA blankets. The tubes are 10.14 an OD. and 0.117 cm thick and cold bent to
conform to the required shape of less than the manufacturers recommended maximum 2d bend radius. Welding
recommendations include preheat of not less than 250°C and a post-weld heat treatment of 760°C for 25
hrs. The conflguratlon of the pipe-to-manifold weidments and Inspectabllity requirements suggest this
module can be manufactured to present-day code requirements. Furthermore, the essential leak-tlghtness
for a pressure boundary In the tubes appears practical. The results Indlcate a good feasibllity that the
proposed TASKA can be fabricated.

7.10.4.1 Descriptlion of TASKA Blanket

TASKA has a cyllndrical shape formed by modules of the inner and outer walls or blankets. The tubes
act as the flrst wali/blanket. Banks of thin-walled, HT-9 tubes bent to produce the cyllIndrical cavlty
for the plasma are attached to upper and lower manlfolds as shown by Flgure 7.10.1. The modules also
Interlock by a "step™ wlth adjacent modules to reduce neutron streaming at the seams as shown by Figure
7.10.2.

Table 7.10.1. Pertlnent dimenslons for Taska tubes
Tube = HT-9 0D 10.14 om (4 In.)
wal | 0.227 cm (0.090 In.)
Transltlon Tube - HT-9 OD. 5.0 am (1 In.)
wal | 0.175 cm (0.070 In.)

Manifeold Plate = HT-9 Thickness 1.7 am (0.670 In.)

A vertical cross section through the center of a module, Flgure 7.10.1 shows eleven rows of HT-9
tubes on elther side of the plasma zone. The end of each tube [s attached to a smaller diameter tube by
means of a conical transltlon section. The small diameter tube Is then attached to the manifold. One
side of the Innermost large dlameter tubes faces the plasma and becomes the effective flrst wall.

A horlzontal cross sectlon through two adjacent modules, Figure 7.10.2 shows the stepplng of the
tubes where the modules Interface. it also shows the staggering of tubes needed to allow the two modules
to slide out relatlve to each other at thls interface. The modules shown have an axial length of 104 cm
and have a blanket thickness of 100 eon  The radlus to the front surface of the flrst tube row Is 46 on
There are ten tubes In the front row and a total of 208 tubes In each module. A separation of 1 am per
meter fs allowed between modules at room temperature. At operating temperature the gaps close to 0.4 om

The pertinent blanket/tube parameters are glven In Table 7.10.1. The large dlameter tubes are 10.14
an 0.D, and the wall thickness 1s 0.227 on  The transition tubes are 5 em 00. and have a wall thickness
of 0.175 cm. The axial centerline distance between tubes Is 1045 ¢m and the radial centerline distance
Is 9.05 an. The 2-D bend radlus toward the manifold 1s consistent wlth the minimum bend radlus that can
be produced wlthout buckling the HT-9 tube wall In tubing of thls slze, The deslgn of the blanket is such
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that all welded joints are shielded by approximately 100 cm of PbgzLl{7 (the coclant-breeder materlal) and
the HT-9 tubes. Thils reduces radlation damage In the tube welds.

At thls time, 1t is considered probable that the modules will be constructed in accordance wlth the
intent of the ASME Bolier and Pressure Vessel Code, Sectlon I1}l, Dlvislon t, Rules for Construction of
Nuclear Power Plant Components. Sectlon Il invokes the pertinent requirements of Sectlon |I, Materlals;
Section V Non-destructive Examination; Section IX, Welding & Brazing Quallficatlons. It will be noted
that HT-9 (Ilke PCA and other candidate first wall materlals) Is not a currently approved ASME Code mater-
lal. However. it 1s assumed that Code quallflcatlons of HT-9 for use under Section II] rules will be
achleved at an appropriate future time.
7.10.4.2 Manufacturing and Processing HT-9 Tubes

Table 7102 Ilsts a number of ferritlc tube and plpe material specifications for 12Cr~1Mo steels

Inciuding the alloy grade and deslgnation, and the names of known producers. Thils Information Is an Indi=-
catlon of the degree of common use of HT-9 In the form of pipe and tubular products and thelr acceptance
by Industry and standards organizations outside the US. Table 7.103 11sts some specific applications of
HT-9, or the 12Cr-1Moc equivalent alloy, in CEGB hollers whlch successfully used welded tubes on the same
order of slze as those proposed for the TASKA plant blanket deslgn. Those tubes were placed Into service
in the fully tempered condltlon. The manufacturers such as Sandvlk recommend austenitlzation, alr-
cooling, tempering and finally air-cooling. Thls is done to produce a tempered martenslte microstructure,
rel ieve stresses and achieve recovery and recrystallization of any material work-hardened by the forming
or tube-drawing process. Sandvlk reports that cold bending is not a problem as long as the local defor-
mation does not exceed the fracture straln. Tubes may be bent to a zd radius. Although cold-bent tube
was formerly stress-relleved, that practice was discontinued when [t was demonstrated that cold work
caused only a marglnal reductlon In rupture strength (Refs. 1 and 2}.

7.10.4.3 Fabricatlon of HT_9 Tubes

Based on the deslgn shown by Figure 7.10.1, there are several approaches to the fabrication of the
modules.  The design calls for 13 different shapes of tube. The lengths and bends are easily handled on
an assembly llne basis. The tube shapes may be made by free bending (2d mIn.) or the tubes may be filled
with a soft materlai such as indlum or Woods metal to mInimize dlstortlons during bending. The use of the
fllled tube method for bending will require some Investigation to assure that the process does not cause
metallurgical degradatlon of the tube or leave undesirable contaminants. In general tube shaping {s not
perceived as a fabrication problem.

The conlcai transltlon tube pieces may be formed by splnning a heavy wall tube to open a cone or a
thin wall tube to close a cone. Alternatively, 1t may be cold-formed by roiling plate material and seam
welding or cutting, shaping and welding tubular materlal, Flgure 7.10.3.

7.104.4  Weldlng

In the US. the use of air hardenlng steels such as HT-9 in large, highly restrained, welded struc-
tures has been perceived as a feaslibillty Issue. Thils is largely due to a lack of experience wlth the

material. The Europeans on the other hand have used HT-9 extensively. particularly for steam piping as
shown by Table 7.10.3. Those and other commerclal experiences have demonstrated that this alloy is read-
ily weldable when the proper procedures are employed. It must be recognized that an as-welded joint may

contaln considerable untempered martensite whilch is prone to brittle fracture. Hydrogen in the velds may
create additional problems, For these reasons, weidlng of HT-9 requlres addltional care.

Weidlng HT-9 requires that the weld preparation (groove) be clean, free of dirt, hydrocarbons and
grease, that it be properly preheated and that coated electrodes be baked to eliminate moisture. Preheat-
ing and malntaining temperature during welding is often necessary depending on the welding process and
joint design In order to control the formatlon of martensite in the weld and HAZ. Weldments should be
glven a postweld heat treatment (PWHT) immediately after welding to relleve Stresses, +temper any marten-
site, and Improve the toughness of the joint.

it appears to be approprlate to use 75° V-groove weld preparations for the tube and transition tube
welds.  All the welds will be full penetration In accordance wlth Code requirements.

A prerequlslite of the tube to tube-sheet jolnt is that there be no crevices on the vacuum or tube
slde. The TASKA unit operates under a hard vacuum, hence designs creatlng tortuous mean free paths are to
be avolded. WIth such a restrictlon, there are several approaches to the joint. For one type the plate
could have punched holes with protruding Ilips on which to make the tube attachment welds (see Figure
7.10.4.a). For another. a short tube stub could be welded Into punched or drllled holes. A fillet weld
on the vacuum side and on the coolant side would seal the crevice (see Figure 7,10,4), These welds,
however, would requlre Code Inspectlon. These two jolnts would requlre an internal bore weld to attach
the blanket-wall tubes to the tube stubs. A *hird design would requlre a counter bore on the tubesheet
hole so that a full penetration weld could be made fran the coolant side of the tubesheet.
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Table 7.10.3. Superheater and reheater applications of
martensitic/ferritic steels In CECB bellers
Oper. Wall DImensions
Temper- Dia. Thick- Total
ature (ol ness Length Life
Mater | al Statlon (o) (mm)  (mm) {m) {h)
12Cr-Mo=-Y  Aberthaw (2) 430-460 16,900
ll‘AlI 1
4 430-460 18,600
Aberthaw (2} 600-650 3,700
mn 7 but can
reach 800
8 16,500
9 11,000
High Marnham 540-650 54 45 18 35.000
(1) 5
Staythorpe 550 585 45 4.000
Northfleet (6} 540-850 121 24,000 20,000
Bankslde (6} 590 9 22.000
12Cr-1Mo  Kingsnorth (6) Up to 622 49 6 10 8,400
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7.10.4.5 Heat Treatment

The recanmended heat treatment for HT-9 (Ref. 1 and 2} consists of an austenlzatlon at 1020-1070°C
for 1/2 hour per Inch of materlal thickness and air coolling. A temper at 730-790°C for 1/2 to 2 hours
and air cool Ing completes the heat treatment. A stress relief heat treatment is accompi ished by heating
the materlai at 700-750°C for 30 mlnutes and alr cooling. The HT-9 materials used for TASKA wlll need one
or a comblnation of the heat treatments to develop the mechanical propertles and relieve fabrlcatlon

stresses.
To produce a structure wlth minimum residual fabrlcatlon stress, It would be desirable to normailze

and temper the entlre assembly. It is feaslble to build a furnace around the assembly and to support the
structure to minlmlze dlstortlon and sagging. However. since TASKA consists of modules. the task of heat
treating is made simpler in that It would require a smaller furnace and less bracing both of which would

be reusable for multiple modules.
Another approach to stress reilef would be to heat treat the subassembl les and stress relieve the

welds. For example the bent tubes wlth connected transition pieces and small diameter extension tube
would be normalized and tempered, likewise the tubesheet and tube stubs. The Internal bore welds connect-
ing those two subassemblies and the final manlfold closure welds would be stress relieved iocally.

The TASKA design and HT-9 materlal and processing permit flexibiilty of the fabrlcatlon methods which

would need only minimai testlng for verification.
7.10.46  References
l. "Super 12%Cr Steels = An Update,” C!Imax Molybdenum Co,, Bulletin M571, 7/82.

2. "Sandvlk HT9," Sandvlk, May 1981.
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71 IRRADIATION OF ESR ALLOY HT-9 AND ALLOY 9Cr-1Mo(MOD.} PLATES FOR FRACTURE TOUGHNESS
ASSESSMENT - J. R. Hawthorne (Naval Research Laboratory)

7.1 ADIP Task

The Department of Energy (boE)/0ffice OF Fusion Energy {0rE) has stated the need to investigate
ferritic alloys under the ADIP program task. Ferritic Steels Development (Path E)

7.11.2 Objectives

Alloy HT-9 and Alloy %cr-1Me(Meod.) are being evaluated for a potential application as a first wall
material in magnetic fusion reactors. objectives of the current research task were to irradiate an Alloy
HT-9 plate from the Fusion Ferritic Program ESR reference heat at 300°C and an Alloy 9Cr-1Mo(Mod.) plate
from another Program reference heat at 150°C, and to perform postirradiation notch ductility and fracture
toughness tests showing the rzalttive magnitudes of radiation embrittlement produced in the two alloys.

7.11.3 Summary

During this period, irradiation exposures at 300°C and 150°C to Bx10!%a/em?, E>C.IMeV, were
undertaken for the Alloy HT-9 and Alloy Scr-1Mo(Mod.} plates, respectively. Specimen types include
tension, Charpy-v(C,), FTatigue precracked Charpy-v(PCC,) and half-size Charpy-V specimens and, in the
casse ofF the Alloy 9Cr~1Mo(Med.), 2.54 mm thick compact tension specimens.

7.114 Progress and Status

7.11.4.1 Introduction

The ferritic stainless steel compositions, HT-9 and 9Cr-1Mo{Mod.), are being assessed for possible
first wall applications in magnetic fusion reactors by the Magnetic Fusion Materials Program and for duct
applications in liquid metal fast breeder reactors by the cladding/buct Alloy Development Program of the
Department of Energy. For these proposed uses, fracture resistance properties before and after elevated
temperature irradiation are being investigated. Specimen types include ¢, specimens for notch ductility
determinations, pcc, specimens for dynamic fracture toughness (K;) determinations and compact tension
{CT) specimens for static fracture toughness determinations. Tensile property changes with irradiation
are also being established for use in fracture resistance assessments.

Previous studies! evaluated an HT-9 plate representing AOD melt processing after irradiation at 93°¢
and 288°C. The current study on the HT-9 composition is aimed at evaluating ESR processing vs AOD
processing and, through a joint program with ORNL {J. Vitek), the relative effects of a low vs. a high
fluence level. For the latter. a set of half size ¢, specimens from the NRL plate are being irradiated
in HIFR at 300°C. The 150°C irradiation of the 9Cr-1Mo{(Mod.) alloy on the other hand, is to establish
its low temperature service capabilities and to test the postirradiation correlation of dynamic vs
static fracture toughness for this alloy.

7.11.4.2 Materials

The 15.2 mm (0.6-in) thick HT-9 plate, #®L Code E59, was obtained from the electroslag remelted heat
no. 9607r2. The chemical composition of the melt according to INCO is given in Table 1. Melt and ingot
processing details are provided in reference 2. The plate was subsequently heat treated by the armco
Steel Company under contract. The reported heat treatment was 1050%C + 14°C for O5 hours with air
cooling plus 780°c for 4.0 hours and air cooling. Because of constraints of furnace chamber size, the
plate was not heat treated as a single piece as requested but was cut into four sections approximately 8
x 15 inches in size. The two sections used for the reactor specimens (sections 6-6-1 and 6-6-2) were
heat treated separately. The reserve section (6-6-3) was heat treated simulan=ously with plate section
6-6-2 and will s=rve on a control material. Temperatures during heat treatment were monitored using
mechanically-attached thermocouples. The extent of temperature gradients (small) across the plate
sections was determined in advance, using an equivalent thickness test plate and multipi= thermocouples.

The 9Cr-~1Mo(Mod.) plate, NRL code VS, was received from ornL in the fully heat treated condition.
Its heat treatment was 1038°C for 1 hour with air cooling, followed by 760°C for 1 hour with air cooling.
The plate was produced from the electroslag remelted heat no., 30176; the plate chemical composition
according to Combustion Engineering Corporation (Chattanooga) is included in Table 13,

Specimens were taken from both plates to represent the longitudinal (strong) test orientation.



Table 7.11.1 Composition {(wt-%) of HT-9 and 9Cr-1Mo(Mod.) plates

Plate c si Mo P s cr Mo Ni
HT-9 0.20 0.17 0.57 0.016 0.008 2.1 1.04 0.51

9Cr=1HMo(Mod, ) 0.c8L 0.1 0.37 0.010 0.0083 8al 0.8 0.
Plate v w N A Ti et carra B
HT-9 0.28 0.45 0.027 0.006 0.0 0.07 <0.,001 <.001

9Cr-1Ma(Mod.) 0.209 <0.01 0.0%5 0.007 0.4 0.4 0.072 <,001

7.11.43 Material Irradiation

The specimens are being irradiated in two, individually temperature controlled assemblies. The
assemblies are being irradiated in tandem in the C2 fuel lattice position of the water cooled reactor
(UBR) at the State University of New York at Buffalo. Temperatures are being monitored continuously by
means of thermocouples welded to the specimens (approximately 50 percent specimen coverage). Neutron
fluences will be determined from iron neutron dosimeter wires placed within the specimen arrays and the
neutron energy spectrum calculation developed by the Hanford Engineering Development Laboratory under
contract. The target neutron fluence (E>G.1Mev} is 8x101%9n/cm? to match the exposure condition of
earlier NRL experimente in the UBr for the Magnetic Fusion Materials Program.

7.11.4.4 Preirradiation Material Properties

Tests are underway to define preirradiation notch ductility and fracture toughness properties; the
experimental results and data comparisons should be available for the next report. [Initial
postivridiation data should also be available at that time.

7.11.4.5 Postirradiation Evaluation of Half Size (Miniature) ¢, Specimens

Tests of the miniature ¢, specimens from the current assemblies and from previous NRL irradiation
experimente ar= not to be conducted at ¥rL: rather, the W E plans call for the specimen tests to ke made
at a site (to be selected) having the necessary equipment. HEDL and ORNL have the required (impact test)
equipment installed or under construction. The irradiated specimens and a limited number of control
specimens are available for immediate shipment.

7.11.4.6 Plans for the Next Reporting Period

Plans for the next reporting period are to complete the irradiation of the materials and to develop
postirradiation data using the ¢,, ecc, and tensile test specimens. In addition, postirradiation CT
tests will be initiated using the single specimen unloading compliance method for R curve determination.

7.11.4.7 References

1 J. R Hawthorne. "Postirradiation Notch Ductility and Fracture Toughness Behavior of AOD Heat
of Alloy HT-9" in Alloy Development for Irradiation Performance, gemi~innual Progress Report
for period ending March 31, 1982, caE/ER-0045/8, Sept. 1982.

2. Communication to ADI? and DAFS Participants from T. Lechtenberg (General Atomic co) March 18,
1982.

3. Private communication, V. K Sikka {orNi} to J. R. Hawthorne (¥rL) dated April 2, 1981.
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8.1 IRRADIATION EXPERIMENT STATUS AND SCHEDULE — M. L. Grossbeck (Oak Ridge National Laboratory)

A large number of planned, in-progress, and completed reactor irradiation experiments support the ADIP
program. Table 811 summarizes the parameters that describe completed experiments. Experiments that have
been removed from the reactor only recently. are currently undergoing irradiation. or are planned for future
irradiation are included in the schedule bar charts of Table B.1.2.

Experiments were under way during the reporting period in the Oak Ridge Research Reactor (ORR) and the
High Flux Isotope Reactor (HFIR), which are mixed-spectrum reactors, and in the Experimental Breeder Reactor
(EBR-I1), which is a fast reactor.

During the reporting period experiments HFIR-CTR-39, -40, and -41 were removed from the HFIR. These are
the first elevated-temperature HFIR experiments with tensile specimens of ferritic alloys. Experiment AD-2,
containing ferritic alloys, also completed irradiation in EBR-II. Five elevated-temperature experiments con-
taining tensile specimens of austenitic and ferritic alloys — HFIR-CTR-42 through -46 — were loaded into
HFIR.  Two of these were joint experiments with the European Community and Japan.

The ORR-MFE-4B spectral tailoring experiment developed a containment leak in October 1982. The capsule
was removed from the reactor and disassembled in hot cells. Following diameter measurements on the
pressurized tube specimens and removal of some transmission electron microscopy disk specimens, the specimens
will be reencapsulated and the assembly returned to the reactor.

The initial scheduling of a new series of experiments for the HFIR, the HFIR-JP series, is shown on the
final page of Table 8.1.2. The experiments are part of a joint program between the United States and Japan.
They will contain specimens from both national programs, with the first eight experiments devoted to path A

alloys. Irradiation will be in the outer target rod positions in the flux trap region of HFIR.
Table 8.1.1 Descriptive parameters for completed ADIP program fission reactor irradiation experiments
Displacement . .
. - S Temperature Helium Duration Date
Experiment Major objective Al loy (°c) ?Srsgg);a (at. ppm)  (months)  completed
Fxperiments in ORR o o
ORR-MFE-1 Scope the effects of Paths A, B, C 25600 2 <1n 4 5/78
composition and -
microstructure on
tensile, fatigue,
and irradiation
creep
ORR-MFE-2 Scope the effects of Paths A, B, € 300600 6 <60 15 4/30
composition and -
microstructure on
tensile, fatigue,
and irradiation
creep
JRR-MFL-5 In-reactor fatigue Path A 325460 1 <1N 2 2/51
crack growth
Experiments in FBR-IT
Subassembly  Effect of preinjected 318, Pi-15, 500-325 8 2-200 4 1/77
X-264 helium on micro- Y-20% Ti,
structure, tensile V=15% Cr-b% Ti,
properties, and Nb-1% Zr
irradiation creep
AA-X Effect of preinjected 316, PC-16, 400700 20 2-200 23 12/78
Subassembly  helium on micro- Y=20% Ti,
X-287 structure, tensile V—-15% Cr—b% Ti.
properties, and Nb—1% Zr
irrddidtion creep
Subassembly  Stress relaxation Titanium alloys 450 2 1 1/78
$-2170
Pins B285, Swelling. fatigue Titanium alloys 370-550 25 14 9/79
8286, and crack growth, and
5234 tensile properties
krperiments in HFIR
HF [R-CTR-3 Swelling and tensile PE-16, 300-700 4.3-9 350-1800 3 2175
properties Inconel 600
HFIR-CTR-4 Swelling and tensile PE-16 300—700 2.7-4.5 100-350 2 3177

properties



Table 8.1.1.
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(Continued)

. . S Temperature ~ Displacement Helium  Duration Date
Experiment Major objective Alloy (°¢) FQJS?PG (at. ppm) (months)  completed
HFIR-CTR-5 Swelling and tensile IPE-16, 300-700 4,39 350-1800 3 4/75
properties Inconel 600

HFIR-CTR-6 Swelling and tensile PE-16, 300-700 4,39 350-1800 3 4/75
properties Inconel 600

HFIR-CTR-7 Swelling and tensile PE-16 300-700 318 1250-3000 7 8/77

roperties

HFIR-CTR-8 SF\JNeIFI)ing and tensile PE-16 300-700 318 1250-3000 7 8/77
properties

HFIR-CTR-9 Swelling and tensile 316, 316 ¢ Ti 280680 10-16 400-1000 6 5/77
procerties

HFIR-CTR-10  Sweliing and tensile 316, 316 + Ti 280-680 1C-16 400-1000 6 5/77

roperties

HFIR-CTR-11 SF\JNeIFIJing and tensile 316, 316 + Ti 280680 1016 400-1000C 6 5/77
properties

HFIR-CTR-12  Swelling and tensile 316, 316 + Ti 280680 7-10 200-500 4 2/
properties

HFIR-CTR-13 Swelling and tensile 316, 316 + Ti 280680 7-10 200-500 4 2/7]
properties

HFIR-CTR-14  Fatigue 316 430 915 AN0-1000 7 12/77

HFIR-CTR-15 Fatigue 316 550 b9 200--400 4 10/78

HFIR-CTR-16 ~ Weld characteri- 316, 55 b-9 150-2700 4 8/77
zation, swelling, PE-16,
and tensile Inconel 600
properties

HFIR-CTR-17  Weld characteri- 316 280620 713 180460 55 10777
zation

HFIR-CTR-18 Swelling and tensile 316, 280700 1727 1600-5600 12 6/78
properties PE-16

HFIR-CTR-19 Weld characteri- 316 280620 o 200-500 4 12/77
zation

HFIR-CTR-20 Fatigue 316 430 b-9 200400 4 1/78

HFIR-CTR-21  Fatigue 316 550 915 400-1000 7 7/78

HFIR-CTR-22 Fatigue 316 430 b-9 200400 4 3/75

HFIR-CTR-23  Fatigue PE-16 430 b-9 370-1000 3. 2/79

HFIR-CTR-24  Temperature 316 300-620 22 30 1 12/78
calibration and
tensile properties

HFIR-CTR-26  Swelling and tensile 316 284620 30 1900 10 4/80
properties

HFIR-CTR-27 Swelling and tensile 316 284620 56 3500 18 1/81
properties

HFIR-CTR-28  Swelling and tensile 316 370-560 30 1900 10 12/80
properties

HFIR-CTR-29  Swelling and tensile 316 370-860 56 3500 18 8/81
properties

HFIR-CTR-30  Swelling, micro- Paths A, B, C, 300600 40 £15,000 14 11/8/81
structure, and D, E
ductility

HFIR-CTR-31  Swelling, micro- Paths A, B, C, 300-600 20 £7500 8 5/28/81
structure, and D, E
ductility

HFIR-CTR-32  Swelling, micro- Paths A, 8, C, 300-600 10 <3000 4 12/81
structure, and D, E -
ductility

HFIR-CTR-33  Swelling, tensile Paths A and E 55 10 <510 4 10/80
properties, weld -
characterization

HFIR-MFE-T1  Swelling, tensile Path E 55 30 <300 12 8/10/82
fatigue -

HFIR-MFE-T2  Swelling, tensile Path E 55 9 <75 3 5/3/81
fatigue -

HFIR-MFE-T3  Impact properties Path E 55 10 <85 4 12/24/81
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8.2 FUSION PROGRAM RESEARCH MATERIALS INVENTORY — F. W Wiffen, T. K Roche [Oak Ridge National
Laboratory), J. W Davis (McDonnell Douglas Company), and T. A Lechtenberg (GA Technologies)

821  ADIP Tasks
ADIP Task I.D.I, Materials Stockpile for MFE Programs.
8.2.2  Objective

Oak Ridge National Laboratory maintains a central inventory of research materials to provide a common
supply of materials for the Fusion Reactor Materials Program. This will minimize unintended material
variations and provide for economy in procurement and for centralized record keeping. Initially this inven-
tory is to focus on materials related to first-wall and structural applications and related research, but
various special purpose materials may be added in the future.

The use of materials from this inventory for research that is coordinated with Or otherwise related
technically to the Fusion Reactor Materials Program of DOE is encouraged.

8.2.3 Materials Requests and Release

Materials reauests shall be directed to the Fusion Proaram Research Materials Inventorv at ORNL
(Attention: F. W Wiffen). Yaterials will be released directly if

(a) the material is to be used for programs funded by the Office of Fusion Energy, with goals con-
sistent with the approved Materials Proaram Plans of the Materials and Radiation Effects Branch.

(b) the requested amount of material is available without compromising other intended uses.

Materials requests that do not satisfy both (a) and (b) will be discussed with the staff of the
Materials and Radiation Effects Branch, Office of Fusion Energy, for agreement on action.

8.2.4 Records

Chemistry and materials preparation records are maintained for all inventory material. All materials
supplied to program users will be accompanied by summary characterization information.

8.25 Summary of Current Inventory and Material Movement During Period
QOctober 1, 1982, to March 31, 1983

A condensed, qualitative description of the content of materials in the Fusion Program Research
Materials Inventory is given in Table 8.2.1. This table indicates the nominal diameter of rod or thickness
of sheet for product forms of each alloy and also indicates by weight the amount of each alloy in larger
sizes available for fabrication to produce other product forms as needed by the program. Material received
into the inventory during this reporting is identified in Table 8.2.2. Table 823 gives the materials
distributed frorn the inventory.

Alloy compositions and more detail on the alloys and their procurement and/or fabrication are given in
this and earlier ADIP progress reports.

Table 8.2.1 Summary status of materials available in the
fusion program research materials inventory

Product form

Alloy Ing;)rt‘aor Rod Sheet Thtllr}l;:/\;]all
. diameter thickness Ing
weight (mm) (rm) wall thickness
{kqg) {mm}
Path A alloys
Type 316 S$ 900 16 and 7.2 13 and 79 0.25
Path A PCAD 490 12 13 0.25
USSR Cr-Mn Steel¢ 10.5 2.6
NONMAGNE 30d 18.5 10
Path a alloys
PE-16 16 and 7.1 13 and 1.6
8-1
8-2
B-3 180
8-4 180
B-6 180
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Table 8.2.1 (continued)

Product form

A1 1oy Ingot or  puq Sheet Tthu'gi',;’éa”
weight diameter thickness wall thickness
Tkg) {mm) {mm) {mm)
Path ¢ alloys
Ti-64 2.5 and
0.76
Ti-62425 63 6.3, 3.2,
and 0.76
Ti-56215 2.5 and 0.76
Ti-38644 0.76 and 0.25
Nb—1% Zr 6.3 2.5, 1.5,
and 0.76
Nb—5% Mo-1% Zr 6.3 2.5, 1.5,
and 0.76
V=20% Ti 6.3 2.5, 1.5,
and 0.76
V—=15% Cr—5% Ti 6.3 2.5, 1.5,
and 0.76
VANSTAR-7 6.3 2.5, 1.5,
and 0.76
Path » alloy
LRO-37e 33, 1.6,
and 0.8
Path E alloys
HT9 (ACD fusion heat)f 3400 28,5, 158,
9.5, and 3.1
HT9 {AOD/ESR 7000 25, 50, 28.5, 15.8,
fusion heat) and 75 95 and 3.1
HT9 45 and 18
HT9 t 1%Ni 45 and 18
HT9 t 2% Ni 45 and 18
HT9 + 2% Ni + 45 and 18
Cr adjusted
T-9 modifiedg 45 and 18
T-9 mdified + 2% Ni 45 and 18
T-9 modified + 2% Ni + 45 and 18
Cr adjusted
2 1/4 Cr-1 Mo h

aGreater than 25 mm, minimum dimension.
borime candidate alloy.

cReod and sheet of a USSR stainless steel supplied under the U.5.-USSR
Fusion Reactor Materials Exchange Program.

4NONMAGNE 30 is an austenitic steel with base composition Fe—14% Mn—
2% Ni—2% Cr. It was supplied to the inventory by the Japanese Atomic Energy
Research Institute.

e|R0D-37 is the ordered alloy (Fe,Ni};(V¥,Ti) with composition
Fe—39.4% Ni—22.4% V-0.434 Ti.

fAlloy 12 Cr-1 MoV, with composition equivalent to Sandvik alloy HT9.
gT-% modified is the alloy 9 Cr-1 MoVNb.

fMaterial is thick-wall pipe, rerolled as necessary to produce sheet
or rod.



Table 8.2.

2. Fusion program research materials inventory
receipts 10-1-82 to 3-31-83
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Product

Heat Product Quantity
Alloy identification form (m)sizeﬁin_) (m2) (in.2) Source
Path 2 alloys —innovative material concepts
LRO-37-HP EB11581-2-1630 Sheet 3.3 0.131 0.1 156 Cabot Corp.
Sheet 1.6 0.065 0.18 279 Cabot Corp.
Sheet 0.8 0.031 0.21 326 Cabot Corp.
' RO-37-CG EB11681-2-0735 Sheet 3.3 0.131 0.29 450 Cabot Corn.
Sheet 1.6 0.065 0.32 496 Cabot Corp.
Sheet 0.8 0.031 0.90 1395 Cabot Corp.
Table 823. Fusion program research materials inventory,
disbursements 10-1-82 to 3-31-83
; e Quantity
Alloy Heat Pf[(())duct Dimensions Sent to
i {mm) (m) (m2)
Path A alloys — austeniticstainless steels
316 SS-Ref. heat X-15893 Sheet 0.76 0.046 Radiation Effects Group,
M&C Division, OR\L
Path A PCA K-280 Bar 101 0.53 HEDL
Path A PCA K-280 Rod 4.17 9.59 Radiation Effects Group,
M&C Division, ORNL
Path A PCA K-280 Sheet 0.25 0.023 Argonne National
Laboratory
Path ¢ alloys — reactive and refractery alloys
V--20% Ti CAM 833-10 Sheet 0.76 0.046 Westinghouse
V—=15% Cr—5% Ti CAM 835 A Sheet 0.84 0.051 Westinghouse
Vanstar-7 CAM 836 Bot.-4 Sheet 0.76 0.072 Westinghouse
Path E alloys — ferritic steels
HT-9 AOD/ESR-9607R2 Plate 16.3 0.061 Culham Laboratory,
United Kingdom
AQD/ESR-G607R Plate 28.5 0.23 Univ. of California,
Santa Barbara
Plate 15.8 0.09 Univ. of California,
Santa Barbara
P1ate 15.8 0.69 Naval Research
Laboratory
Plate 15.8 0.29 Sandia National

Laboratories,
Livermore

ACharacteristic dimension — thickness for plate and sheet,

diameter for rod and tubing.
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9.1 CORROSION OF PATH A PCA, TYPE 316 STAINLESS STEEL, AND 12 Cr-1 MMV STEEL IN FLOWING LITHIUM —
P. F. Tortorelli and J. H. DeVan (Oak Ridge National Laboratory)

9.11 ADIP Task
ADIP Task 1.A.3, Perform Chemical and Metallurgical Compatibility Analyses.
9.12 Objective

The purpose of this task is to determine the corrosion resistance of candidate first-wall materials to
slowly flowing lithium in the presence of a temperature gradient. Corrosion and deposition rates are
measured as functions of time, temperature, additions to the lithium, and flow conditions. These measure-
ments are combined with chemical and metallographic examinations of specimen surfaces to establish the mecha-
nisms and rate-controlling processes for dissolution and deposition reactions.

9.1.3 Sumnary

In lithium thermal convection loop (TCL) experiments, weight losses and dissolution rates of annealed
and cold-worked path A prime candidate alloy (PCA), were slightly higher than those of type 316 stainless
steel. The depth of the ferrite layer on type 316 stainless steel was constant between 3700 and 9000 h at
600°C but not at 570°C. Nitrogen level between 9 and 130 wt ppm in lithium did not affect short-term weight
losses of type 316 stainless steel. The 12 Cr-1 MO steel showed measurable but small weight losses in
thermally convective lithium between 350 and 500°C.

9.14 Progress and Status

W have continued our mass transfer studies of candidate first-wall materials in flowing lithium by use
of previously describedl TCLs with accessible specimens. These loops are designed so that lithium samples
can be taken and corrosion coupons can be withdrawn and inserted without interrupting the lithium flow. One
such lithium—type 316 stainless steel TCL is being used to observe the dissolution behavior of path A PCA
specimens with different thermomechanical treatments. Our purpose is to study the effects of microstructure
on corrosion of austenitic stainless steel by lithium as well as to determine the dissolution rate of PCA
relative to that of standard type 316 stainless steel. In the initial experiment, coupons of path A PCA
alloys Al and A3 were placed at the 600 and 570°C positions in a type 316 stainless steel TCL that had pre-
viously circulated lithium for greater than 10,000 h. Because of prior operation with lithium, the hot-leg
surfaces of the loop were known to have a considerably higher iron concentration than the as-received PCA
alloys. However, the cold leg of the loop had been replaced before operation with the PCA specimens.
Composition for path A PCA (alloys Al, annealed, and A3, cold worked) is as follows:

Composition Composition Composition

Element _ f{wt 2} E lement _ (wt %) Element _ (wt %)
Ni 159 Mn 19 Al 0.0%
Cr 13.0 Si 17 C 0.05
Mo 19 Ti 0.5 N <0.01

Both alloys were annealed for 15 min at 1175°C in argon and cold rolled 23 to 25%. Alloy Al was annealed for
an additional 15 min at 1175°C in argon.
The preceding progress report gave initial

weight loss results for the first 3000 h of expo- 200 o
sure of the path A PCA alloys." The specimens [ R oW 83 81
were exposed an additional 4000 h before being 1ea

permanently removed from the loop and replaced 180

with other PCA specimens. The cumulative weight _—

loss data for alloys Al and A3 at 600°C are shown
in Fig. 9.1.1 (dashed lines) as a function of
exposure time. Note that the time dependence of
the weight change in Fig. 9.1.1 is generally simi-
lar to that previously found3 for type 316
stainless steel. The rate of weight loss
decreases with time until a steady state or linear
dependence on time is reached. Once a linear
dissolution rate has been attained, the slope of
the weight loss versus time curve yields dissclu-

]

WEIGHT LOSS (g/m?)
5 5 2 2 B

o

tion rates of 20.8 and 15.7 mg/{m2-h) for Al and EXPOSURE TME (i)

A3, respectively. Similar data for specimens of

these alloys in the 570°C loop position are shown Fig. 9.1.1. Weight loss versus exposure time
in Fig. 9.1.2 (dashed lines) and yield steady- for Path A PCA alloys Al (annealed) and A3 (cold-
state dissolution rates of 12.3 mg/{m2-h) for Al worked) and annealed type 316 stainless steel in

and 12.1 mg/(m2+h} for A3. thermally convective lithium at 600°C.
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The differences in the overall weight losses and 100 _
dissolution rates between Al and A3 after 7000 h &
are relatively small, although the annealed speci- i
men had a higher dissolution rate than the Ll
25%-cold-worked alloy at 600°C. Note that, at both 70|

600 and 570°C, the cold-worked specimens initially
lost more weight than those that had been annealed.
During this interval {<3000 h), the weight loss
results are consistent with other (lower

WEIGHT LOSS (g/m2)
S

4wl
temperature) data on annealed versus cold-worked
stainless steel in Tithium.* Nevertheless, any i
difference between the dissolution rates of Al and 201
A3 is small relative to the difference between the w0l
PCA specimens and type 316 stainless steel. As
shown in Fig. 9.1.1 which also compares weight B B S (o )
losses at 600°C with similar data for type 316 EXPOSURE TIME (h)
stainless steel. The overall weight losses are
measurably greater for the PCA specimens. This is Fig. 9.1.2 Weight loss versus exposure time
presumably related to the greater concentration in for Path A PCA alloys Al (annealed) and A3 (cold-
PCA of nickel, which is preferentially corroded by worked) and annealed type 316 stainless steel in
the lithium.5 However, the difference in dissolu- thermally convective lithium at 570°C. The two
tion rates between type 316 stainless steel and the solid lines represent data from two different
PCA alloys appears greater than effects merely of experiments with type 316 stainless steel.

differences in the relative chemical activities of
nickel in the alloys and mav reflect an effect of
nickel concentration on the morphology of the ferritic layer that develops at the lithium-exposed surface.
(Surfaces of these specimens are being analyzed.) At 570°C the overall weight losses for PCA after 7000 h
are comparable to those measured for type 316 stainless steel (see Fig. 9.1.2), although their steady-state
dissolution rates (given above) again are greater than that of type 316 stainless steel [8.5 mg/{m2<h)].
Lithium corrosion experiments with type 316 stainless steel are continuing and provide a baseline for
comparison with results for other austenitic and ferritic steels. Such studies are also being used to gain a
detailed understanding of the preferential leaching process, whereby a porous, nickel-depleted ferrite layer
forms on surfaces exposed to high-temperature lithium. The kinetics of this process is important in
interpreting the weight change data and in assessing the total effect of corrosion on the containment
material. It was reported earlier that the ferrite layer thickness on type 316 stainless steel exposed to
thermally convective lithium at 600°C was the same at 3000 and 10,000 h and that such an observation is con-
sistent with a dissolution rate that is constant with time (that is, the "steady-state'" rate described
above).' An evaluation of additional data from more recent loop experiments has confirmed the earlier
result: at 600°C. very little change in ferrite laver thickness is noted between 3700 and 9000 h of exposure.
This is illustrated by the optical-micrographs in Fig. 9.1.3, which show cross sections of type 316 stainless
steel specimens exposed at 600°C in different loop experiments. Comparisons from one loop experiment to
another do show some variations in ferrite layver thickness. oarticularly if the loop sizes are different.
However, the layer thickness at the maximum 600°C temperature in any one loop is effectively constant after
about 3700 h. Linear weight loss kinetics is also observed after this time interval. At specimen positions
away from the 600°C position, for example at 570°C, a constant ferrite layer thickness does not appear to be
reached until at least 9000 h. Although this would appear
to be inconsistent with the observation of linear weight

loss kinetics for specimens at this loop position, the Table 9.1.1 Effect of nitrogen
contribution of these specimens to the total loop weight concentration in lithium on
loss is not large, and the change in ferrite layer type 316 stainless steel in
thickness after the onset of linear kinetics is also small. thermally convective
These results do suggest that the onset of linear weight lithium at 600°C

change kinetics at temperatures below 550°C may require a
significant fraction of the total reactor operating time.
Previously we reported that stainless steel loops

Nitrogen in lithium

operating at a maximum temperature of 600°C showed no Extpi?nsgre (wt ppm) w%gzt
measurable effect of the initial nitrogen concentration of — - )

the lithium (below a maximum concentration of 130 wt ppm) on (h) Initial Final (g/m2)
short-term weight losses.® More recent data have confirmed

this finding. Table 911 which contains all the relevant 500 9 1 11.4

data, shows-no consistent trend between the starting nitro- 26 11 105

gen concentration of the lithium and the 500- and 1000-h 30 23.1

weight losses of type 316 stainless steel at 600°C. Of 44 59 20.2

course, the concentrations reported in Table 9.1.1 are rela- 124 10.2
tively low, and higher concentrations may produce a dele- 128 19.6
terious effect. In static lithium tests. virtuallv all the

corrosion is nitrogen-related (for nitrogen levels-in lithium 1000 30 38 34.8

greater than 500-1000 wt ppm).? A possible difference in 124 48 14.0
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Y-166367 Y-165967

(a) (b)

Y- 165068 Y-165979

(e {a)

Y-176865 Y-158001

{e} 40pm (n
Fig. 9.1.3. Polished cross sections of type 316 stainless steel exposed to thermally convective lithium

at 600°C in several different experiments. (a)500 h. (b) 3000 h. (c) 3500 h. {d} 3700 h. (e) 7500 h.
(£} 9000 h

nitrogen effects in these two types of experiments (aside from any due to differing concentrations) may be
the extent and rate of nickel and chromium depletion from the hotter stainless steel surfaces in the loop
tests such that a smaller dependence on nitrogen in the 600°C convection loop system is associated with the
relatively rapid ferrite layer formation and the concomitant high rate of nickel and chromium dissolution
into the lithium.

In the preceding progress report, we presented corrosion results from a lithium-12 Cr-1 MoVWW steel TCL
operating at a maximum temperature of 500°C with a temperature difference of 150°C (ref. 2). The experi-
ment was continued until a total coupon exposure time of 10,088 h was accumulated. The specimens were
then removed and are being destructively examined. The longer term data have confirmed what was reported
previously:* in contrast with the general behavior observed in nonisothermal liquid metal corrosion loops,



all loop specimens suffered small weight losses

and, in general, the weight losses of the cooler
specimens were as great as or greater than

those of the hotter coupons. In fact, the largest
cumulative weight Toss was measured for the specimen
at the lowest temperature (350°C). A close examina-
tion of the weight change data revealed that,
although the weight losses were about the same
around the loop %except at 350°C), greater than half
of these total weight losses were recorded after
just the first 522 h of exposure (see Table 9.1.2).
Furthermore, with the exception of the 500 and 350°C
specimens, the weight change behavior between 522
and 10,088 h showed no discernible trend with time
(for example, see Fig. 9.1.4). In these cases,
weight Tosses tended to be offset by weight gains
during other intervals such that no trend of
increasing weight loss with exposure time could be
established. At 500°C, weight losses increased
slightly with time (see Fig. 9.1.5), but at 350°C

a definite general monotonic increase of weight

loss occurred as a function of exposure time (see
Fig. 9.1.6). Concentrations of nitrogen and oxygen
in the Toop lithium were Tow (<100 wt ppm).

ORNL-DWG 839184
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WEIGHT LOSS (g/m?2)
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Fig. 9.1.4.

(a) 440°C. (B) 415°C.
12 r ORNL-DWG 839186
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Fig. 9.1.5. Weight loss versus exposure
time for 12 Cr-1 MoVW steel in thermally convec-
tive 1ithium at 500°C (maximum loop temperature).
Specimen H2 was located in the surge tank just
above the loop hot leg, and specimen H3 was
located just at the top of the hot leg.
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Table 912 Weight losses of 12 Cr-1 MoVW
exposed to thermally convective lithium
Coupon Coupon Weight loss (g/m2)

temperature b
&) position ;522 h  In 10,088 h
500 Hot leg 57 10.8
500 Hot leg 40 68
480 Hot leg 66 74
460 Hot leg 6.8 94
440 Hot leg 54 51
420 Hot leg 57 77
400 Hot leg 46 71
425 Cold leg 63 80
415 Cold leg 57 6.0
400 Cold leg 43 54
380 Cold leg 54 68
365 Cold leg 4.6 68
350 Cold leg a3 22.8

2 ORNL-DWG 839185

Weight Tloss versus exposure time for 12 Cr-1 MWW steel in thermally convective lithium.

ORNL DWG B3.9137

I
°L“"‘iﬁr-'*-uhs — W78l 3b0

EXPOSURE TIME (h)

Fig. 916. Weight loss versus exposure time
for 12 Cr-1 MOW steel in thermally convective
lithium at 350°C (minimum leap temperature).
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Unlike the data for the other specimens, the weight losses shown in Figs. 915 and 916 can be reason-
ably approximated by straight lines determined by the method of least squares. Under the assumption of
linear kinetic behavior, the slopes of these lines can then be used to yield approximate dissolution rates of
these specimens (as was done above for the austenitic alloy). From the data for exposure times greater than
1000 h, an average rate of 04 mg/{m2+h} was determined for the 500°C specimens (HZ2 and H3), while the rate
for the 350°C coupon was 1.0 mg/{mZ-h)}, The 500°C rate is the same as that measured at 500°C for type 316
stainless steel exposed to lithium for a long period of time (partly at 600°C).8 W had expected that the
steady-state corrosion rates would indeed prove to be similar between type 316 stainless steel and the
12 Cr-1 MOW steel, since the dissolution process controlling the weight loss of the former steel produces a
ferrite surface layer similar in composition to the latter steel. However, the pattern of weight changes
around the respective loops indicates that the corrosion mechanisms may not be the same for the two steels
under the conditions tested, and the similarity in corrosion rates may just be coincidental.

Although the weight changes in the 12 Cr-1 MOW steel loop are relatively small, it is nevertheless
important to understand the corrosion mechanisms operating in the loop. In particular, we need to determine
whether the higher corrosion rate measured at 350°C in this loop as compared with the rate at 500°C is symp-
tomatic of a change in corrosion mechanism as system temperatures fall below 500°C. Toward this end, we plan
to determine the corrosion behavior of the 12 Cr-1 MWW steel loop in the 500 to 600°C temperature range.

9.15 Conclusions

1 Weight losses and dissolution rates of path A PCA in thermally convective lithium were greater than
those of type 316 stainless steel and may be attributed to the higher nickel concentration of PCA. At long
times and higher temperature (600°C), the annealed PCA suffered slightly more dissolution than did
25%-cold-worked PCA.

2 The depth of the ferrite layer on type 316 stainless steel exposed to thermally convective lithium
at 600°C was approximately constant with exposure time between 3700 and 9000 h. At 570°C, the ferrite layer
depth was not constant during this time interval.

3.  Variations in the nitrogen concentration of lithium between 9 and 130 wt ppm did not affect the
short-term weight losses of type 316 stainless steel in a lithium—type 316 stainless steel thermal convection
loop.

P 4. The dissolution process of 12 Cr-1 MOW steel in thennally convective lithium between 500 and 350°C
was sluggish. The pattern of weight changes around the lithium loop may suggest a change in corrosion mecha-
nism as temperatures decrease below 500°C.
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9.2 CORROSION OF TYPE 316 STAINLESS STEEL IN STATIC Pb—17 at. % Li — P. F. Tortorelli and J. H. DeVan
(Oak Ridge National Laboratory)

9.2.1 ADIP Task
ADIP Task I.A.3, Perform Chemical and Metallurgical Compatibility Analyses.
9.2.2 Objective

The purpose of this program is to determine the chemical compatibility of fusion reactor candidate
materials with possible coolants and tritium-breeding materials. Specimens are exposed to static lithium,
lead-1ithium, and lead melts to identify the kinetics and mechanisms that govern corrosion. Other program
objectives are (1) to determine the effects of N, C, H, and 0 on apparent solubilities of metals in Tithium
and lead-lithium; (2) to determine the carbon and nitrogen partitioning coefficients between alloys and these
melts; (3) to determine the effects of soluble (Ca, A1) and solid (Y, Zr, Ti) active metal additions on
corrosion by lithium and lead-lithium; and (4) to determine the tendencies for mass transfer between dissimi-
lar metals.

9.2.3 Summary

The surface morphology and composition of type 316 stainless steel specimens exposed to static
Pb—17 at. % Li between 400 and 700°C were studied. Preliminary results indicated nickel depletion throughout
this temperature range and relative chromium surface enrichment for those specimens suffering the highest
weight losses.

9.2.4 Progress and Status

A molten lead-1ithium alloy is a potential tritium-breeding medium for fusion reactors.l We are there-
fore studying the compatibility of candidate structural alloys with molten lead-lithium by exposing tensile
specimens of type 316 stainless steel and 12 Cr-1 MoVW steel to the Tow-melting (235°C) eutectic composition
of Pb—17 at. % Li. The specific experimental procedures have been described previously.2 Weight change data
from these experiments2,3 indicated that the weight losses of type 316 stainless steel and 12 Cr-1 MoVW steel
exposed to static molten Pb—17 at. % Li were greater than the losses in pure lithium under similar
conditions. In addition, the maximum weight losses for type 316 stainless steel exposed to static
Pb-17 at. % Li at 300, 400, 500, 600, and 700°C for 1000, 3000, and 5000 h occurred at 600°C, and among the
500, 600, and 700°C exposures, the 3000-h weight losses were greater than those measured for specimens
exposed for 1000 and 5000 h (ref. 3). Such behavior could be explained by either the formation of a surface
corrosion product at higher temperatures and longer times or residual lead accumulating in the specimens.3
However, subsequent x-ray diffraction of the surfaces exposed at 300, 400, and 500°C revealed essentially no
evidence of corrosion product compounds or elemental lead.

During the current reporting period, work related to Pb—17 at. % Li compatibility involved (1) the pre-
paration and assembly of equipment for a type 316 stainless steel thermal-convection loop experiment with
Pb-17 at. % Li, (2) the design and initial fabrication of a slow-strain-rate testing system for liquid metal
embrittlement studies of austenitic and ferritic alloys, and (3) detailed analysis of previously tested spe-
cimens to study the relevant corrosion process(es) and to correlate surface morphology and composition with
the weight change results. This work is continuing, but preliminary results for type 316 stainless steel

exposed to Pb-17 at. % Li at 400, 500, 600, and 700°C will be summarized below.
Significant variations in both surface morphology and composition among different specimens were

observed. These can be seen in Figs. 9.2.1 and 9.2.2, which show scanning electron micrographs of surfaces
of specimens exposed for 3000 h at 500, 600, and 700°C and for 5000 h at 400, 500, and 600°C, respectively.
Note in Fig. 9.2.1 that the surface of the 600°C specimen was smoother than those at 500 and 700°C, although
the weight Tosses at 600°C were significantly greater than those at the other temperatures.3 The nodules on
the surfaces of the 500 and 700°C specimens (such as those denoted 4 and B) generally had lower relative
nickel and chromium concentrations than the surfaces as a whole (Table 9.2.1) [based on energy-dispersive
x-ray analysis (EDS)]. In general, analysis of the upper nodules on most of the specimens revealed the same
trend of Tower nickel and chromium concentrations. For example, in Fig. 9.2.2, the nodules denoted ¢ and
D had Tower Cr/Fe and Ni/Fe ratios than the underlying matrix (see Table 9.2.1). The only exceptions were
the particles observed on the 600°C surface exposed to Pb—17 at. % Li for 5000 h [Fig. 9.2.2(c)]. As
illustrated by the data in Table 9.2.1 for nodule £, these particles were less depleted in nickel (on the
basis of relative decrease) but did have lower Cr/Fe ratios relative to the surrounding matrix.

Our preceding progress report presented results from x-ray diffraction of the specimens exposed to Pb—17
at. % Li at 300, 400, and 500°C and from an initial EDS study of a specimen exposed at 500°C for 5000 h
(ref. 4). That study showed that type 316 stainless steel was depleted in nickel on exposure to the static
lead-1ithium melt at those temperatures. Further EDS has confirmed this: the data in Table 9.2.2 show that
the overall nickel concentration of the exposed surfaces was less than that of an unexposed type 316
stainless steel. Care was taken to note whether an EDS spectrum was taken over an area in the shoulder
(unstressed) or gage section of a specimen (which had been tensile tested after exposure to the melt). This
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Fig. 9.2.1.  Type 316 stainless steel exposed
to static Pb-17 at. % Li for 3000 h at (a)s00°C,
(b) 600°C, and (c)700°C. Letters denote features
selected for x-ray analysis.

fe) $20um

Fig. 9.2.2. Type 316 stainless steel exposed
to static Pb-17 at. ¥ Li for 5000 h at (a)490°C,
(»} 500°C, and (c) 600°C. Letters denote features
selected for x-ray analysis.
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was necessary because spectra taken in Table 9.2.1.
the stressed area of the specimen

sometimes contained information less

Ratios of ko peaks for selected areas on type 316
stainless steel surfaces exposed to Pb-17 at. % Li

characteristic of the surface region
if surface cracking had exposed
underlying material that had not been

Ko peak ratios

i : gt Exposure Exposure :
in contact with the liquid metal. The ; Surrounding
data in Table 9.2.2 arg therefore the tem?gg?ture %A?e Featured Feature matrix
average Kq ratios for the shoulder

area of each specimen. The observed Cr/Fe Ni/Fe Cr/Fe Ni/Fe
nickel depletion is similar to the

result of the dissolution process in 500 3000 A 0.21 0.01 0.47 0.03
flowing lithium systems.> However, 700 3000 B 0.38 0.02 0.54 0.03
such nickel depletion does not occur 400 5000 c 0.10 0.01 0.17 0.05
in static lithium under conditions 500 5000 D 0.19 0.01 0.56 0.05
similar to the present capsule experi- 600 5000 E 0.29 0.07 0.84 0.09

ments with Pb—17 at. % Li.

Table 9.2.2 also contains data on
the average Cr/Fe Ko ratios.
Interestingly, there is generally no
overall chromium depletion from the surfaces (except at 400°C),
and the surfaces with the highest Cr/Fe ratios (600°C, 3000 h)
are those that suffered the Targest weight losses. Although
the measured oxygen concentration of the starting lead was low,
such an observation possibly suggests that a principal corro-
sion process (in addition to nickel dep1etion§ may be the for-
mation of a chromium oxide (such as Cr,0;) during exposure to
the Pb—17 at. % Li. This oxide would then be reduced during
the specimen cleaning procedure (which uses low-temperature
molten 1ithium to remove the residual lead2). Such an oxida-
tion process could allow relative chromium surface enrichment
due to concurrent dissolution of nickel and iron. If an oxide
film were developed during the test, this might also account
for the decrease in corrosion rate after 3000 h and the
decrease in corrosion rate above 600°C. However, any final
interpretation of these results must await completion of our
surface analysis (EDS, x-ray diffraction) of exposed specimens.

The surface of the specimen with the highest weight loss,
exposed at 600°C, was, in certain areas, unusually rough and
characterized by an acicular structure standing in relief above
a more rapidly corroded matrix (see 4 in Fig. 9.2.3). These
areas showed a lower average Ka ratio for Cr/Fe (0.76) and a
higher average ratio for Ni/Fe (0.15) than the
remaining smoother surface (see B in Fig. 9.2.3).
(Because of this variation, the ko ratio data for
this specimen are not included in Table 9.2.2.)
Because the roughened areas appear to lie below
the Tevel of the smoother surrounding matrix, these
spots may have undergone accelerated corrosion such
that the acicular structure is in relief while the
underlying matrix is more representative of the
original composition (thereby yielding an Ni/Fe kq
ratio near that of unexposed type 316 stainless
steel and a lower Cr/Fe ratio). This would
explain the higher weight loss of this specimen.
Such a process may be related to the formation of
a corrosion product compound (as discussed above)
that is ultimately removed from the surface. The
localized nature of the attack may be related to
variations in surface composition or to the time
to complete wetting.

9.2.5 Conclusions

Fig. 9.2.3.
showing rough spots after exposure to static Pb—17 at.
% Li for 3000 h at 600°C.

1. In general, nickel was depleted from
type 316 stainless steel exposed to static Pb—17

at. % Li at 400 to 700°C. smooth.

afFeatures identified in Figs. 9.2.1 and 9.2.2.

Table 9.2.2. Average ka peak ratios
for unstressed areas of type 316
stainless steel exposed to
Pb—17 at. % Li

Exposure Exposure  Ka peak ratios
temperature time ———————
(°c) (h) Cr/Fe Ni/Fe

0 0.40 0.13

400 5000 0.30 0.08
500 3000 0.43 0.02
500 5000 0.51 0.03
500 5000 0.47 0.05
600 3000 2.12 0.08
600 5000 0.63 0.07
700 3000 0.56 0.03
M-16859

L 50 um

Specimen of type 316 stainless steel

A indicates rough area, B
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2 Relative chromium enrichment was observed for those specimens suffering the highest weight losses.
Such a result indicates possible corrosion product (oxide) formation during exposure.

926 References

L _ 0. K Sze, R clemmer, and E T. Cheng, LiPb, A Novel Material for Fusion Applications, UWFDM-378,
University of Wisconsin, Madison, October 1980.

2 P. F Tortorelli and J. H DeVan, "Compatibility of Austenitic and Ferritic Steels with P-17 at. %
IEi," p. 300-311 in ADIP Semiannu. Frog. Rep. Sept. 30, 1981, DOE/ER-0045/7, US. DOE, Office of Fusion
nergy.

3 P F. Tortorelli and J. H DeVan, "Corrosion of Austenitic and Ferritic Steels in Static Pc—17 at. %
Li," ﬁ) 500-506 in ADIP Semiannu. Frog. Rep. Mar. 31, 1982, D0E/ER-0045/8, US DOE, Office of Fusion_ Energy.
. P. F. Tortorelli and J. H DeVan, "™Corrosion of Ferrous Alloys in Static Pb and ?b-17 at. ¥ Li."

. 314=22 in ADIP Semiannu. Prog. Rep. Sept. 30, 1982, DOE/ER-0045/9, US.  DOE, Office of Fusion Energy.

5 P FE Tortorelli and O. K Chopra, "Corrosion and Compatibility Considerations of Liquid Metals for

Fusion Reactor Applications," J. Muel. Mater. 1034104, 621—32 (1981).



195

9.3 B\VRONVENTAL EFFECTS ON PROPERTIES OF STRUCTURAL ALLOYS - 0. K. Chopra and D. L. Smith (Argonne
National Laboratory)

9.3.1 ADP Task
ADP tasks LA3, Perform Chemical and Metallurgical Compatibility Analyses.

9.3.2 Objective

The objective of this ro?ram is to investigate the influence of chemical environment on the corrosion
and mechanical properties structural alloys under conditions of interest for fusion reactors. Test
environments to be investigated include lithium, lead-lithium, helium, and water. Emphasis will be placed
on the combined effect of stress and chemical environment on corrosion and mechanical behavior of
materials. Initial investigations are focused on the influence of flowing lithium and lead-lithium
environments on corrosion and mechanical properties of structural materials.

9.33 Summay

Corrosion data are presented for several austenitic and ferritic steels exposed at temperatures between
700 and 755 K in flowing lithium and Pb-17 Li environments. The results indicate that dissolution rates for
both steels are an order of magnitude greater in Pb-Li than in lithium. Tensile data for cold-worked Type

316 stainless steel dwow that a flowing environment has no effect on the tensile properties of Type 316
stainless steel at temperatures between 473 and 773 K.

9.3.4 Progress and Status

9.3.4.1 Lithium Environment

The effects of a flowing lithium environment on the corrosion behavior and low-cycle fatigue properties
of ferritic and austenitic steels are being investigated. Tests are conducted in a forced-circulation
lithium loop equipped with a cold-trap purification system to control the concentration of nonmetallic
elements, e.g3., N, C, and H. The cold-trap temperature is maintained at 498 K (225°C). By hot trapping with
Ti or zr foils (or use of dissolved getters), the nitrogen level in lithium is reduced to -50 wppm, which is
considerably below that attainable by cold trapping alone. During the tests, the concentration of carbon
and hydrogen in lithium was ~8 and 120 wppm, respectively.

Data obtained from corrosion tests (with or without constant applied Stress? and continuous-cycle
fatigue tests indicate that the concentration of nitrogen in lithium is the single most important garameter
in controlling the compatibility and mechanical properties of materials in lithium environments. ™ The
fatigue life of HT-9 alloy at 755 K in _lithium containing 1000-1500 wppm nitrogen is a factor of 2 to 10
lower than in lithium with <200 wppm nitrogen. Fa%igue life og HI-9 alloy in _low-nitrogen lithium 1s
independent of strain rate in the range of 4 x 107“ to 4 x 107%s™ , whereas, in high-nitrogen lithium a
decrease in strain rate decreases fatigue life. Furthermore, a 40-4Ms {1100-h) preexposure of the alloy to
low-nitrogen lithium has no effect on the fatigue properties. The reduction in fatigue life in high-
nitrogen lithium is attributed to internal corrosion of the material. Specimens tested in high-nitrogen
lithium show internal corrosion along grain and martensitic lathe boundaries and intergranular fracture.

Fatigue data also indicate that the fatigue lives of HT-9 alloy and Types 304 and 316 stainless steel in
low-nitrogen lithium at 755 K are greater than in air.

Corrosion data indicate that the dissolution rates of austenitic and ferritic steels exposed at 755 K
in lithium containing —200 wpm nitrogen are a factor of 2 to 4 greater than in low-nitrogen (i.e., 50 wppm)
lithium. For identical lithium purity the dissolution rate of ferritic HT-9 alloy and Fe-9Cr-1Mo steel is
an order of magnitude lower than for the Types 304 and 316 stainless steel. The dissolution rate for cold-
worked Type 316 stainless steel is a factor of 2 to 3 greater than that for the annealed steel. For
annealed Type 316 stainless steel, the corrosion rate Iin cold-trapped flawing lithium at_755 K is an order
of magnitude greater than that observed in static lithium or thermal convection 1loops. 5 After exposure to
1ithium, the austenitic stainless steels develop a very porous ferrite llayer due to depletion of nickel from
the steel. The ferritic steels show little or no internal penetration.

Duiring the current reporting period, corrosion tests were conducted at 755 and 700 & with severai
ferritic and austenitic steels to study the time and temperature dependence of corrosion in lithium.

Tensile tests were performed with 20% cold-worked Type 316 stainless steel in flowing lithium and in vacuum
to invfistigate the possible embrittlement of the material in lithium at temperatures between 473 and

773 K. Flat specimens, 559 x 1.27 mm in Cross section and 22.23-mm gauge length were used for the tensile
tests. All tests were performed at an initial strain rate of 4 x 10™%s~I, During the corrosion and tensile
tests the nitrogen content in lithium wes between 150 and 200 wppm.

The corrosion behavior wes evaluated from measurements of wefght loss and depth of internal penetration
(1.e., thickness of the ferrite layer for austenitic stainless steels). The weight loss for solution-
annealed Types 304L and 316 stainless steel, 20% cold-worked Type 316 stainless steel, and Path-A PCA alloy
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Table 93.1. Values of constant K for austenitic stainless steels exposed at 700 and 755 K

to flowing lithium of different purities

Conditions of Lithium Exposure

Material 755 K (482°C) 700 K (427°C)
High N Low N High N

3041 0.0460 0.0185 -

316 S5S 0.1732 0.1577 0.1732

316 CW 0.2148 0.1577 0.2183

PCA 0.4974 - 0.3214

The weight losses of ferritic HT-9 alloy and Fe-9Cr-1Mo steel exposed at 700 and 755 K to flowing
lithium of different purities are shown in Fig. 9.34. The results indicate that the weight losses of
steels are an order of magnitude lower than those of the austenitic stainless steels. Furthermore, the
weight losses of ferritic steels follow a linear law with time and yield a constant value for the
dissolution rate.
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Fig. 9.3.3. Weight loss versus exposure time for Fig. 9.3.4. Weight loss versus exposure time
Path-A PCA alloy exposed at 700 and 755 K to flow- for HT-9 alloy and Fe-9Cr-1Mo steel exposed at 700
ing Tithium containing 150-200 wppm nitrogen. Each and 755 K to flowing lithium containing 50 or 150-
symbol type represents weight loss for a single 200 wppm nitrogen.

specimen after various exposure times.

Metallographic examination of the exposed specimens revealed that the austenitic stainless stge%s
develop a porous ferrite layer whereas the ferritic steels show 1ittle or no internal penetration-©:~¥ The
depth of internal penetration, i.e., the thickness of the ferrite layer, in austenitic stainless steels
increases with time. Fig. 9.3.5 shows the internal penetration for Type 316 stainless steel exposed to
flowing lithium at 755 K for up to 18.0 Ms (5000 h). Data for low-nitrogen lithium follow a linear growth
law and yield growth rates of 90 and 140 um/y for annealed and cold-worked Type 316 stainless steels,
respectively. Internal corrosion in specimens exposed to high-nitrogen 1ithium is slightly greater than in
in specimens exposed to lTow-nitrogen 1ithium. )

The influence of lithium environment on the tensile properties of 20% cold-worked Type 316 stainless
steel was investigated by conducting tensile tests in flowing lithium and in vacuum at temperatures between
473 and 773 K (200 and 500°C). Fig. 9.3.6 shows the ultimate strength and total elongati?n of the material
in 1ithium and vacuum. A1l tests were performed at an initial strain rate of ~4 x 107"s™*. The results
show that a Tithium environment has no effect on the tensile properties of the steel. The values of tensile
strength and total elongation in flowing 1ithium and vacuum are comparable.

9.3.4.2 Lead-Lithium Environment

A forced-circulation loop has been completed for conducting corrosion and mechanical tests oOf
structural materials in a well-characterized giquid Pb-17Li environment. A detailed description and
schematic of the loop were presented earlier.® The eutectic alloy was prepared in a mixing vessel and
bottom poured into the loop. The loop has now operated for 14.7 Ms (4900 h); the initial 2.5 Ms (700 h} at
a maximum temperature of 644 K (371°C) and subsequent operation at 727 K (454°C). The cold- leg temperature
was maintained at 573 K (300°C). The eutectic alloy was analyzed to check the composition and determine the
concentration of interstitial elements such as 0, H, and C. Several analyses show that the alloy
composition is Pb-16.3 Li and the concentrations of 0, H, and N are 260, 22, and <10 wppm, respectively.

Corrosion tests were conducted with several austenitic and ferritic steels in flowing Pb-Li at 700 and
727 K (427 and 454°C). After exposure, the corrosion coupons were cleaned in static lithium at 563 K
(290°C). Subsequently, the specimens were washed in alcohol and water. This procedure was repeated several
times till no further weight change was observed for the coupons. Control specimens were also exposed with
the corrosion coupons in lithium to monitor any weight change during the cleaning operation. No measureable
weight change was observed for the control specimens. The weight loss for annealed and cold-worked Type 316
stainless steel and the ferritig steels is shown in Figs. 9.3.7 and 9.3.8, respectively. The data for the
capsule tests performed at ORNL® are also included in the figures. The results show that the dissolution



rates of both austenitic and ferritic steels in flowing Pb-Li are an order of magnitude greater than in
flowing lithium. The overall corrosion behavior of the various alloys in Pb-Li is similar to that in
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lithium. For example, the weight losses in the austenitic stainless steels are an order of magnitude
greater than in the ferritic steels, and the weight loss for cold-worked Type 316 stainless steel is higher
than in the annealed steel. The weight losses in the austenitic steels follow a power law with time,
whereas weight loses of ferritic steels are linear.

Metallographic examination of the exposed specimens revealed that the austenitic stainless steels
develop a weak and porous ferrite layer. This layer broke off easily during mounting or polishing of the
specimens. Such internal corrosion was not observed for the ferritic steels.

Specimens of Path-A PCA alloy were also exposed for 3.26 Ms (905 h) to flowing lithium at 700 and
727 K. Weight Toss in the specimens after the first cleaning in lithium was comparable to that of cold-
worked Type 316 stainless steel. However, the PCA specimens continued to show weight loss upon subsequent
cleaning. Consequently, an accurate value for weight loss could not be obtained for these specimens. After
each cleaning, greyish flakes or powdery deposits were observed on the specimen surfaces. Metallographic
examination of the deposits revealed that the grey flakes were sections of the ferrite Tayer that broke off
from the specimen surface. Micrographs of the loose ferrite layer are shown in Fig. 9.3.9.

The surface has a very porous and etched appearance. The twin boundaries can be seen clearly. Energy
dispersive x-ray analysis showed that the surface layer consisted of >90% Fe and ~5% Cr. Additional
corrosion tests are being conducted to evaluate the compatibility of PCA alloy in a flowing Pb-Li
environment.

Fig. 9.3.9. Micrographs of the loose surface layer of ferrite on
PCA alloy exposed at 727 K for 3.26 Ms in a flowing Pb-Li environment.

9.3.5 Conclusions

The corrosion data for austenitic and ferritic steels in flowing lithium at 700 nd 755 K indicate that
weight losses for austenitic stainless steels follow a power law with time, whereas weight Tosses of
ferritic steels follow a linear law. For identical exposure conditions, weight loss in the different
austenitic stainless steels increases in the following order: annealed Type 304L, annealed Type 316, cold-
worked Type 316, and PCA alloy. The dissolution rates of the ferritic steels are an order of magnitude
lower. The austenitic steels develop a porous ferrite scale after exposure, and the ferritic steelS show no
interga} corrosion. The thickness of the ferrite layer increases with time and may be expressed by a linear
growth law.

Tensile data for cold-worked Type 316 stainles steel indicate that a flowing lithium environment has o
effect on the tensile strength or total elongation of the steel. The tensile properties in flowing lithium
and in vacuum are comparable.

Corrosion tests in a flowing Pb-17Li environment indicate that the dissolution rates for both
austenitic and ferritic steels in Pb-Li are an order of magnitude greater than in flowing 1ithium. The
influence of time, temperature, or alloy composition on the corrosion behavior in Pb-Li is similar to that
in flowing lithium,
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9.4 COMPATIBILITY OF VANADIM ALLOYS WITH HIGH-TEMPERATURE WATER — P. F. Tortorelli and J. H DeVan
(Oak Ridge National Laboratory)

9.4.1 ADIP Task
ADIP Task I.LA3, Perform Chemical and Metallurgical Compatibility Analyses.

9.4.2 Objective

The purpose of this task is to determine the compatibility of Path C vanadium alloys with high-
temperature water for ai)pllcatlon to water-cooled fusion reactors. Candidate alloys are exposed 10 high-
purity water in a stainless steel autoclave (with and without a hydrogen overpressure) to qualitatively

d.etermi?e (1) the extent of oxidation of the alloys and (2) the tendency for hydrogen uptake by these
materials.

9.4.3 Summary

Weight gains of Path C vanadium alloys (V-20% Ti, V-4%% Cr—5% Ti, Vanstar-7) exposed to 300°C water for
100 h were relatively small and not significantly affected by hydrogen overpressure.

9.4.4 Progress and Status

A recent investigation) showed that V-15% O and ¥=15% Cr-5% Ti undergo only limited oxidation in high-
purity water and therefore may be considered for use with a water coolant in a fusion reactor. Consequently,
we have conducted additional experiments to examine the effects of oxygen suppressants, particularly
hydrogen, on the oxidation rate in water and on the potential for hydrogen uptake by these vanadium alloys.
several sets of tensile specimens of the three Path C alloys — V20 Ti, ¥-15% Cr-5% Ti, and Yanstar-7
(v=8% Cr—3% Fe—12% Zr) — wereexposed for 100 h to deaerated, deionized water in a stainless steel autoclave
at 300°C to partially simulate pressurized water reactor conditions. The average steam pressure in the
autoclave was about 9.0 MPa (1.3 ksi). After cooling from the exposure temperature, the specimens were
removed from the autoclave, dried, and then imnediately weighed and tensile tested in air at room

emperature. Portions of the specimens were used for microhardness determination (within 12 h of removal
rom the autoclave) and hydrogen analysis (within 30 h). These analyses were performed as quickly as
possible to avoid loss of hydrogen. Cross sections of the specimens were subsequently polished and etched
for detailed metal lographic examination.

The weight change, hardness,

nd hydrogen concentration data are

isted in Table 9.4.1, which also Table 9.4.1.  Weight change, hardness, and hydrogen
ontains data for control specimens. concentration for vanadium alloys exposed to
consideration of the weight’ change deaerated water for 100 h at 300°C

data shows that, although the growth
rate of the oxide scale was signifi-

ant over the 100-h test duration, H,

he scale appears extremely protec- Material pressure Eﬁ;ghz Hardness Eﬁggggi"
ive. Longer term experiments condition ST /mg) (DPH) (wt ppm)
ill be needed to assess the cxida- (kPa)  (psi) g PP
ion kinetics. Although the weight

ains per unit time are at least V—20% Ti

0 times those reported previouslyl Annealed, control 256 4
For an exposure temperature of 250°C Annealed 0 0 +1.6 232 28
ather than the 300°C of our Annealed 83 12 +1.8 230 29
experiments), metallographic obser- Cold worknd 83 12 +0.2 320 22
vation of polished and etched cross Cold worked, control 313 15
sections revealed little apparent

oxidation of the vanadium alloys (see V—15% Cr—5 Ti

Figs. 9.4.1-%,4.3). Also, as shown Annealed. control 276 4
by the data in Table 9.4.1 and the Annealed’ 0 0 +1.7 217 23
micrographs in Figs. 9.4.1 through Annealed 83 12 +0.8 209 23
9.4.3, the hydrogen overpressure had Cold worked 83 12 -0.5 336 16
no effect: hardnesses, hydrogen Cold worked, control 332 17
concentrations, and tensile proper-

ies were similar for the specimens Vanstar-7

xposed to water regardless of the Annealed, control 231 4
presence of added hydrogen. This Annealed 0 0 +1.4 202 17
result is significant because ther- Annealed 83 12 +0.9 198 17
modynamic calculations of hydrogen Cold worked 83 12 -0.7 280 9
artitioning predict a measurable Cold worked, control 281 8

ptake of hydrogen under equilibrium
conditions with an 83-kPa (12-psi)
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Y-191325

L 200um ,

Fig. 941 Polished and etched cross sections
of V-20% Ti exposed at 300°C for 100 h. (a)Control,
held in vacuum. {b) Water, no hydrogen overpressure,
{e) water, 83 kPa hydrogen.

Y-190301 Y-191329

;i:
E
|
B
i
£

¥-191326
, 200um

Fig. 942 Polished and etched cross sections
of Vv-15% Cr—5% Ti exposed at 300°C for 100 h.
(a) Control, held in vacuum. ({»} Water, no hydrogen
overpressure. ({e) Water, 83 kPa hydrogen.
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Y-190305 Y-191330

Y-191327

Fig. 9.4.3. Polished and etched cross sections
of Vanstar-7 exposed at 300°C for 100 h. (a) Control,
held in vacuum. (k) Water, no hydrogen overpressure.
(e¢) Water, 83 kPa hydrogen.

hydrogen pressure.2 These results suggest that the thin oxide film provides an effective hydrogen barrier on
the vanadium alloys under our exposure conditions, in accord with a related study of hydrogen permeation
through vanadium.3 Further experiments with these alloys are planned to expand the above results and to gain
a better understanding of the hydrogen uptake process.

9.4.5 Conclusions

1. According to initial results, the Path C vanadium alloys V—20% Ti, V—15% Cr-5% Ti, and Vanstar-7
appear to have acceptable oxidation rates in water at 300°C.

2. No effect of a hydrogen overpressure of 83 kPa (12 psi) on the compatibility of the vanadium alloys
in 300°C water was observed.
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95 COMPATIBILITY STUDIES G STRUCTURAL ALLOYS WITH SOLID BREEDER MATERIALS = 0. K Chopra and
D. L. Smith (Argonne National Laboratory)

951 ADIP Task

ADIP Task 1.A.3, Perform Chemical and Metallurgical Compatibility Analyses.

9.5.2 Objective

The objective of this task is to evaluate the compatibility of solid breeder materials with structural
alloys. The interactions between breeder materials and alloys are investigated as a function of
temperature, time, and environmental parameters {i.e., flowing helium environments with different moisture
contents). Reaction rates are determined by measuring the weight change, depth of internal penetration, and
thickness of corrosion scales. These measurements, coupled with metallographic evaluation of the alloy
surfaces, are used to establish the mechanisms and rate-controlling processes for the corrosion reactions.
Breeder materials to be investigated include Li»0, LiA10p, Li55i03, LiTi03, and LipZrDs3.

9.5.3 Summary

Compatibility tests between ferritic HT-9 alloy or Fe-9Cr-1Mo steel and Liy0 pellets in a flowing
helium environment indicate that the reaction rates in helium containing 93 ppm HoG are greater than in
helium with 1 pom H,0. All alloy specimens gain weight whereas the Liz0 pellets %ose weight after
exposure. Data on %he reaction kinetics and metallographic evaluation of the alloy specimens are presented.

9.5.4 Progress and Status

A comparative evaluation of the reactivity of the HT-9 alloy and Type 316 stainless steel with solid
tritium-breeding mafegials, such as Liy0, L1A10p, and Li,5i03 at 973 and 773 K (700 and 500°C) was presented
in earlier reports. **¢ Those tests were conduc%ed with Sealéd capsules constructed from different alloys
and packed with the ceramic material. The results indicated that Li»0 is the most reactive of the three
breeder materials. Alloy specimens packed with Li;0 developed an adEerent reaction scale consisting of the
ceramic material embedded with iron-rich reaction products.

A significant result from the capsule compatibility tests was that the thickness of the reaction scale
or depth of internal penetration was the same after 36 and 7.2 Ms (1000 and 2000 h)}. This behavior
suggests that the interactions between alloy and ceramic stop after a short time. 1t is probable that in a
closed system, such as in a sealed capsule, the chemical activity of the reactive species decreases with
time. For a better understanding of the nature of the corrosive interactions, compatibility tests were
conducted in a flowing-helium environment with controlled partial pressures of oxygen and hydrogen. Such
experiments simulate the conditions projected for blanket structures during reactor 0 eration.

A detailed description of the compatibility test facility was presented earlier.’ Alloy specimens
-10 x 10 x 04 mm in size were sandwiched between two - 12-n-diameter by - 2.4-n-thick pellets of Li,0 (88%
theoretical density) and mounted in a specimen holder such that the surface of the ceramic pellets was
exposed to the flowing-gas environment. Figure 951 shows the specimen holder and the various
alloy/ceramic reaction couples. A separate nickel foil (without Li,0 pellets) was placed downstream from
the couples to study the deposition behavior. The gas environment was provided by premixed gas mixtures of
He, H%O, and Hp. Compatibility tests were conducted at 823 K for 1.8, 3.6, and 7.2 Ms (500, 1000, and
2000 h) in flowing helium with 93 ppm Ha0 and 1 ppm and for 36, 9.0, and 144 Ms (1000, 2500, and
4000 h) in flowing helium with 1 ppm each of H50,and . During the test, the flow rate of the gas mixture
through each specimen exposure tube was ~0.45 ¢m”/s. This flow rate corresponds to a velocity of
-16 mm/s. Four reaction couples consisting of HT-9 alloy, Fe-9Cr-1Mo steel, 20% cold-worked Type 316
stainless steel, and either pure nickel or annealed Type 316 stainless steel were included in each
compatibility test. Data on the reaction kinetics and a metallographic evaluation of the alloy specimeni
exposed in flowing helium containing 93 ppm Hp0 and 1 ppm Hy were presented in the last progress report.

During the current reporting period, weight-change measurements and metallographic examination were
performed on the alloy specimens exposed at 823 K in flowing helium containing 1 ppm each of Hy0 and Hp.
Figure 952 shows the alloy and Lip0 specimens fran the various reaction couples exposed for %4.4 Ms.
After exposure, all alloys gained weight, whereas the Lio0 pellets lost weight. There was a net loss in
weight for the total reaction couple. In some instances, the reaction scale on the ferritic HT-9 alloy and
Fe-9Cr-1Mo steel spalled off when the specimens were removed from the holder; consequently, the weight gain
of the alloys could not be determined for several reaction couples. The weight changes for the different
alloys are given in Table 9.5.1.

Metallographic examination of the alloy specimens revealed that the reaction scale on the specimen
surface consisted of a very uniform and dense layer of outer scale and a porous layer of subscale. The
depth of internal penetration and the total scale thickness on ferritic alloys exposed with Liz0 in a
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Fig. 951 Specimen holder and the Fig. 9.5.2. Alloy and ceramic specimens from
various alloy/ceramic reaction couples. various reaction couples after a 14.4-Ms exposure
at 823 K in helium containing 1 ppm each of Hy0 and H,.

Table 9.5.1. Weight change for alloys exposed with Lis0 at 823 K in a flowing helium
environment containing 93 or 1 ppm Ho0 and 1 ppm H,

Exposure Weight Gain, ng
Time, HT-9
Ms {h) Al1loy Fe-9Cr-1Mo 316 CW 316 SS Pure Ni Ni Foil@

Helium with 93 ppm H»G and 1 ppm Hz

1.8 {500} 27 36 6.3 b 0.1 b
36 (1000) 2.3 35 6.2 46 b 06
7.2 {2000) 17.6 c 19.2 b 6.0 0.4

Helium with 1 ppm H20 and 1 ppm Hp

36 (1000} 32 6.5 6.6 b 1.0 0.1
9.0 (2500) 7.3 25 7.2 c b 06
14.4 (4000) 8.7 c 10.9 b 1.9 1.4

3Exposed without the Lio0 pellets and located downstream fran the reaction couples.

BNot tested.
‘Weight change could not be determined because the scale spalled off.

flowing-gas environment are plotted as a function of time in Fig. 9.5.3. The depth of internal penetration
represents the actual metal loss and was obtained ffam the difference between the initial thickness and
sound metal remaining, i.e., the unreacted metal. The results indicate that the corrosion behaviors of
ferritic HT-9 alloy and Fe-%Cr-1Mo steel are similar. Internal penetration and total scale thickness under
various test conditions are approximately the same for both steels.

Figure 9.5.3a indicates that the depth of internal penetration of the specimens exposed in helium
containing 1 ppm H»0 reaches a constant value after an initial period of rapid interaction. The average
value for the deptﬁ of internal penetration is -15 uym after 3.6. 9.0, and 14.4 Ms exposure. The specimens
exposed in helium containing 93 ppm H0 may exhibit similar behavior. However, the longest duration of the
tests with 93 ppm H0 was 72 Ms and the penetration depth increased gradually with time. After the 7.2-Ms
exposure, the average value of penetration in helium containing 93 ppm Hp0 was greater than that in helium
with 1 ppm Ha0.

The thickness of total reaction scale for the specimens exposed in helium with either 93 or 1 ppm Ha0
increases with time. As seen earlier for the penetration depth, the total scale thickness of the specimens
exposed in helium containing 93 ppm Hp0 is greater than that for specimens exposed in helium with 1 ppm
HoO0. For both moisture contents, the data follow a power law and the reaction rate decreases with time. It
is probable that the total scale thickness also reaches a saturation value after longer exposure times.
However, the scale thickness for the long-duration tests could not be determined because the scales had
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Fig. 9.5.3. {a) Internal penetration and (b} total scale thickness for HT-9 and Fe-9Cr-1Mo steel
specimens exposed with Lis0 pellets at 823 K in flowing helium containing 93 or 1 ppm Hp0 and 1 ppm Ha.

spalled off. Measurements of the depth of internal penetration and total scale thickness for the Type 316
stainless steel specimens are in progress.

Micrographs of the reaction scales on HT-9 alloy and Fe-9Cr-1Mo steel specimens exposed with Lis0 at
823 K in flowing helium containing 1 ppm H50 and Hy are shown in Figs. 954 and 955, respectively. All
specimens show a very umiform and dense ou%er' scale, a porous subscale. and corrosive penetration in the
bulk material. Similar behavior was observed for specimens exposed in helium containing 93 ppm Hy0 and
1 pom H,., The outer scale and subscale for HT-9 alloy and Fe-9Cr-1Mo steel show identical features.
However, bulk penetration in the HT-9 alloy is uniform whereas the Fe-9Cr-1Mo steel exhibits penetration

(a) (b)

Fig. 9.5.4. Micrographs of the reaction scales on HT-9 alloy exposed with Lis0 pellets at 823 K for
(a) 36 Ms and {b} 9.0 Ms in flowing helium containing 1 ppm each Hy0 and Hs-
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(a} {h)

Fig. 9.55.  Micrographs of the reaction scales on fe-9Cr-1Mo Steel exposed with Li,0 pellets at 823 K
for (a) 36 M and (b) 9.0 n3 in flowing helium containing 1 pom each H20 and H,.

along grain or martensitic lathe boundaries. The outer scale on both ferritic steels has a dark surface
layer %region A in Fig. 9.5.4) which often disintegrated during mounting or polishing of the specimens. The
entire outer scale spalled off in some specimens when the reaction couples were separated or removed from
the specimen holder.  Such specimens showed a net loss in weight as well as in thickness.

nergy dispersive x-ray analyses of the various regions of the reaction scale, on both of the ferritic
steels exposed in helium con_tainin? 1 ppm Ho0, fndicate that the outer scale is primarily lithium-iron
oxide. chemical composition of the dar& surface layer of the outer scale wes 57% Fe and 0.3% O and the
dense scale contained 69% Fe and 0.5% Cr. The porous subscale consisted of 48% Fe, 18%Cr, and 2% Mo.
Enrichment of v (only for Fz-3Cr-iMo steel) and Si wes also observed in the subscale. Electron microprobe
analyses of the reaction scale yielded oxygen concentrations between 25 and 30%. These results suggest 4%
L{ (obtained by difference) in the reaction scale. The dark surface layer may contain -12%L1.

The Lip0 pellets from the various reaction couples lost weight after exposure and their weight loss in
helium containing 93 ppn HoG wes greater than in helium with 1 ppm Hs0. Figure 9.5.6 shows the weight loss,
expressed as a percent of %he initial weight, of the Li,0 pellets exposed with the ferritic steels. The
results can be expressed by a linear law and y{ield weigﬁt osses of 12.2 and 3.8%/year of Lip0 exposed in

TIME (k)
60 1000 2000 3000 4000

Li,0 EXPOSED AT 823 K (550°C)
5[~ iN FLOWING He (93 OR Ippm Ha0 + | ppm Ha] ENVIRONMENT e

| HO (ppm) REACTION

E AT e =4
b e o HT-9 °

=zt & 0O 9Cr-iMo —
= . Ni

]

[¥8)

=

TIME (Ms)

Fig. 9.5.6. Weight loss for Li,0 pellets exposed with different alloys at 823 K in flowing helium
containing 93 or 1 ppm Hp0 and 1 ppm Hp.
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helium with 93 ppm and 1 ppm Hs0, respectively. These values are 2 to 3 orders of magnitude greater than
those predicted fran equilibritim reaction kinetics. However, two separate interactions, viz., gas-pellet
and alloy-pellet interactions, contribute to the measured weight loss. The moisture in the helium
environment reacts with Lis0 to form Li0OH gas whfch is carried away by the flowing gas stream. This
reaction leads to a net weight loss for Lip0 as well as to the total reaction couple. The alloy-pellet
interactions in the presence of moisture Tead to the formation of ternary oxides of Li and Fe or Cr on the
alloy surface. Such reactions result in a weight loss for Lis0, a weight gain for the alloy specimen, and a
net weight gain for the total reaction couple. Data on we'igh% change show between 1- and 12-mg (#.e., 0.1
to 1.2%) loss in weight for the various reaction couples, indicating that the gas-pellet interactions
dominate the weight loss for the Lis0 pellets.

The weight loss for Lins0 pellets exposed with pure nickel specimens is included in Fig. 956. The
nickel specimens showed significant internal corrosive attack and weight gain, particularly after long
exposure times. However, the dense outer reaction scale was not observed and the weight gain of the nickel
specimens was a factor of 5 to 10 lower than that for the ferritic steels.

Metallographic examination of Type 316 stainless steel specimens exposed in helium containing 1 ppm
each of Ho0 and Hy is in progress. X-ray diffraction and electron microprobe analyses of the reaction
scales on both ferritic and austenitic steels are being conducted to positively identify the various phases.

955 Conclusions

Data fam the compatibility tests in a flowing- helium environment indicate that the reaction rates in
helium containing 93 ppm H¥0 are greater than in helium with 1 p p Hs0. All alloy specimens gain weight
after exposure. Both ferritic steels exposed in helium with either 93 or 1 ppm Hp0 develop a dense iron-
rich scale and a porous chromium-rich subscale. The dense outer scale tends to spall off easily. The pure
nickel specimens also show corrosive penetration and weight gain. However, the weight gain for nickel is
significantly lower than that for the ferritic steels.

Measurements of the reaction-scale thickness indicate that the depth of internal penetration, i.e.,
actual metal loss, for ferritic specimens exposed in helium containfng 1 ppm H O reaches a constant va ue
after -36 Ms. A similar behavior was observed earlier from compatibility tesh with sealed capsules.' The
specimens exposed in helium containing 93 ppm Ho0 show a gradual increase in penetration up to 7.2 Ms. The
penetration depth may reach a constant value for longer exposure times. For both moisture contents, the
thickness of the total reaction scale follows a power law and the reaction rate decreases with time.
Additional data are required to establish the long-term reaction kinetics as a function of moisture content
in helium.

The Lio0 pellets exposed with the various reaction couples show weight loss and there is a net loss in
weight for the total reaction couple. The weight loss in helium containing 93 ppm Hp0 is greater than in
helium containing 1 ppm Hz0. The weight loss for Lis0 pellets follows a linear law and yields weight loss
values of 12.2 and 3.8%/year in helium with 93 and 1 ppm Hy0, respectively. These values are significantly
greater than those predicted from equilibrium reaction kinetics. However, the weight-loss for the LT'ZO
pellets results fran both gas- and alloy-pellet interactions.
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