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FOREWORD

This report is the first in a series of Quarterly Technical Progress
Reports on "4lloy Development for Irradiation Performance” (ADIP) which
is one element of the Fusion Reactor Materials Program, conducted in sup-
port 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-Materials Interaction (PMI)
. Special Purpose Materials (SPM)

The ADIP program element is a National effort composed of contribu-
tions from a number of National laboratories, universities, industrial and
institutional laboratories organized by the Materials and Radiation Effects
Branch, Office of Fusion Energy, DOE, and a Task Group on Alloy Devetopment
for Irradiation Performance which operates under the auspices of that
Branch. 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 (to be published) so that activities and accom-
plishments may be followed readily relative to that Program Plan. Thus,
the work of a given laboratory may appear throughout the report. Chapters
1,2, 7, and 8 report on topics which are generic to all of the ADIP
Program: Analysis and Evaluation, Test Methods Development, Status of
Irradiation Experiments, and Corrosion Testing and Hydrogen Permeation
Studies, respectively. Chapters 3, 4, 5, and 6 report the work that is
specific to each of the four paths of alloy development along which the
program is structured - Path A: Austenitic Alloys, Path B: Fe-Ni-Cr
Superalloys, Path C: Reactive and Refractory Metals and Alloys, and Path
D: Innovative Concepts. 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 Perform-
ance, E. E. Bloom of Oak Ridge National Laboratory, and his efforts, those
of the supporting staff of ORNL and the many persons who made technical
contributions are gratefully acknowledged. T. C. Reuther, Materials and
Radiation Effects Branch, is the Department of Energy counterpart to the
Task Group Chairman and has responsibility for the ADIP Program within
DOE.

Klaus M. zZwilsky, Chief

Materials and Radiation
Effects Branch

Office of Fusion Energy






ALLOY DEVELOPMENT PROGRAM STRATEGY

Development ot matarials to withstand the hostile environment of a
fusion reactor first-wall presents the most formidable challenge that
materials engineers have had to face yet. The combination of temperature,
stress, and radiation effects in the form of displaced atoms and trans-
mutation products places demands on materials well beyond current capa-
bilities. The Office of Fusion Energy, Department of Energy, has
recognized the magnitude of the problem of developing structural materials
for First-wall applications and has established an alloy development
program to meet this challenge. The strategy for this program is
summarized below.

Goals

The program is focused on development of materials for commercial
reactors by the end of this century. It also is organized to provide
materials data for design of the relatively low-parformance devices that
will be constructed in the intervening time. For the commercial reactor
the goal is development of a structural material that will have a service
life of 40 Miyr/n®.

Basis of Strategy

1. There is today no single class of candidate materials that
obviously will be able to meet the requirements of a commercial reactor.
This means that the program must be broad in terms of the range of
materials that it includes. Premature selection or rejection of a
structural material could severely limit design performance options
later. Performance criteria must be established early in the program,
and the number of materials considered must be reduced rapidly, on the
basis of properties of unirradiated materials wherever possible.

2. Several performance factors or failure mechanisms could limit
the useful life of structural components. Slight design alterations
could change the material properties controlling lifetime. As a
consequence, a broad program aimed at defining and improving several
properties concurrently is gecessary.



3. The exposure goal of 40 MWyr/m2 makes irradiation effects the
dominant element in the program. There is no way to estimate the prop-
erties of materials irradiated to such high levels on the basis of prop-
erties of unirradiated materials. Final decisions on alloy choices will
be based on extensive measurement of irradiated materials including the
evaluation of properties during irradiation. The program will not be
directed exclusively at irradiation performance, however, and much of
the early identification of promising alloy systems for development will
be based on measurements of properties outside the irradiation environ-
ment.

4. The ideal test environment has a fusion neutron spectrum, a
flux high enough to allow accelerated testing and an experimental

volume on the order of 10 liters. Such a source is not currently avail-
able or authorized, but the plan assumes that one will become available

around 1990. Since materials development is such a long-term activity
involving many time-consuming iterations to achieve an optimum condition,
the program cannot be delayed until then. This means that in the next
few years the program must rely on less-than-ideal sources (principally
fission reactors), simulation techniques, and, of necessity, a strong
understanding of the physical processes that occur during irradiation.
The Damage Analysis and Fundamental Studies Task Group and the d-Li

neutron source are essential elements of this part of the strategy.

The Parallel Path Approach

Initial studies suggest that stainless steels, nickel-base alloys,
and refractory or reactive metal alloys all offer attractive properties
for fusion reactor applications. Our present knowledge does not allow
us to identify one of these as the most promising and to concentrate
our efforts on it. A parallel path approach is essential to allow the
wide range of potential candidates to be assessed fairly. The four
paths included in the program represent materials that have not only
different basic characteristics in terms of probable fusion reactor
performance but also different levels of technology development and

different degrees of risk or potential for performance and success.



These four individaul paths are identified and described in the

following paragraphs.

Path A: Austenitic Alloys

Alloys in the composition range of the austenitic stainless steels
represent our most established technology, including both fabrication
and irradiation experience. W are in a position now to identify Prime
Candidate Alloys for this class and to proceed to optimize them in terms
of composition and microstructure. These materials will meet the needs

of near term machines.

Path B: Fe-Ni-Cr Superalloys

Alloys in this class offer higher strength and higher temperature
capabilities than the stainless steels. Our knowledge, especially of
irradiation performance, is more limited, however, and we will begin by
investigating a series of Base Research Alloys that are aimed at defining
useful compositions for optimization. These studies will result in
identification of a group of Prime Candidate Alloys and an optimization

program similar to that for the Path A alloys.

Path C. Reactive and Refractory Metals and Alloys

Although the reactive (e.g., titanium) and refractory {(e.g., vanadium,
niobium) metals have received relatively little attention for fission
reactor applications they have attractive physical and mechanical prop-
erties that suggest high potential for fusion reactors. Limited irra-
diation testing of vanadium alloys has shown little degradation of
properties. The reactive and refractory metal alloy systems are markedly
different in character, but they are both included in Path C because
schedules for their development are similar. Work in this class begins
with a broad series of scoping alloys that will lead first to a group
of Base Research Alloys and finally to the identification of Prime

Candidate Allbys that will be optimized as in the other classes.
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Path D: Naw Concepts
Path D will address innovative and composite material options.

This path is included in the program in recognition that the conventional
concepts of metallurgical development that are implicit in Paths A, B,

and C may not be adequate for fusion reactor application. These alter-
native concepts will be examined to overcome the performance limits im-
posed by more conventional materials engineering. This path might include
novel concepts such as graded materials, fiber structures, composites,
structural ceramics, unique material processes, ordered alloys, and other
imaginative ideas that offer the possibility of reduction to engineering
practice. It also will include ultra-low activation concepts. The
development schedule will follow the steps in Path C after an initial

evaluation of the concepts is completed.

Major Milestones

A schedule of major (Level 1) milestones is given in the following
table. It allows an optimized alloy to be designed for each path by early
in the 21st century. (OPT-Al indicates the initial optimized alloy on
Path A; the schedule allows two sequences of optimization on Path A
and one on each of the others.) This is not to imply that all paths
will be followed to completion; as results become available less prom-
ising approaches will be eliminated. This program presents the strategy

for reaching an optimized alloy on each of the individaul paths.
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HIGHLIGHTS

1.1 The Establishment of Alloy Development Goals Important to the
Commercialization of Tokamak-Based Fusion Reactors (ANL and

McDonnell Douglas)

Definition of the magnitude of material property improvement re-
quired to achieve an acceptable life for tokamak reactor first walls
provided important guidance to alloy development. Relating material
property requirements to reactor design also improves communication
between the design and materials specialist necessary to reach the

desired reactor performance.

1.2 Economic Impact of Using Refractory Metals for Fusion Reactors

(McDonnell Douglas)

Determination that the cost of refractory metal components restricts
their use to first wall/blanket/header components increase the need for
defining compatibility between refractory metals, coolant and common non-
refractory metal piping, pumps,, etc. Also, definition of the potential
economic advantages for refractory metals helped to scope the appropriate

development effort.

2.1 Determination of Fatigue Specimen Configuration for Irradiation

Effects Testing (McDonnell Douglas)

Use of a sheet material fatigue specimen substantially increases
the number of specimens per unit volume of reactor test space. It also
eliminates the need for rod stock thereby relieving the strain on test

material availability, particularly important for most path C materials.

3.5 The Influence of Irradiation on the Properties of Path A Alloy
Weldments (ORNL)

Samples of type 316 stainless steel welded with 16-8-~2 filler metal
irradiated at about 55°C were lower in strength and comparable in ductility

to the unirradiated base metal.



3.6 The Effect of Irradiation at About 55°C on Type 316 Stainless Steel
(ORNL)

Evaluation of 20%-cold-workedtype 316 stainless steel irradiated
at about 55°C to produce up to 10 dpa and 500 at. ppm He shows that the
alloy will not swell any measurable amount and that the only tensile
property change of consequence for service at or near this temperature
is a severe loss of uniform elongation. Total elongation and strength

properties are relatively unaffected by this irradiation.
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1. ANALYSIS AND EVALUATION STUDIES

1.1 The Establishment of Alloy Development Goals Important to the

Commercialization of Tokamak-Based Fusion Reactors (ANL and
McDonnell Douglas)

Fatigue, crack growth, and creep rupture properties were investigated
in the context of lithium cooled first wall structural designs for
commercial tokamak reactors. The studies resulted in the definition of
the physical properties for fatigue, creep-fatigue, flaw growth, creep
rupture, and irradiation swelling required to meet a goal life of
10 MW-Yr/m2., Fatigue and flaw growth properties were shown to need
improvements over presently defined properties for annealed Type 316
stainless steel.

1.2 Economic Impact of Using Refractory Metals for Fusion Reactors
(McDonnell Douglas)

The results of this study indicate that the use of refractory metals
in the first wall, blanket, and header region of a fusion reactor offer
economic advantage over stainless steel and titanium, provided they have
modestly longer life or permit moderately a higher peak coolant tempera-
ture. If this use is expanded beyond the header, out through the primary
coolant loop, the cost of electricity is significantly increased. This
increase in cost is only recovered, relative to the use of stainless
steel or titanium for a very narrow set of operating conditions. There-
fore, it appears that the use of refractory metals should be restricted
to the first wall, blanket, and header region only and stainless steel or
titanium be used for the primary coolant loop.

1.3 Alloys for the Fusion Reactor Environment — A Technical Assessment
(McDonnell Douglas and ADIP Task Group)

Primary and backup materials were selected for an Experimental
Power Reactor (EPR), Demonstration Fewer Reactor (DER) and Commercial
Power Reactor (CPR). Testing and manpower requirements for establishing
the material property data needed for design was defined. Natural
resources and industrial capability necessary to satisfy a fusion economy
were examined. Structural material life, failure modes and radioactivity

considerations were among the factors evaluated.
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1.4 Recycling Potential of Titanium Alloys (McDonneII Douglas
University of Wisconsin, and BNL) .

This study examines just how long one must contain radioactive
titanium before it can be safety reprocessed. It was assumed that the
spent first wall and blanket structural material would be completely
reprocessed in a standard manufacturing facility capable of both primary
and secondary fabrication.

It was found that reprocessing could occur when the chemical hazard
associated with inhalationwas greater than the hazard associated with
inhalating the same amount of radioactive species. This conclusion
allowed the use of the threshold limiting value (TL.v) to set a limit on
the airborne concentration of the elements. Then by calculating the time
required for that amount of material to decay to the same diluent factor
indicated by the biological hazard potential (BHP) in air, the time for
reprocessing was determined. Based on these assumptions, it was deter-
mined that it is feasible to think of titanium, and some of its alloying
elements as being recyclable in a relatively short time period.

1.5 Calculation of Irradiation Response Rates for Fission Reactors
Used by the ADIP Irradiation Programs (ORHNL)

Planning radiation damage experiments in fission reactors such
as ORR, HFIR, and EEk-1I in support of fusion reactor materials
development requires for these facilities dpa and gas production rates
for many potential materials. This report summarizes some of the
calculations currently under way.
TEST MATRICES AND TEST METHODS DEVELOPMENT .

2.1 Determination of Fatigue Specimen Configuration for lrradiation
Effects Testing (McDonnell Douglas)

The geometry of a small fatigue specimen for irradiation testing
has been defined. This specimen is fabricated from thin sheet material,
occupies the same test volume as the s5-1 sheet tensile specimen, and
increases the number of fatigue tests per unit volume of test space by
a factor of 4 to 5.

PATH A ALLOY DEVELOPMENT —AUSTENITIC STAINLESS STEELS .

3.1 Comparison of Titanium-Modified and Standard Type 316 Stainless
Steel Irradiated in HFIR — Swelling and Microstructure (ORNL)

Swelling in annealed type 316 stainless steel after HFIR irradiation
at 580-780°C to fluences producing 1350—3300 at. ppm He and 30—47 dpa is
reduced by the addition of 0.23 wt % Ti. This can he related to micro-
structural observation of finely distributed TiC precipitate particles,

23

30

35

36

39

40



XV

which accommodate helium in small cavities at the particle interfaces.
Swelling in 20%-cold-worked type 316 stainless steel irradiated in

HFIR at 580—59%0°C to fluences producing 30-80 at. ppm He and 1.5—3.0 dpa
is reduced and recrystallization retarded by the addition of 0.23 wt % Ti.

3.2 Mechanical Properties of Type 316 and Titanium-Modified Type 316
Stainless Steel Irradiated in HFIR (ORNL) . . . . . . . . C e e e 54

Postirradiation tensile strength and ductility of annealed type 316
stainless steel after irradiation in HFIR at 580—780°C to neutron fluences
producing 18564000 at. ppm He and 30-60 dpa are improved by the addition
of 0.23 wt % Ti. These improvements correlate microstructurally with
intragranular precipitates of TiC, which accommodate helium effectively,
and smaller grain-boundary cavities above 600°C. Additional improvement
is observed at 600°C when grain boundary M;3Cg is produced during
irradiation. Titanium addition to 20%-cold-worked type 316 stainless
steel improved ductility and changes fracture mode to ductile trans-
granular after irradiation in HFIR at 580-600°C and to fluences producing
30—80 at. ppm He and 1.5—3.0 dpa.

3.3 Precipitation Response of Annealed Type 316 Stainless Steel in
HFIR Irradiations at 550 to 680°C (ORNL) . . .« « « & « & & & « =« &« 63

Precipitation in annealed type 316 stainless steel after HFIR
irradiation at 550—680°C to fluences producing 2000-3300 at. ppm He and
30—47 dpa is changed relative to fast reactor or thermal aging exposure
to similar temperatures and times. The phases observed after HFIR
irradiation are the same as those observed after aging to temperatures

70—200°C higher or for much longer times. There is a similar tempera-—
ture shift in addition to different phases observed for HFIR irradiation

compared with EBR-IT. The changes observed are coincident with including
simultaneous helium production to high levels in the irradiation damage
products of the material.

3.4 The Swelling of 20%-Cold-Worked Type 316 Stainless Steel Irradiated
in HFIR to Helium Levels of 200—-3700 at. ppm (ORNL) . . . . . . . . . 82

Density measurements indicate significantly higher swelling in
20%-cold-worked type 316 stainless steel irradiated in HFIR than in
EBR-TI. Qf the three temperatures investigated — 375, 475, and 575°C
highest swelling occurred at 375°C.

3.5 The Influence of Irradiation on the Properties of Path A Alloy
Weldments (ORNL) .+ & & v v v v v v vt v h e e e e e e e e e e s 86

Weld-containing samples irradiated in HFIR at about 55°C exhbited

large increases in the 35°C tensile strength but only modest loss of



ductility. The strength of the weld-containing samples remained below
the strength of the base metal, and all tested samples failei within
the weld metal.

3.6 The Effects of Irradiation at About 55°C on Type 316 Stainless
Steel (ORNL)

Irradiation of 20%-cold-workedtype 316 stainless steel at -55°C
to produce 4.5 to 10.5 dpa and 180 to 520 at. ppm He reduces the uniform
elongation to near zero but has little effect on the total elongation
or strength properties for tensile tests at 35°C. Tests in the tempera-
ture range 200 to 300°C show the same trends as for 35°C tests. Tests
at 400 to 600°C show elongation and strength very close to the control
values. Tensile testing at 700°C after holding the sample 30 min at
temperature shows low ductility but strength values equal to the control
values. This appears to be the onset of helium emhrittlement.

PATH B ALLOY DEVELOPMENT — HIGHER STRENGTH Fc-Ni-Cr ALLOYS

4.1 The Microstructure of Nimonic PE-16 Irradiated to Produce High
Helium Contents (ORNL)

Initial experiments have begun on the effects of HFIK irradiation
of PE-16, where large amounts of helium are produced in the alloy.
Irradiation at 400 and 650°C produced cavities coated with the v~
precipitate phase. After irradiation at 400°C and a helium content of
370 at. ppm, the average cavity size was 16.5 nm; at 650°C and a helium
content of 1030 at. ppm, a bimodal cavity distribution was created with
average sizes of 31.3 and 124.0 nm. Faulted loops were formed at 400°C
but not at 650°C. A new observation for irradiated PE-16 was the
precipitation of My;3Cs in the grain boundaries at 650°C. Experiments
under way should help explain many of the microstructural changes in
these exploratory PE-16 specimens.

PATH C ALLOY DEVELOPMENT — REACTIVE AND REFRACTORY ALLOYS

5.1 Selection of Titanium Alloys for the Path C Scoping Studies
(McDonnell Douglas) e e e e e e e e e e e

Four alloys were selected for the scoping studies and they vepresent
the three major classes or divisions, of titanium alloys, alpha, beta, and
alpha plus beta. In addition, three heat treatments were selected to
determine the effect of microstructure on radiation damage. The identified
alloys and their heat treatments have been reviewed by the titanium
community and their comments noted, A titanium inventory has been

established consisting of the selected alloys and their heat treatments.
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5.2 Technical Assessment of Vanadium-Base AIons for Fusion Reactor
Applications (Westinghouse) . . . « « & v v v 4 4 s 4 4w aw e 119

A large data base has been compiled on vanadium-base alloys but the
data base on any one alloy is quite limited. Great flexibility exists
in the composition-microstructure-propertyrelationship and this facili-
tates alloy optimization to meet diverse property requirements. Tensile
properties and creep properties of existing alloys exceed likely require-
ments. Fatigue strength, including crack growth rate, is probably the
most critical material property but no data exists for vanadium alloys.
Swelling and irradiated ductility behavior look promising but require
further evaluation. Vanadium alloy-liquid metal compatibility, parti-
cularly interstitial mass transfer, may be equally as critical as fatigue
behavior; viability cannot be established with the existing data base.
Fabricability must be given early consideration in alloy selection to
guard against potentially serious problems in subsequent scale-up and
production.

5.3 16 M Proton Creep in a Ti-6Al/4V Specimen (HEDL) . . . . . . . . . 128

A Ti-6AL/4V torsion creep specimen was irradiated with 16 MeV protons
Lo a total dose of 0.35 dpa. The Lest was conducted in a helium atmosphere
at a nominal irradiation temperature of 325°C. The wire specimen was
stressed Lo 138 MPa (maximum shear) throughout a preirradiation thermal
creep period and during the first 50 hours of irradiation. Following the
first 50 hours of irradiation, the stress was reduced to zero for the
subsequent 4 hours of irradiation.

The results of this single test indicate that the irradiation creep
rate in Ti-6AL/4V is within the same order of magnitude as that of similarly
irradiated 20% CW 316 S8 specimens. Results of the stress reduction show
that the recovered strain is similar in magnitude to that which occurred
during the initial transient and is irradiation dependent. A number of
mechanisms describing the recovery are discussed.

5.4 Plastic Instability in Neutron-Irradiated Niobium Alloys (ORNL) . . 142

Irradiation of niobium and Nb—1% Zr followed by tensile tests at
about 35°C has shown no intrinsic difference in the tensile behavior
of these two materials, The onset of plastic instability in both occurs
at about 0.1 dpn, with strengthening continuing for irradiation beyond
at least 0.36 dpa. Although the uniform elongation goes to near zero,
the total elongation remains high, and the fracture mode is fully ductile.
Ductility loss through plastic instability is related to deformation by

dislocation channeling.



7.3 Irradiation Expcriment Schedule (ORNL) . . . . . . . « « « « & « & . 183
The schedule for irradiation experiments being conducted by
the Alloy Development Program is presented.

CORROSION TESTING AND HYDROGEN PERMEATION STUDIES . . . . . . . . . . . . 189
8.1 Capsule Tests of Iron-Rase Alloys in Lithium (ORNIL) e e e e e 190
Data on the kinetics of the corrosion of stainl :sr steel by lithium
were obtained from a series of capsule tests. Base-line capsule tests

conducted to 10,000 hr at 500, 600, and 700°C showed no measurable
corrosion. Nitrogen additions to the lithium resulted In substanctial
corrosion at these same temperatures, but calcium inhibited nitrogen
attack at 500°C.

8.2 Thermal-Convection Loop Tests of Type 316 Stainless Steel in
Litlrium (ORNL) . . & & & v v v v v v v v v e e e e e e e e e e e 200

Thermal-convection loops have provided information on corrosion
rates of 300-series stainless steels in flowing lithium at temperatures
between 330 and 650°C. The corrosion rate of type 316 stainless steel
in 3000-hr tests increased with temperature in accordance! with an
Arrhenius relation. Addition of 5% Al to the lithium strongly inhibited
the mass transport of iron, chromium, and nickel at 600°C.

8.3 Compatibility Studies of Type 316 Stainless Steel and Hastelloy N
in KNO;-Nal0;-NaNOs (ORNL) . . . & + & v o v o v o v e v e e e e s 209

The nitrate-based fused salt mixture KNO;-NaNO;-NaN0Q; (44-49-7 mol %)
has been widely used as a heat Lransport fluid and for metallurgical
lieat—treating. We have measured the corrosion rate of this salt in the
presence cf a temperalure gradient fer an iron-base material, tvpe 3106
stainless steel, and a nickel- hasc material, Hastelloy N. Corrosion
rates werc measured with maximum loop temperatures of 431 arid 304°C.
Measured corrosion rates were in all cases less than 8 lm/vear.

8.4 lydrogen Permeation of Type 31h Stainless Steel (ANL) . . . . . . . 215

Under conditions of high hydrogen purity (Low oxvgen potential),
the hydrogen permeability of type 31h stainless stecl was found to be
bulk-diffusion limiled over ranges of temperature aund hydrogen pressure
that are pertinent to most projected fusion reactor appiications for
this material. A half-power dcpendcnce on hydrogen pressurc was
retained down to the present cxperiment limit of the ANL permearion
apparatus {i.e., i0”% Pa). The presence of a 1 mCi source of 1 MeV
gamma radiation in the upstream compartment had no effect on measured

hydrogen permcation rates.
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8.5 Hydrogen Permeability of Inconel 625 (ANL) . . « « « « « « « « & « & 221
The hydrogen permeability of Inconel 625 was measured over a range

of temperatures and hydrogen pressures that included values relevant

to the Doublet IIT experiment (Inconel 625 is being used as the vacuum

vessel material for Doublet TIT). The permeation rate obeyed a half-

power dependence on hydrogen pressure down to the lowest pressure

studies (10™! Pa). The activation energy and permeation coefficient

were in good agreement with published data for other Inconel-type alloys.

These results will also be useful as a standard for comparison of the

effectiveness of permeation barrier methods applied to path B alloys.



1. ANALYSIS AND EVALUATION STUDIES

The designs for power-producing fusion reactors are in a very
embryonic and rapidly changing state. Requirements for materials
performance are thus not well defined. However, regardless of the
final designs, the environment will clearly be extremely demanding
on materials in regions of high neutron flux. One cannot identify a
class of alloys on which the development efforts should focus — thus
the parallel paths of the Alloy Development Program. The combination
of reactor designs that are evolving and the necessity for including
alloys with widely different physical, chemical, and mechanical prop-
erties in the program could lead to an impossibly large number of
potential problems and possible solutions. Analysis and evaluation
studies are an essential part of the Alloy Development Program in
order to translate fusion reactor performance goals into material
property requirements and to identify crucial and generic problems
on which development activities should be focused. As the Alloy
Development Program proceeds and a better understanding of the behavior
of materials in potential fusion reactor environments is attained,
these studies will also identify problems that will necessitate design

solutions.



1.1 THE ESTABLISHVMENT OF ALLOY DEVELOPMENT GOALS IMPORTANT TO THE
COMMERCIALIZATION OF TOKAMAK-BASED FUSION REACTORS - M. Abdou,

$, 0. Harkness, s. Majumdar, V. Maroni, and B. Misra (Argonne National
Laboratory) and B. A. Cramer, J. W. Davis, D. A. DeFreece, and

D. L. Kummer (McDonnell Douglas Astronautics Company - St. Louis).

1.1.1 aDIP Task
Task number 1.A.l1 - Define Material Property Requirements and Make
Structural Life Predictions.

1.1.2 Objective
The primary objective of this study was to investigate requirements

for tokamak reactor First wall material properties. In conjunction with
this work other objectives were to identify appropriate wall loading and
lifetime goals and to estimate the economic impact of dimensional changes
caused by swelling and/or creep. These considerations are directly
related to alloy development since results supply direction to the
development activities.

1.1.3 Summary
Fatigue, crack growth, and creep rupture properties were investigated

in the context of lithium cooled firstwall structural designs for
commercial tokamak reactors. The studies resulted in the definition of
the physical properties for fatigue, creep-fatigue, flaw growth, creep
rupture, and irradiation swelling required to meet a goal life of
10 Mw-vr/m?, Fatigue and Flaw growth properties were shown to need
improvements over presently defined properties for annealed Type 316
stainless steel.

System study codes were used to investigate the effects of para-
meters such as wall loading and life on cost of electricity.

1.1.4 Progress and Status

The commercialization of magnetic fusion energy will require the
use of materials under conditions for which a limited data base currently
exists. This program has been directed toward developing an understanding



of material requirements in order to efficiently accomplish research and
development efforts. This program is completed and the final report’
is published; therefore, only the highlights will be summarized.

This work consisted of independent studies by Argonne National
Laboratory (aNL) and McDonnell Douglas Astronautics Company-St. Louis
(MDAC-St. Louis).

The general approach in the flaw growth, fatigue, and creep rupture
studies conducted by MDAC-St., Louis was to determine the quantitative
properties in order to achieve a 10 MW-Yr/m? life. Required property
values were then compared with the values for irradiated 316 stainless
steel, and the needed improvement in properties, if any, identified.
Design parameters were based on the background attained in past studies
which were performed using the UWMAX-I conceptual first-wall design.
Sources of stress that were considered included coolant pressures,
temperature gradients, swelling and dead weight. In the study, the
impact of several variables was assessed. These variables, upon which
required flaw growth rate properties depend, included material thickness,
initial flaw depth, and flaw shape or aspect ratio.

The ANL analysis of creep-fatigue requirements was based on a lithium
cooled reactor system containing cylindrical first wall cells. Thermal-
hydraulic calculations were made to provide a basis for defining stresses
for different materials and reactor operating conditions. The duty cycles
expected for different reactor operating conditions were compared with
allowable life based on unirradiated Type 316 stainless steel and vanadium
alloy properties. Important variables were the geometry and amount of
restraint of the first wall module, maximum temperature allowable in a
system representative for both an austenitic stainless steel and a vana-
dium alloy, wall loading, burn time, the presence or absence of stress
relaxation, and the maximum magnetic field.

Swelling requirements were addressed from the standpoint of effects
on first wall growth and associated reactor cost. Wall loading and life
trade studies were included in the assessment because of the close inter-
relationship between property requirements, first wall life, and neutron

wall loading.



The ANL systems study code was used to investigate the effect on
reactor economics of increasing wall loading and wall lifetime values.
These variables were considered in the context of a tokamak-based
reactor whose gross thermal output ranged from 3000 to 9000 MW.

In the MDAC-5t. Louis systems study, wall loading and lifetime
goals were established by utilizing the tokamak systems analysis and cost
code (TOCOMO) to consider a broad range of performance variables. The

primary variables were wall loading and life, B B, unit size (MW

max’?
thermal), first wall material and temperature, plasma shape factor and

maintenance time required for wall replacement.

1.1.5 Conclusions

Annealed 316 SS fatigue and crack growth property improvements are
required to meet the goal life of 10 MW-Yr/m?. An increase in irradiated
fatigue life of approximately 500%is required at a neutron wall loading
of 2.5 MW/m? and a peak coolant temperature of 489°C. Approximately a
factor of 40 improvement (decrease) is required in annealed Type 316 SS
flaw growth rates hased on elastic analysis. This variation between
existing data and required flaw growth data is shown in Figure 1.1.1.
Irradiation and thermal creep reduce the required improvement to a factor
of 15. These results include a scatter factor of 4 on life. Required
properties are strongly dependent on cycle frequency (determined by burn
time and down time) and temperature (relates to wall loading).

Vanadium alloys appear to have advantages over 316 stainless steel
in yielding longer first wall life. A comparison is shown in Figure 1.1.2.
Vanadium offers potential for a longer life first wall compared to
stainless steel primarily because of reduced thermal stresses. Cyclic
thermal stresses are the major contributors to life limiting failures
related to fatigue and crack growth. Vanadium alloys may be able to
accommodate wall loadings of ~10 MW/m? even without the use of a divertor.
Using a maximum structural temperature limit of 600°C for stainless steel
and 750°C for vanadium alloys results in wall loading limits of 3.7 and
7 MW/m respectively, based on an elastic thermal stress limit of twice
the yield strength.



xvilii

5.5 Mechanical Property Testing of Path C Alloys in Unirradiated
Condition (ORNL)

Equipment for conducting tensile, fatigue, and crack growth tests
on refractory scoping alloys in vacuum is currently heing assembled at
ORNL.

PATH D ALLOY DEVELOPMENT INNOVATIVE MATERTAIL CONCEITS
6.1 Development of Alloys with Long-Range Order (ORNIL)

Two long-range ordered alloys with compositions 3h.1% Fe—19.7% Si
21.47 Co-22.8% V (LRO-15) and 46% Fe—317% Wi -23% V (LRO-16) were prepared
and fabricated into 0.8-mm-thick sheets. Tensile tests indicate that
these alloys are ductile with elongation in excess of 35%Z at room
temperature. The ordered alloys have very attractive high-temperature
mechanical properties; that is, their strength, instead of decreasing
like that of conventional alloys, increases with test temperature.
These two alloys will be irradiated in the ORR-MFE-2 cxperiment.

STATUS OF TRRADIATION EXPERIMENTS
7.1 Status of ORR-MFE-1 and -2 Irradiation Experiments (ORNL)

Varintions on type 316 stainless stecl, precipitaticn-strengthened
Fe-Ni-Cr alloys, and titanium alloys arc heing irradiated in experiment
ORR-MFE-1. Initial excessive irradiation temperatures led to raising
some control temperatures, rearranging the reactor core, and possibly

changing the irradiation time. Redesign of ORR-MFE-2 for more efficient

heat removal will permit accomplishing most of the original test matrices

for both experiments but delay the schedule about two months.

7.2 Capsule Design for irradiation of Fatigue Crark Propagation
Specimens in ORR (NRL} .o

The capsule has been designed to allow the irradiation of fatigue
crack propagation specimens with the 0.5T compact tension (0.5T CT)
geometry at elevated temperatures in the high-flux region of the ORR
core. Temperature control will be achieved by a balance between gamma
heat generation in the specimens and heat loss tu the reactor cooling
water through an externally controlled varizble gas gap. The design
of the ORR capsule has been derived from NRL capsules used to irradiate
reactor pressure vessel steels in a number of research reactors, with
modifications to the geometry to allow for the high gamma heating rate
encountered in the core of ORR. The first assembly of this design will
be irradiated as experiment MFE-3, scheduled for insertion in OKR by
the end of FY 78.

163
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Figure 1.1.1 Dependency of Required Fatigue Crack Growth
Properties {da/dn) on Stress level.

Present Type 316 stainless steel creep rupture properties are
acceptable. Poorer unirradiated properties can be tolerated if detri-
mental effects of irradiation can be reduced.

Swelling should be limited to an end-of life value of 10%.
The MeDonnell-Douglas Astronautics Company — St. Louis studies

indicate that a wall loading of 2-4 MW/m? is near optimum for minimum
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Figure 1.1.2 Variation of Fatigue Life for a Clamped First Wall
(Assuming No Stress Relaxation)

cost of electricity for a plant capacity below 7000 MW: and that small
economic incentives exist for achieving a wall life greater than
10-15 MW~Yr/m?, ANL studies indicate that there is strong economic
incentive to achieve lifetimes of 30 MW-Yr/m? at wall loadings of

6 MW/mZ for tokamak-based reactors ifthe utilities can accept large

plant sizes on the order of 9000 MW,.
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1.2 ECONOMIC IMPACT OF USING REFRACTORY METALS FOR FUSION REACTORS -

J. W. Davis (McDonnell Douglas Astronautics Company - St. Louis).

1.2.1 ADIP Task
Task Number I.A.l - Define critical material properties and quantify

their relative importance to guide alloy selection and development.

1.2.2 Objective
To determine if the refractory metals offer economic and/or tech-

nical advantage for major use in commercial fusion reactors.

1.2.3 Summary
This study was performed to determine the relationship between the
cost of fabricated hardware, coolant temperature, life and the cost of

electricity. Five materials were involved, stainless steel, titanium,
vanadium, niobium and molybdenum. The reactor used in these studies was
sized to 5000 MW+, used a noncircular plasma (aspect ratio of 2), lithium
as a coolant, and steam for electrical power generation. Using this
reactor design and the computer cost and modeling code TOCOMO, the costs
of electricity associated with using these various metals was determined.
The results of this study indicate that the use of refractory metals
in the first wall, blanket, and header region of a fusion reactor offer
economic advantage over stainless steel and titanium, provided they have
modestly longer life or permit a moderately higher peak coolant tempera-
ture. If this use is expanded beyond the header, out through the primary
coolant loop, the cost of electricity is significantly increased. This
increase in cost is only recovered, relative to the use of stainless
steel or titanium for a very narrow set of operating conditions. These
conditions require the stainless steel or titanium structure to operate
with a 400°C coolant have a component life <5 Md yrs/m? and the refractory
metals to operate at 650°C and have a life of »10 M4 yrs/m”. Therefore,
it appears that the use of refractory metals should be restricted to the
first wall, blanket, and header region only and stainless steel or

titanium be used for the primary coolant loop.



1.2.4 Progress and Status

A complete report on this portion of the study has been issued!,
therefore, only the highlights will be presented. The initial thrust of
this study was directed at an examination of the economic impact of
using refractory metals. Since the current conceptual fusion reactor
designs are in a state of flux, it was decided not to marry these analyses
to any particular reactor design. As a result, a generic tokamak type
of reactor was developed using the computer modeling code TOCOMO which
combined the best features of a variety of designs into a self-consistent
commercial fusion reactor definition. This reactor was sized for 5000 Mw
of thermal power, had an elliptical plasma shape with a height-to-width
ratio of 2 and a major radius of 7.89 meters and a minor radius of 2.5
meters. Lithium was used as the primary coolant together with a steam
power conversion system. The average neutron wall loading was 2.6 MW/m?,
Using this reactor design and the computer cost and modeling code TOCOMO,
the costs associated with using the refractory metals was determined.

The metals that were studied were the refractory metals Wb-172r, V-20Ti,
and Mo-0,5Ti-0,08Z¢ (TZM) and the reactive metal Ti-6A1-2Sn-4Z2r-2Mo-0, 2581
(Ti-6242s). In this study these materials were sequentially introduced
first into the first wzall/blanket/header and next into the primary coolant
loop. The resultant cost of electricity was compared to using stainless
steel or titanium for these components.

In general the, cost of fabricating a refractory metal structure is
significantly higher than for either stainless steel or titanium. This
cost delta is primarily due to the higher cost of raw material. The
relationship between the cost of electricity and the cost of a fabricated
first wall/blanket component is shown in Figure 1.2.1 for various wall
lives. This Figure shows that for a life of 10 ¥4 yrs/m?, the cost of
electricity changes 2 mills/kW-hr for a $100/%gz change in the fabricated
component cost. The cost spread between stainless steel and the most
expensive refractory metal, vanadium, is 5155/kg, or in terms of reactor
system performance, about 2.5 mills/kW-he. Therefore, it can be concluded
that the fabricated first wall and blanket component cost has a moderate

impact upon the commercial fusion reactor performance (cost of electricity).
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As will be discussed later, the higher cost of refractory metal components

can be offset by longer life or higher operating temperature.
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Figure 1.2.1 Effect of Fabricated First Wall/Blanket Structure
Cost on Electricity Cost

The relationship between component life and coolant temperature is
shown in Figure 1.2.2 for various materials in the first wall, blanket, and
header region. For all materials there is a strong economic incentive
for increased wall life, if life is short. However, after 10-15 My yrs/mZ
the benefit of additional wall life increases are greatly diminished.

This cost of electricity to wall life relationship is essentially indepen-
dent of the peak coolant temperature. For the refractory metals (Nb-1Zr,
V-20Ti, and TZM), the benefit of increasing life continues to a higher
fluence limit or life than for either stainless steel or titanium.

With respect to wall life, the refractory metals were found to be
economically competitive with stainless steel under certain constraints.
For example, at a peak coolant temperature of 500°C, if the life of the
stainless steel or titanium is 7 MW yrs/m? or less, the life of the
refractory metals would have to be about twice that of the stainless
steel or titanium for equal costs of electricity, again at a fixed peak

coolant temperature of 500°C- If the life of stainless steel or titanium



11

52

I
V' STAINLESS STEEL (TYPE 316}
00 vANADIUM ALLOY (V—20Ti)
48 L— NIGBIUM Af LOY (Nb—1 Zr) —
MOLYBDENL MALLOY (TZM)
N O TITaniUM ALLOY [Ti-62428)
=
| 44— | ——l
g ‘
-
-
v
2
=~ 40
= ""\
| h\‘a
N e
E 3 et Y
3 —
"
e ~Ns
I3} ~ ,m|
iy | ~ A
1 32 — LR % _D_
w ] e, Wy .
w " - - ER I e
Q e e .
PEAK COOLANT TEMPERATURE
T | M 5000C
8 -———4000(:
- e w— GEOCC
: /\,\/L/—\_/_J—’\_/_\’_x/—\J

N S e S S

0 5 10 15 20
FLUENCE LIMIT — MW/YR—m2

13-673A

Figure 1.2.2 Life and Coolant Temperature Effects on Cost of Electricity for
Material Changes in 1st Wall and Blanket Only
is about 10 MW yrs/m? or greater, the refractory metals will never become

economically competitive at a fixed peak coolant temperature of 500°C.
A change in the peak coolant temperature can alter some of these con-

clusions. For example, if the stainless steel or titanium is limited to
a peak coolant temperature of 400°C, the refractory metals at a peak
coolant temperature of 500°C would be economically competitive at any
life greater than 3 MW yrs/m? and the economic margin increases with
increasing life. A similar relationship exists if the coolant tempera-
ture for stainless steel and titanium could be increased to 500°C and
the refractory metals could operate with a peak coolant temperature of
650°C. For a maximum contrast case, vanadium, operating at a peak
coolant temperature of 650°C and having a life of 20 MW yrs/m? would
provide a savings of 21%or 7 wmills/kW-hr in the cost of electricity as
compared to stainless steel or titanium operating with a peak coolant
temperature of 400°C and having a life of 10MW yis/w?,
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The previous figures showed the relationship between life, peak
coolant temperature, and the cost of electricity for various structural
materials used in the first wall, blanket, and header region only. Out-
side of this region, low cost materials such as titanium or stainless
steel were used. However, because of the possibility of contamination or
corrosion due to dissimilar metals being used in the same coolant loop,
it may be necessary to use the same structural material throughout the
primary coolant loop which includes the first wall, blanket, piping, first
heat exchanger, pumps, dump tanks, valves, etc. Figure 1.2.3 shows this
extended use of refractory metals significantly increases the cost of
electricity. This increased cost is only recovered, relative to the use
of stainless steel or titanium for a very narrow set of operating con-
ditions. These conditions require that stainless steel or titanium
structures operate with a 400°C coolant and have a component life of
<5 MW yrs/m? and the refractory metals operate at 650°C and have a life

of >10 MW yrs/m2.
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1.2.5 Conclusions

The use of refractory metals in the first wall, blanket, and header
region of a fusion reactor offer potential economic advantage over stain-
less steel and titanium provided they have a longer life or permit a
higher peak coolant temperature. |If the use of refractory metals is
extended past the header region throughout the primary coolant loop, it
is doubtful the refractory metals would offer economic advantage except
for a very narrow set of conditions.

1.2.6 References

1. J. w. Davis, Economic Impact of Using Refractory Metals for Fusion
Reactors, McDonnell Douglas, CO0-4247-1, 1977,
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1.3 ALLOYS FOR THE FUSION REACTOR BENMIRONMENT - A TECHNICAL ASSESSMENT
- D. L. Kummer, B. A. Cramer, D. A. DeFreece, J. W. Davis (McDonnell
Douglas Astronautics Company - St. Louis), and ADIP Task Group.

1.3.1 ADIP Task
Task Number 1.A.1 - Define Material Property Requirements and Make

Structural Life Predictions.

1.3.2 Objective
The objective was to perform a technical assessment of the

structural materials for the first wall/tlanket component of a fusion

reactor.

1.3.3 Summary
Primary and backup materials were selected for an Experimental

Power Reactor (EPR), Demonstration Power Reactor (DFR} and Commercial
Power Reactor (CPR)., Testing and manpower requirements for establishing
the material property data needed for design was defined. Natural
resources and industrial capability necessary to satisfy a fusion economy
were examined. Structural material life, failure modes and radioactivity

considerations were among the factors evaluated.

1.3.4 Progress and Status
This activity is completed and a final report is published.]

Therefore only the highlights will be summarized.

First wall/bianket structure was emphasized in the technical
assessment of materials subject to intense irradiation. This is believed
to be the most critical major component that is significantly damaged by
irradiation from the plasma.

The assessment approach was to first define the most important
factors that determine the acceptability of the first wall/blanket
material. Then the material properties that significantly influence the
ability of the candidate materials to satisfy these important factors

were examined. Testing requirements to measure the material properties
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were then explored. Some material properties and structural responses
were examined in light of reactor system parameters in order to identify
system/material trades that lead toward an improved reactor. Quantita-
tive descriptions of material performance, testing, or important material/
system factors were not possible in many cases because of the limited
state-of-development of reactor design and of irradiated material proper-
ties. However, an attempt was made to quantify factors as much as
possible knowing that future revisions to the assessment will be required
as more information becomes available. 1In reality, reactor systems
definition and materials requirements are mutually dependent on each other
and both will be subject to considerable change as the evolution of fusion
reactors takes place.

Performance of the first wall/blanket structure was judged to be
more important than the environmental or safety issues that are affected
by the first wall/blanket compenent. Perforance relates to the cost of
electricity produced by a commercial reactor or the ability to satisfy
the goals of an EPR or DPR. The major factors that affect performance
were found to be life, maintenance time, peak coolant temperature and
fabricated part cost. Resources could be an important factor for
commercial power reactors (CPR's) depending upon the material avail-
ability and price, if controlled by foreign sources.

Increasing life beyond 10 to 15 MW yrs/m? caused only small addi-
tional reductions in the cost of electricity. However, the time required
to change-out the first wall/blanket has a significant bearing on the
desired life and this time is not accurately known. Therefore, striving
for a long life is desirable until the change-out time and cost are
better defined.

With regard to repair/maintenance, it may not be possible to achieve
acceptable welds in radiation damaged material (high helium content).
Also, a cooldown to low temperature (RT to 100°C) may cause very high
stresses due to creep distortions that occurred during high temperature
operation. The material may also be less ductile at low temperatures.
These considerations may require a complete change-out during refurbish-

ment rather than periodic replacement of portions of the first wall.
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Design changes could also be made to accommodate these considerations.

Systems analysis of a typical reactor showed that a peak coolant
temperature of 400°C could cause as much as a 21% increase in the cost
of electricity compared to a peak coolant temperature of 650°C. Although
it is acceptable to use relatively low coolant temperatures and conse-
guently modest first wall/blanket operating temperatures, there is a
significant conversion efficiency penalty. This penalty is reduced;
however, if very expensive materials must be used to accommodate the
high temperature or if life is shortened.

The cost of fabricated first wall/blanket structure was found to be
important for a CPR within the range of $29 to $184/kg. This is the cost
range between stainless steel and vanadium, the most expensive refractory
metal considered. An increase in allowable peak coolant temperature
(~50 to 150°C depending on life) or life (generally a 2 fold increase at
500°C) offset this large increase in the cost of fabricated hardware.
This means that: (1) the more expensive materials can be used with
potentially little or no cost penalty, (2) higher prices can be paid for
raw materials thereby improving resource availability, and (3) advanced
manufacturing and inspection procedures can be used to assure high
reliability. On the other hand, if expensive refractory metals have to
be used throughout the blanket coolant loop (piping, heat exchanger, etc.)
to avoid embrittlement, an economic advantage for refractory metals is
difficult to achieve.

Failure modes for the first wall/blanket structure were found to
include: (1) leak, (2) rupture, (3) deformation, and (4) instability.
The first two are of greatest concern. One very small opening (crack)
that permits air or coolant to enter the plasma chamber will introduce
sufficient contamination to prevent acceptable plasma performance and
cause a reactor shutdown. Unfortunately, crack formation and propagation
has been a common event in structural materials in a variety of applica-
tions including power plants of all types. Rupture is a more catastrophic
event and will likely be associated with the low elongation of radiation
damaged material. Therefore, material properties such as crack growth

rate, fracture toughness, fatigue life and embrittlement are important
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for the first wall/blanket structural material. Any detrimental effect
of irradiation on these properties, of course, is undesirable.

The reduction in elongation associated with radiation damage is
expected to be detrimental to life; more so than swelling. Swelling is
not a direct failure mode as it is for LMFBR which requires a minimum
gap between fuel pins. For a fusion reactor, swelling is a source of
stress the magnitude of which is controlled by irradiation creep and
this relationship currently is not well understood.

A chief source of stress, including cyclic stresses that cause
fatigue, is the temperature change associated with the pulse type operat-
ing conditions representative of tokamak or theta pinch reactors. Such
cyclic operation accelerates failure by almost all failure modes and is
the origin of fatigue failures. The magnitude of resultant stresses is
a function of design and material. To minimize these thermal stresses,
the material should have a low thermal expansion coefficient, high thermal
conductivity and low modulus of elasticity. In this regard, the refrac-
tory metals, and to a lesser extent titanium, are superior to stainless
steel and the nickel base ‘alloys.

Another potential way to increase life, is to operate the material
at a temperature below where helium has a significant effect on the
fracture mechanisms. This allowable temperature is a function of the

material melting point and again the refractory metals and perhaps
titanium have an advantage over stainless steel and nickel alloys.

However, the refractory metals also have major potential shortcomings.
Niobium and vanadium are very sensitive to interstitial embrittlement
from impurities in the coolant and molybdenum has fabrication, parti-
cularly welding, shortcomings.

Design of a reliable (no leaks for life of part) long life first
wall/blanket structure will require precise structural analysis and
testing of representative hardware. Precise structural analysis requires
a complete mechanical property data base for irradiated material.
Establishing this data is one of the most difficult problem areas. The
reasons are the lack of high test volume, high flux, fast neutron

sources. To obtain mechanical properties on a large number of specimens
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requires much larger test volumes than available in d-Li and INS acceler-
ator devices. For the next decase, only fission reactors will be avail-
able for such testing. This includes mixed spectrum reactors such as
ORR, ATR, General Electric Test Reactor, HIFR and the High Flux Beam
Reactor. Such reactors can duplicate the dpa to helium ratio in nickel-
containing materials and therefore seem to be appropriate test facilities
for these materials although correlation with the fusion reactor neutron
spectrum is not yet completed.

Fast'fission reactors such as EBR-II and FFTF provide high dpa's and
large test volumes but may not be available to the fusion program. They
may be acceptable for testing non nickel bearing materials if helium
effects on mechanical properties can be eliminated as an area of concern.
This may be possible if the material is operated at a relatively low
temperature, i.e.,, <400°C for SS, <500°C for Ti and <600°C for V.

If mixed spectrum and fast fission reactors can be used as the
principal irradiation test facilities for fusion materials, the neutron
source limitations will be greatly reduced, especially if mixed spectrum
fission reactors are acceptable.

The first fusion reactor facilities contemplated per published DMFE
plans are a FERF (operate about 1986) and a Materials Test Reactor (MTR)
that would operate about 1994. A FERF, of modest flux, would be margin-
ally adequate for establishing the data base for DPR but is compatible
with CPR dates.

An attempt was made to define the testing requirement for establish-
ing the material property data base needed for high reliability design.
Crack growth and fatigue property measurements dominated the number of
specimens required. Even with only 3 specimens per data point, a
classical test matrix involves over 13,000 specimens. Application of
statistical experiment test techniques will reduce this number. However,
it appears that a large number of specimens will have to be subjected to
a significant neutron fluence in order to establish a reasonable data
base. Remembering that the first wall/blanket structure is a leak
critical, inaccessible pressure vessel, the need for reliability, and

consequently a good data base, seems warranted.
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Assuming that 5000 specimens per alloy must be tested and that 1 ORR
reactor is needed over a 10-year period, the testing cost will be $25M to
$35M per specific material. Use of an FFTF would greatly increase cost
because the operating cost is estimated to be $60M/year. I1f 5000 specimens
were tested over a 10-year period using 10%of the FFTF, the testing cost
will be $70M to $80M per alloy.

The questions of the scope of testing required and needed test
facilities are very important and need additional study immediately. A
"bootstrapping’ method of building EPR with a minimum of material property
data and then using the knowledge gained in operating EPR for design of
DPR has been suggested. This may work but has risk and schedule short-
comings.

It seems clear that austenitic stainless steel or a nickel base alloy
are the only viable candidates for EPR. Major reasons include: {1) know-
ledge of performance in a fast neutron environment (from LMABR program),
(2) ability to use fission reactors for irradiation testing, (3) mill
product availability and industrial manufacturing experience, and (&)
apparent ability to meet performance requirements.

If the required irradiation'testing to obtain the necessary material
property data and to perform design verification testing is similar to
the scope previously discussed, it will be difficult to use any material

other than the EPR material for DPR. It appears that the number of
materials that are submitted to characterization testing will have to be

very few because of the expense and time for irradiation testing. Making
a decision on the alloy for EPR and DPR at the earliest possible date
will conserve the limited manpower and irradiation test resources avail-
able. This will improve the probability of successful development of an
improved material for CPR.

Material choices for the CR cannot be accurately made at this time.
Vanadium and titanium appear more promising than stainless steel or
nickel alloys because of lower thermal stresses, a greater probability
of operation below the critical helium embrittlement temperature, low
activity, and domestic resources. Niobium and molybdenum are resource
limited. Stainless steel and nickel alloys appear to have limited life

potential (1-4 MW yrs/m?).
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The case for low induced radioactivity first wall/blanket structural
materials was examined. The potential advantage of hands-on maintenance
outboard of the shield is not enhanced by low activity of the first wall/
blanket. Only the materials in the shield are important. The possibil-
ity of hands-on maintenance inboard of the shield appears unlikely.
Therefore, the radioactivity of the first wall/blanket structural material
has little, if any, effect on the important hands-on maintenance possibili-
ties. For accident and releases to the atmosphere considerations,
tritium dominates. This leaves reduced storage of activated components
removed from the reactor as the only payoff for use of low activity first
wall/blanket structural materials. Although storage is not technically
difficult, low residual activity may be important for public acceptance.
If the material can be reused in a reasonable period of time, economic
and resources advantages exist.

Vanadium and titanium will have a very low activity level after
about 50 years and some believe recycling is possible after 50 years of
decay. These two materials seem to be the only first wall/blanket
structural materials for which there is a payoff due to low activity.

Also they appear promising from other standpoints and their use would

not likely impose any significant performance penalties.

1.3.5 Conclusions

One of the most pacing problems is irradiation testing to support
alloy development and property characterization. Establishing a material
property data base to enable the design of high reliability first wall/
blanket structures will require a large instrumented test volume.
Establishing this data base is complicated by the need for extensive
fatigue and crack growth property data. Fatigue and crack growth are
likely failure modes and difficult to measure properties particularly
on irradiated material. Also testing to determine the performance of
designs is needed which also requires high volume test facilities.
Therefore, ways to permit the use of mixed spectrum and fast fission
reactors should be emphasized. Complete development and characteriza-

tion of alloys/designs for reliable operation in a CPR appears to
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require a fusion reactor suitable for materials/structures testing.
Use of fission reactors is appropriate for nickel bearing alloys and
perhaps for non-nickel bearing alloys if they are operated at a tempera-
ture where helium does not contribute to the fracture process. Operation

at such a temperature may also be desirable to maximize life.

The number of materials that can be sufficiently characterized by
irradiation testing i n the next 20 years to permit reliable design is
limited. Therefore, selection of the candidates at an early date is
desirable to conserve resources and meet schedules. A stainless steel
or nickel alloy appears to be the only viable candidate for EPR and
probably DPR. Exploratory development of an optimum CPR material should
begin with emphasis on vanadium and titanium alloys. The EPR/DPR alloy
would be the backup for CPR. Vanadium and titanium are clearly the most
attractive candidates for CPR from low activity and resources standpoints.
Niobium and molybdenum both appear to have resource limitations.
Refractory metals have a longer potential life than stainless steel and
nickel base alloys, particularly if operated at modest temperatures of
500 to 600°C. Systems studies showing that a peak coolant temperature
of 500 to 600°C and modest (2-3 MW/m?) wall loadings are acceptable for
efficient power generation improves the outlook for achieving long
life materials. Also, the systems studies have shown that use of the
high cost refractory metals for first wall/blanket structure only has
modest impact on the cost of electricity, depending upon the life and
allowable coolant temperature improvements offered. However, if the
refractory metals are also used for piping, valves, heat exchanger, etc.,
it is difficult for them to be cost competitive. The factors considered
for selection of the materials for EPR, DPFR and CPR seem appropriate but
the weight to apply to each remain uncertain particularly for CPR.

Additional integrated design, structural analysis, materials and
maintenance studies need to be conducted to better define the options and
the best approaches. Until structural design philosophies are established
and risk assessments made, the scope of the irradiation test program
required to establish design data cannot be accurately defined. Likewise,

designs that permit rapid and reliable changeout of a first wall module
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that fails prematurely need to be developed so that this option can be

traded against the needed design reliability and life.

1.3.6 References

1. U.S. Department of Energy, Alloys for The Fusion Reactor Environ-
ment, DOE/ET-0007 (January 1978).
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1.4 RECYCLING POTENTIAL OF TITANIUM ALLOYS - J. W. Davis (McDonnell-
Douglas), G. L. Kulcinski (University of Wisconsin), and T. Y. Sung

(Brookhaven).

1.4.1 ADIP Task
Task Number I.A.l.1 - Select initial representative designs, obtain

property data, establish analysis procedures and complete initial analysis.

1.4.2 Objective
To determine if the radioactive decay of titanium is sufficiently

short to allow reprocessing in a reasonable time (<50 years) and how the

common alloying elements of titanium effect that reprocessing.

1.4.3 Summary
This study examines just how long one must contain radioactive

titanium before it can be safety reprocessed. It was assumed that the
spent first wall and blanket structural material would be completely
reprocessed in a standard manufacturing facility capable of both primary
and secondary fabrication.

It was found that reprocessing could occur when the chemical hazard
associated with inhalation was greater than the hazard associated with

inhalating the same amount of radioactive species. This conclusion
allowed the use of the threshold limiting value (TLV) to set a limit on

the airborne concentration of the elements. Then by calculating the time
required for that amount of material to decay to the same diluent factor
indicated by the biological hazard potential (BHP) in air, the time for
reprocessing was determined. Based on these assumptions it was deter-
mined that it is feasible to think of titanium, and some of its alloying

elements as being recyclable in a relatively short time period (<50 years).

1.4.4 Progress and Status

Some of the criteria that has been identified for the selection of
first wall/blanket structural material are low cost, fabricability,

availability, resistance to radiation damage, coolant compatibility,
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temperature capability, and low long-term radioactivity. To date the
materials that have received the most attention and have been identified
as partially satisfying these criteria are the austenitic stainless steels,
nickel base alloys, refractory metals (niobium and vanadium), the aluminum
alloys, and in some cases the nonmetals such as carbon and $iC, An addi-
tional class of materials, referred to as the reactive metals (titanium)
was added to the list based on the results of a McDonnell Douglas study.’
This study revealed that titanium appeared to offer advantage over stain-
less not only on strength-to-weight and thermal stress bases, but also
from a radioactivity standpoint. The radioactivity of the titanium alloy
Ti-6A1-4V in comparison to other candidate structural materials is shown
in Figure 1.4.1.  This figure reveals that the short term radioactivity is

high (as it is for all the potential structural materials), while the
intermediate term radioactivity (a few weeks to a few months after shut-

down) is comparable to most candidate structural materials. However, it
is in the area of long term radioactivity (which drops to very low levels
after roughly 10 years of storage), that titanium appears to offer a
distinct advantage because it presents the possibility of reprocessing
the material in a standard manufacturing facility. The ability to reuse
critical materials is not only environmentally beneficial, but it can
also reduce the demand on mineral resources.

This study was designed to explore the potential for early reproces-
sing of titanium alloys. Since alloying elements can affect the radio-
activity, it is necessary to know their affect on the desirable short
lived radioactivity of titanium. To accomplish this, we calculated the
radioactivity, BHP, and afterheat of several of the common alloying
elements of titanium {(i.e., Si, Al, V, Cr, Mo, Zr, Mh and 8n} using the
blanket model described in Reference 1, the cylindrical calculations
(P3 8g) and the computer codes of Sung.” The results of these calcula-
tions are shown in Figure 1.4.2 and are based on a reactor with a thermal
power level of 5000 MW and a neutron wall loading of 1.25 MW/m?. This
figure shows that the addition of Si, Sn, Cr, or V to titanium does not

increase the BHP above that due to titanium for times >1 year.
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Figure 1.4.1 Radioactivity of Fusion Reactor Blankets After Shutdown

The BHP for these elements drops to insignificant levels in approximately
10-20 years. The.addition of tn has a significant effect on the near term

BHP but it decays to insignificant levels after about 30 years. The
addition of Al, Zr, and Mo increases the BHP above titanium and they would
take several thousand years to decay to insignificant levels.
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Figure 1.4.2 First Wall BHP For Several Elements

Therefore, from a radioactivity standpoint, the alloying elements

for titanium in order of increasing desirability are:

Increasing desirability
Mo, Al, Z#, Mn, Cr, V, Sn, Si
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Once the desired alloying elements for titanium were known, the
next step was to determine how long one must contain such radioactive
material before it can be safely released to the environment. Because
any analysis of this type must rely on some subjective assessment of
"how safe is safe,"” we have tried to error on the conservative side so
as to not overstate the case for titanium. In addition, It was assumed
that the spent firstwall and blanket structural material would be
reprocessed in a standard manufacturing facility which would completely
reprocess the material (i.s,, primary and secondary fabrication). It
was also assumed that reprocessing could occur when the chemical hazard
associated with inhalation is greater than that due to the hazard
associated with inhaling the same amount of radioactive species. This
allows one to use the threshold limiting value (TLv) to set a limit on
the airborne concentration of elements and then to calculate the time
required for that amount of material to decay to the same diluent
factor indicated by the BHP in air. In other words, when the limiting
value of the BHP in (km3/kwth) equals the mass of the first wall (3z/km?)
then the materials can be reprocessed in a standard plant.

The implications of this can be illustrated by a simple calculation
for titanium. The TLV for titanium is IO gz/km® and the mass of a titan-
ium First wall in a UWMAK~I type of reactor is 10 g/kWs;. Therefore,
when the BHP (air) reaches 1076 w3/ kWeh, titanium could be reprocessed.
Referring to Figure 1.4.3, which is a replot of the information pre-
sented In Figure 1.4.2 on a linear scale, it is seen that this level is
achieved for titanium in roughly 10 years. Table 1.4.1 summarizes the
results of calculations for several other common alloying elements of
titanium and reveals that with the exception of aluminum and manganese,
certain alloying elements for titanium would reach the industrial
threshold limits in less than 10 years. It might be argued that with a
"small"" amount of reprocessing constraints and some extra cost, one might
be able to tolerate somewhat higher BHP values. However, in examining
Figure 1.4.3, one can see that even factors of 10 to 100 times the limit-
ing BHP would make, at the most, only a few years difference for all
except 41 and does not change the general conclusion for Ti significantly.
Included in Table 1.4.1 is the approximate radiation level of various
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Figure 1.4.3 First Wall BHP For Several Elements

first wall elements after decaying for the time required for B to equal
the industrial hazard index (IHI). The radiation levels from all of the
elements are well below the background level of 0.01 mrem/hr except for
aluminum. This means that the industrial hazard index (IHI) appears to
be the most restrictive criterion on which to judge the time of repro-
cessing. Therefore, it is completely reasonable to think about neutron-
irradiated titanium and certain of its alloying elements as being

recyclable in a relatively short time period (<50 years).
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Table 1.4.1 Approximate Time For Fusion Reactor Elements to Decay to Hazard
Levels Comparable to Industrial Threshold Limits

Element TLV Mars of 1stWall | Time For I.3H.P to Decay | Radiation Level
(a/km3) {g/kWt] to IHI Limit — Yr MREM/Hr (a}
Ti 107 . 10.2 10 8x10~9
Sn 2108 16.5 7 <10-10
v 5x10% {Dust) 13.7 6 2x10—8
5x10%(Fume) 13.7 3 -
Mn | 5x108 16.7 22 %1073
Al 107 6.1 > 100.000 8x10~2
Cr 5x 108 16.0 7 <to—10

(a) The value shown is the radiation level at 30 cm (1 foot) from an isotropic source
based on a unit volume of 1cm3 of 1stwall material at the time to decay to the
industrial hazard index {iHI)

13-1426

1.4.5 Conclusion
Based on the results of this study, it appears feasible to develop

a titanium alloy that could be recycled in less than 50 years. Ideally
this alloy should be composed of cr, V, Sn, or Si for low radioactivity,
however, with these elements the titanium would be essentially a beta
alloy and unstable at the elevated temperatures (400-500°C) required for
efficient power generation. To improve the elevated temperature
stability along with properties such as elevated temperature strength,
creep resistance, weldability, and toughness requires the addition of
elements such as aluminum or tin. OF these two elements aluminum is
preferred because it is a more potent strengthener, even though it does
increase the radioactivity. However, if it is used in small concentra-
tions (<6 w/o) It should not significantly impair the reuse potential
even though some special procedures would be required at a processing
facility.
l.4,6 References
1. J. W. Davis and G. L. Kulcinski, Assessment of Titanium for Use in

The First Wall/3lanket Structure of Fusion Power Reactors, Electric

Power Research Institute, EPRI ER-836, April 1977.
2. T. Y. Sung, PuD Thesis, University of Wisconsin, 1977.
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1.5 CALCULATION OF IRRADIATION RESPONSE RATES FOR FISSION REACTORS
USED BY THE ADIP IRRADIATION PROGRAMS — T. A. Gabriel, B. L. Bishop,
and F. W. Wiffen (ORNL)

1.5.1 ADIP Task
ADIP Task I.A.2, Define Test Matrices and Te'st Procedures.

1.5.2 Objective

Previously we obtained’ the calculated irradiation response in
displacements per atom (DPA) and gas production values of a number of
elements and metal alloys for a fusion reactor first-wall neutron
spectrum. These sets of values allowed a self-consistent evaluation
of the effect of alloy modification on DPA and gas production. |In this
work similar calculated values are presented for various locations
within the fission reactors ORR, HFIR, and EBR-IL. The purpose is to
provide better information to experimentalists €or planning and evaluating

fission reactor experiments in the light of fusion reactor needs.

1.5.3 Summary
Planning radiation damage experiments in fission reactors such as

ORR, HFIR, and EBR-II in support of fusion reactor materials development
requires for these facilities DPA and gas production rates for many
potential materials. This report summarizes some of the calculations

currently under way.

1.5.4 Progress and Status

Previously developed’ irradiation response rates calculated for
alloys of interest in a fusion reactor first-wall spectrum are summarized
in Table 1.5.1. Details of the calculations and more extensive analysis
of the results are given in the referenced report.

Presented in Table 1.5.2 are the DPA and gas production rates for
several elements commonly found in many of the alloys under consideration
for application in fusion reactors. The values are for the horizontal
midplane positions of ORR-C3, HFIR-peripheral target position; and EBR-II,
Row 2.
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Table 1.5.1. Rates of Displacement and Gas Production in the Elemental
Constituents of Candidate Alloys in a Fusion Reactor First—-Wall
Neutron Spectrum at a Neutron Wall Loading of 1 Mw/m?

Effective
Displacement Displacement  Gas Production Rates, (at. ppm/s)
Element Threshold Damage
Energy (dpa/s) Helium Hydrogen
(eV)
x 1077 x 1077 x 1077

Fe 40 3.62 34.9 151.
N i 40 3.87 130. 397.
Cr 40 3.58 32.6 100.
Mn 40 3.58 26.7 100.
% 40 3.63 15.0 78.2
No 60 2.31 9.18 33.3
Mo 60 2.38 14.8 21.5
Ti 30 5.03 33.5 49.7
Zr 50 2.54 2.93 25.2
Al 25 4.63 101. 94.5
Mg 25 4.48 147. 148.
cu 30 4.88 31.8 173.
co 40 3.60 23.1 73.7

The methods used to calculate the irradiation response of elements
of interest have been described in detail.” All reactions — elastic,
inelastic, charged particle, (n,2n), capture, etc., — that are con-
sidered in ENDF/B-IV have been included in this analysis. Nuclear data
are taken from the ENDF/B-IV file, and displacement damage calculations
follow the recommendations of the IAEA working group.?‘ For elements
other than iron, effective displacement energies recommended by Doran

¥ were used.

and Graves
The neutron fluxes for the three reactors were taken from 2-D
transport calculations. The total flux values for the ORR, HFIR, and
EBR-II locations used are 8.0 x 10'%, 55 x 107, and 2.14 x 10!° n/m?s,
respectively. As can be seen from the tables, gas production rates
differ significantly for the elements that normally compose path A and
path B alloys, although the displacement rates for these elements are

nearly identical.
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1.5.5 Conclusions and Future Work

Displacement and gas production rates are being calculated for
various fission reactors so that experiments directed at fusion reactor
applications can be planned.

Much more complete tabular and graphical presentations are being
developed to give response rates as a function of position in ORR,
HFIR, and EBR-II.

1.5.6 References

1. T. A Gabriel, B. L. Bishop, and F. W. Wiffen, Calculated Irradiation
Response of Materials Using a Fusion-Reactor First-Wall Neutron
Spectrum, ORNL/TM-5956 (June 1977); to be published in Nuclear
Technology.

2. "Recommendations for Displacement Calculations for Reactor/Accelerator
Studies In Austenitic Steel,” (Report of IAEA Specialists Meeting
on Radiation Damage Units in Ferritic and Austenitic Steel), #ucl.
Fng. Design 33: 91 (1975).

3. D. G. Doran and N. J. Graves, "Neutron Displacement Damage Cross
Sections for Structural Metals,” p. 463 in Irradiation Effects in
the Microstructure and Properties of Metals, ASTM STP 611, American
Society for Testing and Materials, Philadelphia, 1976.






2. TEST MATRICES AND TEST METHODS DEVELOPMENT

An important part of the alloy development effort is the definition
of test matrices and development of test methods. The alloy development
strategy will proceed through stages requiring tests of generally in-
creasing difficulty and complexity.

1. Scoping tests will be used to make relative judgments between
materials and metallurgical conditions and to identify critical properties.
Such tests, which will be used where large numbers of variables are
involved, must be rapid, simple, and decisive.

2. Developmental tests will be used for optimization of the Prime
Candidate Alloys. They will be broader and more extensive than the
scoping tests. In-reactor testing will be an important part of this
work.

3. Engineering property tests will be devised to provide the broad

data base needed for reactor design.

35
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2.1 DETERMINATION OF FATIGUE SPECIMEN CONFIGURATION FCR IRRADIATION
EFFECTS TESTING - B. A. Cramer and J. W. Davis (McDonnell-Douglas

Astronautics Company - St. Louis).

2.1.1 ADIP Task

Task Number |.A.2 - Define Test Matrices and Test Procedures.

2.1.2 Objective
The objective of this effort was to establish configurations for

tensile and fatigue test specimens, fabricated from sheet material,for

application in irradiation testing.

2.1.3 Summary
The geometry of a small fatigue specimen for irradiation testing has

been defined. This specimen is fabricated from thin sheet material,
occupies the same test volume as the SS-1 sheet tensile specimen, and
increases the number of fatigue tests per unit volume of test space by

a factor of 4 to 5.

2.1.4 Progress and Status
Limited reactor space is available for irradiation testing of

potential fusion reactor materials. In the latter half of 1977 a titanium
test matrix was developed for irradiation experiments in ME #1. In
defining the fatigue tests it was determined that using the standard rod
specimen would not allow a sufficient number of tests for the 4 alloys
and the various heat treatments to be evaluated. Therefore a smaller
specimen, fabricated from sheet material was defined.

The specimen configuration is shown in Figure 2,1.1. This specimen
has a constant width test section with a Grodzinski elliptical fillet,!
This configuration results in an acceptable low stress concentration
factor (Kt) of approximately 1.02 in the test section. The stress con-
centration factor is a function of b/a and b/d for the Grodzinski fillet
configuration. However, the stress concentration factor is relatively

insensitive to variations about the dimensions shown. This specimen,
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although smaller than specimens typically used, conforms to configurations
used in the aircraft industry [for sheetmetal fatigue testing. Guidelines
used in establishing specimen grip dimensions are: (1) the specimen grip
width (D) should be at least three times the net test section width (d),
and (2) the pin diameter should be at least equal to the net test section

width.

+0.008
BA87 5 oo
+0.003
14
0.584 21_ (6000575) Typ 9.962 4 000 DIA.
1.015 B = 102301 ('REF) 2 HOLES
0.495 (0.400) T‘I’P ENGRAVE IDENT. NO.
(0,195} v 0,203 EACH END OF SPECIMEN
1 | ( 10.0801 PER REQUESTER
Vi ~—t — V]
—® | of W0
D I BN | oso
0.2475 | 10.0401 | [ 0.076
-0.005
10.9751 3.620 £0.018
™ 11.424 +0.007) 0.030 * 0000
0.414 030
2 450+ 0.000 -0.002
10.1631 450 " o
1 750+ 0.000 SQUARE CORNERS
© - 0.005 TYP
NOTE:

1. ALL DIMENSIONS ARE IN CENTIMETERS (INCHES)

2. BREAK ALLSHARPEDGES.

3. SURFACE FINISH ROUGHNESS HEIGHT RATING OF .8 4m RMS
132 MICROINCH) OR BETTER ALL OVER.

4. POLISH REDUCED AREA LONGITUDINALLY TO REMOVE ALL WORK
MARKS VISIBLE AT APPROXIMATELY 20X MAGNIFICATION UNDER

A LIGHT MICROSCOPE,
5. ALLTOLERANCES £0.0025 (*0.001} EXCEPT WHERE OTHERWISE SPECIFIED.

6. ALL SPECIMENS AND MATERIALS MUST BE IDENTIFIED AT ALL
TIMES WITH HEAT NUMBER.

7, A & B DIMENSIONS DEFINE MINOR & MAJOR RADII FOR
ELLIPTICAL FILLET.

13-1431 Figure 2.1,1 Fatigue Specimen Configuration

Use of small specimens represents a departure from standard fatigue
testing (typical minimum test section widths are usually .5 inches).
Generally higher fatigue life (as much as a factor of 2) is obtained with
relatively smaller specimens due to the reduced possibility of the speci-
men containing a flaw. However, in the case of the very small specimen

widths being proposed for irradiation testing, the machining of the
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specimen edges will become a critical factor since a burr or flaw would
cause premature fatigue failure. With larger sheet widths, this is
generally precluded by shot peening the edges to produce an initial com-
pression stress along the edges. This will not he possible with the small
specimens because shot peening might significantly affect the specimen
fatigue properties. Therefore special consideration will have to he given

to machining of these specimens.

2.1.5 Conclusions

The sheet specimen defined for irradiation testing represents a step
toward obtaining increased test data from existing test facilities.
Because of the critical nature of the specimen edge machining as well as
the effects of tolerances (such as the position of the loading hole with
respect to the test section), a larger amount of scatter is expected with
these specimens than with standard fatigue specimens. This may be
acceptable, however, because of the comparative nature of irradiated and
unirradiated testing. A relatively large number of unirradiated specimens

needs to be tested to establish the expected scatter.

2.1.6 Reference
1. Peterson, R., Stress Concentration Design Factors, John Wiley & Sons
Inc., 1953.



3. PATH A ALLOY DEVELOPMENT — AUSTENITIC STAINLESS STEELS

Path A alloys are those alloys generally known as austenitic stainless
steels. The most common U.S. designations are AISI types 304, 316, 321,
and 347. Primary considerations for selecting this class of alloys for
further development are:

1. state-of-the-art production and fabrication technology;

2. extensive data on the effects of neutron irradiation on properties,
which show the potential of these alloys for MFR applications;
compatibility with proposed coolants and breeding fluids;

4. evidence that for MFR conditions (He, dpa, temperatures) the properties
are sensitive to composition and microstructure — thus showing potential
for further development.

The strategy for development of these alloys has two related objectives:

1. +to determine for a reference alloy the effects of irradiation on
those properties most important to fusion reactor design;

2. to develop a path A alloy that is optimized for fusion reactor
applications.

The first objective will provide a data base for near-term reactor design

and, most important, guidance as to which properties limit performance of

this type alloy. Work on the reference alloy will provide direction for

the actual alloy development efforts of the second objective. Type 316

stainless steel in the 20%-cold-worked condition appears to be the best

choice as a reference alloy. It is the present reference cladding and

duct alloy in the breeder reactor programs, and there are extensive data

on the unirradiated mechanical properties, effects of heat treatment on

properties, structure, and phase stability, and the effects of fast neutron

irradiation on properties. The present technology of austenitic stainless
steels, including understanding of the physical and mechanical properties
and irradiation response, is such that alloy development efforts can move
to optimization for use in fusion reactor applications. A Prime Candidate

Alloy (PCA) (Fe—16% MNi—147 Cr—2% Mo—27% Mn—0.57% 31-0,2% Ti-0.05% C) has been

selected by the ADIP task group. Efforts will now focus on optimizing

the composition and microstructure of the PCA leading towards the selection

of OPT-A1 (Program Plan designation of first optimized path A alloy).

39
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3.1 COMPARISON OF TITANILTM-MODIFIED AND STANDARD TYPE 316 STAINLESS STEEL
IRRADIATED IN HFIR — SWELLING AND MICROSTRUCTURE — P. J. Maziasz and
E. E. Bloom (ORNL)

3.1.1 ADIP Task
ADIP Task 1.C.2, Microstructure and Swelling in Austenitic Alloys.

3.1.2 Objective
The objective of this work Is to examine the effect of titanium

additions on the microstructural development and swelling behavior of
austenitic stainless steels irradiated in a mixed-spectrum fission reactor
to produce helium and displacements in approximately the same amounts as

in a fusion reactor.

3.1.3 Summary
Swelling in annealed type 316 stainless steel irradiated in HFIR at

580 to 780°C to fluences producing 1850 to 3300 at. ppm He and 30 to 47 dpa
is reduced by the addition of 0.23 wt % Ti. Microstructural examination
shows that small helium bubbles are encrusted on finely dispersed intra-
granular TiC precipitate particles. The Tic particles are preferred sinks
for accommodating helium over dislocations and other precipitate phases.
Irradiation of the titanium-modified alloy in HFIR at 600°C, forms Mz 3Ce
and Ti{C,®¥)S at the grain boundaries. This precludes formation of large
grain boundary cavities. At higher temperatures, grain boundary cavities
form in the alloy with 0.23 wt % Ti, but the cavities are much smaller
than in annealed type 316 irradiated under similar conditions. At higher
temperatures, the swelling of the annealed alloy with 0.23 wt % Ti
approaches that of type 316 stainless steel because the TiC precipitate
coarsens and large portions of the matrix are too far from the precipitate
to be affected. Finally, in the 20%-cold-worked condition, the addition
of 0.23 wt % Ti to type 316 stainless steel reduces swelling and retards
recrystallization for irradiation in HFIR at 580 to 590°C to fluences
producing 1.5 to 3.0 dpa and 30 to 80 at. ppm He.
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3.1.4 Progress and Status

Samples of annealed type 316 stainless steel with and without
0.23 wt % Ti have been irradiated in HFIR at temperatures from 600 to
780°C to Fluences producing 30 to 60 dpa and 1850 to 4000 at. ppm He.
The compositions of these stzals are given in Table 3.1.1. Swelling
values are given in Table 3.1.2 and plotted as a function of temperature
in Fig. 3.1.1. These swelling values are cavity volume fractions as
determined by electron microscopy. In the temperature range 600 to 730°C,
the swelling is clearly reduced by the titanium addition. This can be
understood from the microstructural examination.

Table 3.1.1. Composition of Type 316 Stainless Steel
Irradiated in HFIR

Content, wt %

Alloy
Cr Ni Mo Mn C T Si P S N B

Standard 18,0 13.0 2.58 1.90 0.05 0.05 0.80 0.013 0.016 0.05 0.0005
Ti Modified 17.0 12.0 250 05 0.06 0.23 0.40 0.01 0.013 0.0055 0.0007

a -
Balance iron.

The precipitate phases observed after irradiation of annealed type 316
stainless steel in HFIR at 550 to 530°C to fluences producing 2000 to

3300 at. ppm He and 30 to 47 dpa are discussed in Sect. 3.3 of this report.
They are also summaigized in Table 3.1.3. IT results for annealed type 316
stainless steel with 0.23 wt % Ti, also sunmarized in Table 3.1.2, are
compared with those for standard type 316, the addition of titanium has
obviously caused intragranular precipitation of TiC. Figures 3.1.2 and
3.1.3 show, respectively, unmodified type 316 stainless steel and the
alloy containing 0.23 wt % Ti after irradiation at a00°Cc to fluences
producing 1850 to 2000 at. ppm He and 30 dpa. Both samples have intra-
granular Laves phase. The unmodified type 316 has sigma phase and large
cavities at the grain boundaries, while the alloy with 0.23 wt % Ti has
Mz23Ce, Ti(C,N)35, and very few cavities at the grain boundaries. Most
importantly, the alloy with 0.23 wt % Ti has fine TiC particles dispersed
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Fig. 3.1.1. Swelling as Determined by Cavity Volume Fraction as a
Function of Irradiation Temperatures for Type 316 Stainless Steel With
and Without 0.23 wt 7% Ti lrradiated to Fluences Producing 3000 to
4200 at. ppm He and 40 to 60 dpa.

Table 3.1.3. Precipitate Phases Observed After HFIR Irradiation
of Type 316 Stainless Steel Unmodified and
Modified with 0.23 wt % Ti

Precipitate Phases Observed

Irradiation
Temperature Annealed Type 316 Annealed with Ti 10%Cold Worked with Ti
(°c)
Intergranular Intragranular Intergranular Intragranular Intergranular Iantragranular
550 M; 3Ce M23Ce
MgC
Laves
600 Sigma Laves M;3Cg Laves Sigma M2 3Cg
Ti(C,N)S TiC M2 3Cs MsC
Laves
Chi
TiC
680 Sigma Chi Sigma Chi

Mz 3Cg TiC
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throughout the sample, and these particles are encrusted with small helium
bubbles. The effect of this uniformly distributed precipitation can be
realized vhen the Laves phase precipitates and precipitate-free portions
of the matrix are compared for the two materials. In the annealed
type 316 stainless steel, the Laves phase and the matrix have cavities
that are about 58 nm in diameter on the average. The Laves phase precipi-
tate particle density is 3 x 10'®/m®. Thirty percent of the cavities in
the sample are associated with this precipitate (the total cavity concen-
tration i¢ 1.6 x 10°°/m*), In the annealed type 316 stainless steel with
0.23 wt % Ti, the average cavity diameter is about 22 nm. The cavities
found in the matrix are 50 to 60 nm in diameter, but the cavities at
the interface of the TiC particles are 5 to 20 nm in diameter. The
TiC particle density is 1 x 102°/m® and the Laves density is 1.5 x 10'%/m?®,
nearly five times the density of Laves phase precipitate particles in
annealed type 316 stainless steel. Nearly 90% of the total cavity
density of 1 x 10°'/m® is associated with the TicC precipitate. The
result of this nearly exclusive accommodation of this helium by the
TiC precipitate results in 1.0% swelling in the alloy with 0.23 wt Z Ti
as opposed to 1.6% in standard type 316 stainless steel.

cavit ies form on all precipitate phases present in annealed type 316
stainless steel, as well as on dislocations in the matrix and on grain
boundaries . These can all be viewed as competing sinks for helium that
cannot be accommodated in the matrix. In the case of nearly everything
other than TiC, the competition is quite equal, but when a TiC precipitate
is present , Its interfaces are nearly the exclusive sink for accommodating
the helium

Exami nation of 10%-cold-worked type 316 stainless steel with 0.23 wt % Ti
irradiated at $00°C to a fluence producing 3600 at. ppm He and 57 dpa
helps show the effectiveness of TiC competing for helium with the other
possible precipitate phase sinks iIn type 316 stainless steel. Table 3.1.3
shows the phases present, and the microstructural features are shown in
Fig. 3.1.4 . The phases present are M;3Cg, Md:C, sigma, chi, and Laves in
addition to TiC. No phase except TiC exhibits the interface encrusted

with small cavities.
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Examination of annealed type 316 stainless steel with 0.23 wt Z Ti
after irradiation at 680°C to a Ffluence producing 3300 at. ppm He and
47 dpa shows higher swelling and the onset of grain boundary cavitation
with the increase in temperature. The phases present are shown iIn
Table 3.1.3 and the microstructural features in Fig. 3.1.5. Sigma,
occasional M;3Cs, and cavities are observed at the grain boundaries.
Intragranularly, TiC and large plates of chi phase are observed. The
TiC behaves as before; cavities are encrusted about the precipitate
particles. However, the cavitizs associated with the precipitate range
from about 10 nm to about the average cavity diameter of 97 nrm. Furthermore,
the TiC precipitate particle density has been reduced to 2 x 10'®/m?® and
the size has increased. Much larger regions of matrix are unaffected by
TiC, and in these regions the cavity size and density are similar to
those in annealed type 316 stainless Steel irradiated under the same
conditions (see Table 3.1.2). The grain boundary cavities, however, are
about 185 nm in diameter in annealed type 316 with 0.23 wt % Ti and 640 nm
in annealed unmodified type 316 stainless steel after irradiation at 630°C,
This is greater than a factor of 3 reduction in diameter, and the grain
boundary component of swelling in Table 3.1.2 reflects this. Through
these effects, primarily the coarsening of the TiC precipitation, the
effect of TiC is reduced with iIncreasing temperature until finally, as
shown in Fig. 3.1.1, both alloys swell similarly at 730°C,

The fact that the effectiveness of TiC is reduced by coarsening of
its distribution is dramatically demonstrated by again considering the
microstructure of 10%-cold-worked type 316 stainless steel with 0.23 wt % Ti
irradiated at 600°C. The distribution of fine TiC particles is artificially
coarsened by the formation of stringers of TiC precipitate as shown in
Fig. 3.1.4. The precipitate exhibits its normal encrustment with small
cavities ranging from 3 to 20 nm in diameter, but the regions of matrix
unaffected by TiC show cavities ranging from 50 to 150 nm in diameter,
resulting in 4.5% matrix swelling. Furthermore, the regions of the matrix
unaffected by TiC show many more precipitate types than annealed material
that exhibits only Laves phase in addition to TiC. Whether this clustering
of TiC was induced by the fabri{cation procedure or the recrystallization of
the specimen during irradiation is not clear, but the consequences of an

inhomogeneous distribution of TiC are clear.
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Finally, 20%-cold-worked type 316 stainless steel with and without
0.23 wt 7% Ti have been examined after irradiation at 580 to 590°C to
fluences producing 30 to 80 at. ppm He and 1.5 to 3.0 dpa. The swelling
results are included in Table 3.1.2, and the microstructures are shown
in Figs. 3.1.6 and 3.1.7. The swelling of the alloy with 0.23 wt % Ti is
less than that of the unmodified alloy because the increase in cavity
size (12 and 7.5 nm, respectively) was overcome by the decrease in cavity
density by an order of magnitude (2.0 x 102° and 2.5 x 10%'/m®, respectively).
Furthermore, many of the small cavities in the type 316 stainless steel
with 0.23 wt % Ti are clustered about small TiCc precipitate particles.
Finally the type 316 stainless steel appears to be about 10% recrystallized,
and the alloy with 0.23 wt % Ti shows no recrystallization.

3.1.5 Conclusions

1. Swelling in annealed type 316 stainless steel in the temperature
range 580 to 730°C 1is reduced by the addition of 0.23 wt 7% Ti.

2. The reduction in swelling can be related to the preferential
accommodation of helium in small cavities at TiC interfaces.

3. After irradiation of annealed type 316 stainless steel with
0.23 wt % Ti at 600°C intergranular M;3;Cs and Ti(C,N)S are observed and
these prevent the formation of large grain boundary cavities. At higher
temperatures, where grain boundary cavities form, the cavities are much
smaller in the alloy with 0.23 wt % Ti than in unmodified type 316
stainless steel.

4. At higher temperatures the swelling characteristics of both
alloys approach each other as the Ti¢ particles coarsen and large portions
of the matrix are unaffected by Tic, This effect can also be induced if
a fine TiC precipitate is inhomogeneously distributed in stringers.

5. The addition of 0.23 wt % Ti to 20%-cold-worked type 316 stainless
steel reduces swelling and retards recrystallization after irradiation .
at 580 to 590°C to low Fluences.

This work indicates that alloy optimization in terms of composition
and preirradiation microstructure should include development of fine
distribution of TiC to maximize the surface area for a given volume of
precipitate. This should also be combined with the precipitation of
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grain boundary M;3;Cg to prevent formation of large grain boundary cavities.
A stable solid solution with alloying additions to promote recombination

and prevent nucleation may not be the optimum alloy for fusion applications.
The ultimate goal for fusion applications may be intragranular accommodation

of helium.
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3.2 MECHANICAL PROPERTIES OF TYPE 316 AND TITANIUM-MODIFIED TYPE 316
STAINLESS STEEL IRRADIATED IN HFIR — P. J. Maziasz and E. E. Bloom
{ORNL)

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

3.2.2 Objective
Previous studies have shown that titanium additions to types 304 and

316 stainless steel produce an alloy with increased resistance to grain
boundary fracture and improved ductility after irradiation to modest
helium levels (<50 at. pm). The objective of this work is to determine
if these improvements are retained after irradiation to high dpa levels
and helium contents typical of those expected in high-flux regions of
fusion reactors.

3.2.3 Summary
Postirradiation tensile strength and ductility of annealed type 316

stainless steel are improved by the addition of 0.23 wt % Ti over the test
temperature range 575 to 750°C for neutron fluences producing 1850 to

4000 at. pam He and 30 to 60 dpa: This improvement may be correlated

well with the formation of a fine intragranular Tic precipitate, which
accommodates helium in small cavities at its surfaces and with smaller
grain boundary cavities in titanium-modified material. A dramatic
improvement in properties results at 6¢0°C when large grain boundary
cavities are replaced by the formation of intergranular M;3;Ce¢ in addition

to the intragranular Tic. The 575°C postirradiation tensile strength and
ductility of 20%-cold-worked type 316 stainless steel irradiated at 580 to
600°C and low fluences producing 30 to 80 at. ppm He and 1.5 to 3.4 dpa

are improved by the addition of 0.23 wt % Ti. The fracture mode of the
20%-cold-worked material is also changed from brittle intergranular to ductile
transgranular by the titanium additions. Recrystallization of the 20%—cold-
worked structure begins between fluences producing 50 to 60 at. ppm He and
2.5 to 2.8 dpa in type 316 stainless steel and results in a sharp drop in
strength and ductility. The addition of titanium retards recrystallization
of the cold-worked structure for irradiation under these conditions.
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3.2.4 Progress and Status

Samples of annealed type 316 stainless steel and type 316 with
0.23 wt % Ti were irradiated in HFIR at temperatures from 600 to 730°C
to fluences producing 1850 to 4000 at. ppm He and 30 to 60 dpa. The
compositions of the steels are given in Table 3.1.1. Tensile data are
given in Table 3.2.1, and total elongation is plotted as a function of
test temperature in Fig. 3.2.1. The uniform and total elongations, which
in the case of brittle intergranular fracture are equal, are improved by
the addition of 0.23 wt % Ti. Table 3.2.1 also shows that the strength
quantities are improved by the addition of titanium. The properties of
both alloys are nearly equal after irradiation at 785°C. The strength

Table 3.2.1. Engineering Tensile Properties® of Type 316
Stainless Steel With and Without 0.23 wt % Ti

Temperature, °C Helium Level  Displacement Strength, tTa Elongation, %
Irradiation Test @at. ppm) Damage (¢pa)  yitimate Yield Uniform Total
Annealed 316
600 575 4070 60 254 211 0.82 0.82
685 650 3200 45 179 179 0.20 0.20
680 650 4200 61 57 57 0.0 0.0
785 750 3400 48 70 70 0.14 0.14
Annealed 316 + 0.23 wt % Ti
GO0 575 1850 30 414 285 4.17 4.43
680 650 3300 47 208 170 1.03 1.03
710 650 2450 40 179 161 0.66 0.66
680 700 3300 47 209 189 1.10 1.10
710 750 2200 34 155 155 0.80 0.80
785 750 3400 48 69 69 0.0 0.0
20%—Cold-Worked 316
5750 810 770 0.90 6.00
590 575 34.0 1.5 590 530 2.50 2.50
600 575 50 2.5 580 496 2.90 2.90
600 575 60 2.8 541 507 0.50 0.50
580 575 80 3.5 435 416 0.53 0.53
20%-Cold-Worked 316 *+ 0.23 wt % Ti
575 725 678 2.00 6.80
590 575 30 1.5 710 655 2.00 5.60
590 575 70 3.0 483 443 3.10 5.10

AAIl tests run at 0.002 ia./min crosshead speed.
bInterpolated from tests run at 550 and 600°C.
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Fig. 3.2.1. Total Tensile Elongation of Annealed Type 316 Stainless
Steel With and Without 0.23 wt % Ti as a Function of Test Temperature for
Tensile Testing at or Near the Irradiation Temperature After Irradiation
in HFIR to Fluences Producing 1850 to 4000 at. ppm He and 30 to 60 dpa.

and ductility changes observed are consistent with the microstructural
changes discussed in Sect. 3.1. The precipitation of intragranular TiC,
which accommodates 4 large fraction of the total helium in small cavities
at the precipitate surface, and the smaller grain boundary cavities would
be expected to reduce the effect of helium on the ductility.

An increase in the 575°C total elongation is realized for the annealed
alloy with 0.23 wt % Ti irradiated at 600°C to a fluence producing
1850 at. ppm He and 30 dpa. Microstructural examination revealed that
in addition to the previously mentioned trapping of helium within the
grains by TiC, the grain boundaries contain intergranular M>3Cs, a few
T1(C,N)S precipitate particles, and no large cavities. Examination of
the fracture by scanning electron microscopy indicates intergranular
failure. Important, however, is the inequality of the total and uniform

elongations. The increase in total elongation with grain boundary
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precipitation of M23C¢ has been observed' in annealed type 316 stainless

steel irradiated at 530°C in HFIR to a fluence producing 4000 at. ppm He
and 57 dpa.

elongation was 2.6%, anomalously high for annealed material,

In this case the sample was tested at 500°C and the total
but not
inconsistent with continuous M23Ce¢ precipitated at the grain boundaries
instead of large grain boundary cavities.

The ultimate strength of the annealed type 316 stainless steel with
0.23 wt % Ti irradiated at 600°C is higher than that of annealed unmodified
alloy irradiated under similar conditions. The high dislocation density
observed after testing indicates significant intragranular deformation
before failure.

Samples of 20%-cold-worked type 316 stainless steel with and without
0.23 wt % Ti have been in HFIR at 580 to 600°C to low fluences
producing 30 to 80 at. pom He and 1.5 to 3.4 dpa.
tensile tested at 575°C after irradiation,

irradiated
The specimens were

and the tensile properties

are given in Table 3.2.1. The tensile curves of several samples are

shown in Fig. 3.2.2. At this temperature and fluence the addition of

ORNL=-OWG 77-19222R ORNL-DWG 77-19223R1

TENSILE CURVES FOR 20% COLD WORKED 316
IRRADIATED AT 60Q0°C, TESTED AT 575°C.

TENSILE CURVES FOR 20% COLD WORKED 316 +Ti
IRRADIATED AT &00°C, TESTED AT 575°C.
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Fig. 3.2.2. Engineering Tensile Stress as a Function of Engineering

Strain for 20%-Cold~Worked Type 316 Stainless Steel Irradiated in HFIR to
Fluences Producing the Helium and dpa Levels Indicated, (a) Unmodified
alloy. Note the sharp reduction in strain with increased fluence.

(b) Alloy with 0.23 wt % Ti, The strength is reduced with fluence, but
the elongation remains about the same.
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titanium increases ductility and strength. The uniform elongation is
equal to the total elongation for 20%-cold-worked type 316 stainless
steel having from 1.5 to 3.4 dpa. This is shown in curve A of Fig. 3.2.2
and is consistent with the intergranular failure shown by the fracture
surface in Fig. 3.2.3. Irradiation of 20%-cold-worked titanium-modified
type 316 stainless steel to similar conditions results in the uniform
elongation being much less than the total elongation, as shown in curve C
in Fig. 3.2.2. This behavior is indicative of ductile transgranular
failure, as shown in the 45° fracture surface in Fig. 3.2.4.

For 207%-cold-worked type 316 stainless steel irradiated at 580 to
600°C, the ductility dropped sharply after a fluence producing 60 at. ppm He
and 2.8 dpa and then decreased more slowly until it reached about zero
elongation at 4000 at. ppm He and 60 dpa.2 Microstructural examination
shows that this drop coincides with the beginning of recrystallization
of the cold-worked structure. This can be seen in Fig. 3.2.5. If we
compare similarly irradiated 20%-cold-worked type 316 stainless steel

with 0.23 wt % Ti, we can see in Fig. 3.2.6 that the cold-worked structure

Fig. 3.2.3. Fracture Surface of 20%-Cold-Worked Type 316 Stainless
Steel After Irradiation in HFIR at 590°C to a Fluence Producing 34 at. ppm He
and 1.5 dpa and Tensile Testing at 575°C. The fracture surface shows
brittle intergranular failure.
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tile Fracture

Fig. 3.2.4. Fracture Surface of 20%-Cold-Worked Type 316 Stainless
Steel with 0.23 wt % Ti After Irradiation in HFIR at 590°C to a Fluence
Producing 30 at. ppm He and 1.5 dpa and Tensile Testing at 575°C., The
fracture surface shows classic 45" ductility transgranular failure.

Fig. 3.25. Microstructure of 20%-Cold-Worked Type 316 Stainless
Steel Irradiated at 580 to 390°C in HFIR. (@) Irradiated to a fluence
producing 34.0 at. ppm He and 1.5 dpa. The cold-worked structure is

retained. (b) lIrradiated to a fluence producing 80 at. ppm He and 3.5 dpa.
A large recrystallized grain is adjacent to a region recovered into cells.



Fig. 3.2.6. Microstructures of 20%-Cold-Worked Type 316 Stainless
Steel with 0.23 wt Z Ti Irradiated at 5%0°C in HFIR. Irradiated to fluences

producing @ 30 at. ppm He and 1.5 dpa and (b) 70 at. ppm He and 3.0 dpa.
The cold-worked structure is retained in both.

is retained to 70 at. ppm He and 3.0 dpa, and the corresponding mechanical
properties reflect this. In this limited fluence range, the titanium
addition retards recrystallization and prevents the corresponding severe
degradation of properties associated with it. Section 3.1 showed that

a fine TiC precipitate is observed in the 20%-cold-worked material and
that i1t accommodates helium in small cavities at its interface as in
annealed material. This improved helium accomodation is probably partly
responsible for the improved irradiation resistance of titanium-modified
alloy.

3.2.5 Conclusions ad Future Work

1. The postirradiation tensile strength and ductility of annealed
type 316 stainless steel are improved in the test temperature range 575 to
750°C by the addition of 0.23 wt % Ti for tests near the irradiation tempera-
tures to fluences producing 1850 to 4000 at. ppm He and 30 to 60 dpa.
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2. The improvement in mechanical properties with titanium addition
correlates well with the formation of a fine intragranular TiC precipitate
that accommodates helium in small cavities at its interfaces and with
smaller grain boundary cavities than In unmodified material. A significant
increase In strength and ductility coincides with the formation of an
intergranular M23C¢ precipitate instead of large grain boundary cavities,
in addition to the fine TiC precipitate, at 600°C.

3. The postirradiation tensile strength and ductility of 20%-cold-
worked type 316 stainless steel are improved at a test temperature of
575°C by the addition of 0.23 wt % Ti for irradiation at 580 to 400°C to
fluences producing 30 to 80 at. ppm He and 1.5 to 3.4 dpa. The fracture
mode for these conditions is changed from brittle intergranular to ductile
transgranular by titanium addition.

4. Ductility and strength of 20%-cold-worked type 316 stainless steel
are sharply reduced upon recrystallization of the cold-worked microstructure.
This occurs after irradiation at 590 to 600°C to a fluence producing
50 to 60 at. ppm He and 2.5 to 2.8 dpa, axd the properties remain
approximately constant up to fluences producing 4000 at. ppm He and
60 dpa. The addition of 0.23 wt % Ti retards recrystallization for the
low fluence conditions.

5. Fine intragranular Ti¢ precipitate particles that behave
similarly to those observed in annealed material are found after titanium
addition to 20%Z-cold-worked type 316 stainless steel. They are probably
partially responsible for the improvement iIn properties.

Future work will investigate the fluence dependence of the rscrystal-
lization retardation In titanium-modified alloys. If the improvement is
related to TiC ruimaciuu, the ruwee temperature irradiation responsz of
20%-cold-worked type 316 stainless steel wit needs to be
examinad, IF TiC does not form, treatments to produce it before
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and fine intragranular .TiC preeipitation appears beneficial, and control
of microstructure to optimize this behavior should be pursued.
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3.3 PRECIPITATION RESPONSE OF ANNEALED TYPE 316 STAINLESS STEEL IN HFIR
IRRADIATIONS AT 550 to 680°C — P. J. Maziasz (ORNL)

3.3.1 ADIP Tasks
ADIP Tasks 1.c.1, Microstructural Stability, and 1.C.2, Microstructures
and Swelling in Austenitic Alloys.

3.3.2 Objective
The objective of this work is to characterize the precipitation

response of annealed type 316 stainless steel to irradiation in HFIR

to simultaneously produced high levels of dpa and helium. This response
is compared with thermal aging and with fast-reactor irradiation precipi-
tation response in order to determine how helium production during
irradiation changes the damage structure produced.

3.3.3  Summary
The precipitation response of annealed type 316 stainless steel

irradiated in HFIR is studied and compared with previously observed
thermal aging and fast-reactor irradiation responses. Irradiation in HFIR
produces high levels of helium and displacement damage simultaneously

and thus partially simulates a fusion environment. Samples have been
irradiated at temperatures from 550 to 630°c to Fluences producing up

to 3300 at. ppm He and 47 dpa. If the precipitation response after HFIR
irradiation is compared with that after thermal aging on a time-temperature-
precipitation diagram, HFIR irradiation results in similar phase
combinations, but shifted to lower temperatures and shorter times relative
to thermal aging. The shifts range from 70 to 200°C and are different
for different phase combinations. The phase regions resulting from
fast-reactor irradiation require little or no shift in temperature or

time relative to thermal aging. Therefore, HFIK irradiation also results
in shifting the phase regions to shorter times and lower temperatures
relative to fast-reactor irradiation. When simultaneous helium production
is added to the irradiation environment by HFIR irradiation, the
unidentified rod-shaped precipitate particles are absent and M;c and Laves
phases are present in contrast with reactor irradiation at similar
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temperatures and fluences. Most voids produced by irradiation in a fast
reactor are heterogeneously nucleated on the rod-shaped precipitate

particles or M;;Ce. After HFIR irradiation only a fraction of the cavities
are attached to precipitate particles, with Laves being the most preferred
and M;3;Ce the least preferred. Helium has been shown to change the swelling,
mechanical properties, and cavity response of annealed type 316 stainless
steel relative to fast-reactor irradiation. Helium is shown to change

the precipitate response as well and is important in understanding and
anticipating fusion environment materials response.

3.3.4 Progress and Status

3.3.4.1 Experimental
The composition of the type 316 stainless steel used in this investi-

gation is given in Table 3.3.1. The final sample preparation involved a
50% reduction in area by swaging, machining into tensile specimens, and
annealing for 1 hr at 1050°C, before irradiation in HFIR. The irradiation
conditions are given in Table 3.3.1. We examined three annealed type 316
stainless steel samples irradiated in HFIR from 550 to 680°c to 2000 to
3300 at. ppm He and 30 to 47 dpa, as well as two unirradiated samples

aged for 10,000 hr at 600 and 650°C.

Table 3.3,1. Conditions for Irradiation of Annealed
Type 316 Stainless Steel in HFIR

Irradiation Neutron Flux, Neutron Fluence, Displacement Hel tum

Temperature >0.1 MeV >0.1 MeV Damage Content
(°C) (n/m® 3) (n/m?) (dpa) (at. ppm)
550 0.95 x 10'? 6.18 x 10%° 42 3000
600 1.40 4.21 30 2000

680 1.38 6.91 41 3300
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3.3.4.2 Results

The experimental conditions and phases observed are presented in
time-temperature-precipitation {(TT?) diagrams in Fig. 3.3.1 and are
summarized in Table 3.3.2. The orientation relations of the precipitate
phases relative to the austenite (face-centered cubic) matrix are
presented in Figs. 3.3.2 and 3.3.3 and summarized in Table 3.3.3.

The phase boundaries on the TTP curve determined by data taken by
Weiss and Stickler” have been extended to longer aging times to represent
data taken in this work at 600 and 650°C after aging for 10,000 hr. In
some cases the curves were slightly altered, within the scope of Weiss
and Stickler’sdata points, to be consistent with the phase reaction
scheme proposed by them (see Fig. 3.3.4). In particular, the phase region
of ¥MsC was added, because Weiss and Stickler indicate observing trace
amounts of MsC after aging at 650°C for 1500 hr and longer but did not
include it in their TTP diagram. The data of Weiss and Stickler were
taken for type 316 stainless steel that had been annealed at 1260°C to
produce a large grain size (average grain diameter =560 um). Our data
were taken for type 316 stainless steel annealed at 1050°C for 1 hr as
the final step in the fabrication procedure established to produce an
order of magnitude smaller grain size (average grain diameter =55 um),

Our fabrication steps, however, included solution annealing for 1 hr at
1200°Cc followed by 40 to 50% reduction in area by swaging at room
temperature before the final cold work and solution anneal mentioned
above. It is, therefore, reasonable to assume that the amount of carbide
in solution and the homogeneity of its distribution within the grains were
about the same as in Weiss and Stickler’s specimens, so that comparison

of our data with their data is legitimate. Furthermore, Spruiell et al.?
found little difference in precipitation behavior for solution anneals

of 1050 and 1200¢°cC.

In this work, aging at 600°C for 10,000 hr produced M,:Cgs (See Fig. 3.3.5)
Aging at 650°C for 10,000 hr produced M;3Cg, Laves occasional sigma particles,
and a small amount of M;C (see Fig. 3.3.6). These observations are
consistent with Weiss and Stickler’s reaction scheme for these temperatures
and, therefore, warrant extension of their TTP diagram to include these data.
These samples were the control samples for the annealed type 316 stainless
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Fig. 3.3.1. A TIP Diagram for Annealed Type 316 Stainless Steel.
(@ The boundaries of the phase regions taken from data by Weiss and
Stickler are extended to longer aging times and to include thermal aging
data from this work. (b) Data obtained after HFIR and EBR-IL irradiation.
The data are plotted at the irradiation temperatures and times and the
phases observed are indicated.
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Fig. 3.3.2. Stereographic Projections of Orientation Relations (ORs)
Between y Matrix and Carbide Precipitate Planes as Determined from Electron
Diffraction.
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Table 3.3.3. Orientation Relations of Precipitate Phases

Precipitate Orientation Ratio of Inter-

P Relation Parallel Planes planar Spacings,
Phase p .
Type d7ppt./dy

M2 1Ce T [100] MysCe I [100]y A" 0e/drog = 2.95

[110] Mz3Cs I [1101%Y CE’IIO/C3110 = 2.95

M. C | (111) MsC  fl (111)y d° 111 /dT = 3.08

(110) Mg C ] (llO)Y CE’TID/-"EITO = 3.08

11 (101) MeC (111)Yb A ya1/diy, = 3.08

Lavesc | {(00.1)Laves |l (231)Yb Cg’oo.l/(fz31 = 8.04

It {(00.1)Laves |l (EEZ)Yb dp0,1/d3T2 = B.04

(21.0)Laves [ (111)y d%21 o/dhTh = 1.14

ITT (00.1)Laves | (113)vy d700.1/d1 T3 = 7.13

(11.0)Laves | (110)v d v 1.0/dri10 = 0,93

Chid | (011)x Il (111)’\(2 d911/d111 = 3.02

(111)x I (Qll)Ye d"111/do1 = 2.01

(Oll))( [ (Dll)“{ d‘0?2/d011 = 5.0

SigmaS 1 (001)a I (111)y d vor/diT1 = 2.21

(110)o0 I (110)y d"220/d110 = 4.91

(11)o I (110)y d 950 /d1To = 2.90

11 (110)0 I (liﬁ)Y d 110/da11 = 3.0

(100)o I (110)y d%v00/d1To = 3.46

ay iS fce with gy = 0.36 nm.
bNot exactly parallel, a slight angular displacement.

“Laves 4 values of interplanar spacing are taken from
Andrews et z1., Interpretation OfF Electron Diffraction Patterns,
2nd ed., Hilger, 1971.

dFe, Cr, Mo, chi phase, with d calculated from 2, = 0.888 nm,
from Weiss and Stickler.

€Several degrees from not being parallel.

fFe, Cr, Mo sigma phase, with d calculated from a; = 0.888 nm,
ep = 0.46 nm From Weiss and Stickler.
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Fig. 3.3.4. Phase Reaction Sequence Proposed by Weiss and Stickler
for Annealed Type 316 Stainless Steel During Aging.

YE-11517

Fig. 3.3.5. Type 316 Stainless Steel Annealed 1 hr at 1050°C and Aged
for 10,000 hr at 600°C. (a) High-angle grain boundary precipitation of
M23Cg. Each precipitate particle is cube on cube with either one grain on
the other. (b) Sword-like intragranular M23C¢. Precipitate particle
density is about 2 x 10'%/m®.
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steel samples irradiated in HFIR. Their compatibility with the TTP diagram
Justifies comparison of the HFIR-irradiated samples with this diagram.

The precipitation response of annealed type 316 stainless steel
irradiated in HFIR has been examined for irradiation at 550 to 680°C to
fluences producing 30 to 47 dpa and 2000 to 3300 at. ppm He. After
irradiation in HFIR at 550°C to 42 dpa and 3000 at. ppm He (*4,00G hr),
M23Cs was found at the grain boundaries and intragranularly; Laves and
MgC were also found intragranularly (see Fig. 3.3.7). After irradiation

Fig. 3.3.7. Type 316 Stainless Steel Annealed 1 hr at 1050°C and Irra-
diated in HFIR at 550°C to 3000 at. ppm He and 42 dpa (6,000 hr).
(a) Grain boundary with nearly continuous M;3C¢. (b) Intragranular plates
of M23C¢ and MgC; both are oriented near [Oil] precipitate zones, which
are coincident with ay matrix [Qll] zone axis. Precipitate particle
densities are about 4 and 6 x 10'°/m®, respectively. (c) Laves phase,
thin lath. Precipitate is oriented in a [12.0] preeipitate zone axis.
Precipitate particle density is about 2 x 10'%/m*, (d) Large, isolated
MeC precipitate particle, eriented on a [134] precipitate zone axis.
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at 600°C to 30 dpa and 2000 at. ppm He (7800 hr), large isolated inter-—
granular sigma phase particles were observed, and Laves phase particles

were distributed intragranularly (see Fig. 3.3.8). After irradiation at
630°C to 47 dpa and 3300 at. ppm He (~13,000 hr), large isolated inter-

granular sigma phase precipitate particles were found, and chi phase was
found within the grains (see Fig. 3.3.9).

The phase combinations observed in the samples after HFIR irradiation
are compared with the phase regions of the TTP diagram in Fig. 3.3.1(b).
The most significant point is that the TTP diagram contains phase regions
that predict the same phase combinations as observed after HFIR irradiation.
However, coincidence of the points and the appropriate regions on the TTP
diagram requires a shift of the points both upward In temperature and

outward in time relative to thermal aging results. The shifts are
different for the different samples. For the sample irradiated at 550°C,

a shift of about 70°C upward is needed to obtain the appropriate phase
region on the TTP diagram. The sample irradiated at 600°C requires
consideration of both the TTP diagram and Weiss and Stickler®s reaction
scheme. IFf M23C¢ is a metasable phase, then from Weiss and Stickler®s

(a) 0.50 um

Fig. 3.3.8. Type 316 Stainless Steel Annealed 1 hr at 1050°C and Irra-
diated in HFIR at 600°C to 2000 at. ppm He and 30 dpa (7800 hr). @ Large,
isolated sigma phase particle oriented near a [001] precipitate zone axis
that is coincident with a [111] y matrix zone axis. (b) Cavity-coated laths
of Laves phase, several of which are oriented near a [00.1] precipitate zone
axis. Precipitate particle density is about 3 x 10%/m?,
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YE-11524
. Y

Fig. 3.3.9. Type 316 Stainless Steel Annealed 1 hr at 1050°C and Irra-
diated in HFIR at 530°C to 3300 at. ppm He and 47 dpa {~13,000 hr).
(@ Massive sigma phase at the grain boundaries. (b} Large intragranular
plates of chi phase. The dark chi phase is oriented on a [681] precipitate
zone axis.

reaction scheme it is logical to assume that at some time the transfor-
mation will be complete. This means that the sigma T M;ice T Laves phase
region in the TTP curve will cross a boundary signifying the end of the
transformation of M,3;Ce¢ to sigma, giving a sigma + Laves phase region.
Thus, the sample irradiated at 500°c would require a shift of about 90°¢
upward and a shift outward in time to get to an appropriate phase region
on the TTP diagram. The sample irradiated at 430°C requires an upward
shift of about 200°C on the TTP diagram to coincide with the appropriate
phase region.

The net result of simulated fusion irradiation at these temperatures
and fluences seems to be shifting the phase regions similar to those
observed after thermal aging on the TIP diagram to some lower temperature
and shorter time. This iIs iIn contrast to fast-reactor irradiation, where
phases not observed under any aging conditions are found after irradiation,
but little or no temperature shift for otherwise similar phase regions is
required. The temperature shifts are approximate and are of course based
upon the assumption that the calculated irradiation temperatures are
correct. Until experiments with more accurate temperature control are
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available, some shifts in the irradiation temperature due to experimental
uncertainty must also be considered as a possibility to explain the data.
A uniform shift in either time or temperature is clearly insufficient to
bring coincidence of all the irradiated samples with similar phase regions
on the TTP diagram.

If we compare similar phase regions on the TIP diagram for aged
samples and those irradiated in HFIR, the morphology and number density
of a particular phase are different. Compare the sample aged 10,000 hr
at 650°c (Fig. 3.3.6) and the sample irradiated for about 16,000 hr at
550°c (Fig. 3.3.9). Figures 3.3.6(a) and 3,3.7(a) show similar M23Cg
precipitation at the grain boundary for the aged and irradiated samples,
respectively. Within the grains, however, M;3C¢ has changed from narrow
laths to square plates or chunks after irradiation [Figs. 3.3.6(b),
3,3.7(v), and 3.3.7(d}]. Laves appears similar in both conditions, except
that the laths are narrower after irradiation [Figs. 3.3.6(¢) and
3.3.7(ec)]1. Irradiation produces nearly an order of magnitude greater
precipitate particle densities of M23C¢ and Laves than does thermal aging.
The amount of ;¢ relative to M23Ce¢ and Laves also seems to have increased
as a result of irradiation.

The association between cavities and the various precipitate phases
is shown in Figs. 3.3.7 through 3.3.9. The cavities have previously been

¥ There seems to

shown to be consistent with equilibrium helium bubbles.
be some cavity association with nearly every intra- or intergranular

phase, but the highest cavity association in annealed type 316 stainless
steel is clearly with Laves phase at 600°C [Fig. 3.3.8(b)]. The behavior
of Laves has changed from association of several large cavities per
precipitate particle at 550°C to the association of many smaller cavities
with each precipitate particle at 600°C [Fig- 3.3.7(¢) compared with
3.3.8(b)]. Intragranular M;3;Cgs seems to have the lowest cavity association
[Fig. 3.3.7(b)].

The orientation relations (ORs) for the phases observed after thermal
aging and after HFIR irradiation were obtained from the electron diffraction
patterns necessary to identify a particular phase type. These orientation
relationships are plotted in terms of coincident stereographic projections

of each precipitate phase relative to the standard (00L) matrix projection
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in¢igs, 3.3.2 and 3.3.3. They can usually be summarized in terms of
several low-order matrix and precipitate planes being parallel. The
orientation relations for M23Cg, chi, and sigma OR-1 are consistent with
data reported by others. The other relationships observed have not been
reported. Laves OR-1 and t;C OR-1 were found only after HFIR irradiation.
Laves OR-111 was found only after thermal aging. All other orientation
relationships were unaffected by irradiation in the HFIR.

3.3.4.3 Discussion

The results, summacized briefly, show that HFIR irradiation of annealed
type 316 stainless steel at temperatures from 550 to 430°C results in the
precipitation of phases similar to those produced by thermal aging if
compared with samples aged at higher temperatures and, in some cases,
longer times. This is not the case after fast-reactor irradiation, which
produces phases that do not occur under any thermal aging conditions.
Figure 3.3.1(b) shows a crosshatched region of the TTP diagram corresponding
to times and temperatures observed after fast-reactor irradiation. For
fast reactor irradiation of annealed type 316 stainless steel, NiySi%s®

and the unidentified rod shaped pracipitate®=?

are observed. These phases
are not observed after thermal aging to any time and temperature. The
phases M23Cs, sizma, and chi are obsarved®™? after fast-reactor irradiation

and after thermal aging, with little shift iIn temperature or time relative
to the TT? diagram. Laves and #s;C phases are not reported. If they are
absent, it is significant because then not only has irradiation caused

the presence of new phases, but it has also resulted in the absence of
phases normally observed after thermal aging.

Compare irradiation in HFIR and EBR-IL at 350°C, Intra- and inter-
granular M23Ce are observed in both. Intragranular ¥:C and Laves phases
are observed after HFIR irradiation but not after EBR-II irradiation. An
unidentified rod-shaped precipitate is observed after £3R-11 irradiation
but not after HFIR irradiation. Compare irradiation in HFIR and ZBR-IT
at 600°C. After fast-reactor irradiation, M>3Cg IS observed within and
between grains along with the unidentified rod-shaped phase. After HFIR
irradiation intergranular sigmz and intragranular Laves phase are observed.
Finally, compare irradiation In HFIR with that in E3R-II at 630°C, Again,
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intra- and intergranular M;3:C¢ and the rod-shaped precipitate are observed
after irradiation in EBR-II, and sigma and chi phases are found along with
these phases at 750°¢C. After irradiation in HFIR, only sigma is observed
at the grain boundaries and chi phase is observed within the grains. For
EBR-II irradiation, the phases M.;Cs, sigma, and chi appear at times and
temperatures consistent with equivalent thermal aging. In HFIR, as
mentioned previously, a shift In temperature and/or time is required for
coincidence of similar phase regions. Since irradiation temperatures in
both reactors are calculated without the benefit of verifying measuceme®ts,
these comparisons are not absolute but rather assume correctness of the
irradiation temperatures. But the differences are great enough to justify
the conclusion that the production of helium during the irradiation has
changed the precipitation response of annealed type 316 stainless steel.
Not only has the precipitation response changed, but the cavity
association with precipitates is also different after irradiation in HFIR
as compared with EBR-II, Voids are associated with the unidentified rods
and M;3;Ce after irradiation in EBR-II, Both Brager and Straalsund,® and
Bloom and Stiegler® indicate that nearly all voids are attached to
precipitate particles. After HFIR irradiation, cavities are attached to
nearly all precipitate phases, but only a fraction of the cavities is
attached to precipitates rather than dislocations in the matrix of
annealed type 316 stainless steel. Since in HFIR-irradiated material
the cavities are probably equilibrium helium bubbles, the cavity association
is an index of the helium accommodation of the various phases. Laves
phase has several large cavities per precipitate particle at 550°C
[see Fig. 3.3.6(c)] and many smaller cavities per particle at 600°C
[see Fig. 3.3.7(b)] after HFIR irradiation. Apparently, of the phases
present in annealed type 316 stainless steel, Laves accommodates helium
most effectively. However, Maziasz and Bloom™ " have shown that even In
the presence of Laves phase, nearly exclusive association of very small
cavities with TiCc occurs when 0.23 wt % Ti is added to annealed type 316
stainless steel. Laves is not the best possible, but the best available
phase to accommodate helium in annealed unmodified type 316 stainless steel.
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3.3.5 Conclusions

1. Curves drawn from the data of Weiss and Stickler on a TTP diagram
for annealed type 316 stainless steel have been extrapolated to longer
aging times. The shapes of portions of their curves have been altered
slightly as well as extended, and McC phase region has been included to
be consistent with their phase reaction scheme and their data. These
curves were then extended to longer aging times; no unreasonable changes
were necessary to include our data for aging at 600 and 650°C for 10,000 hr.

2. The precipitates identified in samples of annealed type 316
stainless steel irradiated in HFIR are compared with the TTP diagram for
aging at similar times and temperatures. Phase regions consistent with
the phase combinations observed after HFIR irradiation can be obtained by
considering the extended TTP diagrams and Weiss and Stickler's phase
reaction scheme. The appropriate phase regions on the TTP diagram are
shifted upward in temperature and/or to longer times relative to HFIR
irradiation times and temperatures. The shifts appear to be different
for different phases.

3. If similar phase regions are compared for thermal aging and HFIR
irradiation, HFIR seems to change the morphology, to increase the particle
number density by nearly an order of magnitude, and to change the relative
amounts of some phases as compared with thermal aging.

4. The orientation relationships for the crystal structure of
precipitate phases relative to the matrix have been determined for both
aged and HFIR-irradiated samples. The orientation relationships are
plotted stereographically relative to the (001) projection of the matrix.
The orientation relationships for sigma, chi, and M;3Gs have been entirely
or partially reported in the literature. W found MgC OR-1 and Laves OR-1I
only after irradiation in HFIR. Laves OR-111was found only after thermal
aging. The other orientation relations were unaffected by irradiation
in HFIR.

5. Samples of annealed type 316 stainless steel irradiated in HFIR
are compared with samples irradiated for similar times and temperatures
in fast reactors. Irradiation in HFIR results in the occurrence of Mg
and Laves phase but not the unidentified rod-shaped phase found in
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fast-reactor irradiatior. If both irradiations are compared with similar
phase regions on the TTP diagram, the HFIR results seem shifted to higher
temperatures relative to the fast-reactor results.

6. The changes in precipitate response coincide with the inclusion
of simultaneous helium production during the irradiation. The cavity
interaction and association with the precipitate phases also change with
the addition of helium. After fast reactor irradiation almost all voids
are associated with either the rod-shaped phase or M;3;C;. After HFIR
irradiation only a fraction of the cavities are associated with the
precipitates, but there is some association with nearly every particle
present. Laves phase shows the highest cavity association and M:z3Ce the
least in annealed type 316 stainless steel irradiated at 550 to 580°C for
up to 16,000 hr.
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3.4 THE SWELLING OF 20%-COLD-WORKED TYPE 316 STAINLESS STEEL IRRADIATED
IN HFIR TO HELIUM LEVELS OF 2003700 at. ppm — M. L. Grossbeck and
P. J. Maziasz (ORNL)

3.4.1 ADIP Task
ADIP Task 1.C.2, Microstructures and Swelling in Austenitic Alloys.

3.4.2 Objective
The purpose of this study is to measure swelling in 20%Z-cold-wocked

type 316 stainless steel with high levels of helium and compare it with
swelling in similar material containing little or no helium.

3.4.3  Summary
Specimens of 20%-cold-worked type 316 stainless steel were irradiated

in the High Flux Isotope Reactor (HFIR). The mixed spectrum of this
reactor results in simultaneous production of helium from a thermal

neutron reaction with nickel™ and displacement damage from the fast

portion of the spectrum.

The amount of swelling was determined by liquid immersion density
measurements. Swelling was greater than in samples containing only trace
guantities of helium irradiated in =ER-II. Swelling as high as 1.6 vol %
at a fluence of 7 x 10%% n/m* (>0.1 MeV) was found in material irradiated
at 380°c. This contrasts with slight densification in material irradiated
in EER-II. Of the three temperatures investigated — 375, 475, and
575°C — lowest swelling occurred at 475°C and highest at 375°C. Low-helium,
EBR-11-irradiated type 316 stainless steel exhibits® maximum swelling at
about 585°C.

3.4.4 Progress and Status

Unlike an LMFBR, a fusion reactor will not experience coolant flow
restriction if excessive swelling occurs in structural materials. How-
ever, since a Tokamak is such a large structure, even modest swelling
could result in shape distortions and excessive stresses, especially
at points of support or constraint. Swelling must, therefore, be known
and should be minimized or allowed for. Since helium is known to have
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a major effect on swelling, It is necessary to characterize and hope-
fully understand its effect and to have swelling data available to
designers.

The specimens for this investigation were primarily intended for

tensile property measurement. They were machined from type 316 stainless
steel of composition as follows:

Element Cr Ni Ma Mn Ti Si C P 5 N B Fe

we # 18.0 13.0 2.58 1.9 0.05 3.8 0.05 0.013 0.016 0.05 0.0005 Bal

The specimen material was solution annealed at 1150°C for 1 hr, then

cold swaged to 50% reduction in area. This was followed by annealing

at 1050°C for 1 hr followed by similar cold swaging and annealing, after
which the rod was cold swaged to 20% reduction in area. The material

was then machined into tensile specimens 31.7 mm long with a gage diameter
of 2.0 om.

The specimens were irradiated in HFIR in a peripheral target position.
The mixed fast and thermal spectrum results in a simultaneous high dis-
placement damage rate and high helium production rate in alloys containing
nickel.! Seven capsules were irradiated, providing a fluence range of
0.6 x 10*® to 8 x 102% n/m® (>0.1 MV). Corresponding helium levels
range from 200 to 3700 at. ppm He. Irradiation temperatures from 285
to 620°C were achieved by surrounding the specimens with helium gas gaps.
No instrumentationwas provided.

Densities were measured by liquid immersion using water or ethyl
phthalate. Liquid temperature was controlled to within +0.05°C, and
liquid density was calibrated against a quartz standard.

Preliminary results are shown in Fig. 3.4.1. The helium-containing
material has higher swelling within the fluence and temperature ranges
observed than does EBR-1l-irradiated material.® Densification observed
at low Fluence values in both materials results from precipitation.*

The temperature dependence of swelling in the HFIR-irradiated material
is unusual iIn that material irradiated at 375°C exhibits slightly greater
swelling than that irradiated at 575°C, and the lowest swelling occurred
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Fig. 3.4.1. Swelling as a Function of Fluence and Helium Content
for HFIR-Irradiated 20%-Cold-Worked Type 316 Stainless Steel. Data on
the swelling produced in a different heat of type 316 stainless steel
by irradiation in EBR~II are shown for comparison.

for irradiation at 475°c. A different effect is observed™ in EBR-II
irradiated 20%-cold-worked type 316 stainless steel, which shows a
swelling maximum at 585°C.

The high swelling at 375°C is consistent with microscopy studies

by Maziasz et al.,*

which show a slight decrease in swelling as temper-
ature is increased from 380 to 350°C, above which swelling increases
substantially with increasing temperature. That investigation also
found that at 330°C, among the numerous small cavities are a few large
cavities, which are not formed at 450 and 550°¢, and these seem to con-
tribute to the larger swelling. The phenomena associated with the large
cavities are not clear at present. The interactions of the cavities
with helium and precipitation are undergoing further investigation.
Microstructural examination of 20%-cold-worked type 316 stainless
steel irradiated at 600°Cc to fluences producing 1.5 to 3.0 dpa and
30 to 80 at. ppm He indicates cavity densities of 2.5 x 10*!/m® and
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diameter of 7 to 12 nm. The microstructure of the same material irradiated
in EER-II to similar conditions shows precipitation but few or no cavities
until greater than 15 to 20 dpa. Thus helium is responsible for earlier
and more rapid nucleation than expected from previous observations.’

3.4.5 Conclusions

Swelling in 20%-cold-worked type 316 stainless steel containing greater
than 2000 at. ppm He and irradiated between 375 and 575°C is significantly
greater than in similar material irradiated in a fast neutron spectrum.
Below a fluence of 8 x 10%® n/w’ (>0.1 MeV), material containing less
than 20 at. ppm He® densifies by 0.1 to 0.2% or swells by less than 0.3%,
whereas irradiated material containing greater than 200 at. ppm He swells
as much as 1.6%.

A swelling maximum near 375°C was found in the helium-containing
material. This is in addition to the continuously increasing swelling
above 550°C that was reported previously.*
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3.5 THE INFLUENCE OF IRRADIATION ON THE PROPERTIES CF PATH A ALLOY
WHDVENTS — F. W. Wiffen, D. P. Edmonds, J. F. King, and
J. A. Horak (ORNL)

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

3.5.2 Objective
This work scopes the response of welds and weld-affected zones to

irradiation over a range of temperatures and fluences. Welds with

type 316 or 16-8-2 stainless steel filler metal joining 20%-cold-worked
type 316 base metal are being irradiated in the ORR and HFIR. Tensile
tests on the irradiated specimens will be supplemented by fractography,
metallography, and microscopy to determine the effects of irradiation
on the mechanical properties.

3.5.3 Sumnary

Weld-containing samples irradiated in HFIR at about 55°C exhibited
large increases in the 35°C tensile strength but only modest loss of
ductility. The strength of the weld-containing samples remained below
the strength of the base metal, and all tested samples failed within

the weld metal.

3.5.4 Progress and Status

Five rod samples made from 20%-cold—workedtype 316 stainless steel
welded with 16-8-2 filler metal were included in experiment HFIR-CTR-16,
designed to investigate irradiation effects at about 55°C, the lower
bound operating temperature for a separately cooled fusion reactor
first wall. The sample geometry and orientation with respect to the
weld are shown in Fig. 3.5.1. These samples were irradiated in direct
contact with the reactor coolant water at a temperature of about 55°C.
The experiment was in a peripheral target position in HFIR for five
standard cycles, equivalent to a total of 11,466 MWd at full power of
100 MW. After irradiation these samples were tensile tested in air

on an Instron machine.
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Fig. 3.5.1. Orientation of Tensile Sample with Respect to the Weld
for Samples Used in the HFIR Irradiation of Weldments. The reduced gage
section of the sample is 18 mm long and 2 mm diam. To convert dimensions
shown on drawing, 1in. = 25.4 mm.

Tensile test results are given in Table 3.5.1, along with results
representative of the unirradiated base metal. Comparison of the control
data on base metal and weld-containing specimens showed that the weld-
containing samples failed at much lower scresses than samples of only
base metal, and with higher uniform elongation but comparable total
elongation. The irradiated samples tested at about 35°C showed higher
strengths and lower ductilities than the control values. The strength
values increased with increasing fluence for the three samples available,
but the ductility values were approximately the same for the three tests.
Although the yield strength was approximately double the control value,
and the ultimate tensile strength increased approximately 40%, these
strength values were still below the values for unirradiated base metal:
Strength and ductility values of the irradiated sample were lower in
tests at 300 and 700°C than in tests at 35°C. At both these elevated
temperatures the strength values were lower for base metal tested at
the same temperature.
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Table 3.5.1. Tensile Properties of Welds Made with 16-8-2 Filler
Metal Joining Type 316 Stainless Steel Base Metal

Irradiation Parameters® Test Strength, MPa Elongation, %
dpa (aHte-I ipupmm} Tem(Q’%r)ature 0.2% Yield Ultimate Uniform Total
Weld Specimens
0 -35 354 547 14.0 19.0
0 -35 333 510 12.9 16.5
-4.5 100 -35 680 735 6.8 12.0
8.7 250 -35 701 739 5.8 11.8
10.8 340 -35 727 759 1.2 13.0
10.8 340 300 565 598 3.1 6.7
5.5 130 700 214 247 1.4 1.7
20%-Cold-Worked Type 316 Stainless Steel
0 35 836 864 7.9 17.8
300 708 747 1.4 6.0
700 399 410 0.9 15.9

‘Irradiation temperature about 55°C.

Location of fracture positions on post-test macrophotographs and
comparison with weld locations determined by ferrite zone locations
before irradiation showed that all weld specimens tested had failed
within the weld metal. Fracture surfaces and microstructures have

not yet been examined.

3.5.5 Conclusions and Future Work

Irradiation of weld-containing samples at about 55°C to fluences
producing 4 to 11 dpa and 100 to 340 at. ppm He resulted in large
strength increases in tensile tests at about 35°C but had little
effect on the ductility. The strength of 16-8-2 welded specimens
remained lower than the strength of the 20%-cold-worked base metal,
with all tested samples failing in the weld zone.

Similar specimens containing welds with 16-8-2 and type 316 stain-
less steel filler metal have been irradiated at temperatures in the
range 280 to 620°C. These samples will be tensile tested during the
next reporting period. A related set of weld-containing and all-weld-

metal sheet samples are under irradiation in ORR-MFE-1.
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3.6 THE EFFECTS OF IRRADIATION AT ABOUT 55°C ON TYPE 316 STAINLESS
STEEL — F. W. Wiffen (ORNL)

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

3.6.2 Objective
This work was directed at establishing the effect of irradiation

at about 55°C on the swelling and tensile properties of type 316
stainless steel. This experiment will provide data that can be used
to project the service performance of separately cooled reactor first

walls operating at temperatures well below the main blanket temperature.

3.6.3  Summary

Irradiation of 20%-cold-workedtype 316 stainless steel at
about 55°C to produce 4.5 to 10.5 dpa and 180 to 520 at. ppm He
reduces the uniform elongation to near zero but has little effect
on the total elongation or strength properties for tensile tests
at 35°C. Tests in the temperature range 200 to 300°C show the same
trends as for 35°C tests. Tests at 400 to 600°C show elongation
and strength very close to the control values. Tensile testing at
700°C after holding the sample 30 min at temperature shows low
ductility but strength values equal to the control values. This

appears to be the onset of helium embrittlement. Nbo measurable swelling

was produced by this range of irradiation conditions.

3.6.4 Progress and Status

3.6.4.1 Experiment

Irradiation experiment HFIR-CTR-16 was a three-pin experiment
with 42 rod tensile samples irradiated in direct contact with about
55°C reactor cooling water. The experiment was irradiated in the
HFIR peripheral target position for five standard cycles, 114.66
full-power days. The method of specimen loading is shown schematically
in Fig. 3.6.1.
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Fig. 3.6.1. Schematic Diagram of the Specimen Loading for the
HFIR Water Temperature Irradiation Experiment, HFIR-CTR-16.

Specimens of 20%-cold-worked type 316 stainless steel were made
from the DO heat of steel. The composition of this steel in weight
percent is 18.0 Cr—13.0 Ni—2.58 Mo—1.9 Mn—0.8 Ni-—0.05 C—bal Fe.
Irradiation of type 316 stainless steel with 13wt % Ni in this experi-
ment produced from 4.5 to 10.5 dpa and from 180 to 520 at. pom He in
the samples.

All tensile tests were run in air on an Instron. In elevated-
temperature tests, the samples were held at the test temperature for
30 min before the start of tests. Strain values were calculated from

the chart-recorded crosshead motion during the test.
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3.6.4.2 Results

Comparison of preirradiation and postirradiation specimen lengths
indicated little or no swelling due to irradiation. Immersion density
measurements on a few specimens confirmed little or no swelling. The
combination of all measurements suggests that the 180 to 520 at. ppm He
produced during the irradiation at about 55°C is accommodated in the
20%-cold-worked type 316 stainless steel without producing measurable
swelling.

The tensile results are given in Table 3.6.1, and shown as
a function of test temperature in Fig. 3.6.2. For the range of condi-
tions investigated, the tensile properties at about 35°C are relatively
insensitive to dpa, helium level, and strain rate during test. The
yield strength and ultimate strength at about 35°C were raised about
17 and 13%, respectively, by the irradiation but were not sensitive to
variations in the dpa or helium level. The uniform elongation was
reduced from above 3% to about 0.4% by the irradiation, but the total
elongation was little affected.

Tensile tests at temperatures above the irradiation temperature
showed little or no effect on the strength values for the test
temperatures from 200 to 700°C. The total elongation of irradiated
specimens was approximately equivalent to control values for tests

in the range 200 to 600°C, but dropped below 19dor tests at 700°C.
The uniform elongation of irradiated samples remains near zero for

tests up to 300°C, rises to values equivalent to the value for control
tests for tests at 400 to 600°C, and returns to near zero for tests
at 700°C.

Fracture surfaces have not yet been examined for the determination

of fracture mode.

3.6.5 Conclusions and Future Work

Irradiation of 20%-cold-worked type 316 stainless steel at about
55°C to produce 4.5 to 10.5 dpa and 180 to 520 at. ppm He reduces the
uniform elongation to near zero but has little effect on the total

elongation or strength properties for tensile tests at 35°C. Tests
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Tensile Properties of 20%-Cold-Worked Type 316
Stainless Steel After HFIR Irradiation@

Irradiation Parameters

Test

Strength, MPa

Elongation, %

Fluence Helium Temperature - - -
>0, 1 MeV dpa (°C) 0.2% Yield Ultimate Uniform Total
(x 10%¢ n/m?) @at. ppm)
Control Samples

-35 785 817 4.1 12.3

-35 836 864 7.9 17.8

-35 818 862 3.3 11.2

100 708 747 1.4 4.0

300 682 719 1.7 6.4

450 760 814 2.2 6.7

500 475 132 3.4 7.7

700 399 410 0.9 15.9

Samples Irradiated in HFIR-CTR-16 at -55°C

0.5 4.5 180 -35 960 967 0.4 5.1
1.13 8.8 380 -35 943 950 0.4 14.7
1.35 10.8 520 -35 948 954 0.4 12.0
1.13 8.8 380 35° 945 949 0.3 11.1
1.09 8.7 370 ~q5¢ 1045 1054 0.6 9.5
1.27 10.2 470 200 844 847 0.3 6.7
1.30 10.5 490 300 783 783 0.2 5.5
0.73 5.5 200 300 802 802 0.2 5.6
1.27 10.2 470 400 731 763 2.7 7.5

1.27 10.2 470 500 634 708 3.6 8.2
1.24 10.0 450 600 563 634 5.3 9.6
1.24 10.0 450 700 415 419 0.3 0.4
0.69 54 200 700 398 407 0.4 0.9

8strain rate 0.0028/min except as noted.

bStrain rate 0.00028/min.
“Strain rate 0.28 min.
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Fig. 3.6.2. Tensile Properties of 20%-Cold-Worked Type 316 Stain-
less Steel Irradiated at about 55°C in Experiment HFIR-CTR-16.

in the temperature range 200 to 300°C show the same trends as 35°C

tests. Tests at 400 to 600°C produce elongation and strength parameters
very close to the control values. Tensile testing at 700°C after holding
the sample 30 min at temperature produces low ductility but strength
values equal to the control values. This appears to be the onset of
helium embrittlement.

Irradiation under these conditions did not produce any measurable
swelling.

Fracture surface examination and limited microstructural exami-
nation will complete this work. The data will be included in the full
matrix of irradiation conditions on this alloy in defining the properties
of type 316 stainless steel under fusion reactor operating conditions.

No further irradiation experiments are currently planned.






4. PATH B ALLOY DEVELOPMENT — HIGHER STRENGTH Fe-Ni-Cr ALLOYS

Path B alloys are the Fe-Ni-Cr “superalloys” in which tensile,
creep-rupture, and fatigue strength levels higher than attainable in
the austenitic stainless steels are achieved by precipitation of one or
more phases. Many alloys in this class exhibit low swelling in fast-
reactor irradiations. The technology for use of path B alloys in neutron
radiation environments is not as advanced as for path A alloys. A basis
to select a specific alloy type for further development is lacking.
Accordingly, the ADIP task group has selected five base research alloys
that are representative of the basic systems of path B alloys and
deserve consideration for fusion reactor applications. The systems
under investigation include v~ strengthened-molybdenum modified, v~

-

strengthened-niobium modified, y“y”" strengthened, and a high-nickel
precipitation-strengthened alloy (-75%Ni).

Near-term activities are focused on evaluating the effects of a
fusion reactor neutron spectrum on key mechanical and physical properties.
Damage created by the fusion reactor neutron spectrum is approximated
by fission reactor irradiation. Data are presently being obtained on a
limited number of commercial alloys on which scoping studies were
initiated two to three years ago. The emphasis will shift to the base
research alloys as they become available. For those properties that are
either inadequate or degraded to an unacceptable level, the influence
of composition and microstructure on the response will be examined. The
research program will be oriented toward determination of mechanisms
responsible for the observed property changes and the effects of metal-
lurgical variables on the response. The objective is to develop a basis

for selection of the path B prime candidate alloy(s).
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4.1 THE MICROSTRUCTURE OF NIMONIC PE-16 IRRADIATED TO PRODUCE HIGH
HELIUM CONTENTS — D. N. Braski and F. W. Wiffen (ORNL)

4.1.1 ADIP Task
ADIP Task 1.C.3, Microstructures and Swelling in Higher Strength
Fe-Ni-Cr Alloys.

4.1.2 Objective
The objective of this work is to characterize the microstructure

and measure the swelling produced by irradiation of Nimonic PE-16 in
the HFIR. The data will be used to predict the swelling that would
occur in PE-16 in fusion reactor service and will be correlated with
mechanical property and fracture mode work on the same samples to
establish the physical processes controlling the property changes.
The range of parameters included are irradiation temperatures that
bracket the possible range of application temperatures, 55 to 700°C,

and fluences producing 2 to 22 dpa and 100 to 5600 at. ppm He.

4.1.3 Summary
Initial experiments have begun on the effects of HFIR irradiation

of PE-16, where large amounts of helium are produced in the alloy.
Irradiation at 400 and 650°C produced cavities coated with the v~
precipitate phase. After irradiation at 400°C and a helium content
of 370 at. ppm, the average cavity size was 16.5 nm; at 650°C and a
helium content of 1030 at. ppm, a bimodal cavity distribution was
created with average sizes of 31.3 and 124.0 nm. Faulted loops were
formed at 400°C but not at 650°C. A new observation for irradiated
PE-16 was the precipitation of M23Cs in the grain boundaries at 650°C.
Experiments under way should help explain many of the microstructural

changes in these exploratory PE-16 specimens.

4.1.4 Progress and Status

During this reporting period we have examined several solution
annealed and tensile tested specimens as well as two irradiated
specimens. The test conditions for these specimens bracket a large
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portion of the PE-16 test matrix. The microstructural characterization
of these specimens by transmission electron microscopy indicated what
to expect in PE-16 after irradiation in HFIR. Examination of the next
series of specimens should show, in detail, the effect of irradiation
temperature from about 55 to 700°C on the microstructure and swelling
of PE-16 with a helium content of about 900 at. ppm.

The composition of PE-16 (heat NNW-2282) used in this investigation
is:
Element : Ni Cr Fe M Al Ti Si C M
wt % 43.1 16.5 bal 3.2 1.24 1.18 0.21 0.05 0.04

This composition produces an austenitic alloy that can be hardened by
the precipitation of Yy~ phase. The Yy~ phase has a composition of
Niz(Al,Ti) and an ordered fcc structure with LZZ» symmetry. A control
sample that had been solution annealed for 4 hr at 1080°C but not aged
showed isolated inclusions throughout the microstructure and no y”~.
This was the starting solution annealed microstructure. A second specimen
of PE-16 was solution annealed for 2 hr at 1121°C and tensile tested

at 500°C. Selected area electron diffraction (SAD) produced very faint
(110) v~ super lattice reflections, but it was very difficult to image
the particles under either bright field or dark field conditions,
apparently because so little precipitate was present.

Two additional PE-16 specimens were annealed for 2 hr at 1121°¢C
and irradiated in HFIR under the conditions listed in Table 4.1.1.

Irradiation at 400°C produced a cavity concentration of 1.49 x 102 /m?,
with an average diameter of 16.5 mm (see Table 4.1.1). The measured
distribution of cavity sizes is given in Fig. 4.1.1. The cavities were
quite uniformly distributed throughout the microstructure and were often
found on grain boundaries. Figure 4.1.2 shows some of the small, elongated
cavities lining a grain boundary. The Yy~ phase had precipitated on

the cavities during irradiation, as shown by the bright field-dark field
series shown in Fig. 4.1.3 We also found some isolated Y~ particles on
dislocation segments. A large number of faulted loops were created

during the irradiation and were most clearly imaged under weak-beam

dark-field conditions. Figure 4.1.4 shows some of these faulted loops
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YE-11575

0.1 um

YE-11576

Fig. 4.1.3. Cauvities in PE-16 After Irradiation in HFIR at 400°C
(4.4 dpa, 370 at. ppm He) Viewed in (a) Bright Field, and (b) Dark Field
With a (110) Y~ Reflection. This shows that the cavities were coated
with v~.
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FAULTED LOOP YE-11577
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Fig. 4.1.4. Faulted Loops in PE-16 After Irradiation at 400°C (4.4 dpa,
370 at. ppm He). (a) Imaging with a satellite spot near a (111) reflection
under weak-beam dark-field conditions shows that loops lie on {111} planes.

(b} Selected-area diffraction pattern showing streaking due to faulted
loops in [220] directions at matrix reflections.
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under such conditions along with the SAD pattern for the area. The
streaking at the matrix spots in the [220] directions was due to the
faulted loops that had formed on {111} habit planes. We did not
observed any y”“ particles associated with the faulted loops.

The second specimen examined was irradiated at 650°C to a higher
fluence and developed a considerably greater helium content (see
Table 4.1.1). The microstructure contained a bimodal cavity distribution
shown in the size distribution plots in Fig. 4.1.1 and the micrographs
in Fig. 4.1.5. The average diameters for the small and large cavity
distributions were 31.3 and 124.0 nm, respectively. Both small and
large cavities were coated with y*, as demonstrated by the bright field-
dark-field series in Fig. 4.1.5. Large precipitate particles on the
grain boundaries are shown in Fig. 4.1.6. The precipitates were identi-
fied as M23Ce¢ by SAD. Large irregularly shaped cavities were also
found at various points along grain boundaries and especially at triple
point junctions. No loops were observed for this irradiation temperature,
and virtually all the Y“ was located on the cavities.

The observation of cavities coated with ¥~ is consistent with the

2 who found 7y -coated voids in PE-16

observations of Sklad et al.,'»
irradiated in EBR-II. Sklad found v~ on dislocations, and we observed
this — but only at the lower irradiation temperature. Sklad also found
Y” on large, perfect loops, while the HFIR irradiation at 400°C produced
faulted loops without ¥~ attached. Therefore, while some similarities
are seen in microstructural response of PE-16 to EBR-II and HFIR
irradiation, many differences are also clearly seen. This is not too
surprising since the HFIR irradiation produced much more helium.
Significantly, large quantities of M23Ce precipitated out in the grain
boundaries at 650°C. This is believed to be the first time that this
carbide has been observed in irradiated PE-16. The bimodal cavity
distribution at 650°C is also an important observation. It is too
early to speculate on the mechanisms causing these changes in PE-16
during irradiation, but upcominig experiments should help shed some

light on‘them.
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YE-11579

Fig. 4.1.5. Cavities in PE-16 After Irradiation in HFIR at 650°C
(8.7 dpa, 1030 at. ppm He). (a) Bright field view. (b} Dark field imaged
with a (110) Y~ reflection, showing that the cavities were coated with
Y“. C = reference point.
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(220) MATRIX —
(440) My, Cg — 1

{110}y ——=

Fig. 4.1.6. Large Irregular Cavity and M;3Ce Precipitate in Grain
Boundary of PE-16 After Irradiation in HFIR (8.7 dpa, 1030 at. ppm He).
Selected area diffraction pattern of area shows matrix, Mz3Ce, and y~
reflections.
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The cavity properties measured by transmission electron micros-
copy lead to a calculaced swelling of 0.35% for irradiation at 400°C
and 2.59% for irradiation at 650°C. Immersion density measurements
on the same samples gave swelling values of 0.32 and 0.51%, respectively.
The agreement for the sample irradiated at 400°C is excellent. For
the sample irradiated at 650°C, we have not yet been able to resolve
the source of the discrepancy. Measurement of the length change
produced by the irradiation of the sample indicated only a small amount
of swelling in this sample, less than 0.1%. The relative agreement
of the density and geometry measurements indicate that the problem is
in the quantitative microscopy. More work will be required to sort
out this discrepancy.

4.1.5 Conclusions

1. Irradiation of PE-16 in HFIR at 400 and 650°C produced
cavities coated with ¥~ phase.

2. A single cavity size distribution with an average diameter
of 16.5 nm was produced at 400°C, while a bimodal distribution with
average sizes of 31.3 and 124.0 nm was produced at 650°C,

3. Faulted loops with a {111} habit plane were produced at
400°C, but none were found after irradiation at 650°C.

4. During irradiation at 650°C, Mz3Cg precipitated out on the
grain boundaries of PE-16. The carbide was not observed after

irradiation at 400°C.

4.1.6 References
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5. PATH C ALLOY DEVEHOPMENT — REACTIVE AND REFRACTORY ALLOYS

Two distinct and separate subgroups fall under the broad classi-
fication of path C alloys. These subgroups are conveniently classified

as ""reactive metal alloys'™ and "refractory metal alloys."™ Analyses

of the properties required for performance of materials in high-flux
regions of fusion reactors and assessments of the known and extrapolated
properties have identified titanium alloys of the reactive metal alloys
and vanadium and niobium alloys of the refractory metal alloys as having
the most promise for fusion reactor applications. For both the reactive
and refractory alloys, there is an extreme lack of data that are relevant
and necessary for selection of specific alloy types for development (i.e.,
solid solution, precipitation strengthened, single or multiphase}. In
the case of titanium alloys, the most critical deficiency is the lack

of data on the response of these alloys to high-fluence neutron radiation.
For vanadium and niobium alloys, while the effects of radiation on
mechanical behavior are not adequately known, perhaps the most alarming
deficiency is the near total lack of base-line information on the effects
of cyclic (fatigue) loading on mechanical performance. Precisely

because of these deficiencies in the data base and overall metallurgical
experience, these alloys are still in a "scoping study' phase of their
evaluation as candidates for fusion reactor first-wall materials.

The ADIP task group has selected four titanium alloys, three vanadium
alloys, and two niobium alloys for the scoping phase of the development
program. Titanium alloys are generally classified according to the
relative amounts of o (hcp) and & (bcc) phases that they contain. The
titanium alloys selected represent the three alloys (types @ plus B,

a rich, and g rich). Vanadium and niobium alloys are not in commercial
use as are the other alloy systems in the program. Selection of the
scoping alloys was based primarily on results of previous programs on
vanadium cladding development for LMFBRs and high-temperature alloys for
space power systems. The three vanadium alloys are V—=20% Ti, V—15% Cr—
5%Ti, and Vanstar 7. The binary has relatively good fabricability,

and appears to be swelling resistant in fast-reactor irradiations but

is rather weak. The tern-ary V-15% Cr—5% Ti and precipitation--strengthened
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Vanstar 7 alloys are significantly stronger. The Nb—1%Z Zr binary
alloy is included as a reference material, since a significant
amount of data exists for this alloy irradiated in fast reactors.
The alloy Nb—-5% Mc—17% Zr is much stronger than the binary and can be
developed for applications near 800°C.

Near—-term activities on path C alloys will focus on obtaining
data on the unirradiated mechanical properties, corrosion and com-
patibility, and the effects of irradiation on physical and mechanical
properties. Fission reactor irradiation with and without helium
preinjection, high-energy neutron sources, and charged-particle
irradiations will be used in the development of techniques to
approximate the effects of the fusion reactor neutron spectrum
(H=/dpa production). The objective is to develop sufficient under-
standing of the behavior of path C alloy systems (Ti, V, and Nb alloys)
to allow selection of path C base research alloys. The effects of
composition and microstructure on alloy performance will then be
investigated in the base research alloys.
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5.1 SELECTION OF TITANIUM ALLOYS FOR PATH C SCOPING STUDIES -
J. W Davis (McDonnell Douglas Astronautics Company - St. Louis).

5.1.1 ADIP Task
Tasks 1.B.3, 1.B.7, 1.B.11, 1.B.15, 1.C.4, and 1.C.8 collectively
to provide basic understanding of fatigue crack propagation (FCP), strain
controlled fatigue (SSCF), stress rupture resistance (SR), tensile
strength and ductility, swelling, and irradiation creep of Path C alloy.
Task 1.D.1 - To provide a stock pile source of common material to

be used in all phases of the Office of Fusion Energy Research Program.

5.1.2 Objective
To select representative titanium alloy systems and heat treatments

for the Path C scoping studies.

5.1.3 Summary

Titanium alloys offer potential for use as fusion reactor structure
based on their strength, low thermal stresses, and coolant compatibility.
However, little or nothing is known about the mechanical property response
of titanium alloys to radiation damage. To provide more information,
titanium alloys were included as part of the Path C Refractory/Reactive
metal scoping studies. The objective of these studies is to assess the
general response of the Path C materials to the radiation environment.

In selecting the titanium alloys to be included in these studies, a
wide variety of compositions and heat treatments were carefully examined
before the final 6 alloys/heat treatments were selected. The alloys
selected are Ti-6242s (Ti-6A1-28n-4Zr-2Mo-0.0951), Ti-5621s (Ti-5A1-6Sn—
2Zr-1Mo-0.2581), Ti-38-6-44 (Ti-3A1-8V-6Cr-4Mo-4Zr) and Ti-6Al-4V. They
are representative of the three major classes of titanium alloys, identi-
fied by their primary phase constituent, alpha, beta, and alpha plus beta.
Since the metallurgical condition may affect the radiation damage response,
three different heat treatments (which produce three distinct micro-
structures) were selected for the alpha plus beta alloy Ti-6A1-4V.

After the alloys and their compositions were identified, a letter

describing the requirements for the titanium alloys, along with the
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selected alloys and heat treatments was sent to various laboratories,
industries, and universities soliciting their comments. In general,
there is concurrence with the alloys selected and no significant dis-
agreements have surfaced. As a result, a titanium inventory has been
established containing 0.8-1.2 mm sheet of the four alloys and six heat

treatments.

5.1.4 Progress and Status

Titanium alloys are one class of materials that are currently being
considered for fusion reactor first wall and blanket structure. However,
little is known about the relative resistance of titanium alloys to
radiation damage, especially at the fluence and temperature levels of
interest. The purpose of these studies is to assess the general response
of the Path ¢ metals to the radiation environment, then at a later date,
specific alloys and systems will be selected for base research studies.

Over the past 20 years a considerable effort has been devoted to
developing titanium alloys for aerospace applications. These studies have
revealed that specific phases or microstructure present in titanium can
affect properties, such as creep, fatigue and tensile strength. It is for
this reason that the microstructural changes brought about by alloying
are the basis for the classification of titanium alloys into alpha (HCP},
beta (BCC) or alpha-beta groups. In general, the single phase and near
single phase alpha alloys (these alloys have a small amount of beta phase
present) exhibit good weldability and are not heat treatable. They have
medium strength, good notch toughness and creep resistance at elevated
temperatures, especially if they contain silicon which enhances the creep
strength of this type of alloy. Near alpha or super alpha type of alloys
were developed for stability and strength at elevated temperatures
(400-500°C). The alloys that consist largely of the beta phase on air-
cooling from the solution treating temperature are referred to as beta
alloys. Beta or near-beta alloys are not considered as weldable, however,
there are some exceptions. They are highly heat treatable and are
capable of high strengths, fair creep resistance, and good formability.

These alloys are generally not stable for long times above 400°C.
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The wlpha-beta alloys usually contain 10-50%beta phase at room tempera-
ture. They are heat treatable and are usually weldable if the amount of
beta phase is kept below 20%. They have good fabrication characteristics,
high room temperature strength and moderate elevated temperature strength.
The creep strength of these alloys is usually not as high as the near
alpha alloys.

Since representative alloys of each of these types have properties
or characteristics which offer advantage in the fusion application,
without an indication on how the mechanical properties might change during
irradiation, it is impossible to make a judgement regarding which alloys
or type of alloys, offer the most potential. As a result, the titanium
alloys, for the scoping studies should include alloys which are represen-
tative of a broad range of promising compositions and microstructures.
Towards this end it was determined that alloys representative of the
alpha, beta, and alpha plus beta classes of titanium alloys should be

included in the scoping studies.

5.1.4.1 Alpha Alloy Selection

At the present time there are a large number of alpha or near alpha
alloys that are commercially available or have been developed to the
extent that they have a reasonable data base behind them. These alloys
range from the simple ternary (Ti-3A1-2.5V) to the higher strength complex
alloys such as Ti-11 (Ti-6A1-25n-1.5Zr-1Mo-0,35 Bi-0.,181). Of these
alloys, two appear to offer a good combination of strength and weldability.
These alloys are Ti-6242s (Ti-6A1-25n-4Zr-2Mo-0,0951i) and Ti-5621s
(Ti-5A1-65n-2Z2r-1Mo-0.255i). The Ti-6242 alloy was developed for high
temperature jet engine service. As such it possesses better elevated
temperature strength and stability than previously developed alloys for
temperatures up to 550°C. The Ti-5621s alloy was developed, to achieve
higher creep strength than Ti-6242 in the temperature range of 450-500°C.
This is largely accomplished by the addition of silicon which is a solid
solution strengthener. Early evaluation of this alloy indicated good
retention of ductility (stability) for air exposures of >1000 hours at
480°C, under a stress to yie_ld 0.1% deformation. Above 500°C the alloy

began to lose ductility (reduction in area decrasing from 24 to 10%)for
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5000 hours at 0.1%creep strain. There is a question, however, whether
or not this loss in ductility was a result of phase instability because
of the combined high levels of aluminum, tin, and silicon or promoted by
the presence of oxygen from the high temperature oxidation. Since this
alloy has good stability up to 500°C and will not be in an oxidizing
environment, it was recommended to include it as part of the scoping
studies. In addition, the lower concentration of molybdenum (0.5-0.9%)
than Ti-6242 (1.75-2.25%) results in a slight reduction in radioactivity
and may give insight into the effect of eliminating molybdenum from
titanium. Subsequent to the development of Ti-56128, a similar silicon
addition was made to Ti-6242 with the resultant improvement in creep
strength. With the improvement in creep strength of Ti-62425 and the
larger data base than Ti-56218, it was also recommended for the scoping
studies.

Even though the alpha alloys are not heat treatable, the small
amounts of beta phase present in the near or super-alpha alloys allows
some response to heat treatment. These heat treatments which are modi-
fications of the annealing cycle help to enhance certain properties such
as creep or fracture toughness. Possible heat treatments consist of sin-
gle (mill), duplex, triplex and beta anneals. of these 4 anneals the duplex
condition is the one most commonly used because it provides a reasonable
balance between elevated temperature strength, stability, and fracture
toughness. The triplex anneal primarily improves room temperature
strength and since most of the fusion reactor designs are not room
temperature strength limited there does not appear to be any advantage in
using this heat treatment. The beta anneal has been recommended by the
people at the Naval Research Laboratory (NRL) in place of the duplex
anneal.! This recommendation is based on flaw growth data developed by
NRL on Ti-6A1-4V which shows that the growth rate is decreased by an
order of magnitude below that of a mill anneal." Subsequent to the NRL
meeting a series of discussions were held with titanium research personnel
and the titanium suppliers.3** These discussions considered proposed
operating environments, property requirements and heat treatment. Based
on these discussions both TIMET and RMI independently recommended that

the Beta anneal only be evaluated in conjunction with the duplex anneal.
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However, if only one heat treatment can be considered, (the case for

the scoping studies) they recommended the duplex anneal. Their chief
concern over the beta anneal is that it reduces the ductility which may
be a problem after irradiation. As an alternate they proposed a modified
duplex anneal which consists of solution treating 15-30 degrees below the
beta transus followed by a stabilization treatment. It is their opinion
that this heat treatment will improve the flaw growth characteristics
without degrading the ductility. Based on their recommendation, it was
concluded that the modified duplex anneal heat treatment be used for
Ti-5621s and Ti-6242s.

5.1.4.2 Beta Alloy Selection

The current beta alloys do not appear to have the stability or the
strength for the long term service at temperatures >400°C. However, the
beta alloys are of interest because of a concern that the h.c.p. structure
of titanium may experience the same anisotropic growth that occurs in
irradiated zirconium. Since the beta alloys have a higher percentage of
beta phase (bece) than the alpha alloys, this growth should be minimized
if it occurs. OF the available beta alloys, the Beta III (Ti-11.5Mo~6Zr-
4,55n), Ti-38-6-44 (Ti-3A1-8V-6Cr-4Mo-4Zr), and Ti-15-3 (Ti-15V-3Cr-
3A1-35n) appear to have good stability. The Ti-38-6-44 alloy appears

to have a slightly more beta stabilized composition than the Beta III.
Both the Beta 11T and the Ti-38-6-44 have a fairly well developed

data base. The Ti-15-3 is a relatively new alloy and as such does
not appear to have as good a data base as either Ti-38-6-44 or Beta
ITI. After reviewing the available information on the beta alloys,
and their availability, it was recommended that the Ti-38-6-44 alloy in
the solution treated and over-aged condition be used in the scoping

studies.

5.1.4.3 Alpha Plus Beta Alloy Selection
Of the available alpha plus beta alloys, Ti-6A1-4V appears to be the
best alloy for the scoping studies. This alloy was first developed in

1954 and is representative of an all purpose alloy.
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It has been and is still being extensively used in the aerospace
industry. 1t is commercially available in standard mill forms, is weld-
able and has a large data base. Several grades are currently produced
which differ from one another primarily in interstitial and iron content.
Because impurities can influence the fracture toughness of titanium
alloys, the extra low interstitial grade (ELI) is preferred even though
the strength will be lower than the more conventional grades.

Since Ti-6A1-4V is a heat treatable alloy, there are a variety of
different heat treatments available, each of which produces a different
microstructure and improves a different property. The mill anneal
(typically 2 hours at 730°C followed by air or rapid furnace cool)
essentially results in moderate strength but good ductility. The low
temperature anneal in the alpha plus beta region produces a microstructure
consisting of equiaxed alpha and intergranular beta (See Figure 5.1.1a).
This heat treatment and the resultant properties are well characterized
and covered by various military and aerospace handbooks and specifica-
tions.>*®s7  For higher tensile strengths and improved fracture tough-
ness, specialized annealing treatments have been developed such as the
recrystallization anneal, the duplex anneal, and the beta anneal. The
recrystallization anneal usually consists of 4 or more hours at 925°C,
followed by a furnace cool to 760°C, a rapid cool to 350°C, and air cool-
ing to room temperature. The higher temperature anneal in the alpha plus
beta region also produces a microstructure similar to the mill anneal
material, equiaxed alpha and intergranular beta (see Figure 5.1.1.b).

The duplex anneal consists of 10 minutes at 240°C, followed by air cooling
and a stabilization of 4 hours at 675°C, and air-cooling to room tempera-
ture. By solution treating the material just below the beta transus and
air or rapid cooling, produces a microstructure consisting of primary
alpha in a matrix of transformed beta; this latter constituent is referred.
to as acicular alpha. The subsequent aging or stabilizing at a lower
temperature in the alpha plus beta field stabilizes the microstructure by
allowing the super saturated alpha phase to achieve equilibrium through
the precipitation of beta (see Figure 3.1,1.c). The beta anneal is
accomplished by solution treating'at 1040°C for 30 minutes, followed by

air cooling and over-aging at 730°C for 2 hours and air cooling to room
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Figure5.1.1 Microstructuresof Ti—6A [—4V After various Heat Treatments

temperature. Solution treatment above the beta transus eliminates the
primary alpha constituent in the microstructure and leaves an acicular
alpha (transformed beta) structure, with alpha at the prior beta grain
boundaries. On aging, this structure is stabilized through the precipi-
tation of minor amounts of beta (see Figure 5.1.1.d). This structure
differs from the duplex annealed structure in that no primary alpha is
present. For the highest t:nsils strength, there is a heat treatment
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referred to as solution treat and age (STA), however, this heat treatment
tends to lower toughness and ductility and as a result was not considered.
Studies on the life limiting failure modes of typical first walls,
revealed that the most likely failure was crack-induced coolant leakage.
8,9,10  Therefore, flaw growth will be an important parameter in selecting
titanium alloys and heat treatments. To evaluate the effect of irradiation
on the mechanical properties of Ti-841-4V (and to gain an understanding of
m icrostructure-irradiation effects relationships) it was recommended that
at least two flaw growth resistant heat treatments be included in the
scoping studies. The two selected were the beta anneal and the duplex
anneal. To serve as a reference the mill anneal was also recommended.

5.1.4.4 Coordination with Titanium Community

Subsequent to the above recommendation of titanium scoping alloys
and heat treatments, a letter was sent to the various laboratories,
titanium producers, and members of the titanium metallurgy committee of
tlhe AIME, In the letter the requirements of the titanium alloys, along
wlLth some of the rationale for their selection was described and their
response Or comments were solicitated. Of the people who responded, no
significant disagreements were found with the exception of NRL's comments,
part OF which were discussed earlier. Their specific comments were to
siibstitute a recrystallization anneal for the mill annealed condition of
Ti-5A1-4% and a beta anneal in place of the duplex anneal of Ti-6242s.
Th2y recommended that the Ti-5621s alloy be eliminated in favor of Ti-6211
(Ti-6A1-2Cb-1Ta-0.8Mo). Subsequent to that meeting they withdrew the
recommendation For Ti-6211 and instead suggested Ti-662 (Ti-6A1-6V-2Sn)
ag a substituts, !l The response to the recommended substitution of heat
tireatments was discussed earlier. With respect to the substitution of
662 for Ti-5621S, the 662 iIs a heat treatable titanium alloy of the alpha
plus beta class. It is similar to the Ti{-541-4v alloy except that it is
not classified as a weldable alloy even though some welds have been
succzsstfully made. Since it is not a near alpha alloy and does not have
the elevated temperature creep strength of Ti-5621S, its®™ substitution
for Ti-5621S 1is not advantageous. Since it is not a weldable alloy, it
did not appear feasible to substitute it for the other alpha plus beta
alloy Ti-641-4Y,
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With respect to the substitution of the recrystallization anneal for
the mill anneal, after careful consideration, the mill anneal was selected.
The recrystallization anneal primarily increases fracture toughness and
two other heat treatments that improve fracture toughness are already
included. The second reason is that the properties of specific mill 6 o
annealed material are well documented and in several design handbooks ’

whereas the recrystallization anneal is not.

5.1.4.5 Titanium Inventory

In order to fulfill the requirements of-the various experiments, a
titanium inventory has been established. This inventory contains all
of the recommended scoping alloys and their respective heat treatments.
While the majority of the alloys are in the form of 0.8-1.2 mm sheet,
heavier gauges are being added such as 2.5 and 5 mm Ti-5621s and 3.2 mm
Ti-6242s. In order to accommodate the pressurized tube tests, rod stock
has been ordered for all of the alloys with the exception of Ti-6242s
which will not be available in time for the planned EBR-11 irradiation
tests.

5.1.5 Conclusions

The recommended titanium alloys for the Path C scoping studies and
their respective heat treatments are presented in Table 5.1.1. These
recommendations are based on careful consideration of the comments and

suggestions of people from the national laboratories, titanium industry,
and other experts in the field of titanium.

Table 5.1.1 Recommended Titanium Alloys and Heat Treatments for Scoping Studies

] ALLOY DESIGNATION COMPOSITION % BY WEIGHT ' CONDITION
| |
| Ti—6--4 Ti-BA -4V |  MILLANNEAL
DUPLEX ANNEAL
BETA ANNEAL
Ti—62425 Ti-6A 1-250—4Zr—2Mc—0. 088 DUPLEX ANNEAL
Ti-56215 Ti—BA | —8Sn-2Zr—1Mo—0,258] DUPLEX ANNEAL
Ti—38644 Ti—3A 1 —-8BV-BCr—2Mo—4Zr SOLUTION TREAT AND AGE
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5.2 TECHNICAL ASSESSMENT OF VANADIUM-BASE ALLOYS FOR FUSION REACTOR
APPLICATIONS — .R. E. Gold, D. L. Harrod, R. L. Ammon, R. W. Buckman,
Jr., and R. C. Svedberg (Westinghouse Electric Corporation)

5.2.1 ADIP Tasks
I1.A.1. Define material property requirements (Path C)
1.A.2. Define test matrices and procedures (Path C)
1.A.3. Chemical/metallurgical compatibility analyses (Path C)

5.2.2 Objective
The available literature and technical data on vanadium and vanadium-

base alloys were compiled, reviewed and summarized for the purpose of
establishing an informed, current basis of understanding of the mechanical,
chemical and irradiation response characteristics of vanadium-base alloys
in the context of their potential application to fusion reactor develop-
ment. Specific objectives included identification of critical vanadium
alloy data needs for life assessment models used in parametric systems

and design studies, and the development of the rationale and criteria
appropriate to the selection of alloy compositional/metallurgical vari-
ables, the evaluation of alloy performance, and recommendations for
laboratory/reactor test requirements and controls.

5.2.3 Summary
A large data base has been compiled on vanadium-base alloys but the

data base on any one alloy is quite limited. Great flexibility exists

in the composition-microstructure-property relationship and this facili-
tates alloy optimization to meet diverse property requirements. Tensile
properties and creep properties of existing alloys exceed likely require-
ments. Fatigue strength, including crack growth rate, is probably the
most critical material property but no data exists for vanadium alloys.
Swelling and irradiated ductility behavior look promising but require
further evaluation. Vanadium alloy-liquid metal compatibility, parti-
cularly interstitial mass transfer, may be equally as critical as fatigue
behavior; viability cannot be established with the existing data base.
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Fabricability must be given early consideration in alloy selection to
guard against potentially serious problems in subsequent scale-up and

production.

5.2.4 Progress and Status

Fusion reactor systems/design studies have suggested promising
performance from the use of vanadium-base alloys as the structural
material for the first-wall/blanket assembly. More recent first-wall
material life assessments of the type performed at MDAC-E and ANL give
further support to the potential superiority of vanadium-base alloys
over stainless steels. In fact, these assessments show that stainless
steel has severe life limitations. The stainless steel results are
based on a rather large data base covering all likely modes of failure.
The potential superiority of vanadium-base alloys, by contrast, rests
upon a very limited data base covering only a few modes of failure.
Moreover, the failure mode found to be life limiting in stainless steel,
namely fatigue crack growth, was not evaluated in the vanadium alloy
assessments because of a complete lack of data. Yet, this mode of
failure might also be life limiting in vanadium-base alloys. Addition-
ally, the use of vanadium-base aliqys requires careful consideration of
various factors which are not normally accounted for in conventional
laboratory tests; factors such as liquid metal corrosion, gas-metal
interactions and fabricability, for example.

In order to improve the vanadium alloy data base a literature
search was made which resulted in a substantially broader data base than
previously existed in a single compilation. This new data base, iIn
conjunction with the existing life assessment analytical methodology,
provides a reasonably sure identification of the current critical data
needs.

The final report describing this work was presented in two volumes.
Volume 1 contains a summary of the literature review, an assessment of
information and data needs, and recommendations for future research and
development efforts. Volume 2 contains the results of the literature
review which covers mechanical properties of unirradiated vanadium and
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vanadium-basealloys, irradiation effects, liquid metal corrosion/compat-
ibility, gas-metal reactions and fabricability. Only a synopsis of the
results are given here.

5.2.4.1 Radiation Effects

Radiation effects in vanadium and vanadium-base alloys can be sepa-

rated into the following categories:

e Radiation anneal hardening (RAH)

¢« Void swelling, precipitation, and other microstructural features
e Mechanical property characterizations

e lon irradiation-simulations.

Radiation anneal hardening (RAH) is a phenomenon unique to the bec
metals and certsin of their alloys, and just as the name implies,
describes an additional hardening or strengthening which occurs due to
post-irradiation annealing. It is a low Fluence phenomenon which satur-
ates at ~102%/cm?, Maximum strengthening occurs after annealing at
»160°~200°C where strengthening increments of up to 30 ksi have been
observed in impure vanadium.

The mechanism for RAH appears to be the migration and subsequent
trapping of interstitial impurity elements at radiation-produced defect
sites. Hence, alloying elements which affect the level of interstitial
impurity in solution will also affect rRaH. The only study to date on a
vanadium alloy (a V-Ti binary) revealed no RAH. Hence, this factor and
the saturation at low fluence suggest RAR phenomena are of little
technological significance to high temperature reactor design.

Void formation and void-related swelling in unalloyed vanadium
follows the same general trends as other pure metals, with void concen-
trations and sizes dependent on both dose and irradiation temperature.
For fluences up to 1022 n/cm? (E,>0.1 M), peak swelling is about 2%
and occurs for irradiations at 550°-600°C. Binary alloys containing
more than about 3%Ti are virtually completely resistant to swelling.
Ternary V-Ti-Cr alloys, VANSTAR-7 (V-Cr-Fe-Zr-C), VANSTAR-9 (V-Fe-Nb-
Zr-C), and V-Cr binary alloys are also quite resistant to swelling for
irradiation temperatures up to 600°C. The maximum neutron induced void
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swelling yet observed in these alloys is only ~1% (for v-10Cr irradiated
at 700°-800°C).

Void swelling results from energetic ion irradiation experiments
are generally consistent with those of neutron irradiations. Peak
swelling of up to 3% in unalloyed vanadium occurs at irradiation
temperatures of 650°-750°C but this swelling is virtually suppressed by
Ti additions.

Low temperature (50°-100°C) neutron irradiation of vanadium-base
alloys produces significant radiation hardening with an associated
decrease in ductility. Elevated temperature tensile tests indicate
recovery of the irradiation damage begins at a temperature of about
400°C and is complete at 650°-750°C, lrradiation at elevated tempera-

tures yields somewhat different behavior. In V-Ti and V-Ti-Cr alloys
no hardening was observed in subsequent room temperature tensile tests,

whereas marked hardening was observed in VANSTAR-7. In all alloys,
hardening is observed in tests conducted at elevated temperatures near
that of the irradiation. Little change in ductility is associated with
this elevated temperature hardening. The temperature for complete
recovery following elevated temperature irradiation is much higher than
the recovery temperature of 650°-750°C observed for low temperature

irradiations.

5.2.4.2 Unirradiated Mechanical Properties

The tensile properties of vanadium, including interstitial effects,
are quite well defined. Though not extensive, sufficient creep data
exists to characterize the general behavior of vanadium. Fatigue data
is extremely limited; only one study at room temperature has been con-
ducted. Elastic properties and diffusion data (self and interstitial)
are satisfactorily defined. In order to reinforce the data base in
support of alloy development efforts, there is need only for, O
additional fatigue testing at elevated temperatures, and (2) further
evaluation of interstitial and environmental effects on high temperature

creep and fatigue.
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The spectrum of vanadium-base alloys has been surveyed experiment-
ally and composition and mechanical property behavior trends established
for tensile and creep properties. No fatigue data has been reported for
any vanadium-base alloy. The solutes Cr, Ti, Mo, Fe, Ni, Nb, W and Ta
are all potent solid solution hardeners. Their relative strengthening
effect iIs somewhat uncertain but perhaps increases in the order listed
(Cr least, Ta greatest). Precipitation or dispersion hardening effects
are not well defined, nor have they been studied in any detail. Cold
work or thermal/mechanical processing can produce extremely high strength
levels in short time tests at temperatures below the recrystallization
temperature.

The range of tensiie and creep properties attainable is very large.
Even for nominally solid solution alloys the existing range of properties
is too large to be accounted for in terms of kind and amount of substitu-
tional solute. Precipitation, substitutional-interstitial solute inter-
actions and other microstructural features have significant effects but
these effects are not yet sufficiently well understood to be controlled
and utilized in large scale commercial alloys. Titanium, as an alloy
addition, has dominated the development of vanadium-base alloys. The
so-called Ti weakening effect in creep is now well known; the mechanism
of this effect is important to the future development of vanadium-base
alloys.

The great flexibility in the composition-microstructure-mechanical
property relationship in vanadium-base alloys offers considerable poten-
tial for alloy optimization for radiation response, liquid metal

corrosion, gas-metal reactions and fabricability.

5.2.4.3 Corrosion and Compatibility

Conceptual fusion reactor designs to date have employed both liquid
alkali metals and high pressure helium as the coolant. OF the liquid
alkali metals, lithium offers the dual advantage of being an excellent
neutronic breeder of tritium as well as an excellent heat transfer fluid.
The use of a single working fluid to achieve both the cooling and breed-
ing functions of the blanket®has obvious advantages.
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In addition to lithium, the alkali liquid metal sodium has also
been suggested for the blanket coolant. The major advantages of sodium
over lithium are related to its slightly lower corrosive properties,
although most of this advantage applies more to the austenitic stainless
steels or nickel-base alloys than to the refractory metals.

High pressure helium has also been suggested as a blanket
coolant. While this gas is nominally inert, trace concentrations of
active impurities, which are always present and essentially impossible
to monitor and control, will react unfavorably with vanadium alloys at
the temperatures of interest (to 650°C)- It is generally recognized
that blanket/first wall designs of systems employing high pressure
helium will not be designed with refractory metal alloys. Hence, no
review or discussion of these compatibility concerns was conducted.

Little experimental data concerning the compatibility of vanadium
alloys with lithium have been reported. The most profound effects on
the corrosion behavior of vanadium and vanadium alloys that have been
revealed experimentally are attributed to interstitial-solute inter-
actions. These results have come primarily from experiments which
utilized small capsules with tests conducted for relatively short times;
<1000 hours. Only one forced convection loop experiment has been
reported. Many questions regarding the effects of interstitial impuri-
ties in a vanadium alloy/lithium sSystem operating for an extended time,
on the order of several years, at a peak temperature of 650°c, remain
to be answered.

Consideration of the equilibrium distribution coefficients for
oxygen, carbon, and nitrogen in vanadium/lithium systems indicate oxygen
transport will be from vanadium to lithium whereas carbon and nitrogen
will proceed in the opposite direction. This implies that oxygen-
enhanced corrosion will most likely not occur in these systems. Rather,
a more pertinent concern is the question of the change in mechanical
properties which will result due to the loss of oxygen from the alloys.
The implications of carbon and/or nitrogen pickup by the alloy are very
important because they could lead to embrittlement.

The substitutional solutes such as Ti, Nb, Mo, and Cr do not alter
the direction of interstitial mass transfer in Li systems, but may alter
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the rate of transfer, the interstitial solute distribution (solid solu-
tion or precipitate), and features of grain boundary penetration, forma-
tion of surface layers of interstitial compounds, and spaliling.

Vanadium and vanadium alloys behave differently in sodium than in
lithium at elevated temperatures. The most important factor influencing
this difference is the fact that oxygen is absorbed from sodium, while
it is lost to lithium. At 650°C, the partitioning of oxygen is so pro-
nounced in the direction of vanadium that a 1 ppm oxygen level in
liquid sodium leads to an equilibrium oxygen concentration in vanadium
of about 5000 ppm. Maintaining the oxygen concentration in sodium at
less than 1 ppm is not trivial, even on a laboratory scale. For a
reactor-size coolant, heat-exchange system, the difficulties are enormous.?

The transport of nitrogen and carbon has not been as thoroughly
investigated as oxygen. However, these elements can harden and embrittle
vanadium to an extent comparable with oxygen and therefore must be
carefully controlled as well. Carbon accumulations may be particularly
crucial in view of the much lower solubility of this element in vanadium
relative to oxygen and nitrogen.

To an extent, alloying additions can modify the compatibility of
vanadium with sodium. For example, titanium, zirconium, and aluminum
additions to vanadium have been shown to increase the rate and level of
oxygen picked up by vanadium. In addition, these elements can produce a
subsurface hardened zone which can drastically affect mechanical
properties, particularly the ductility. The levels of these elements
which can be tolerated has not been determined. Elements such as Cr, Mo,
Fe, Nb, and Ta appear to lower the apparent solubility of oxygen in vana-
dium and should therefore enhance the performance of vanadium In sodium
systems.

A dominant element affecting the overall compatibility of struc-
tural alloys within liquid metal systems is the choice of materials for
the balance of the coolant-heat exchange subsystem. The selection of
materials and components, including the hot or cold trapping methods and
other features of the heat exchange subsystem, will ultimately control
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the level and identity of interstitial impurities present in the recir-
culating liquid metal. Therefore, even if substantial progress can be
realized in modifications of the primary structural alloy, the ultimate
success of these efforts will require attention to the system as a whole.

5.2.4.4 Data Needs and Recommendations

The only material property data required to establish stress/tenp-
erature loading conditions for the design of fusion reactor structural
components are thermal conductivity, thermal expansivity, elastic con-
stants and yield strength. Yield strength is needed only to set an upper
limit on allowable thermal stresses. In the designs studied to date, the

"thermal stresses are much less than the yield strength of many candidate
vanadium alloys; hence, yield strength poses no limitation. On the
contrary, the more important problem is to define the maximum yield
strength that is needed so that alloy selection can be based on optimi-
zation of other properties.

For structural material/wall-life analyses, specific mechanical
property data are necessary, i.e. fatigue, creep, etc. Numerous vanadium-
base alloys have creep strength in excess of what will likely be required.
Here too, the problem is to determine the maximum creep strength needed
so that still other properties can be optimized.

Irradiation effects on mechanical properties constitute one of the
critical data needs.. All of the existing data base suggests that swelling
and irradiated ductility problems will be manageable. The very limited
data on post-irradiation thermal creep behavior is also promising.

No Ffatigue data exists for vanadium-base alloys, yet this will
likely be the life-limiting property. Fatigue life and fatigue crack
growth rate data constitute the current rmesc critical property need; both
unirradiated and irradiated data are needed.

Next to fatigue, the most critical need is for additional infor-
mation and data on the compatibility of vanadium-base alloys with 1.i and
Na liquid metals. Interstitial mass transfer is particularly important.

A major difierence between Li and Na is that Li getters orygen from
vanadium while vanadium removes oxygen from Wa. Of the two, it is better
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for vhe vanadium alloy to lose oxygen than to gain it. Yence, Li might
be preferred on this simple argument. Vanadium getters carbon and
nitrogen from both Li and Na and possible embrittlement due to excessive
pickup of these interstitials poses serious concern. Alloying elements
affect the Kkinetics of interstitial mass transfer but do not change the
direction of transfer.

Gas-metal environmental interactions may be important in actual
fusion reactor applications. They are certainly important in laboratory/
reactor property evaluations and in alloy consolidation and fabrication,
and extreme care must be exercised iIn their control.

The very high strength levels attainable in some vanadium-base
alloys could lead to serious fabrication problems. It is essential in
alloy selection that early emphasis be given to fabricability. A low
bend-ductile-brittle-transition—temperatureaccompanied by little or no
change due to gas-tungsten-arc welding is suggested as a suitable
criterion of good fabricability.

5.2.5 Conclusions

The viability of vanadium-base alloys for fusion reactor First-wall/
blanket assembly structural components cannot vet be proved if consider-
ation is given to all possible failure modes. Conversely, no part of the

existing data base shows vanadium alloys to be deficient for these appli-
cations. vanadium-base alloys, therefore, still hold forth great promise.

Tensile property and creep property requirements are easily met. Fatigue
behavior, irradiation effects and liquid metal compatibility represent
the most critical areas of data needs. No present need exists for a
conventional alloy development program wherein broad ranges of new com-
positions are explored for mechanical property behavior trends. Rather,
the present need is for more detailed evaluations of select existing
alloys in the critical property areas.
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5.3 16 MV PROTON CREEP IN A Ti-6AL/4V SPECIMEN - E. K. Opperman,

(Hanford Engineering Development Laboratory)

5.3.1 ADIP Task
Task 1.C.8, Irradiation Creep of Reactive and Refractory Alloys

(Path C).

5.3.2 Objective

The overall objective of this study was to develop and utilize a
proton accelerator-based creep system for fusion materials research. The
objectives of the work reported here are to determine the irradiation
creep behavior of a titanium alloy (Ti-6AL/4V) and to compare these re-

sults with those from similarly irradiated AISI 20% CW 316 SS specimens.

5.3.3 Summary
A Ti-6AL/4V torsion creep specimen was irradiated with 16 MeV protons

utilizing the isocronous cyclotron located at the Crocker Nuclear Labora-
tory in Davis, California. The wire specimen was stressed to 138 MPa
(shear) throughout preirradiation thermal creep testing and the first 50
hours of irradiation creep testing. Following the first 50 hours of
irradiation, the stress was reduced to zero for the subsequent 4 hours
of irradiation. The test was conducted in a helium atmosphere at a nominal
irradiation temperature of 325°C. The specimen received a total dose of
0.35 dpa (of which 0.31 was in a stressed condition) at a rate of approxi-
mately 2.4 x 107° dpa/sec.

Results of this single test indicate the presence of a primary
irradiation creep regime followed by a 'steady-state' regime in which
the creep rate slowly decreased with dose. Below ~0.1 dpa the irradiation
creep rate in Ti-6AL/4V was found to be 2-5 times that of similarly irra-
diated stainless steel specimens. By the end of the test (v0.31 dpa) the
irradiation creep rate in Ti-6AL/4V was within a factor of two of that
found in 20% CW Type 316 stainless steel.

Prior to the final 4 hours of irradiation testing the stress was

reduced to zero. The results indicate a substantial amount of negative
strain or reversal. The magnitude of this negative strain decreased with
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dose and decreased significantly when the proton beam was turned off. A
number of mechanisms are considered as possible explanations for the zero-

stress strain recovery,

5.3.4 Progress and Status

An understanding of mechanical properties under irradiation condi-
tions is fundamental to the development of materials for reactor struc-
tural components. The plastic deformation or creep of materials irradiated
under stress is one such mechanical property receiving considerable
attention in in-reactor studies aimed at fast breeder reactor materials
development.

The development of fusion reactor structural materials, however,
must presently rely on data from spectra considerably different from
those predicted in fusion reactors. This report describes the results
from an irradiation creep measurement of a Ti-6AL/4V alloy considered?

a potential first wall material. The material was irradiated with 16 M
protons. This particle produces the high energy portion of its primary

knock-on spectra similar? to that produced by 14 MY neutrons.

5.3.4.1 Experimental
Details of the apparatus development and experimental techniques

can be found in Reference 3 and therefore only a brief summary of
experimental features will be given here. The experiment consisted of

irradiating a single Ti-6AL/4V specimen with a beam of 16 My protons

to a maximum dose of 0.35 doa. The wire soecimen was loaded in torsion
by the electrically controlled load cell shown in Figure 1. A jet of
helium gas directed normal to the specimen removed the excess heat
deposited into the specimen by the proton beam and provided temperature
control. Specimen temperature was estimated using a 0.127 mm diameter
thermocouple centered within the proton beam and positioned 1.0 mm from
the irradiated specimen. The incident proton beam was collimated by
four charge-sensitive tantalum cavs (Figure 1), before passing trhrough
the specimen and into the Faraday cup. Accurate collimation is necessary
in order to determine beam location and to define the irradiated section

of the specimen.
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Fig. 1. Torsion Creep Loading System with Proton Beam Collimators.

The proton beam intensity was determined by a combination of two

measurements. The first is the measure of the total charge passing

through collimation tabs of a known area. The second measure of flux

is determined by relating the output of the irradiated thermocouple
(Figure 2) to the local beam intensity.

The derived proton flux is
shown in Figure 3.
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Fig, 2. Strain-time history of the Ti-6AL/4V irradiation along
with the temperature history of the irradiated thermocouple and helium
gas.

The creep specimen was fabricated from a 0.76 mm diameter wire by
chemical milling so that the length of the axial region over which ro-
tation occurs corresponds to the height of the collimated proton beam
as illustrated in Figure 4. The specimen diameter profile was measured
by a commercially available laser diameter measuring system. Following
the chemical milling procedure, the specimen was solution treated and
aged. Solution treating was carried out at 927°C for approximately one-
half hour in an inert atmosphere. This was followed by a quick cool
with air to room temperature. The specimen was then aged at 525°C for
4 hours in a vacuum. This heat treatment results in an even distribution
of the Beta phase (bce) within the Alpha (hcp) matrix. The grain size
was finer than ASTM 1/12.
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Fig. 3. 16 M Proton Flux Versus Dose.

(4)

Displacement rates were calculated

(2)

using a code developed by
Logan at the Lawrence Livermore Laboratory. The code calculates the
damage energy when given the average proton energy within the specimen,
which was 15 MV in this case. To simplify calculations it was assumed
the specimen was pure titanium. For the above conditions the calculated
damage energy was 435 X 10721 ev-cm2, which corresponds to a displacement

rate of 3.4 x 10~7 dpa/sec for a beam intensity of 10 pA/cm?.

5.3.4.2 Results

The principle result of this test is the similarity of creep rates
between solution treated and aged Ti-6AL/4V and 20% CW 316 SS. At 0.3
dpa the creep rate of the titanium specimen was within a factor of two of
the averaged strain rates of five similarly irradiated stainless steel
torsion specimens as shown in Figure 5. The strain rate data from stain-
less steel was obtained at temperatures from 240°C to 400°C and was
normalized to a stress of 138 MPa and a flux of 50 uA/cm®. Strain rate
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linearity in both flux and stress were assumed. Initial transient strain
rates were 2-5 times higher in titanium than in stainless steel, however,
the strain rate in titanium decreased more rapidly than that of stainless
steel with increasing dose. This resulted in strain rates of similar
magnitude by the end of the test (Figure 5).
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maximum rotation occurs and the irradiated region of the specimen.



134

25 T

T 1 T r T T
0.7
0.7) T IRRADIATION CREEP (16 MeV PROTONS)

Ti-6AL/4V
SOLUTION TREATED & AGED

SHEAR STRESS = 138 MPa
BEAM INTENSITY = 50 pA/Ci

DISPLACEMENT[].?O x 107% dpa/SEC Ti

RATES 1.57 x 10°% dpa/SEC 55
° DATA RANGE !
FROM 5, AlSI
316 SPECIMENS |
1 1 1

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 A
DOSE (DPA)

SHEAR STRAIN RATE (<1013

HEDL 7803-76.6

Fig. 5. Shear strain rate versus dose for irradiated Ti-6AL/4V and
stainless steel. The second transient in the titanium data occurred
after a system shutdown.

To investigate the effect of a stress change under irradiation condi-
tions the load on the titanium specimen was reduced to zero after an
accumulated dose of 0.31 dpa. The stress was reduced at a rate of 1 MPa
per second while maintaining constant flux and temperature. Figure 2
illustrates the load reversal along with the output from the irradiated
thermocouple a quantity proportional to beam intensity and specimen
temperature. Figure 6 shows a strain versus time prior to and after the
stress reduction. The total shear strain recovered during the four hours
of zero stress irradiation was 0.052%. The magnitude of this strain is
similar (within 20%) to that attained during the initial four hours of
"load-on" testing indicating anelastic behavior. Upon turning the beam
off, the zero-stress strain rate decreased abruptly as shown in Figure 6.

This indicates the recovery is irradiation dependent.
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Fig. €. Strain versus time illustrating the effect of a load
change during beam-on conditions followed by beam-off conditions.

Figure 7 shows the preirradiation thermal creep curve from the
titanium specimen. The thermal strain rate prior to beam-on was an
order-of-magnitude less than the minimum strain rates during irradiation.
The measured strain during irradiation were thus assumed to be the result

of irradiation creep only.

5.3.4.3 Discussion

One of the key results of this experiment is the similarity in creep
rates between the Ti-6AL/4V and 316 SS specimens. However, this discus-
sion sectionwill be devoted to models describing the anelastic behavior
exhibited by the titanium specimen. Such behavior may not be particularly
important in long-term steady-state testing. However, under the cyclic
operating conditions expected in fusion reactors the magnitude of transient
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Fig. 7. Preirradiation thermal creep in Ti-6AL/4V,

strains following beam, temperature or stress changes may significantly
affect the total deformation occurring in structural components. Even
though insufficient test data are available at this time to isolate the
source of this anelastic behavior a number of possible mechanisms will be
explored.

Sophisticated models® of the SIPA®>7 mechanism of irradiation creep
indicate that a distribution of loops with preferred orientation should
develop under an applied stress. After release of the stress, the oriented
microstructure is gradually replaced by a new distribution that is more
random in nature. This process, however, would not lead to strain recovery
as the oriented distribution is not dissolved but is replaced by the growth
of a new distribution.

The formation of vacancy loops as a result of cascade collapse may

contribute to the anelasticity. Work by Lewthwaite® and Heald and Speight®
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shows that stress assisted dissolution of cascade produced vacancy loops
does not result in enhanced steady-state creep rates, however, it will add to
transient deformation. A qualitative view of this effect may be obtained
by considering a simple situation involving loops with only two possible
orientations. To further simplify the situation it will be assumed that
one orientation is such that the mechanical work done as vacancies are
preferentially absorbed is the product of the stress multiplied by the
atomic volume (on).

A rate equation for this model consists of a simple loop generation

term G and a removal term Cr/t. The rate equation is written as

d C
2y oG-
It G CL/T [1]
where C1, is the concentration of loops preferentially aligned to the

stress and t=loop lifetime. Under steady-state irradiation conditions

the loop concentration is

C. =16 [2]

The loop lifetime is estimated by dividing the loop size (number of
vacancies) by the average dissolution rate of the vacancies from the

loop. The dissolution rate may be considered as the sum of two parts:

dissolution rate = y *+ gD, o OR/KT

where ¢ is the net arrival rate of interstitials (e.g. interstitial arrival

~0Q/KT is the dissolution rate due

rate - vacancy arrival rate) and gDy €
to thermal emission of vacancies, g = geometrical constant, Dg = vacancy
self-diffusion coefficient, c=external stress and {l=atomic volume. T may

thus be expressed as:

_ N
L o + gD e—oﬂ/KT (3]
s

where N=the number of vacancies in the loop. For small loops we assume
thermal emission to be the dominant dissolution mechanism. This results

in a simplified expression for 1 which is written as
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Having defined 1, G and CL’ the rate equation may be solved by integration.

The resulting expression for the loop concentration is

c, = Gt(l-e ' Ty

which combined with the steady-state boundary conditions from Equation [2]
gives

S l-e-t/x [6]

c = )

L%
Equation [6] is thus an expression for the transient build—-up of preferen-
tially aligned loops which contribute to transient strains. The build-up
and decay of the loop concentration is illustrated in Figure 8. The shape
of the curve illustrated in Figure 8 is similar to the measured anelastic
recovery curve shown in Figure 6.

An estimate of the magnitude of strain resulting from the loop re-

distribution is obtained by considering the difference between the
stressed (Cp!) and zero stress (¢;") loop concentrations for steady- state

conditions. The difference in loop concentration is

a CL = CL]_ e CLD = G (Tl — ro) [7]

which combined with the expression for T (Equation 3) becomes

GN ail /KT
= e

5 Cy = ans ¢

= 1) [8]

Since o2 << KT for the conditions of this experiment, Equation [8] may be

simplified and written as

_GN_ o
ey = gD_ KT 193

S

Equation {9} states that the transient strain. (AC is a function of stress

L)
and temperature. The medel thus predicts the magnitude of the transient
strain to be dependent upon the stress change and inversely proportional
to temperature. Since thermal emission is the dominant mechanism control-

ling recovery, this mode? does not predict a strong irrndiation dependence.
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Fig. 8. An illustration of the loop concentration preferentially
aligned to an external stress. The cycle illustrates the transient nature
of the aligned loop concentration following loading and unloading.

Another mechanism® which may explain the anelasticity is based on the
assumption that creep within individual grains is dependent upon the
orientation of the grain with respect to the external stress. The Ti-6AL/4V
used in this experiment is a two phase, polycrystalline material and it is
assumed that grains, stressed in a preferred orientation, will creep at a
higher rate than those oriented otherwise. This will result in a build-
up of elastic stress within the non-creeping grains, Upon removal of the
external stress, the non-creeping grains will produce a back stress within
the material which drives the strain recovery. This residual stress
mechanism also explains the decreased recovery rate that occurred when

the beam was turned off. With the beam on, irradiatien creep was able

to relieve the internal stresses. When the beam was turned off, the
internal stresses were locked in, resulting in a decreased strain recovery

rate.
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To further develop models describing transient phenomena additional
experimentation will be required. The single stress change conducted
during this test indicates the anelastic behavior to be beam related.
However, a more definitive relation between irradiation effects and
recovery would be obtained by terminating the irradiation earlier in
the transient stage. Conversely, by extending the duration of the zero-
stress conditions an estimate of the total amount of recovery could be
made. Stress and temperature effects referred to in the model discus-
sion also require experimental verification. If the residual stress
model was the dominant mechanism one might expect grain boundary cavita-
tion to occur under cyclic operating conditions. Electron microscopy

could verify this.

5.3.5 Conclusion
Irradiation creep rates measured in a titanium alloy, Ti-6AL/4V

(solution treated and aged condition), were the same order-of-magnitude
as creep rates from similarly irradiated stainless steel specimens.

The primary creep rates in titanium were 2-5 times higher than stainless
steel for doses less than 0.1 dpa., The strain rate in titanium steadly

decreased with increasing 16 MeV proton dose and by the end of the
irradiation test (0.31 dpa) the titanium strain rates were within a factor

of two of the stainless steel creep rates.

Strain measured during the final four hours of zero-stress irradia-
tion indicates a substantial amount of strain recovery or anelasticity.
The rate of anelastic recovery was similar to the transient creep rate
that occured during the initial four hours of irradiation testing. The
zero-stress strain rate abruptly decreased when the beam was turned off
indicating an irradiation dependence. Two models, one based on the
stress assisted dissolution of vacancy loops and the other based on resi-
dual stresses are considered as possible mechanisms describing this

anelastic behavior.
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5.4 PLASTIC INSTABILITY IN NEUTRON-HRRADIATED NIOBIUM ALLOYS —
F. w. Wiffen (OWL)

5.4.1 ADIP Task
ADIP Task 1.B.15, Tensile Properties of Reactive and Refractory
Alloys.

5.4.2 Objective
The objective of this work is to establish the mechanisms controlling

plastic instability in neutron-irradiated niobium alloys and to examine

the dependence of this instability on irradiation and test conditions.

5.4.3 Summary
Irradiation of niobium and Nb-1% Zr at about 73°C followed by

tensile tests at about 35°C has shown no intrinsic difference in the tensile
behavior of these two materials. The onset of plastic instability in

both occurs at about 0.1 dpa, with strengthening continuing for irradiation
beyond at least 0.36 dpa. Although the uniform elongation goes to near
zero, the total elongation remains high, and the fracture mode is fully
ductile. Ductility loss through plastic instability is related to
deformation by dislocation channeling.

5.4.4 Progress and Status

5.4.4.1 Background

Plastic instability, for the present purpose, is defined as the
type of tensile test in which the maximum load occurs at the yield point,
with less than 0.5% uniform elongation, but with the total elongation
remaining high. Earlier work’ had shown that irradiation in the temper-
ature range 390 to 460°C to fluences in the range 1.9 to 3.7 x 10%% n/m?
(>0.1 MeV) resulted in plastic instability at the yield load in Nb—17% Zr,
while unalloyed niobium retained appreciable uniform elongation. These
earlier results are illustrated in Fig. 5.4.1. Low-fluence irradiation
at reactor ambient temperatures (55°C) had not given any indication

of plastic instability in niobium,” and higher fluence results® on both
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Fig. 5.4.1. Example of Plastic Instability in No—1% Zr but not
in Niobium for Tensile Tests at 400°C After Irradiation at About 450°C.

1000 psi = 6.895 MPa,

the niobium and Nb-1% Zr showed small but nonzero uniform elongation,
with some indication of plastic instability in the Nb-17% Zr only.

These experiments are directed at answering several questions
related to plastic instability and ductility loss by other mechanisms
in niobium alloys. These include:

1. Is the behavior of Nbv—1% Zr intrinsically different than
that of niobium after neutron irradiation?

2. What is the fluence dependence of the hardening and ductility
loss in niobium and Nb—1% Zr for irradiation at reactor ambient
temperature?

3. What is the mechanism of plastic instability?

4. Does a change in fracture mode reflect the onset of plastic
instability?

5. Can a ductile-brittle transition temperature (DBTT) above
room temperature result from neutron irradiation of niobium or Nb-1% Zr?
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5.4.4.2 Tensile Properties

Two sizes of rod tensile specimens were used in these experiments.
The larger specimen had a 25-mm-long reduced gage section 3.2 mm in
diameter; the smaller sample had a gage section 18 mm by 2 mm diam.
Samples to be irradiated were sealed into aluminum irradiation capsules,
one sample per capsule, with extra space filled with aluminum powder
and helium at about 0.1 MPa (1 atm). These capsules were irradiated
in the ORR or HFIR hydraulic tubes. The capsules were immersed in
the reactor cooling water at about 55°C during irradiation. The
specimen temperature during irradiations was estimated to be near 70°C.

Postirradiation tests were conducted on an Instron machine. Strain
values were calculated from the crosshead motion. All tests were con-
ducted at hot cell ambient temperature, which is in the range 20 to
35°C.

The specimen materials were from commercially produced heats of
niobium and Nb—1% Zr. All specimens were given a recrystallization
anneal in vacuum before irradiation. The niobium was annealed 1 hr
at 1150°C, and the Nb—1% Zr 1 hr at 1275°C.

5.443 Results

The results of tensile tests are given in Figs. 5.4.2 and 5.4.3.
The data are plotted as a function of dpa level achieved in the
irradiation, calculated from the neutron spectrum at the irradiation
position for an effective displacement energy of 60 V. (The corres-
ponding neutron fluence is indicated for reference at one point on
the abscissa.)

Similar trends are shown for the strength increases of nicbium
and Nb—1% Zr with increasing dpa level. For the range of fluences
available (up to 0.36 dpa) there is no indication of saturation of
the strengthening effect of irradiation. Ductility values for both
materials also show similar behavior with fluence. The uniform
elongation drops to zero for both materials and the total elongation
remains well above zero. There is some indication in the data that the
total elongation may be approaching a lower bound, but higher fluence

data would be required to verify this.
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In irradiated niobium (Fig. 5.4.2) the strength increases as a
smooth function of dpa level up to 0.36 dpa. The yield strength (¥3)
increases more rapidly than the ultimate tensile strength (UTS), with
the two equal at about 0.1 dpa. The hardening rate for these irradiations
at about 70°C extrapolated to higher dpa levels pass above the YS and
below the UTS for the sample irradiated to 12.3 dpa at 46C°C. The
ductility values for these same samples show that zero uniform elon-
gation is reached after irradiation to about 0.1 dpa. That is, the
tensile behavior is plastically unstable at the yield point for 70°C
irradiations producing at least 0.1 dpa. This figure also emphasizes
that the higher temperature irradiation of niobium did not result in
the same unstable behavior. The lowest total elongation measured in
the niobium samples was about 10%. The scattered data suggests that this
may be a lower bound.

The strength values for Wb--1% Zr are given in Fig. 5.4.3. Three
heats of material tested show similar behavior, and the hardening rate
with dpa level appears to be slightly lower than for the unalloyed
niobium. As with the niobium, the YS and UTS become equal after irradiation
to about 0.1 dpa. In contrast to the niobium, however, extrapolation
of the hardening rate for the irradiation at about 70°C predicts much
too low a strength level for irradiation of the same alloy to higher
fluences at 394 and 448°C. Ductility values of all the ¥Nb—1% Zr tested
indicate similar behavior. The uniform elongation drops to zero for
irradiations producing over 0.02 dpa. The total elongation remains at
least 10%for all conditions tested. In the case of the ductility
values of Nb—1% Zr, the higher fluence, higher temperature data fall
on the extrapolation of the 70°C data.

Reduction of area at the fracture was high for all the samples tested.
These results are not presented because of the large scatter produced
by the difficulty of accurately measuring fracture diameters in tested

samples.
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5.4.4.4 Fracture Mode

Examination of selected fracture surfaces by scanning electron
microscopy showed similar fracture appearance of unirradiated and
irradiated samples. A typical fracture is shown in Fig. 5.4.4 for
a sample that was plastically unstable at the yield. The sample had
failed after extensive deformation with a well-formed neck, with an
estimated 94% reduction of area. The fracture surface shows only
the dimples characteristic of ductile fractuvres, without any cleavage
facets, grain boundary separations or the relatively flat channel
fracture facets. None of the fractures examined showed any of the

indications of the brittle or low-ductility fracture modes.

5.4.4)5 Deformation Mode

Examination of sections of selected samples by transmission electron
microscopy showed that the only irradiation-produced defects in these
samples appeared to be a very high concentration of small dislocation
loops. After extensive deformation, as in the unnecked region of a
sample that displayed extensive uniform elongation, Fig. 5.4.5, tt re
is little or no evidence of the irradiation-produced damage. It has
been replaced by a fine scale network of dislocations resulting from
the deformation. In regions that have experienced much less deformation,
outside the neck on samples that displayed less than 0.5% uniform
elongation, all deformation has occurred by dislocation channeling.
Figure 5.4.6 shows an example of this channeling behavior. The micro-
structure contains mainly areas of as-irradiated dislocation loops,
separated by channels swept clear of the irradiation damage by the
passage of multiple slip dislocations. This type of behavior has frequently

been observed, but there is not a fully accepted model of the processes
occurring. The "map" of the deformation channels in Fig. 5.4.6 shows

the traces of a number of the {110} and {112} slip planes in this sample.
While many of the channels fit these expected slip planes, not all channels
can be matched to these systems. A number of the channels also show
significant curvature. These features indicate that a number of slip
systems and cross-slip processes must have been operative in the defor-

mation of this sample.
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Fig. 5.4.5. Microstructure of an Nb—1% Zr Sample Irradiated to
0.005 dpa at About 70°C and Tensile Tested at About 35°C. Reduction
of area of this sample section was about 22%.

5.4.5 Conclusions and Future Work

Irradiation at about 78°C followed by tensile tests at about 35°C
showed:

1. The behavior of niobium and ¥b-1% Zr is nearly identical.

2. Hardening continues beyond 0.36 dpa, and probably extends
beyond 15 dpa.

3. Ductility loss by plastic instability is related to dislocation
channeling. Slip dislocations clear swaths through the dislocation
loops produced by irradiation.

4. Although uniform elongation goes to Zero at about 0.05 dpa,
total elongation remains high.

5. The fracture mode remains ductile.

6. The DBTT remains below room temperature for conditions investi-
gated.

Future experiments are planned to establish the influence of strain
rate during testing and of plastic strain before irradiation on the

plastic instability behavior of Nb—17% Zr.
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5.5 MECHANICAL PROPERTY TESTING OF PATH C ALLOYS IN UNIRRADIATED
CONDITION — ¥. . Liu (ORNL)

5.5.1 ADIP Task
ADIP Task 1.B.3, Fatigue Crack Growth in Reactive and Refractory
Alloys.

5.5.2 Objective
Fatigue and crack growth behavior are among the most important

properties of an alloy to be used in a fusion reactor. There is
essentially no information on these properties for refractory metal
alloys. The objective of this work is to develop base-line information
for the path C refractory metal scoping alloys in the unirradiated
condition.

553 Summary

Equipment for conducting tensile, fatigue, and crack growth tests
on refractory scoping alloys in vacuum is currently being assembled
at ORNL.

5.5.4 Progress and Status

A multipurpose tension-torsion biaxial testing system with <losed-
loop servo-control capabilities, as shown in Fig. 5.5.1, will be used
to determine the mechanical properties of a scoping set of unirradiated
reactive and refractory alloys. This is a complex-load tester, which
can independently apply axial or torsional loading as well as a combined
axial-torsional static and dynamic loading.

The atmosphere, oxygen in particular, will significantly influence
the fatigue properties of alloys at elevated temperatures. Since these
alloys will be used in the oxygen-free environment of a fusion reactor,
samples must be tested in vacuum. The system available for conducting
these tests .presently lacks the capability for testing samples in con-
trolled environments at elevated temperatures. An appropriate environmental
chamber and associated equipment are currently being designed.
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Fig. 5.5.1. Block Diagram for Multipurpose Biaxial Testing System.

The specimen design for various tests will be determined by the
product form available and the desire to have these results serve as
base-line data for irradiation effects studies. Only sheet material
will be available, and restrictions imposed by the irradiation
experiments dictate that the specimens be as small as possible.

Figure 5.5.2 shows a sheet fatigue specimen designed by McDonnell-
Douglas Corporation. This specimen has been designed with rounded
shoulder fillets to minimize the strain concentration at the inception
of the elliptical transition so that representative fatigue behavior
and data can be observed at the gage section. A drawback to the sheet
specimen design is that it permits fatigue loading in tension only

to avoid buckling. Center-cracked sheet specimens will be used for
crack growth studies.

Special specimen grips and strain measurement devices for use

in the environment chamber are being developed.
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Fig. 5.5.2. Fatigue Specimen with Grodzinski Elliptical Fillet.

Path C scoping alloys identified by the Alloy Development Task
Group include three vanadium alloys: V2% Ti, V-15% Cr-5% Ti, and
Vanstar 7; and two niobium alloys: Nb—5% Mo—i% Zr and Nb—1Z Zr.

Because of the complete absence of data on the response of these
alloys to cyclic loading, which is considered as the most damaging
mode to the structural integrity of a fusion reactor, crack growth
and fatigue tests will be emphasized. These will be supplemented by

tensile tests. A tentative test matrix is shown in Table 5.5.1.

Table 5.5.1. Test Matrix of Path ¢ (Vanadium, Niobium) Scoping Alloys

Test
Conditions

Material Temperature Test Test

Property (°cy Parameters ~ Environments Specimen

Tensile room £ = 2%/min inert sheet 6
350
450
550
650

750

Fatigue room Ae = 2% vacuum sheet 12
550 1
650 0.5
0.3

Crack growth room vacuum Center crack 3
550 specimen
650
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5.5.5 Conclusions

A tentative test matrix intended to provide base-line information
on the fatigue, tensile, and crack growth properties of unirradiated
refractory metal scoping alloys has been identified. Equipment for
testing these alloys is being assembled and associated fixturing and

instrumentation are being developed.



6. PATH D ALLOY DEVELOPMENT — INNOVATIVE MATERIAL CONCEPTS

Innovative material concepts are included as a path in the alloy
development program because the fusion reactor environment is extremely
demanding on materials in the high—-flux region and the more conventional
materials and metallurgical concepts may not be adequate. Novel approaches
to alloy design, nonconventional material processing to tailor properties,
or alternate materials such as structural ceramics and fiber composites
will be considered.
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6.1 DEVELOPMENT OF ALLOYS WITH LONG-RANGE ORDER”™ — C. T. Liu (ORNL)

6.1.1 ADIP Task
Task 1.B.16, Tensile Properties of Special and Innovative Materials,
and Task 1.C.5, Microstructures and Swelling in Special and Innovative

Materials.

6.1.2 Objective
The objective of this study is to determine the potential of alloys

with long-range order (LR0O) for high-temperature energy systems such as
fusion reactors. These alloys have excellent high-temperature strength
properties, and on the basis of electron and heavy ion simulation experiments
appear to have good swelling resistance. Samples of LRO alloyswill be
included in alloy development irradiation experiments to assess the effects
of irradiation on tensile properties and stability.

6.1.3 Summary

Two long-range ordered alloys with compositions 36.1% Fe—19.7% Ni—21.4%
Co—22.8%2 V (LRO-15) and 46% Fe—31% Ni—23% V (LRO-16) were prepared and
fabricated into 0.8-mm-thich sheets. Tensile tests indicate that these
alloys are ductile, with elongation in excess of 35% at room temperature.
The ordered alloys have very attractive high-temperature mechanical
properties; that is, their strength increases with test temperature,
instead of decreasing like that of conventional alloys. These two
alloys will be irradiated in the ORR-MFE-2 experiment.

6.1.4 Progress and Status

Long-range ordered (LR0O} alloys offer a significant advantage over
the conventional or disordered alloys for high-temperature applications.
This is because ordering reaction produces stronger binding and closer
packing between atoms. As a result, any kinetic processes involving
diffusion, such as creep or migration of point defects, are reduced.

“This work is entirely supported by the Nuclear Research and Applications
Materials Programs sponsored by the Division of Advanced Systems and
Materials, Department of Energy.
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Also, unusual dislocation motion characteristics of the ordered lattice
give the LKO alloys excellent high-temperature strength” and fatigue
resistance.” Furthermore, recent electron irradiation and ion bombardment
experiments have demonstrated®** that alloys with LRO structure are more
resistant to radiation-induced swelling. This provides incentive to
examine the potential of LRO alloys for the potential fusion reactor
applications.

One of the major obstacles to more widespread use of ordered alloys
and intermetallic compounds is their brittleness. However, our recent
work on the Co-Fe-Ni-V alloy system has demonstrated® that the ductility
of the ordered alloys can be controlled by adjusting the composition
and ordered structure. The alloys with controlled ordered structure have
more than 40% elongation at room temperature. In this study, the alloy
compositions are modified for nuclear power applications in the temperature
range 300 to 700°C.

Two alloys with compositions 36.1% Fe—19.7% Ni—21.4% Co—22.8% V
(designated as LRO-15) and 46% Fe—31% Ni—23% V (LRO-16) were prepared by
arc—-melting and drop casting. The ingots were wrapped in molybdenum
sheet and then rolled to 0.8-mm-thick sheet at 1000 to 1100°C. The sheets
have good quality with no indication of surface or edge cracks.

To characterize the ordering behavior and mechanical properties,
tensile specimens were blanked from the LRO-15 and -16 sheets and then
heat-treated at 600 to 1100°C to produce disordered (quenching from 1100°¢)
and ordered structures. Table 6.1.1 shows the room-temperature tensile
properties of LKO-15 and -16 alloys. Formation of LRO significantly
increases the work-hardening rate and tensile strength but only slightly
affects the yield strength. As shown in the table, both alloys are
ductile, and had 35 to 55% elongation in the ordered state.

Figure 6.1.1 shows the yield strength of LRO-15 and -16 alloys as a
function of test temperature. The results are mainly obtained from
consecutive testing in the temperature range 400 to 1000°C. The striking
feature of this plot is that the yield strength of the ordered alloys
increases with test temperature, instead of decreasing as that of
conventional alloys (such as type 316 stainless steel). The ordered
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Table 6.1.1. Room-Temperature Properties of LRO-15 and -16
In Ordered and Disordered States
Strength, MPa .
Alloy State Elon('gn/"‘\tlon
Tensile Yield ol
LRO-15 Disordered 881.2 394.1 51.1
-15 Ordered 1329.1 354.2 54.7
LRO-16 Disordered 858.5 392.7 48.0
-16 Ordered 1070.7 423.1 35.2
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Fig. 6.1.1. Yield Strength as a Function of Test Temperature for

the Ordered Alloys LRO~15 and -16 and for Type 316 Stainless Steel in
the Annealed and 20%-Cold-Worked Conditions.
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alloys are much stronger than type 316 stainless steel in the annealed
condition and also stronger than the 20%-cold-worked 316 stainless steel

at temperatures above 600°C. The yield strength of LRO-15 reaches 593 tFa
at 730°c, which is 6 times that of annealed type 316 stainless steel and
almost 3 times that of 20%-cold-workad type 316 stainless steel. The

yield strength of the ordered alloys drops sharply beyond a critical
temperature as a result of disordering. The critical ordering temperatures
of the ordered alloys LRO-15 and -16 are estimated to be 790 and 710°C,
respectively.

6.1.5 Conclusions and Future Work

Two-long range ordered alloys with compositions 36.1% Fe—19.77% Ni—
21.4% co—22.8% V (LRO-15) and 46% F=—31% Ni—23% V (LRO-16) were hot rolled
into sheets at 1000 to 1100°C. The alloys are ductile with tensile
elongation in excess of 35% at room temperature. The alloys have very
attractive high-temperature mechanical properties; that is, their
strength increases with test temperature instead of decreasing as that
of conventional alloys. The peak strength is located just below the
critical ordering temperature, which is estimated to be 790 and 710°C
for the alloys LRO-15 and -16, respectively. The yield strength
drops sharply beyond these temperatures as a result of disordering.

6.1.6 References

1. N. s. Stoloff and R. G. Davies, "'The Mechanical Properties of Ordered
Alloys," Prog. Mater. sez, 13(1): 1-84 (1966).

2. R. C. Boettner, N. &. Stoloff, and R. G. Davies, ""Effect of Long-Range
Order on Fatigue,' Trans. Metall. Soe. 236: 131 (1966).

3. R. W. Carpenter and E. A. Kenik, "'The Effect of Irradiation on Void
Swelling and Chemical Order in Ni-Mo, Ni-V, and Ni-Ti Alloys,""
Metallurgieal Transactions, in press.

4. G.J.C. Carpenter and E. M. Schulsen, *'The Disordering of ZriAl by
1-MeV Electron Irradiation," paper presented in the 1977 TMS-AIME
Fall Meeting, Chicago, Oct. #4-27, 1977.

5. C. T. Liu and H. Inouye, unpublished results.






7. STATUS OF IRRADIATION EXPERIMENTS

Irradiation experiments are presently being conducted in the ORR and
HFIR, which are mixed-spectrum fission reactors, and in the EBR-II, which
is a fast-spectrum reactor. Experiments are generally cooperative between
several program participants. Experiment plans, test matrices, etc. are

reviewed by the Alloy Development for Irradiation Performance Task Group.
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7.1 STATUS OF ORR-MFE-1 AND -2 IRRADIATION EXPERIMENTS — J. W. Woods,
A. F. Zulliger.,and E. E. Bloom (ORNL)

7.1.1 ADIP Task

These two experiments support those tasks of the ADIP Program Plan
that require neutron irradiations to accomplish their objectives. The
experiments contain alloys from each alloy development path.

7.1.2 Objective
The ORR-MFE-1 and ORR-MFE-2 irradiation experiments are vehicles for

irradiation of samples for postirradiation testing and examination

(e.g., tensile, creep-rupture, and fatigue testing; measurement OF Irradiation

creep; and microstructural examination). The objectives of these experiments

from the viewpoint of alloy development are to examine:

1. effects of composition on the tensile properties of stainless steels
with nominal compositions near that of type 316 stainless steel;

2. effects of preirradiation heat treatment on the tensile properties of
type 316 stainless steel;

3. effects of irradiation on the tensile properties of type 316 and
16-3-2 stainless steel welds;

4. effects of irradiation on the tensile properties of representative
path B alloys;

5. effects of irradiation on the tensile, creep-rupture, and fatigue
properties and on the microstructures of representitative titanium
alloys, vanadium alloys, and niobium alloys;

6. 1Irradiation creep of type 316 stainless steel and Nimonic PE-16,
path A and B alloys, respectively;

7. postirradiation fatigue properties of type 316 stainless steel,
Nimonic PE-16, and high-nickel alloys X-750 and Inconel 600;

8. effects of irradiation on tensile and creep-rupture properties of
alloys with long-range order (path D).

7.1.3 Summary
Irradiation of ORR-MFEs1 in position C-7 of the ORR began on

February 8. This experiment contains microstructural and composition
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variations on type 316 stainless steel (path A), several precipitation-
strengthened Fe-Ni-Cr alloys (path B), and titanium alloys (path C).
With the initial core configuration (fuel surrounding the experiment)
the desired low irradiation temperatures, particularly 250 and 350°C,
could not be attained. The core configuration was changed and control
temperatures were raised. The experiment is now in the reactor. The
irradiation time will be determined when neutron flux, spectrum, and
damage production calculations are complete. Experiment ORR-MFE-2 is
being redesigned for more efficient heat removal. Most of the original
ORR-MFE-1 and -2 test matrices will be accomplished in the redesigned
experiment. The ORR-MFE-2 schedulle will be delayed about two months.

7.1.4 Progress and Status

7.1.4.1  Introduction

The number of times each atom is displaced from its normal lattice
site (dpa) and the amount of helium produced by (»,a) transmutations are
felt to be the most critical quantities for description of damage produced
by a fusion reactor neutron spectrum. Mixed-spectrum Fission reactors
(those having high fluxes of both fast and thermal neutrons) provide an
approximation of the damage created in a fusion reactor for materials
containing nickel. Fast neutrons generate atom displacements, and thermal
neutrons produce helium by the two-step reaction sequence

“fui tm s S°NL
%Ni tn+ 3%Fe + "He .

By controlling the fast and thermal fluxes, the He-to-dpa production ratio
can be matched to that in a fusion reactor. Since all path A and B alloys
contain nickel, a good approximation of fusion reactor helium and dpa
production can be obtained. For path C alloys the helium production rate
in a fission reactor is much lower than in a fusion reactor. Without
techniques to produce the needed helium {e.g., preinjection, doping with
isotopes having desired (»n,a) cross sections, etc.] fission reactors
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provide only atom displacements. Until these techniques are developed
and proven, fission reactors can provide only basic radiation effects
data on path C alloys. These data are, however, important, particularly
in the scoping phase of alloy development and as concerns elimination of

unacceptable alloys, heat treatments, etc.

7.1.4.2 Status of ORR-MFE-1

This is the first experiment in support of fusion reactor materials
development to be conducted in the ORR. The experiment vehicle is similar
to that used in previous experiments on other materials development programs.
The significant difference between ORR-MFE-1 and previous experiments was
the position in the reactor. This experiment was placed in position C7
and had fuel elements on four sides [see Fig. 7.1.1(a)]. AIll previous
experiments had been conducted in position B8 and generally had fuel only
on two sides. It is desirable to maximize the amount of fuel around the
experiment to increase the fast neutron flux and thus the displacement
production rate. W.ith the reactor core configuration shown in Fig. 7.1.1(a),
temperatures in the experiment exceeded the desired control temperature by
as much as 300°C with the reactor operating at 30 MW. Two actions were
taken to maximize the usefulness of the experiment: (1) the core configu-
ration was changed to that shown in Fig. 7.1.1(b), and (2) some control
temperatures were raised. The final layout of the experiment and irradiation
temperatures are shown in Table 7.1.1. Irradiation temperatures called
for in the initial experiment planning are also shown. Alloy compositions
and heat treatments included in the experiment are:

Type 316 Stainless Steel Microstructure Series. This series includes

tensile samples from the MFE reference heat of type 316 stainless steel
(composition given in Table 7.1.2). Microstructures were developed by

the following heat treatments before sample fabrication:

annealed at 1050°C T 20% cold work

annealed at 1150°C T 20% cold work

annealed at 1050°C * 30%cold work

annealed at 1050°C + 50% cold work

annealed at 1050°C * 10 hr at 800°C

annealed at 1050°C + 10 hr at 800°C * 20% cold work
annealed at 1050°C T 20% warm work at 300°C
annealed at 1050°C
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Fig. 7.1.1. Fuel Element Loadings of the ORR for Experiment ORR-MFE-1.
The experiment is in position C-7. The code in each lattice position is

used as follows: HT = hydraulic tube, Be = beryllium element, Exp =
experiment, number = loading in g 2®°U in fuel element. (2) Loading at

start of experiment. (b) Revised loading.
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Table 7.1.1. Plan of 0rRrR-MFE-1 Experiment, Showing Material
Variables and Planned and Final lrradiation Temperatures

Irradiation Temperature, °C, in Each Quadrant
Final Control and (Planned)

Level Samples Irradiated (Quadrants)
North West South East

1 350 (350 450 (450) 550 (550) 650 (650) Samples from damage analysis and fundamental
studies programs (all)

2 350 (250) 450 (350) 550 (450) 650 ({550} Path B alloy series (all}

3 450 (250} 375 (350} 550 (450) 650 £550) Samples from damage analysis and fundamental
studies programs (all)

4 600 (350) 575 (450) 625 (550) 650 (65C) Samples from damage analysis and fundamental
studies programs (all)

5 500 (450} 500 (350) 550 (450) 600 {(550) Ti alloys — fatigue samples (N}

tensile samples (W,S,E)

6 525 (350) 575 (450) 575 (4503 650 (550) Type 316 stainless steel composition series (all)

7 525 (350) 475 (350) 575 (450) 650 (550) Type 316 veld samples (all)

8 500 (4503 450 (350) 550 (4503 600 (550) Ti alloys — fatigue samples (N)

creep samples (W)
tensile samples (S,E)

Table 7.1.2. Composition of MFE Reference Heat of
Type 316 Stainless Steel, Heat X-15893"

Content, wt %

Ni Cr Mo Mn Si C P S
Mill analysis 12.4 7.3 2.1 1.8 0.65 0.05 0.03 0,02
Vendor overcheck 12.8 17.5 2.2 1.8 0.64 0.05 0.03 0.02
ORNI overcheck 12.4 17.3 2.1 1.7

ATitanium not reported.

Type 316 Stainless Steel Composition Series. This series includes

tensile samples of alloys having the nominal composition of type 316 stain-
less steel with systematic variations in Si, Mo, Ti, ¢, and P. All samples
are in the 20%-cold-worked condition. These alloys were supplied by the
Breeder Reactor Cladding and Duct Materials Development Program supported by
the Division of Reactor Research and Technology, Department of Energy.

Type 316 Stainless Steel Weld. This series consists of tensile samples
from welds made with type 316 and 15-3-2 stainless steel Filler metal on

type 316 stainless steel plate. It includes both longitudinal samples,
which are all weld metal, and transverse samples. which include weld metal,
heat-affected zone, and base metal.
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Path B Alloy Series. The path B alloy series consists of tensile

samples of Nimonic PE-16 in three heat treatment conditions and four
developmental precipitation-strengthened alloys, also supplied by the
Breeder Reactor Cladding and Duct Materials Development Program of the
Division of Reactor Reasearch and Technology-

Titanium Alloys. The titanium alloy test matrix iIs summarized in

Table 7.1.3. The alloys and heat treatments were selected to explore
a-rich, f-rich, and (o * B) structures. Tensile, creep-rupture, and
fatigue samples are included.

Table 7.1.3. Test Matrix for Titanium Alloys in ORR-MFE-1

i i Relative Irradiation Temperatures, °c
Alloy Designation Heat Treatment  Neutron
Flux Tensile Fatigue Creep
Ti-6% Al—4% V Duplex Anneal High 500, 550, 600 500
(a+ 8 Alloy) Low 450, 550, 600 500 450
# Anneal High 500, 550, 600 500
Low 450, 550, 600 500 450
Mill Anneal High 500, 550, 600
Low 450, 550, 600
Ti—6242 S Duplex High 500, 550, 600 500
(a Rich) Low 450, 550, 600 500 450
Ti—5621 S Duplex High 500, 550, 600 500
(o Rich) Low 450, 550, 600 500 450
Ti—38644 Stabilized High 500, 550, 600
(& Rich) Low 450, 550, 600

7.1.4.3 Description of Experiment ORR-MFE-1

An aluminum framework, constructed as shown by the sketch in
Fig. 7.1.2 was used to position the heaters and specimens, as well as to
support the heater leads and thermocouples. The length of the mounting
frame was divided into eight levels, each containing four subassemblies.
Each subassembly had a carousel-type spacing frame, which would hold up
to 16 miniature sheet specimens. In some subassemblies a tube of electron
microscopy specimens replaced three sheet specimens. Figure 7.1.3 shows
the components of a typical subassembly.
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Fig. 7.1.3. Components of a Subassembly for ORR-MFE-1 Experiment.

The 32 subassemblies were positioned on the mounting frame, the
heater ends were rig:Ldly attached to it, and then connections were made
to the heater and thermocouple leads. Figure 7.1.4 shows the assembled
experiment. Figure 7.1.5 is a ciose-up Of one subassembly.

After all the subassemblies were in place, the experiment container
was positioned over the mounting frame and seal welded te the top and
bottom plates. All electrical leads from the experiment were passed
through the top plate to the access tube and finally terminated in the
junction box located above the water at poolside. The output of one
thermocouple IN each subassembly was fed to a proportioning on-off
control:Ler, which adjusted the power input to that heater.

Netitron dosimetry for both ORR-MFE-lL and -2 was planned by
L. R. Greenwood of Argonne National Laboratory. Plans include a short
irradiation in the E-7 position for spectral mapping. For the long

irradiations in both C-7 and E-7 positions, gradient wires of Fe, Co—Al,
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ORNL-PHOTO 0644-78

Fig. 7.1.4. Assembled ORR-MFE-1
Irradiation Experiment. Scale is
102 mm (4 in.).



>’°6 :. . &
Fig. 7.1.5. Close-Up of Subassembly for ORR-MFE-1 Experiment.
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Ni, and Ti will be used to obtain the total fluence. The spectral mapping
: s ot z 237
irradiation will use ““'Np, 235y 238y anq S monitors in addition to the

gradient wires, He monitors, and bare and Cd-covered iu foils.

7.1.44  Status of ORR-MFE-2

IT ORR-MFE-2 were of the same design as used for ORR-MFE-1, the
desired lower irradiation temperatures could not be obtained unless the
number of samples were drastically reduced. We decided to redesign
ORR-MFE-2 rather than accept this penalty.

That portion of the specimen mounting frame occupied by levels 1
through 6 will be replaced with an aluminum core piece that contains
cooling water channels as well as four 25-mm-diam by 0.31-m-long holes.
This core piece will acconmodate 16 gas-gap capsules. Capsules are being
designed to accommodate either 22 tensile samples or 12 pressurized
tubes. The capsules will be centered in the 25-mm-diam holes to provide
a gas annulus between the capsules and the cooled core piece. Each
capsule is designed to run below its control temperature with nuclear
heating at 30 W reactor power. Desired control temperatures, in the
range 250 to 650°C, are attained with electrical heaters in the center of
each capsule. Temperature is measured and controlled by thermocouples
located at the center of the gage section of the tensile samples. The
specimen mounting frame in levels 7 and 8 also will be replaced by a
core piece similar to the one described above. Four doubly encapsulated
sodium-Filled capsules will be irradiated in this section. Temperature
measurement and control are similar to those described above. These
capsules will contain refractory metal specimens.

The redesign of ORR-MFE-2 enables us to irradiate 432 sheet specimens,
48 pressurized tubes, and up to 1000 TEM disks at the desired test
temperatures instead of 352 sheet specimens as were placed In QRR-MFE-1,
Although there will be some modification of the test matrix, we believe
that the major goals of ORR-MFE-1 and -2 can be accomplished with the
redesigned ORR-MFE-2.

Irradiation of ORR-MFE-2 was originally scheduled to begin March 27, 1978.
As a result of the necessary redesign, irradiation of the experiment is now
planned to begin with Cycle 145, June 2, 1978.
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7.1.5 Conclusions and Plans for Future Work

The high temperatures in the ORR-MFE-L irradiation experiment resulted
from nuclear heating rates higher than had existed for the core configurations
and in the particular core position in which experiments of this design
were previously used. Estimated neutron energy spectrum and helium and
displacement production rates for the present core configuration will be
calculated, and recommendations for proceeding with ORR-MFE~-1 will be
developed. When an experiment of this design is surrounded with fuel,
temperatures at the lower part of the range of interest are very difficult
to obtain. Rather than drastically reduce the number of samples in the
experiment, an action required to reach the low temperatures with the
present design, we decided to design an experiment with more efficient
heat removal. This design is now well under way and will be used. 1In
ORR-MFE-2 the more efficient heat removal will allow irradiation of about
432 sheet tensile samples and 48 pressurized tube samples. Nearly all
the original ORR-MFE-L and -2 test matrix can thus be accomplished in
the redesigned ORR-MFE-2. The experiment will be delayed about two months
by this action.



176

7.2 CAPSULE DESIGN FOR IRRADIATION OF FATIGUE CRACK PROPAGATION
SPECIMENS IN ORR - H. E. Watson, J. A. Sprague, and D. J.
Michel (Naval Research Laboratory)

7.2.1 ADIP Task

The work described in this report 1S being performed as part of
the following ADIP Program Plan Tasks: [1.A.2, Define Test Matrices
and Test Procedures; [.B.lI, Fatigue Crack Growth in Austenitic Alloys
(Path A); 1.B.2, Fatigue Crack Growth in High Strength/High Temperature
Fe-Ni-Cr Alloys (Path B); 1.B.3, Fatigue Crack Growth in Reactive/
Refractory Alloys (Path C).

7.2.2 Objectives
The objective of this work is to design a capsule for irradiation
of compact-tension geometry fatigue crack propagation specimens at con-

trolled elevated temperatures in the high-flux regions of ORR.

7.2.3 Summary
The capsule has been designed to allow the irradiation of fatigue

crack propagation specimens with the 0.5T compact tension (0.5T CT)
geometry at elevated temperatures in the high-flux region of the ORR
core. Temperature control will be achieved by a balance between gamma
heat generation in the specimens and heat loss to the reactor cooling
water through an externally controlled variable gas gap. The design of
the ORR capsule has been derived from NRL capsules used to irradiate
reactor pressure vessel steels in a number of research reactors, with
modifications to the geometry to allow for the high gamma heating rate
encountered in the core of ORR. The first assembly of this design
will be irradiated as experiment MFE-3, scheduled for insertion in ORR

by the end of FY 78.
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7.2.4 Progress and Status
7.2.4.1 Introduction
The first wall structure of a magnetic-confinement fusion reactor

(MFR) is expected to experience combined cyclic-static loading at ele-
vated temperatures, while being subjected to intense neutron and ion
irradiation. Under those conditions, the propagation of cracks from
flaws is expected to be an important potential failure mechanism. The
high helium concentrations and high displacement damage levels projected
for first-wall materials may adversely affect their crack propagation
resistance by the combined effects of matrix hardening and weakening of
the grain boundaries. It is, therefore, important to use the high helium
generation rates available for nickel-bearing alloys in high-flux mixed-
spectrum reactors such as OF3 to simulate the effects of fusion reactor
irradiation on fatigue crack propagation. It is important also to in-
clude titanium-base alloys in these experiments at an early date, since
no baseline data exist on their irradiation performance. To fulfill
these goals, a capsule has been designed to allow the irradiation of
small fracture—mechanics-type crack propagation specimens at controlled

elevated temporatures in the core of ORR.

7.2.4.2 Capsule Design Considerations

In designing an irradiation capsule for these experiments, several
requirements of the specimen type, the irradiation environment, and the
experiment matrix had to be considered. The principal specimens were to
be 0.5T CT crack propagation specimens of the WOL design, which have a
cross-section of 40.64 mm (1.60 in.) x 30.5 mm (1.2 in.) and a thickness
of 12.7 mm (0.5 in.). Some thickness-effect specimens were also to be
included with the same cross-section, and thicknesses of 2.5 mm (0.1 in.),
5.0 mm (0.2 in.), 7.5 mm (0.3 in.), and 10.2 mm (0.4 in.). The mass of a
full 0.5T specimen ranges from 50 gn for Ti-base alloys to ~90 gm for
Fe-Ni-Cr alloys. The irradiation environment in the E-3 position of ORR,
to be used for the MFE-3 experiment, is characterized by a peak thermal
neutron flux of 2 x 10** n/cm®-sec, peak fast neutron flux 0.18 MeV)

of a3 x 10** n/cm?-sec, a gamma heating rate of "8 watts per gm, and
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cooling by low pressure water at 60°C. The proposed experiment matrix
called for irradiation for approximately one year at temperatures be-
tween 350 and 550°C.

of the above considerations, the size of the specimens and the high
gamma heating rate have the strongest implications for the capsule design.
For 0.5T CT specimens to operate at a constant temperature, 720 watts
must be removed from each Fe-Ni-Cr specimen, and 400 watts from each Ti-
alloy specimen. Because of this high heat input from gamma heating, it
was decided to control the experimental temperatures by regulating the
heat loss to the reactor cooling water. Based on previous experience
with elevated temperature irradiations in water-cooled reactors, the
variable gas gap (vgg) method of temperature control was chosen.

In principal, the operation of a vgg capsule is quite simple, as
illustrated in Fig. 7.2.1. The capsule is constructed with a flexible

REACTOR —=, ~— - -
COOLANT —+ — Y
PRESSURE _. e . .

—-| hy—— — pom—

HEATING SITUATION COOLING SITUATION
(OUTER SHEATH EXPANDED) (OUTER SHEATH COLLAPSED)

Fig. 7.2.1 Schematic illuatration of the operating principle of
the variable gas gap irradiation capsule. The width of the gap, and thus
the heat transfer to the cooling water,is controlled by a balance between
the pressures of the reactor coolant and the control gas.
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outer sheath, and the spnce between this sheath and the specimens is
connected to a controlled-pressure gas source outside of the reactor.
The width of the gas gap between the outer and inner skins is controlled
by the balance between the gas pressure and the pressure of the reactor
cooling water. This gap acts as a variable heat leak, since the thermal
conductivity of the gas (5 x 107" to 3 x 1073 watts/cm °K) is much lower
than that of the metal specimens and capsule components (0.2 watts/cm °K
for stainless steels).An increase in the width of the gap (shown greatly
exaggerated in Fig. 7.2.1), therefore, causes an increase in the equili-
brium operating temperature of the experiment. The experiment control
console permits the use of a single gas or the mixing of two gases to
improve the heat removal rate.

The high gamma heating in the E-3 position of ORR required that the
experiment be designed for maximum available heat transfer to the cooling
water. The irradiation assembly was therefore designed with three sub-
capsules, each one of which is the thickness of one (0,5T CT specimen.

This allows the heat to be removed from both side faces of each specimen.
For this geometry, the temperature rise as a function of gas gap width
could be approximated by assuming one-dimensional heat flow normal to the
specimen faces.

Figure 7.2.2 shows this temperature rise calculated for 316 ss and
Ti-6A1-4V, with 8 watts/gm gamma heating and He control gas (.0028 watts/gm
°k thermal conductivity). Three design implications are apparent from
these plots. First, the small values of the gap width imply that a very
sensitive control system will be required to avoid undesirable temperature
fluctuations. Second, great care will be required in the design and as-
sembly of the subcapsules to avoid large temperature gradients. Finally,
the Fe-Ni-Cr and Ti-alloy specimens will have to be separated into differ-
ent subcapsules to avoid their running at much different, unplanned tempera-
tures.

The high gamma heating rate causes an additional problem that is
fundamental to the specimen geometry and cannot be solved by capsule de-
sign. Since the heat is generated fairly uniformly through the thickness
of a specimen, and it is removed at the surfaces, the temperature distri-

bution across the thickness will be approximately parabolic. In the worst
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600+
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Fig. 7.2.2 The temperature rise across a helium gas gap calculated
for 316 SS and Ti-6A1-4V 0,5T CT specimens in the MFE-3 capsule design.
A gamma heating rate of 8 watts per gram was assumed.

case, assuming uniform 8 watts/gm gamma heating, the temperature at the
center could be as much as 50°C higher than that at the surfaces. Due

to self-shielding by the specimens, the actual gradients may not be this
large, but discussions are in progress with the ORR staff to attempt to
tailor the E-3 position somewhat to reduce the gamma heating rate in the
E-3 position as much as possible. The specimen-center temperatures during

irradiation will be monitored by thermocouples embedded in test blocks in

each of the subcapsules.

7.2.4.3 Description of Capsule Design

The above criteria led to an irradiation assembly for MFE-3 that
consists of three subcapsules, each containing the equivalent of 12 0,5T
CT specimens. A plan of ong of these subcapsules is shown in Fig. 7.2.3.
The specimens are laid flat in two rows, with a central open channel left

for gas tubes and thermocouple wires. The thinner specimens are to be
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stacked in pairs to give the same total thickness at each specimen posi-
tion. To improve the temperature uniformity, the subcapsule is divided
vertically into two sections, giving a total of six independently con-
trolled sections in the complete assembly. Temperatures will be monitored
at several positions in each section.

Before loading into the subcapsules, specimens will be ground to a
uniform thickness. Following welding of the inner skin, it will be shrunk

onto the specimens in a high pressure chamber to assure good thermal con-

tact. The subcapsule assembly will then be completed by welding on the
outer skins. The three subcapsules will be welded together into an assembly
to hold them in the proper position in the ORR core piece, and will then

be shipped to Oak Ridge for final assembly to a standard ORR lead tube and

core 'piece.

7.2.5 Conclusions

An assembly has been designed for the irradiation of 0.5T CT crack
propagation specimens at controlled elevated temperatures in the high-flux
core region of ORR. The assembly will contain the equivalent of 36 0.5T
CT specimens in three subcapsules, with a total of six independently con-
trolled sections. Temperature control in each section is maintained by
varying the width of a gas gap using pressure control. The assembly has
been designed to allow the maximum possible heat removal from the 0.5T CT
geometry to account for the high gamma heating rate encountered in the
core-center positions in ORR. The first exper-ment using this design will
be irradiated as experiment MFE-3, scheduled for dnsertion in ORR by the
end of Fy 78.
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8. CORROSION TESTING AND HYDROGEN PERMEATION STUDIES

Corrosion, erosion, and mass transfer are processes that may
degrade mechanical properties, alter heat transfer characteristics of
heat transport systems, and present maintenance problems when radio-
active nuclides are involved. The importance of hydrogen permeation
and the behavior of hydrogen in the alloy systems under development
is clear from consideration of tritium inventory, containment, etc.
In the early stages of the development program, base-line information
is required to define compatible or noncompatible alloy systems and
coolants. As optimized alloys are developed, more detailed data on
effects of adjustments in alloy composition or structure may be
required. Extensive engineering compatibility data will be required
on the final optimized alloys.

189
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8.1 CAPSULE TESTS OF IRON-BASE ALLOYS IN LITHIUM — 7. H. Devan and
J. R. piStefano (ORNL)

8.1.1 ADIP Task
Task 1.A.3, Perform Chemical and Metallurgical Comptability
Analyses.

8.1.2 Objective
The purpose of this program is to determine the chemical compati-

bility of iron-base alloys with metallic lithium. Structural steel
specimens are exposed to static lithium containing selected solute
additions to identify the kinetics and mechanisms that govern the
corrosion of steels by lithium. Specific program objectives are

(1) to determine the effects of ¥, ¢, H, and O on apparent solubilities
of stainless steel components in lithium; (2) to determine the ¢ and

N partitioning coefficients between stainless steels and lithium;

(3) to determine the effects of soluble (Ca, al) and solid (Y, Zr, Ti)
active metal additions on corrosion of stainless steels by lithium;

and (4) to determine the tendencies for dissimilar-metal mass transfer

between stainless steel and Mo, Nb, and Co.

8.1.3 Summary
Data on the mechanisms and kinetics of the corrosion of stainless

steels by lithium were obtained from a series of 150 capsule tests at
temperatures from 500 to 700°C and for times to 10,000hr. one of the
primary objectives of the program was to evalugte the effects of N, O,
C, and H on compatibility and to determine if impurity getters will
successfully inhibit impurity effects.

Base-line capsule tests conducted to 10,000 hr showed no measurable
corrosion of type 316 stainless steel in lithium up to 700°C. Nitrogen
in lithium strongly promoted the corrosion of type 316 stainless steel
at 500, 600, and 700°C. At 500°C calcium, a soluble getter in lithium,
effectively inhibited corrosion by nitrogen but was relatively ineffec-
tive at 600 and 700°C. Yttrium, a solid, relatively insoluble getter,
was ineffective at inhibiting corrosion by nitrogen at all temperatures.
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8.1.4 Progress and Status

8.1.4.1 Introduction

For reasons discussed in Sect. 8.2.4.1, compatibility with liquid
lithium is an important property in the development of path A and B
alloys. The degree to which these alloys will resist corrosion by
lithium is a function of both the alloy composition and the purity
of the lithium. Thus the interaction of naturally occurring impurities
in lithium with components of path A and B alloys and the partitioning
of minor and major alloying elements to the lithium must be determined
in order to achieve alloy compositions that are optimized for lithium
service.

Static capsules of the type shown in Fig. 8.1.1 are being used
to study impurity-induced reactions of austenitic stainless steels in

lithium. Sheet specimens identical in composition to the capsule wall
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are included within the capsule to facilitate weight change and
magnetic permeability measurements. A measured weight of solid
lithium is placed in the capsule along with any impurity additions
before the top end cap is welded. The filling operation and final
weld are conducted under an inert atmosphere. Singly and doubly
encapsulated test systems have been used to determine that diffusion
of nitrogen through the capsule wall is not a factor in any of the

tests.

8.1.4.2 Results
Previous work on the compatibility of iron-base alloys with
lithium was reviewed’ before this program started. A capsule test

matrix based on this backgound is summarized in Table 8.1.1. Over

Table 8.1.1. Summary of Capsule Tests of Stainless Steels in Lithium
at 500, 600, and 700°C for Times from 1000 to 10,000 hr

Capsule Addition to Lithium Objective
Material
316 SS None Base-line corrosion data
316L SS None Base-line corrosion tests to
304L ss None compare several stainless steels
310 SS None
321 SS None
316 SS LisN, LiH, Li»0, C Effect of interstitial impurities
on corrosion
316 SS TiaN t VY, LisN + Ca, Effect of interstitial impurity
LisN + Ti, LiaN + Zr, getters on corrosion
Li,0 v
316 SS Y, Ca, Al, Ti, Zr, Si, Effect of active metals on
Mg, Mn corrosion
316 SS Pb, Sn, In Effect of heavy metals on
corrosion
316 SS Nb, Mo, Co Dissimilar- metal mass transfer

determination
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150 capsule tests were conducted in the temperature range 500 to 700°C.
Base-line corrosion tests and tests of additions of nitrogen and nitrogen
getters are essentially complete, and these will be discussed below. A
report summarizing the results from all the tests is now in preparation.
Specimens from these tests were examined primarily for weight
change and metallographic appearance. Table 8.1.2 summarizes the
weight changes in type type 316 stainless steel after exposure to
lithium that had been gettered with zirconium before test, Li + LisN,
Li+ LisN *Y, and Li + Li;N T Ca. In these base-line tests, the
weight changes were very small and there was little or no evidence of
grain boundary attack (Table 8.1.3 and Fig. 8.1.2). Adding about
5%LisN to lithium markedly increased the weight loss in type 316
stainless steel at all temperaure-time combinations. When 19%Y was

added along with the 5%Li3N, the results were almost unchanged.

Table 8.1.2. Effect of Nitrogen and Nitrogen Getter on Weight
Change in Type 316 Stainless Steel Exposed to Lithium

Weight Change, g/m?

Temperature Time

(°C) (hr) Base line LisN LisN tY LizN + Ga

500 1000 +J.3 —51.5 —41.1 +6.9
2000 0 —49.8 —48.5 +5.5

600 1000 —0.1 —39.0 —30.9 —2.9
2000 -0.1 —43.0 —31.8 —-5.0

700 1000 —0.3 —51.0 —39.7 —5.1
2000 —0.7 —44.8 —30.3 —5.6

However, adding about 13%Ca resulted in small weight gains at 500°C

and small weight losses at 600 and 700°C. Samples exposed to Li t LisN
and Li T LizN + vy at 500°C had a 25-um (1-mil) surface layer (Fig. 8.1.3),
which x-ray analysis indicated to be c-iron with nitrogen in solution.
Nitrogen in lithium appears to increase the solubility of chromium and
nickel, thereby depleting a near-surface zone of these elements.

Calcium, which is soluble in lithium, inhibited attack by nitrogen
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Fig. 8.1.2. Type 316 Stainless Steel After Exposure to Lithium for
10,000 hr. (Base-line capsule tests.) 500x. Exposed at (a) 500°C,
(b) 600°C, (c) 700°C.
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Fig. 8.1.3. Type 316 Stainless Steel After Exposure to Li—5% LisN
for 2000 hr at (a) 500°C, (b) 600°C, and (c) 700°C. 500x.
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at 500°C, but solid yttrium did not (Fig. 8.1.4). At 600°C the addition
of LisN resulted in a very thin surface layer, and all specimens showed
evidence of grain boundary attack (Fig. 8.1.3). Specimens exposed to
Li+ LisN + Ca at 600°C showed less evidence of grain boundary penetration
than those exposed to Li + LisN or Li T LisN TY. At 700°C, the surface
layer observed at the lower temperatures was no longer visible, and
calcium did not limit grain boundary penetration. All the samples at
700°C showed heavy grain boundary attack to depths of 50 to 80 um

(2—3 mils). as indicated by Fig. 8.1.3. In general the depth of attack
and weight changes after 1000- and 2000-hr exposures were similar. The
reaction of nitrogen with stainless steel appears to be relatively rapid,
and in our closed system, the attack had reached an end point during

the shortest test time.

Analyses of lithium from the base-Iline corrosion tests showed that
the stability of nitrogen iIn lithium increases relative to stainless
steel components over the range 500 to 700°C (Table 8.1.4). At 500°C
the lithium was either unaffected or slightly purified with respect
to nitrogen level. At 600°C lithium picked up small amounts of
nitrogen, and at 700°C the lithium picked up significant nitrogen
from the stainless steel. This, of. course, occurred with relatively
low initial concentrations of nitrogen in lithium. When LiiN was
added to the lithium as discussed above, the final concentration of
nitrogen in the lithium was always much lower than the initial

conceéntration.

8.1.5 Conclusions

Evaluation of the test data from capsule tests of type 316
stainless steel in lithium has led to the following conclusions:

L W to 700°C. type 316 stainless steel shows no perceptible
weight change or grain boundary penetration in static lithium that
has been purified by reaction with zirconium before test.

2. Nitrogen increases the corrosion of type 316 stainless
steel by lithium at 500, 600, and 700°C.
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(b)

Fig. 8.1.4. Type 316 Stainless Steel After Exposure to Lithium
and LisN for 2000 hr at 500°C. 500x. (@) Calcium inhibited corrosion.
(b) Yttrium did not.
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Table £.1.4, Nitrogen in Lithium After
Exposure to Type 316 Stainless Steel
in Base-Linea Corrosion Tests

Temperature Time Nitrogen in LithiunP
(°C) (hr) (ppm)
500 2,000 <10
10,000 <20
600 2,000 48
10,000 37
700 2,000 185
10,000 170

%1525 ppm N in lithium before test.
bEach capsule contained about 5 g Li.

Capsules were 16 mm diam x 100 mm long.

Surface area of capsule/volume of lithium
was approximately 500/m.

3. Calcium effectively inhibits nitrogen corrosion at 500°¢C,
does less so at #00°C, and has little effect at 700°C. Yttrium does
not inhibit corrosion by nitrogen at 500, 600, or 700°C.

4. The partitioning of nitrogen between stainless steel and

lithium results in an increasing concentration of nitrogen in lithium
as temperature increases from 500 to 700°C.

8.1.6 Reference

1. J. H. DeVan, J. E. Selle, and A. E. Morris, Review of Lithium
Iron-Base Alloy Corrosion Studies, ORNL/TM-4927 (January 1976)
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8.7 THERMAL-CONVECTION LOOP TESTS OF TYPE 316 STAINLESS STEEL IN
LITHIUM— 7. H. DeVan and J. R. DiStefano (ORNL)

8.2.1 ADIP TASK
Task 1.A.3, Perform Chemical and Metallurgical Compatibility

Analyses.

3,2,2 Objective
The purpose of this task is to evaluate the corrosion resistance

of candidate first-wall materials with molten lithium in the presence
of a temperature gradient. Corrosion rates (in terms of both dissolution
and deposition) are measured as functions of time, temperature, and

lithium flow parameters.
Corrosion rate measurements are combined with chemical and metal-

lographic examination of specimen surfaces to establish the mechanisms

and rate-controlling processes for dissolution and deposition reactions.

3.2-3  Summary
Thermal-convection loops are being used to determine the corrosion

properties of systems of lithium with stainless steel at low flow
velocities. Small loops of iron-base alloys with fixed corrosion
specimens have been operated at lithium temperatures between 500 and
550%¢ for times up to 10,000hr. The test results have provided quanti-
tative information on the microstructural changes in 300-series stainless
steels caused by thermal gradient mess transport in flowing lithium.

The corrosion rate of type 316 stainless steel increased with temperature
in accordance with an Arrhenius relation. Addition of 5% Al to the
lithium strongly inhibited the mass transport of iron, chromium, and
nickel at 600°c, Stainless steels and path A alloys in lithium are being
tested further in larger type 316 stainless steel thermal-convection

loops, which contain accessible insert specimens.
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8.2.4 Progress and Status

8.2.4.1 Introduction

Presently conceived D-T fusion power reactors produce their own
tritium fuel supply by reacting neutrons, borne of the fusion reaction,
with lithium atoms. Accordingly, in such reactors the plasma contain-
ment wall is surrounded by a lithium-containing, neutron-absorbing
blanket. Most design concepts have used liquid lithium for this purpose.

The composition of the material selected for the plasma containment
wall of a fusion reactor will obviously strongly influence the viability
of the liquid lithium-absorber concept. For path A and B alloys,
metallic mass transfer in recirculating lithium systems competes with
radiation damage considerations in setting the useful operating temper-
ature of the plasma containment wall, Thus the determination of corrosion
mechanisms and temperature limitations with respect to lithium containment
becomes a critical factor in assessing developmental path A and B alloys
for fusion first-wall applications.

8.2.4.2 Results

Our initial studies of the mass transfer of iron-base alloys in
flowing lithium compared the corrosion rates of stabilized (type 321)
and unstabilized (type 304L) stainless steels with stabilized 2 1/4 cr-1 Mo
steel. Results of these tests were reported at the International Conference
on Liquid Metal Technology” in May 1976. Tests of the same general
type have now been completed on type 316 stainless steel under the
conditions listed in Table 8.2.1. All these tests used a small thermal-
convection loop of the design pictured in Fig. 8.2.1. Flow was induced
in these loops by heating one vertical leg and cooling the other. Inter-
locking sheet specimens were contained in the two vertical legs of the
loops to provide weight change data along the heated and cooled sections.
Each loop operated without interruption for 3000 or 10,000hr and was
then destructively examined. Additional loops of this design are being
fabricated of Incoloy alloy 800, Inconel alloy 600, and Inconel alloy 718
to determine the resistance of higher nickel alloys to thermal gradient
mass transfer in lithium at about 500°C.
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Table 8.2.1. Test Conditions of Initial Type 316 Stainless Steel
Thermal-Convection Loops Operated with Lithium at
a Velocity of About 20 mm/s

Thax AT Time

c) °c) (hr) Test Variable

600 200 3,000 Base line

600 200 3,000 1700 ppm N in Li
600 200 10,000 Time

550 200 3,000 Hot-leg temperature
650 200 3,000 Hot-leg temperature
500 150 3,000 Hot-leg temperature
600 200 3,000 Al addition

Currently we are testing austenitic stainless steels in flowing
lithium with larger thermal-convection loops shown in Fig. 8.2.2. This
loop is maintained as a permanent test fixture, and corrosion processes
in the loop are followed by periodically withdrawing tubular specimens
for weight change and metallographic examinations. Using stand-pipes
located directly above the two vertical legs of the loop, we can lower
sheet specimens into and remove them from the legs while the loop is
operating. Using similar stand-pipes in conjunction with the surge
tanks, we can make controlled additions to the lithium, insert active
metal getters, and remove lithium samples for analysis at any selected
time without otherwise affecting loop operation. Three such loops,
constructed of type 316 stainless steel, have been in operation with
lithium under the conditions shown in Table 8.2.2. Two additional
type 316 stainless steel loops have been fabricated to permit the testing
of path A alloys as they become available.

This report reviews some of the significant findings derived from
the series of type 316 stainless steel loops shown in Table 8.2.1. This
test series was designed to provide corrosion rate information in
lithium as a function of hot-leg temperature and operating time. One
loop was also operated with aluminum added to the lithium. With the

test time fixed at 3000 hr, loops of identical geometries were operated
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ORNL Photo 0904-75

Fig. 8.2.1. Thermal-Convection Loop Used for 3000-- and 10,000-hr
Tests of Type 316 Stainless Steel in Lithium (Loop Height =~ 0.7 m).
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Fig. 8.2.2. Schematic of Type 316 Stainless Steel Thermal-Convection
Loop with Accessible Test Coupons. Scale is 0.15 m; heated section is
0.76 m.
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Table 8.2.2. Test Conditions of Type 316 Stainless Steel Thermal-
Convection Loops with Accessible Insert Specimens, Lithium
Velocity About 30 mm/s

7 Operating
max AT Time Test Variable
(°C) (°C)

(hr)

600 95 1675' Preliminary evaluation
of loop performance
with lithium

600 115 4370b Base-line loop

600 115 100b Effect on Li;N

addition to lithium

'‘Loop terminated.
bMarch 31, 1978.

at maximum temperatures of 500, 550, 600, and 650°C. Weight losses
recorded at the point of maximum temperature increased with temperature
according to the Arrhenius plot shown in Fig. 8.2.3.

A 10,000-hr loop test was also operated at a maximum temperature of
600°C, and the maximum weight losses from this test and the 3000-hr
test are compared in Fig. 8.2.4. The two test times are not sufficient
to derive an accurate time relationship for the corrosion rate. However,
it is evident that the rate averaged over the 3000-hr interval is about
double that averaged over the 10,000-hr interval.

The microstructure of corrosion specimens from the point of maximm
weight loss was also identical for the two time periods, as shown in
Fig. 8.2.5. The most significant metallographic feature is the develop-
ment of a ferritic surface layer. The constant thickness of this layer
(15 um) at the two time periods IS consistent with the '"steady-state,
moving boundary'™ model' developed for ferrite layer growth on type 316
stainless steel in sodium. IT this model is assumed, then the mass
transfer rate of type 316 stainless steel in lithium stays constant with
time at 3000 hr and beyond.

The addition of aluminum to lithium in a 3000 hr test at 600°C
dramatically changed the mass transfer pattern from that of a base-line
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Y-141593

Fig. 8.2.5. Microstructure of Type 316 Stainless Steel Specimens
at 500°C Loop Position After (@ 3000 and (b} 10,000 hr. 500%. Etchant:
40 HNO3, 60H,0 (Electrolytic).

test at the same time and temperature. The 1100 aluminum was added to
the loop in the form of lé-mm-dizm (1/16-in.) wire, which was wrapped
on the hot-leg specimen holder (Pig. 8.2.1). The weight of wire added
was 5% of-the weight of lithium charged into the loop. We found no
traces of the wire at the end of test, although the aluminum content of
the after-test iithium was less than 0.1%. This suggests that almost
all the aluminum transferred to the stainless steel. Metallographic
examinations of stainless steel specimens and loop surfaces confirmed
the presence of an aluminized surface layer, which increased in thickness
with the lithium temperature. The heaviest layer, measured at 500°C,

ic shown in Fig. 8.2.6 and ie seen to be about 10 pm in total thickness.

The layer was almost imperceptible at 400°C, and no bulk aluminum was
deposited anywhere in the loop. Only four specimens in the loop, all
located near the heater exit, showed any perceptible weight loss, the
largest loss being 6 g/m®. In the base-line loop the maximum w=ig:ht
loss occurred at the same specimen position but was more than five times
as great (33 g/m?), Averaged over the 3000-hr test period, a weight
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Fig. 8.2.6. Aluminized Surface of Type 316 Stainless Steel Exposed
to Lithium + 5% Aluminum at é00°cG,

loss of 6 g/m® corresponds to a corrosion rate of 2 um/year. Thus the
addition of aluminum appears to be an effective method for inhibiting
stainless steel corrosion in lithium, but it will have to be shown that
the aluminized surface has,suffici=nt mechanical integrity to withstand
the thermal and mechanical stresses and radiation effects expected for
fusion reactor service.

8.2.5 Conclusions

1. The maximum rate of weight loss of type 316 stainless steel
exposed to lithium for 3000 hr increased from 1 ug/m*s (2.5 ua/year) in
500°C loop tests to 5 ug/w®s (@8 um/yezar) in 650°C loop tests.

2. In loop tests at 500*C, the maximum corrosion rate of type 316
stainless steel averaged over a 3000-hr run was double that averaged
over a 10,000-hr run. Metallographic examinations of hot-leg specimens
suggest that the corrosion rate is constant between 3000 and 10,000 hr.

3. The addition of aluminum to lithium in a 3000-hr loop test at
500°C lowered the mass transfer rate of type 316 stainless steel to
about 2 um/year (0.08 mil/year) .

8.2.6 References

1. J. E. Selle, "*Corrosion of lron-Base Alloys by Lithium,"" International
Conference on Liquid Metal Technology in Energy Production,
M. H. Cooper, ed., CONF-760503-P2, pp, 45361,

2. E. G. Brush, Sodium Mass Transfer. XVI, The Selective Corrosion
Component of Steel Exposed t0 Flowing Sodiwum, GEAP-4332 (March 1965).
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8.3 COMPATIBILITY STUDIES OF TYPE 316 STAINLESS STEEL AND HASTELLOY N
IN x20;-NaNO,-NaNG; — J. H. DeVan and J. R. Keiser (0RNL)

8.3,1 ADIP TASK
Task 1.A.3, Perform Chemical and Metallurgical Compatibility Analyses.

8.3.2 Objective
A nitrate-based heat transfer salt (H4Ts) is a possible coolant for

a fusion reactor iIn which a solid or static liquid breeding blanket is
used. The purpose of this work is to study the corrosion behavior of
potential fusion reactor structural materials in HTS under conditions
where a temperature gradient exists.

8.3.3 Summary
The nitrate-based fused salt mixture KNO;~NaNQ,~NaNOj; (44-49-7 mol 2)

has been widely used as a heat transport fluid and for metallurgical
heat-treating. We have measured the corrosion rate of this salt in the
presence of a temperature gradient for an iron-base material, type 316
stainless steel, and a nickel-base material, Hastelloy N. Corrosion
rates were measured with maximum lecp temperatures of 431 and 504°C,
Measured corrosion rates were in all cases less than 8 pm/year.

8,3.4 Progress and Status
A nitrate-based heat transfer salt (HTS) [KNO;-MadO,-NaNO4
(44-49-7 mol %Z)1 1is being considered as a possible coolant for a

fusion reactor in which a solid or static liquid breeding blanket is
used. Since the purpose of the coolant would be to transfer heat from
the blanket to a power generating system, the coolant must be liquid
(or gaseous) at operating temperatures and must have good heat transfer
capabilities. Other requirements for the coolant are compatibility
with the container material, comparibility with the blanket (in the
event of a failure of the container), and adequate stability under
neutron irradiation.

We are using a thermal-convection loop to study the compatibility
of type 316 stainless steel and the nickel-base alloy Hastelloy N with
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HTS. As has been described elsewhere,’” 16 specimens are exposed to

the circulating salt over a range of temperatures listed in Table 8.3.1.

Table 8.3.1. Operating Conditions for HTS Loop

Time Interval Maximum Temperature Temperature

After Loop Startup °c) P Difference
(hr) (°c)
03,000 431 70
3,000-9,000 505 81
9,000-10,000 432 78

As can be seen in Fig. 8,3.1, both the stainless steel and Hastelloy
specimens lost weight at the maximum temperature position at 431°C
during the first 1000 hr, but showed very little change during the
following 2000 hr. The specimens had a black oxide layer after the
first 1000 hr. Because the corrosion rate was very low after the first
3000 hr, the maximum temperature was raised to 505°C to determine the
corrosion rate under more demanding conditions. Figure 8.3.1 shows
that over the next 6000 hr, weight losses increased for both alloys.
The corrosion rates calculated from the weight change data are given

in Table 8.3.2. In the case of type 316 stainless steel, the corrosion
rate at 505°C increased as a function of time, and in the final 2000 hr
at 505°C the rate was about 8 um/year (0.3 mil/year).

Photomicrographs (Fig. 8.3.2) show that a surface film was formed on
both stainless and Hastelloy specimens. Electron microprobe examination
is being performed to determine the composition of the surface layers.
Photomicrographs of etched specimens (Fig. 8.3.3) suggest that a depleted
layer exists beneath the surface layer. Table 8.3.3 shows that the
concentration of chromium in the salt increased significantly with time,
presumably as a result of chromium removed from the specimens. Thus,
we expect microprobe analysis to indicate that chromium is depleted

near the surface.
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Table 8,3,2, Corrosion Rates in HTS Lap"

- 2
Maximum Loop Corrosion Rate, g/m° year

Temperature

9 Type 316

o Stainless Steel Hastelloy N
431 2.6 26

505 64.5 20.6

Tes not include initial 1000-hr ex-
posure. For stainless steel, 10 g/m® year =
1.25 ym/year = 0.05 mil/year, For Hastelloy
¥, 10 g/m? year = 1.12 um/year ~ 0.04 mil/
year.

(a)

(b)

Fig. 8.3.2. Material Exposed to HTS for 10,000 hr at the Maximum
Temperature for Conditions Given in Table 8.3.1. As polished. 3500x.
(@ Type 316 stainless steel. (b) Hastelloy N.
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(a) .

"iﬂl“. - o L : ; — L
Fig. 8.3.3, Material Exposed to 4T3 for 10,000 hr at the Maximum

Temperature Conditions Given in Table 8,3.1. Etched. 300x. (@ Type
316 stainless steel. (b) Hastelloy N.

Table 3.3.3. Results of Chemical Analysis of HTS

Operating Time Concentration, ppm

(Bx) Fe Ni Cr

1000 17 12 52
2000 10 <5 70
4000 7.2 <1 93
7000 14 <0.1 163

For the final 1000 hr exposure, the maximum loop temperature was
reduced to i1ts initial value of about 430°C and the initial corrosion

rate at that temperature was reestablished (Fig. 3.3.1),
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8.3.5 Conclusions

From the data we have obtained, we can conclude that both type 316
stainless steel and Hastelloy N would afford acceptable compatibility
with HTS in heat transfer circuits at temperatures as high as 505°C.
Both materials have a high initial corrosion rate, but formation of
a protective (probably chromium oxide) layer reduces the rate of further
reaction. We plan to continue our examination of the surface layers,
and we are using the loop to expose a new set of specimens at a maximum

temperature of 33G°C,

8.3.6 Reference
1L J. R Keiser, Compatibility Studies of Potential Molten Salt Breeder
Reactor Materials in Molten Fluoride Salts, ORNL/TM-5733 (May 1977).
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8.4 HYDROGEN PERMEATION OF TYPE 316 STAINLESS STEEL - V. A. Maroni
and E. H. Van Deventer (Argonne National Laboratory).

8.4.1 ADIP Task

Hydrogen Dissolution and Permeation Effects. This task is being
considered for addition to the ADIP program plan. The results presented
in this section contribute to Subtask I.E.1.1., Milestone 1.E.1.a. The
above assigned title and numbering are tentative, pending approval by
the ADIP Task Group.

8.4.2 Objective
The objective of the work described in this contribution is to

examine the base—-line hydrogen permeation characteristics of 316-stain-
less steel (38) over the range of temperatures and hydrogen driving
pressures anticipated in fusion reactor applications. The selection
of 316-SS for this study is predicated on its role as a representa-
tive Path A alloy. The results of this study will provide a basis

for evaluating the effectiveness of permeation barrier methods that
are currently being developed for 300-series stainless steels.

8.4.3 Summary
Under conditions of high hydrogen purity (low oxygen potential),

the hydrogen permeability of 316-SS was found to be bulk-diffusion
limited over ranges of temperature and hydrogen pressure that are
pertinent to most projected fusion reactor applications for this
material. A half-power dependence on hydrogen pressure was retained
down to the present experimental limit of the ANL permeation apparatus
(i.e.,10=% PQ). The presence of a ! m¢i source of 1 MeV gamma
radiation in the upstream compartment had no effect on measured
hydrogen permeation rates.

8.4.4 Progress and Status

This section reports the results of hydrogen permeation studies
carried out on 316-SS over the temperature range from 150 to 800°C,
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using hydrogen driving pressures in the range from 10~3 to 10% Pa
(10-° to 10% Torr). Details of the experimental procedures used in
these studies were generally the same as those described in two
previous publications.!»? Additional features incorporated into the
permeation apparatus in recent months now permit us to monitor and
control (to some extent) gas compositions in the upstream compart-—
ment.

During the measurements reported herein, continuous monitoring
of the upstream gas composition (using a partial pressure analyzer)
revealed that at low upstream hydrogen pressures, water, carbon
monoxide/nitrogen,* argon, and helium can combine to make a signifi-

cant contribution to the total pressure in the upstream compartment.
In some cases, the molecular hydrogen partial pressure was found to

constitute as little as 20% of the total pressure. It became evident
from this observation that a total pressure measurement does not
necessarily represent an accurate determination of the molecular
hydrogen activity when the upstream pressure is relatively low (¢.¢.,
<l Pa). By applying continuous, slow evacuation using a throttled ion
pump (with hydrogen makeup to maintain the H» pressure), it was
possible to effect a moderate reduction of the fractional contribu-
tion of impurities to the total pressure. Use of a liquid nitrogen
cold trap on the upstream Compartment was somewhat less effective in
this regard. Best results in terms of achieving a high purity hydro-
gen environment were obtained using a temperature-controlled uranium
hydride bed (to regulate H; pressure) in combinationwith a throttled
ion pump. The presence of uranium metal iIn the upstream system caused
a substantial reduction in the active gases (¢.g., H;0, 0,, N/C0)
while the throttled ion pump helped to remove the inert gases (¢.g.,
He, A). Many of the simulated environments used during the course of

these experiments were considered to be representative of plasma
chamber exhaust-gas compositions for near-term fusion devices.

*Tt 1S not possible to distinguish between N2 and CO (both mass
23) with the partial pressure analyzer. Both are known to be present

from other tests.
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Permeation data obtain for 316-SS as a function of temperature
are shown in Fig. 8.4.1 and the least-squares-refined permeation
curve derived from these data is given by equation Q):

¢316—SS = 0.158 exp(-15,148/RT) (1)

where ¢ is in units of cmg(STP)/m-S'kPa%, R is equal to 1.987, and T
is inx. The data employed to derive equation (1) were collected
under conditions where hydrogen constituted a major fraction of the
gas-phase species present. Also, no changes In permeation rate were
observed for 316-35 when a 1 mCi gamma source was place inside the up-
stream compartment in close proximity to the upstream surface of the
sample. This result implies that an ionizing radiation environment
{e.g., as in the vicinity of a fusion reactor first wall) may not
affect permeation rates that are controlled by bulk diffusion mechan-
1Sms.

A plot of the relationship between permeation rate and hydrogen
partial pressure in the upstream compartment obtained for 316-Ss is
given iIn Fig. 8.4.2. The data presented in this figure were collected
under conditions where hydrogen was the major species in both upstream
and downstream gas-phase environments. Under these conditions, a near-

to-half-power dependence on driving pressure was observed over the
entire pressure range of the study. In cases where oxygen bearing

species dominated the gas phase in the upstream compartment, measure-
able deviations toward first-power dependence on upstream

hydrogen pressure were observed at the lower end of the pressure range
(t.2., 1073 to 1 PA). The small departures from an exact half-power
dependence in Fig. 8.4.2 are probably due in part to experimental
uncertainty and in part to factors attributable to impurity inter-
actions with the surfaces of the permeation samples.

8.4.5 Conclusions
The principal conclusions drawn from this study are that in pure
(or nearly pure) hydrogen environments, the permeability of 316-33 is
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bulk-diffusion limited to pressures as low as 102 Pa. (This con-
clusion can probably be extended to pressures considerably lower than
10™3 Pa, without reservation.) Also, the presence of ionizing radia-
tion (as described in section 8.4.4) in close proximity to the surfaces

of permeation samples, did not have a detectable effect on the per-
meation rate in the bulk-diffusion-limited regime. This latter

result should not be unequivocally extrapolated to reflect effects

that are likely to occur in a fully representative fusion reactor
radiation environment.

8.4.6 References

1. E. H. Van Deventer, "‘Hydrogen Permeability of Haynes Alloy-188."
J. Nuel. Mater. 66(3): 325-328 (1977).

2. E. H. Van Deventer, T. A. Renner, R. H. Pelto, and V. A. Maroni,
"Effects of Surface Impurity Layers on the Hydrogen Permeability
of Vanadium,™ J. NucZ. Mater. »4(3): 241-248 (1977).
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8.5 HYDROGEN PERMEATION OF INCCNEL 625 - V. A. Maroni and E. H. Van
Deventer (Argonne National Laboratory).

8.5.1 ADIP Task

Hydrogen Dissolution and Permeation Effects. This task is under
consideration for addition to the ADIP program plan. The results pre-
sented in this section contribute to Subtask I.5.1.1., Milestone 1.E.1.a.
The above title and assigned numbering are tentative, pending approval by
the ADIP Task Group.

8.5.2 Objective
The objective of the work described in this contribution is to

provide base-line hydrogen permeation data for Inconel-625. These
data will be useful to at least one near-term physics device (e.g.,
Doublet 1117), and will serve as a basis for evaluating the effec-
tiveness of subsequently developed permeation barrier methods for
Inconel-type Path B alloys.

8.5.3 Sumnary
The hydrogen permeability of Inconel-625 was measured over a

range of temperatures and hydrogen pressures that included values rel-
evant to the Doublet 111 experiment (Inconel-625 is being used as

the vacuum vessel material for Doublet IIL), The permeation rate
obeyed a half-power dependence on hydrogen pressure down to the low-
est pressure studied (10~! Pa). The activation energy and permeation
coefficient were in good agreement with published data for other
Inconel-type alloys. These results will also be useful as a stand-
ard for comparison of the effectiveness of permeation barrier methods
applied to Path B alloys.

8.5.4 Progress and Status

This section reports the results of hydrogen permeation studies
carried out on Inconel-625 over the temperature range from 150 to
800°C, using hydrogen pressures in the range 10~! to 10* Pa (1073 to
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10¢ Torr). The experimental methods employed in this study are the
same as those described and referred to in section 8.4.4 of this
report.

Permeation data obtained for Inconel-625 as a function of
temperature are shown in Fig. 8.5.1 and the least-square-refined
permeation curve derived from these data is given by equation (:

= (L)
® Inconel-625 = 0.198 exp(-14,371/RT)

where 9 is in units of cm3 (STP)/m-s'kPa%, R is equal to 1.987, and
T is in K. All of the data used to develop equation (1) were col-
lected under conditions where hydrogen constituted »>%8% of the gas
phase species present In the upstream compartment. (The downstream
partial pressure of hydrogen is always at least three orders of
magnitude lower than the upstream pressure in these types of per-
meation experiments; consequently, hydrogen back-pressure effects are
negligible.) A plot of the relationship between hydrogen permeation
rate and hydrogen pressure is shown in Fig. 8.5.2. The near-te-half-
power dependence on pressure provides confirmation that the rate is
indeed bulk-diffusion limited over the pressure range studied.

The permeation data in Fig. 8.5.1 are in reasonably good
agreement with recently published results” for a related alloy,
Inconel-718. The permeability of Inconel-625 is roughly a factor of
two lower than that of pure nickel.?

8.5.5 Conclusions

Hydrogen permeation of Inconel-625 is controlled by bulk
diffusion in hydrogen environments typical of those anticipated for
fusion plasma chambers (Z.e., >98% hydrogen). The permeability data
for Inconel-625 are close in value to those of related Path B alloys.
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as a function of temperature.

5.6 References
W. M. Robertson, "Hydrogen Permeation and Diffusion in Inconel
718 and Incoloy 903," Metall. Trans. 8A(11):, 1709-1712 (1977).
M. R. Louthan, Jr., J. A. Donovan, and G. R. Caskey, Jr., "Iso-
tope Effects on Hydrogen Transport in Nickel," Sen. Metall.
8(6): 643-650 (1974).



HYDROGEN PERMEABILITY, cm3 (STP)/m.s-kPal/2

800

224

TEMPERATURE, °C
600 500 400 300 200

100

10-5

I !

| N R R N O B

10 12 14 16 1.8 20 2.2 24

1000/T, K

Fig. 8.5.2 Hydrogen permeation rate versus hydro-

gen driving pressure for Inconel-625

(N = slope, R = correlation coefficient).

2.6



225

DISTRIBUTION

uc-20
UC-20c¢
Additions by name

Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL
60439

Director, Materials Science Division

L. Greenwood
V. Maroni

D. L. Smith
H. Wiedersich

Battelle-Pacific Northwest Laboratory, P.O. Box 999, Richland,
WA 99352

J. L. Brimhall
D. Dingee

Carnegie-Mellon University, Schenley Park, Pittsburgh, PA 15213
J. C. Williams

Department of Energy, Technical Information Center, Office of

Information Services, P.O. Box 62, Oak Ridge, TN 37830

For distribution as shown in TID-4500 Distribution Category,
UC-20 (Magnetic Fusion Energy), and UC-20c (Reactor Materials)

Department of Energy, Office of Fusion Energy, Washington, DC
20545

M. M. Cohen
C. R. Finfgeld

T. C. Reuther, Jr. (5 copies)

Department of Energy, Oak Ridge Operations Office, P.O. Box E,
Oak Ridge, TN 37830

Director, Research and Technical Support Division (2 copies)

General Atomic Company, P.O. Box 81608, San Diego, CA 92138

S. M. Rossenwasser

Hanford Engineering Development Laboratory, P.O. Box 1970,
Richland, WA 99352

R. E. Nygren

E. C. Opperman
R. W. Powell

J. L. Straalsund



226

Lawrence Livermore Laboratory, P.O. Box 808, Livermore, CA 94550

C. Gatroosis
M. Guinan

C. M. Logan
R. R. Vandervoort

Massachusetts Institute of Technology, Cambridge, MA 02139
D. J. Rose
McDonnell Douglas Astronautics Company, East, P.O. Box 516,
St. Louis, MO 63166

D. L. Kummer

Naval Research Laboratory, Washington, DC 20375

Superintendent, Materials Science and Technology Division
J. A. Sprague
H. Watson

Oak Ridge National Laboratory, P.O. Box X, Oak Ridge, TN 37830

Central Research Library (2 copies)
Document Reference Section

Laboratory Records Department (2 copies)
Laboratory Records, ORNL RC

ORNL Patent Office

E. E. Bloom (20 copies)
D. N. Braski

T. A. Gabriel
M. L. Grossbeck
M. R. Hill

K. C. Liu

P. J. Maziasz
C. .J. McHargue
S. Peterson

T. C. Roche

J. W. Woods

University of Virginia, Department of Materials Science,
Charlottesville, VA 22901

W. A. Jesser
D. Wilsdorf

University of Wisconsin, 1500 Johnson Drive, Madison, Wl 53706

K. Conn
P. Wilkes
W. G. Wolfer





