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FOKBAOKD

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

+  Damage Analysis and Fundamental Studies (DAFS)
+  Plasma-Materials Interaction (PMI)
«  Spectal-Purpose Materials (5PM)

The first seven reports in this series are numbered DOE/ET~0058/1
through 7. This report is the third in a new numbering sequence that
begins with DOE/ER-0045/1.

The ADIP program element is a national effort coinposed of contri-
butions from a number of National Laboratories and other government
lahoratories, universities, and industrial laboratories. It was organized
by the laterials and Kadiation Effects Branch, Office of Fusion Energy,
DOE, and a Task Group on 4%Zloy Development 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 so that activities and accomplishments
may be followed readily relative to that Prograin Plan. Thus, the work
of a given laboratory may appear throughout the report. Chapters 1, 2,
8, and 9 review activities on analysis and evaluation, test methods
development, status of irradiation experiments, and corrosion testing
and hydrogen permeation studies, respectively. These activities relate
to each of the alloy development paths. Chapters 3, 4, 5, 6, and 7
present the ongoing work on each alloy development path. The Table of
Contents is annotated for the convenience of the reader.

This report has been compiled and edited under the guidance of the
Chairman of the Task Group on AlZloy Development for Irradiation Performance.
E. E. Bloom, Oak Ridge National Laboratory, and his efforts and those of
the supporting staff of ORNL and the many persons who made technical
contributions are gratefully acknowledged. T. C. Keuther, 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. Zwilsky, Chief
Materials and Radiation Effects Hranch
Office of Fusion Energy
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error in the thermal 3%y neutron cross section.
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tritium production and heating rates within the test
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breeder mterial.

Since the temperature gradient across the test cell
should be as small as possible, we have changed the
original geometry. The original outer dimensions of the
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stainless steel can from 19.1 to 14.0 mm. The aluminum
core piece inner radius was reduced to 74.7 mm to fill the
void. Additional neutronic calculations using the above
geometrg changes have been carried out to determine the
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calculations of the 27,0 breeder material indicate that
one-half the 17 wi11 be consumed in ahout 70 d reactor
operation.
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1.09 dpa and 3.31 at. ppm He in type 314 stainless steel
(not including 2.0 at. ppm #e from 178). These data and
previous saleulations have been used to estimate the dates
at which the core pieces should be changed and first
samples removed.

Through preliminary ecalsulations we have determined
the appropriate sizes of the tungsten core pieces as well
as the heating mtes within them and within the eaperi-
mental capsules. The reduction in gamma heating resulting
from the use »of tungsten core pieces may require additional
heating of the samples to maintain proper temperature.
Caleulations similar t0 those carried ont for the tungsten
core pieces art? in progress for hafnium core pieces.
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and 400°C respectively.
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fatigue, tensile, Charpy impact, crack growth, and fracture
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(HT9), nickel-doped 12 Cr-1 Mo, 9 Cr-1 Mo, nickel-doped
9 Or-1 Mo, 2 1/4 ¢r-1 Mo, and welds OF some of these.

Test results will complement elevated-temperature
Eaperimental Breeder Reactor (EBR-II) irradiation eaperi-
ments on the same alloys. Test nntrices and fluence
levels have been defined, and the eqeriments are eapected
to be ready for insertion In late 7980 or early 1981.
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in progress.
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Extensive tensile testing has been performed on twe
conditions of 37655 to demonstrate the viability of this
technology. #esults from this baseline testing agree with
published wvalues in the literature. Miniature tensile
specimens fabricated from 32455 have been irradiated at
RTNS-IT and exhibit evidence dfF irradiation hardening at
the peak fluence of 1.1 % 1018 n/crrr?.
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Preserving homogeneity in the P24 alloy during
fabrication demands solution treatment in the mnge 1150
to 17759C. These temperaturas result in grain sizes
ranging from As™ 1 to 4. O2ften, however, a finer grain
size ig required. Therefore, this study sought to decouple
the final in-process anneal from the thermal-mechanical
treatments to develop M precipitate microstructures.

Rapid to relatively slow heating mtes and cold-work Ievels
of 30 to 50% were used to recrystallize the mterial
without precipitating appreciable ¥2 or Iosing the
homogeneity. The grain size was then simply a function of
the annealing temperature. A grain size control anneal of
1100°C was selected to produce an intermediate grain size
of 43™ 4 to 7. This allows the program to separate grain
size and preirradiation microstructure effects on
properties.
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No contributions.
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Sheet tensile samples of V=-20%Ti preinjected with 90
and 200 at. ppm He have been irradiated to about 20 dpa in
the Eaperimental Breeder Reactor (ERR-TI) in the range 400
to 700°C. Mechanical properties and microstructure of the
irradiated specimen have been compared with those df
control specimens. Helium embrittlement of V—-20% T i
becomes appreciable above test temperatures of 575°C.
Neutron irradiation enhanced the embrittlement of the
helium-injected ¥20% Ti. Helium injection also assisted
cavity formation in the reactor-irradiated V-20%Ti. The
size and concentration of cavities depended om the amount
of injected helium.
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temperatures indicate « decrease in crack growth rmate with
higher temperatures.
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The (Fe,¥<)zV/ LRO alloys investigated are relatively
resistant to swelling when irradiated with 4-4eV (0.84-pJ)
nickel ions to 70 dpa in the range 525 to 680°C and
simultaneously injected with 8 at. ppm H and 28 at. ppm p
per dpa. Small titanium additions appear to improve the
resistance to swelling, but it IS not certain whether this
effect depends strictly on titanium or is related to the
removal of sigma phase from the mierostructure. All the
LRO alloys retained their order for irradiation tem-
peratures below the critical ordering temperature of about
870°C. However, long range order in itself did not appear
to be the dominant factor determining swelling resistance.
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at a constant laser power level of 6k#. Velds performed at
sharp focus with weld travel speeds manging from 1.27 to
4.23 mm/sec eahibited scattered porosity and occasional
centerline cmcking. Defocusing the laser beam relative to
the plate resulted in welds containing severe porosity and
centerline cracks. Mierostruetural and microhardness
evaluation of the welds indicated that the region of
highest %ardness occurred In the heat-affected zone
immediately adjacent to the fusion line. A mechanism for
centerline cracking in this alloy has been proposed.
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(Argonne National Laboratory) sessssssssssssssssssssssnnass 140
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eonducted with 2.5-m-diameter specimens of HT-9 alloy at
755 K in flowing lithium. The results indicate a strong
effect of corrosion on the fatigue life of HT-9 alloy in a
liquid lithium environment. At a total strain mnge of
0.5%, the fatigue life in lithium is a factor of -5 Lower
than that in a liquid sodium environment. The specimens
tested in lithium show intergranular cracks along the
entire gauge length. Fatigue tests at different strain
rates and strain sequence are being conducted to establish
the important parameters, Vil., stress/strain rnge,

f requency, lithium purity, etc. Eaposure OF corrosion
specimens of HT-9 alloy, Type 318 stainless steel, and
Inconel 625 with solid Li90, L1410, and LigSi0z breeding
materials at 873 K has been completed. Metallographic
evaluation of the specimens IS in progress. Preliminary
results indicate that lithium oxide Is the most reactive of
the three breeding materials.

Calculations of Hydrogen lIsotope Loading in HT9 First Wall
Structures (Sandia National Laboratories) sssssssssssssnnss 151

Calculations of the hydrogen level in first wall and
blanket structures have been made using #79 as the material
of construction. Both directly injected deuterium and
tritium profiles cmd hydrogen profiles from (n,p) reactions
have been calculated over a temperature mnge from 473 to
638K. Two boundary conditions have been assumed: zero
surface concentration and a concentration set by the
surface recombination reaction of hydrogen ions to form
hydrogen moleeules. The results indicate that under the
most severe conditions, peak hydrogen levels will not
emeed 05 appm and WIIt likely be far lower.
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The following bar charts show the schedule for all
4DIP reactor irradiation experiments. Faperiments are
presently under way in the Oak Ridge Research Reactor (0ORR)
and the High Flux Isotope Reactor (HFIR}, which are mixed
spectrum reactors, and in the Ewxperimental Breeder Reactor
(EBR-II), which is a fast reactor.

ETM Kesearch MMaterials Inventory (Oak Ridge National
Laboratory and McDonnell Douglas Astronautics Company) assss

The Office of Fusion Energy has assigned program
responsibility to ORNL for the establishment and operation
of a central inventory of research materials to be used in
the Fusion Reactor Materials research and development
programs. The objective is to provide a common supply of
material for the Fusion Reactor ¥aterials Program. This
will minimize unintended materiale variables and provide
for economy in procurement and for centralized record-
keeping. Initially this inventory will focus on mxterials
related to first-wall and structural applications and
related research, but various special purpose mzteriale may
be added in the future.
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9.1
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Hydrogen Dissolution and Permeation Studies of ADIP Program
Alloys (Argonne National Laboratory) ssssssssssssssssssssss

Studies of the hydrogen permeation characteristics o
iron bkase (Path E) alloys have continued. An investigation
of a ¢r 14-A1 0.2 steel (405-55) was completed and the
measurements were compared to previous data for three other
Fe-Cr alloys having 0, 2, and 5 wt.% Al, respectively. The
combined results indicate that the optimum aluminum content
leading to minimum hydrogen permeability in a reducing
environment Zs around 2 wt.%. However, the chromium
content o alloys studied to date has only spanned the
range from 14 to 18 wt.%, and the location of an optimum at
2 wt.% aluminum may not necessarily apply to other types of
Path E alloys.

Vanadium Alloy/Lithium Pumped-Loop Studies (Argonne
National Laboratory) EEEEEEEENEEEENEEEEENEEEENNEEEENEEEENEEEEEESR

The stainless-steel-clad/V-15 Cr lithium loop has now
operated for over 12,000 h and eapcsures of selected
refractory alloys have continued. The DOE/Office of
Fusion Energy guidance on this project for Fy-1281 has been
to defer effort to solid breeder mterial development
activities. The work presently in progress is being
completed and a final reporting of results will be made in
a subsequent ADIP progress report.
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Specimens of 2 114 Cr-I 'lo steel, 779, and the long-
range—ordered (LRO) alloy Fe37.8 Ni-22.5 V0.4 T1 (wt %)
were tested in statie lithium. arvbon analysis of the
lithium after 3000-h tests of 2 1/4 ~r-1 Mo steel showed
significant decarburization of the steel at 500 and #20°C,
The decarburization lowerad the room temperature tensile
strength of the alloy. Specimens of 2 7/4 Cr-1 Mo steel
emosed to Li—H wt % Al showed eignificant weight gring
with an accorpanying deecrease in ductility. Also, the gzge
section of fractured tensile specimens econtrined a signifi-
cant volume of cracks. Short-term (500-h) exposures OF HTS
to statie 500°C lithium resulted in negligible weight
changes and no change in its tensile properties relative to
snecimens eaposed t0 argon wnder otherwise similar condi-
tions. Surface deposite on the zorrosion-resistant LRO
alloy after eaposure to lithium a2t 850 and 7710°C for 2000 *
ware pure wanadium OF possibly a vanadium carbonitride,

flass Transfer of Type 316 Stainless Steel in Lithiam
Thermal—Convection Loops {Oak Ridge National Laboratory) ..

The time dependence of metal dissolution IN five
type 316 stainless steel loon eaperiments In Lithium is
disceussed. In general, the five sets OF measurements werz
satisfactorily reproducible. The predicted dissolution
rate of type 316 stainlass steel at #00°” IN lithium under
conditions typical of semistagnant tritium-breading
hlanbets IS lees than 7% um/yecar (0.5 mil/year).

Compat ibility of Solid Ceramic Breeder !aterials with ADILP
Prugrain Alloys (Argonne Wational Lahoratory) sesssssssscesss

An initinl SCOPINg experiment was carried out tO
investigate the interfacial compatibility of selected solid
ceramic tritium breeder miterials with tupical ADIP Program
alloy.?.  Each of the solid brazeder materials Ligh, LiAl0g,
and 774510z was emposed to 316~55, HT-9, Inconel 625, and
Ti6242 at 873 K for ~1500 h in a high puvrity helium
environment using a reaction couple method. Fmmination of
the alloy/ceramie interfaces by SR, Auger, and X-ray
diffraction analysis revealed that reaction scales
comprised of elements from both the alloy and ceramic had
formed in all cases. These scales were thickest for the
Lig0/alloy reaction couples. Ternary phases of the type
Li,0, have been identified at most of the interfaces for
mhéc% analyses have been completed. 4nalytical procedures
and improved strategies for future ceramic hr:eder corro-
sion tests have been developed.
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1. ANALYSLS AND EVALUATION S5TJUDIES



1.1 MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J. W. Davis (McDonnell
Douglas Astronautics Company - St. Louis) and T. K. Bierlein (Hanford

Engineering Development Laboratory)

1.1.1 ADIP Task
Task Number 1.A.1 - Define material property requirements and make

structural life predictions

1.1.2 Objective
To provide an authoritative and consistent source of material property
data for use by the fusion energy community in concept evaluation design,

safety analysis, and performance/verification.

1.1.3 Summary
In mid-September a meeting was held by the austenitic stainless steel

working group of ADIP. The purpose of this meeting was to review the
prepared data sheets on 20% CW type 316 stainless steel. The consensus of
this group was that some minor modifications needed to be made prior to
their release. The first of these data sheets which covers the effect of
irradiation on the elevated temperature fatigue strength of 20% cold
worked 316 stainless steel has been received by the MHFES and subsequently

submitted to the Analysis and Evaluation task group for review and approval.

1.1.4 Progress and Status

The Materials Handbook for Fusion Energy System is designed to meet
the near term and future data needs of the fusion energy community. Since
its creation last year, the handbook has prompted considerable interest in
the design community with the net result that there have been a number of
requests by individuals to be included in the distribution. Currently we
have distributed over 70 copies to 30 different organizations. consisting
of national laboratories, universities and industry. The initial focus of
the handbook has been to supply data sheets on the first wall structural
materials and in particular type 316 stainless steel in support of ETF

(now called FED). Because of the emphasis on structural materials, the



handbook was made part of the Analysis and Evaluation Subtask group of
ADIP. During the course of the year a number of requests were received
from various design projects (e.g., Starfire, FED, and MFTF) seeking
information and data on a variety of materials outside the first wall and
blanket region. Since, in some cases, the data requirements for FED and
other systems (MFTF and Starfire) were broader than the expertise currently
available in ADIP, additional assistance was needed to prepare data sheets
from other Task groups and from experts outside the Task group structure.
As a result it was decided by OFE to elevate the Analysis and Evaluation
sub-Task group to a Task group. The relationship of the Materials handbook
to the Analysis and Evaluation Task group and the other Task groups is
shown in Figure 1.1.1. The members of the Analysis and Evaluation Task
group are J. J. Holmes (HEDL), who is the Chairman, W. Bauer (Sandia),

R. Chianese {(W-FPS), F. W. Clinard (LASL), B. A. Cramer (MDAC, ETF),

J. W. Davis (MDAC), D. G. Doran (HEDL), R. E. Nygren (HEDL, ETF), N. Simon,
{NBS), and T. C. Reuther (DOE). Two additional members, one from ANL and
the other from G.A. will be added at a later date. The members of the
Analysis and Evaluation Task group will be responsible for establishing
priority and scheule for the preparation of data sheets, review data sheets
prior to publication and to approve the handbook methods and procedures.
The relationship of the MHFES to the Analysis and Evaluation Task group
along with the program flow of data sheets is shown in Figure 1.1.2.

There are essentially three methods that will be used to develop hand-
book data sheets. The first, which will be the approach most frequently
used, is where the projects such as FED, MFTFB, or DEMO communicate their
data needs to the Analysis and Evaluation Task group. The A&E Task group
will then review these data needs, establish priorities based on the
project needs and communicate the needs and schedule to the MHFES. The
MHFES will then examine these data needs and request the appropriate
Task to take lead in preparing the data sheets. This approach was used
in requesting the austenitic stainless steel working group of ADIP to
prepare data sheets on type 316 stainless steel for the FED (ETF) project.
If expertise for the preparation of the data sheets does not reside
within the Task group structure (ADIP, DAFS, PMI, or SPM) then a member
of ARE will be asked to take the lead in preparing the data sheets.
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An example of this would be the need for information on superconducting
magnet materials. Since the National Bureau of Standards has a large
volume of data, it would be more efficient to have Nancy Simons of NRS
take the lead in preparing these data sheets.

The second method is essentially to use the same approach outlined
in the first method but in cases where the projects are uncertain of
their data needs because the design is in a state of flux, the A&E Task
group will try to anticipate their future data requirements and have the
appropriate data sheets prepared and available prior to the time the
project would need them.

The third method will be used to cover emergency situations in which
the design group requires the data faster than the handbook can respond.
In this case the project materials representative would have to take the
responsibility for preparing the data sheets. This data is still of
value to the handbook and can be included in the MHFES provided it is
prepared in a format compatible with the handbook and contains all the
appropriate supporting documentation.

In all cases the prepared data sheets will be submitted by the
MHFES handbook coordinator to the A&E Task group for fianl review and
approval. In this capacity the Task group will function much like the
advisory group of the NSMH. The review will be accomplished by ballot
and the review allowed two weeks to respond. Ballots nnt returned will
be assumed to be affirmative notes. All disapprovals will be resolved
for general distribution and inclusion in the handbook.

Currently the primary focus of the handbook is the preparation of
data sheets on 20% cold worked type 316 stainless steel by the austenitic
stainless steel working group of ADIP. A meeting was held in mid-September
by this working group at ORNL to review the data sheets prior to submittal
to the MHFES for final review. The consensus of the members of the group
was that some minor modifications needed to be made to the data sheets
prior to this release. It was tentatively agreed that one month would be
necessary to make these changes after which time the sheets would he ready
for review by the A&E Task group. The first of these data sheets, which

was prepared by M. L. Grossbeck of ORNL, covers the effect of irradiation



on the elevated temperature fatigue strength of 20% CW - 316 stainless
steel, has been received and has been submitted for review. The balance

of the data sheets should be received in the near future.
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2.1 NEUTRONIC CALCULATIONS FOR THE CONCEPTUAL DESLGN OF AN IN-REACTOR
SOLID BREEUER EXPERIMENT, TRIO-01 — T. A Gabriel, R. A Lillie, and
R. L Childs (ORNL)

2.1.1 ADIP Task
ADIP Task 1.A.2, Define Test Matrices and Test Procedures.

2.1.2 Objective

The objective of these neutronic calculations is to provide tritium
production and heat generation rates for the irradiation of solid tritium
breeding materials in the Oak Ridge Research Reactor (ORR}). These

calculations will guide the design of the reactor irradiation experiment.

2.1.3 Summary

The cross sections that include the delayed fission gammas have been
processed. Additional neutronic calculations using these cross sections
have been carried out to determine the tritium production and heating
rates within two fusion breeder materials, Li,0 and LiAlO;. During the
generation of the new cross-section set we detected an error in the
thermal 23%0 neutron cross section. Correcting this errur resulted in an
increase in the tritium production and heating rates within the test
assembly of about 30 and 10%, respectively, for the Li,O breeder material.

Since the temperature gradient across the test cell should be as
small as possible, we have changed the original geometry. The original
outer dimensions of the test cell have been reduced from 17.8 to 12.7 mm
and the stainless steel can from 19.1 to 14.0 nun. The aluminum core piece
inner radius was reduced to 14.0 mm to fill the void. Additional
neutronic calculations using the above geometry changes have been carried
out to determine the changes in the tritium production and heating rates.
The rates for the new geometric model are similar to those obtained for
the original model. Preliminary burnup calculations of the Li,0 breeder
material indicate that one-half the ®Li will be consumed in about 70 d

reactor operation.



2.1.4 Progress and Status

The tritium production and heating rates for both potential breeder
materials Li;0 and LiAl0o in the original experiment geometry are given,
respectively, in Tables 2.1.1 and 2.1.2. V& used the revised cross-
section set to calculate them. Between the materials the basic neutronic
response differed only in the smaller breeding rate for LiAlOj. (The
tritium breeding rate is calculated in atoms per second per cubic meter,
and the lower rate for LiAl0, simply reflects the lower density of L1
in this material.) The total heating rate for both materials is very
similar. Even though the neutron heating rate is lower for the LiAlO,
because of less 6Li, the gamma heating is higher because of the aluminum.

The same type data for LiAlo, in the modified core geometry is given
in Tables 2.1.3 and 2.1.4. The data for LiAlO, in both original and
modified core geometries differ little. However, since the quantity of
breeder material in the new geometry is smaller, the inventory of tritium
produced will he smaller.

Even though the heating rates have been averaged by zone in all the
tables, the variation is only 2 to 3%from front to back.

To compensate for an overestimate expected in the results obtained
from the one-dimensional model used here, the data in Tables 2.1.1 through
2.1.4 should he reduced by about 25%.

The results of an approximate calculation to determine the burnup of
5Li in the LipO breeder material is presented in Fig. 2.1.1. The lower
curve represents the anticipated burnup of the breeder material, using the
data obtained directly from a series of one-dimensional calculations.!
The upper curve attempts to account €or the overestimate of the burnup
rate resulting from the use of the one-dimensional model. The 611 in the
breeder for the core position considered is expected to be one-half burned

out in about 70 d reactor operation time.

2.1.5 Conclusions and Future Work

Phase 1 neutronic calculations of the TRIGO~(1 breeder experiment have
been completed. 1t has been decided recently that the first breeder

material will he 1.iAl0, and that the concentration of bLi in the lithium



10

Table 2.1.1. Tritium Production Rates in the Liy0 and LiA103
Breeder Materials®

Tritium Production Rate, atoms/{m>+s)

Radial Position?s¢

- 11,0 LiAl0,
611 TLi bLi L1
2,82=5,82 3.89 x 10t?  0.0252 x 10'? 1.8 x t0!%  0,0101 x 101%
582-8.581 3.8 0.024 1.% 0.0102
88i—11.8 4.01 0.0255 1.97 0.0108
11.38-14.8 4.15 0.0258 1.9 0.0104
14.8—17.8 4.33 0.0261 2.02 0.0105

dpensity Of LiAlOz has been taken to be 70% of 3.4 Mg/m3, Composition
of the lithium is 0.9% ®ui and 99.5% /

bThe one-dimensional zone model of the reactor core region is described
in detail in T. A Gabriel, R. A Lillie, and B. L. Bishop, "Neutronic
Calculations for the Conceptual Design of an 'In-Pile' Solid Breeder
Experiment IPSB-01," ADIP Quart. Prog. Rep. Ma». 31, 1980, DCGE/ER-00453/2,
pp. 168.

Caverage fuel loading of elements around capsule, 140 g 235y,

Table 2.1.2. ~ Heating Rates in the Li0, and LiAlO; Breeder
Materials® and Surrounding %tructure

Heating Rate, MW/m3

Zone® Czo"n“ti;t Li,0 LiAlO,
Neutron Gama Total Neutron Gamma  Total
2 55 0.4 R.7 93.3 0.67 91.3 92.0
3 Breeder 24.8 13.4 38.2 12.8 235 36.3
4 S8 0.66 93.4 A1 0.68 3.5 94.2
5 Al 1.12 2.3 30.4 1.18 2.7 0.9

Aensity of LiAlO, has been taken to be 70% of 34 Mg/m3,

baverage fuel loading of elements around capsule, 140 g.
Gama heating rates include reflected gammas. Composition of the
lithium is 0.8 %Li and 99.5% /

2The one-—dimensional zone model of the reactor core region is
described in detail in T. A Gabriel, R A Lillie, and
B. L Bishop, "Neutronic Calculations for the Conceptual Design of
an 'In-Pile' Solid Breeder Experiment IPSE-01," ADIP Quart. Prog.
Rep. Mar. 31, 1980, DOE/ER-0045/2, pp. l6—18.
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Fig. 2.1.1. Approximate Burnup of the 6Li in the Breeder Material,

will be reduced from its natural levels to 0.5%. Also, the diameter of
the experimental capsule will be reduced from 35.6 mm to about 25 mm.
The latter two decisions are based on neutronic considerations. The
reduction of the ®Li concentrztion yields a very uniform energy deposition
profile within the breeder, while a reduction in the dimensions of the
breeder section diameter will allow a lower temperature gradient
(AT < 50°C) across the breeder material.

Now that the core position A2 in the ORR has been tentatively speci-
fied for the TRIO-01l breeder experiment, a detailed VENTURE calculation?
will be carried out to obtain a realistic neutron current source.

Definitive one-dimensional calculations can then be obtained. 1In addition,

two-dimensional calculations will be started to remove the overestimation
with the one-dimensional analysis. The cross-section set will be updated
to include fission products that will act as a neutron poison, and this

update will enable us to analyze the TRIO-01 experiment better.
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2.16 References

1. W. W. Engle, Jr., A User's Manual for ANISN, A One-Dimensional
Discrete Ordinates Code with Anisotropic Scattering, K-1693 (1967).

2. D. R Vondy, T. B Fowler, and G W. Cunningham, VWTURE, A Code
Block for Solving Yultigroup Neutron Problems Applying Fine-Diffusion-
Theory Approximations to Neutron Transport, ORNL-5062 (October 1975).
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2.2 NEUTRONIC CALCULATLONS LN SUPPORT OF THE ORR-!MFE-4A SPECTRAL
TAILORING EXPURIMENT — T. A Gabriel, K A Lillie, 8. L Bishop,
and K L. Childs (OKNL)

2.2.1 ADIP Task
ADIP 'Task I1.A,2. Define Test Matrices and Test Procedures.

2.2.2 Objective

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

in alloys containing nickel.

2.2.3 Summary

Three-dimensional neutronic calculations!»2 are being carried
out to follow the irradiation environment of the ORR-MFE-4A experiment.
These calculations currently cover six OKR reactor cycles corresponding
to 46,742 MW hrs. This will result in a thermal flufnce of
2.03 x 1023 neutrons/m% and a total fluence of 4.31 x 1022 neutrons/mz.
This fluence will produce 1.09 dpa and 3.31 at. ppm He in type 316
stainless steel (not including 2.0 at. pom H from 103). These data and
previous calculations have been used to estimate the dates at which the
core pieces should be changed and first samples removed.

Through preliminary calculations?>3 we have determined the appro-
priate sizes of the tungsten core pieces as well as the heating rates
within them and within the experimental capsules. The reduction in gamma
heating resulting from the use of tungsten core pieces may require
additional heating of the samples to maintain proper temperature. Cal-
culations similar to those carried out for the tungsten core pieces are

in progress for hafnium core pieces.

2.2.4  Progress and Status

The real-time projections of the helium production and displacement

levels based on current calculated data are given in Fig. 2.2.1. The data
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reflect refueling times but not extended shutdown times. By using these
data, we conclude that the solid aluminum core piece need not be inserted
until the end of August 1981. In addition, the first samples will be
removed sometime around March 31, 1982, at approximately 10 dpa. After
the first nickel test wire has been removed from the center of the
experimental capsule and analyzed for helium content (sometime around the
end of October 1980), the data in Fig. 2.1.1 can be revised, if necessary.
The helium data will allow modification of the helium production equation,
which was obtained from High Flux Isotope Reactor (HFIK) data. This
equation is currently being used for nickel-bearing alloys to calculate
the helium production level in the ORR thermal neutron fluence.

The heating rates calculated within both the tungsten core pieces and
the experimental capsules are given in Table 2.2.1, and the geometric model
used for calculations is shown in Fig. 2.2.2. The approximate sizes of
the tungsten core pieces are given in Table 2.2.2, and the relative change
of the thermal neutron flux resulting from the use of these core pieces is

given in Fig. 2.2.3.
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Fig. 2.2.2. One-Dimensional Model of the ORR-MFE-4A Experiment and
Surrounding Oak Ridge Reactor Core Region. The tungsten core pieces are
shaded. The outer circle is a distributed neutron source representing
the reactor core beyond the experiment region.

Table 2.2.2. Approximate Sizes of the Tungsten Cylinders
for the ORR-MFLE-4A Experimentd

Tungster.w Cylinder Radii, Cylinder Thickness,
Cylinder Surrounding mm AR
yiindae MFE=4A (am)
{vol %) Inner Outer '
1 5 26.2 27.4 1.2
2 10 29.4 31.5 2.1
3 10 33.5 35.4 1.9
4 15 33.5 36.2 2.1
5 25 33.5 37.9 4.4

dThe height of all cylinders should exceed the height of
the active core, which is about 0.6 m (24 in.) or more.
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Fig. 2.2.3. Variation of the Thermal Flux as a Function of the
Volume Percent of Tungsten Surrounding the ORR-MFE-4A Experiment.

Experimental heating rates obtained €or stainless steel indicate our
calculated results in Table 2.2.1 to be about 35% too high. Since a one-
dimensional model? (Fig. 2.2.2) has been used for these calculations, this
discrepancy is not unreasonable. For design purposes the data in
Table 2.2.1 will be renormalized to 7 to 8 kW/kg relative to stainless
steel. As can be seen from the data in Table 2.2.1, a rather large
decrease in the heating rate in stainless steel (and in the NaK) results
from the use of tungsten core pieces. Because of this reduction,
additional heating of the samples to maintain proper temperature may be
necessary.

By using various combinations of the cylindrical concentric tungsten
core pieces (see shaded area of Fig. 2.2.2) described in Table 2.2.2, the
percentage of tungsten surrounding the MFE-4A experiment can be varied
from 5 to 40%, mostly in increments of 5% By using cylinders 1, 2, and
5, which would comprise 40% of the exterior volume, the thermal flux can
be reduced by about 85% (see Fig. 2.2.2). Previous considerations and
calculations show that this reduction in the thermal flux is the maximum

that may be required.
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A 2-mm coolant water gap has been allowed between each cylinder.
This gap may or may not be sufficient for proper cooling. When various
tungsten pieces are not in place, aluminum cylinders of similar sizes will

be used to prevent water from thermalizing the fast neutrons.

2.2.5 Future Work

The one-dimensional cylindrical model (Fig. 22.2) used to calculate
heating rates and flux reductions for the tungsten core pieces will be
used to generate similar data for hafnium core pieces, once hafnium trans-
port cross sections have been obtained. Hafnium has several advantages
over tungsten. Since hafnium has a thermal neutron capture cross section
about 5 times larger than tungsten, the thickness of the hafnfum core
pieces can be made about 70% thinner. Since gamma attenuation is similar
in the two materials, this results in less reduction in gamma heating
within the stainless steel. |In addition, fabrication of the hafnium core
pieces may be easier and less costly than for tungsten. However, the
major drawback is that the hafnium burnup may possibly require periodic
replacement of these core pieces.

The three—dimensional neutronics calculations that monitor the
radiation environment of the ORR-MFE—4A experiment will continue with

each reactor cycle.

2.26 References

1. ©. R Vondy, T. B. Fowler, and G. W. Cunningham, VENTURE, A Code
Block for Solving Multigroup Neutron Problems Applying Pine-piffusion-
Theory Approximations t0o Neutron Tmnsport, ORNL-5062 (October 1975).

2. T. A Gabriel, R A Lillie, B. L Bishop, and R L. Childs,
"Neutronic Calculations in Support of the ORR-MFE-4 Spectral Tailoring
Experiment,” ADIP Quart. Prog. Rep. June 30, 1980, DOE/ER-0045/3,
pp. 79

3. W W. Engle, Jr., A User's Manual for ANISN, A One-Dimensional
Discrete Ordinates Code with Anisotropic Scattering, K-1693 (1967).
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2.3 OPEKATION OF THE OKK SPECTRAL TAILORING EXPERIMENT ORR-MFE-4A —
K. R. Thoms and M. L. Grossbeck {QRNL)

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

2.3.2 Objective

Through neutron spectrum tailoring, this experiment will irrddiate
austenitic stainless steels to achieve the same helium—~to-displacement-
per—atom {He/dpa) ratio as predicted for fusion reactor first— wall
service. The experiment is irradiating type 315 stainless steel and
Path A Prime Candidate Alloy (PCA) at temperatures near 300 and 400°C.

2.3.3  Summary

This experiment consists of two test regions desizned to irrddiate
type 316 stainless steel and Path A PCA at constant temperatures of 300
and 400°C. The ORR-MFLE-4A experiment was installed in the Oak Ridge
Research Keactor (ORR) on June 10, 1980, and as of September 30 has
operated successfully fur an equivalent 99 d at 30 MW reactor power with

maximum specimen temperatures in each region of 330 and 400°C respectively.

2.3.4 Progress and Status

The details of the ORR spectral tailoring experiments have been
described previously.l’z The ORR-MFE-4A irradiation capsule was installed
in the GRR on June 10, 1980, and as of September 30 has operated success-—
fully for an equivalent 99 d at 30 MJ reactor power with the maximum
speciinen temperatures in the upper and lower test regions being controlled
at 400 and 330°C respectively.

A schematic of the WE-4 capsule design is shown in Fig. 2.3.1. This
figure shows the location of the six thermocouples and two control zas
annuli that are used to monitor and control the teuperature of the test
speciinens in each region. Thermocouples 1, 2, and 3 and control gas
annulus A monitor and control the 400°C region, while thermocouples 4, 5,
and 5 and control gas annulus B perform the same function for the 300°C

region.



21

ORNL-DWG 79-3082R FED

J

—

k
k.
FLUX MONITOR
HOLDER
NaK LEVEL -1]
INSULATOR
TE-1
CONTROLGAS t
ANNULUS A 4
TE-2 ——— N[
TE-3
155.6 TEST SPECIMEN
TEST REGIONS
REGION 12.7 IDx 38.1 OD
CONTROLGAS TE-4
ANNULUS B
INSULATOR -
TE-5
TE-6
INSULATOR t
ASSEMBLY

SHIELD PLUG "I

DIMENSIONS IN
MILLIMETERS

Fig. 231 Schematic of ORR-MFE-4A Irradiation Capsule Design.
Thermocouple locations are indicated by TE.
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During the design of the capsule, a one-dimensional heat transfer

analysis using the GENGTC heat transfer code3

was performed to size the
control gas gaps to allow enough flexibility to control the capsule
temperature (with helium-neon gas mixtures) during the expected changes
in gamma heating rates through the typical two- to three—week reactor fuel
cycles. V¢ chose 0127-mm (0.005-in.) cold gas gaps for the 400°C region
and 0.076-mm (0.003-in.) ones for the 300°C region.

The experiment was installed in the reactor on June 10, 1980, and the
reactor was started up on June 12 with 100%H in both control gas annuli.
Figure 2.3.2 compares measured and calculated temperatures with 100%He,
indicating fairly good agreement between them. This was reassuring and

confirmed that our attempt to measure the gamma heat in the facility in
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Fig. 2.3.2. Calculated and Measured Temperature Data in Irradiation
Capsule ORR-MFEH4A.
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July 1979 was successful. The upper region of the capsule (TE-1) was
brought to a maximum of 400°C, but since the highest reading thermocouple
in the lower region was already very close to 300°C, we decided to keep
100% H in the lower control gas region to observe how the temperatures
would change during the reactor fuel cycle. After about one week of
operation, the maximum temperature of the lower region (TE-4) had
increased to 312°C. Since it was necessary that we operate at a tempera-
ture with a gas mixture that would allow for control through an entire
fuel cycle as well as for slightly varying fuel Loadings, we decided to
operate the lower cell at a maximum of 330°C. VW& have been able to
maintain control of the capsule, that is, TE-1 at 400°C and TE-4 at 330°C,
with 5°C variation through the irradiation period to date.

Because of the relatively large gamma heating rate (-7 kW/kg) and
large test region annulus (12.7 mm thick), there is a severe radial
temperature difference of about 80°C from the inner to the outer surfaces
of the test region. At present, a two-dimensional heat transfer analysis
is under way, using the HEATING5 computer program4 so that a complete axial
and radial temperature profile can be obtained for each test region.
During the loading of the MFE-4A experiment, care was taken to record the
actual physical location of each test specimen. This information, along
with the heat transfer analysis, should allow us to report fairly accurate
irradiation temperatures for each specimen. The 2-D heat transfer
analysis should also help us determine the cause of, and hopefully a means
to correct, the fairly large axial temperature gradient in the lower test
region.

Another effort presently under way for capsule MFE-4A is developing
the technique to remove flux monitor wires from the center of the experi-
ment. In Fig. 2.3.1, the flux monitor holder is shown. Inside this
holder is a 32-mm-OD (0.125-in.) stainless steel flux monitor tube, which
contains nineteen 0.25-mm-0D (0.010-in.) nickel wires and a 1-mm-0D
(0.040-in.) stainless steel tube containing a 05-mm (0.020-in.) vanadium-
cobalt wire, a 0,25-mm (0.010-in.) titanium wire, and a 0,25-mm (0.010-in.)
iron wire. Plans call for removing one nickel wire and the l-mm stainless

steel tube after about every 120 d of irradiation. This is to be done by
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removing the 3.2-mm tube, which is about 7.6 m (25 ft) long; taking it to

the ORR hot cell; and removing the wires. A new l-mm tube with fresh
vanadium-cobalt, titanium, and iron wires will be loaded into the flux
monitor tube, which then will be reloaded into the capsule for another

120-d irradiation. W should point out that though these are not the
reference flux monitors, they will be used to confirm the neutronics
calculations being performed by T. A. Gabriel and co-workers to determine
when core pieces need to be changed to change the flux spectrum. The
reference monitors were supplied by the Fusion Reactor Materials Dosimetry
activity at Argonne National Laboratory and were loaded in the capsule
with the test specimens. These monitors will be removed after 10 dpa
along with several of the test specimens.

Present plans call for removing the flux monitor tube during the
next major shutdown of the ORR, scheduled for the week of November 10
through 14, 1980.

2.3.5 Conclusions

The first ORR spectral tailoring capsule, ORR-MFE-4A, has operated
successfully for an equivalent 99 d at 30 MW reactor power with maximum
specimen temperatures in the two test regions being controlled at 330 and
400°C, respectively. A two-dimensional heat transfer analysis is under
way tu give a complete thermal picture of the test regions. The first
attempt at removal of flux monitors to confirm neutronics calculations is
being planned with the actual removal to take place during the second week

of November 1980.
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2.4 HFIR-MFE-TL, -T2, AND -RBl: EXPERIMENTS TO EVALUATE THE EFFECTS OF
LOW-THMPERATURE IRRADTATION ON FEKKITLC STEELS — J. M. Vitek,

R. L. Klueh, M. L. Grossbeck, and J. W. Woods (ORNL)

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

2.4.2 Objective

The objective of these experiments is to acquire data on the effects
of low-temperature irradiation on the properties of ferritic steels. The
High Flux lIsotope Reactor (HFIK) irradiation will result in concurrent
helium and displacement production. A broad range of sample types is to
be irradiated, including some larger specimens that cannot be accommo-

dated in other HFIR target region irradiation experiments.

2.4.3 Summary
Three experiments for the irradiation of ferritic steels in the

HFIK have been outlined. 411 three experiments are to operate at about
50°C. They will provide the first substantial data on the effects of
helium and displacement production on several properties, including
fatigue, tensile, Charpy impact, crack growth, and fracture toughness.

The steels to be tested include 12 Cr-1 o (HTY9), nickel-doped 12 Cr-1 o,
9 Cr-1 Mo, nickel-doped 9 Cr-1 Mo, 2 1/4 Cr—-1 Mo, and welds of some of
these. Test results will couplement elevated-temperature Experimental
Breeder Reactor (EBR-II) irradiation experiments on the same alloys. Test
matrices and fluence levels have been defined, and the experiments are

expected to be ready for insertion in late 1980 or early 1981.

2.4.4 Progress and Status

2.4.4.1 Introduction
The experiments HFIR-MFE-T1 and -T2 (T for target position in HFIK)
and HFIR-MFE-RB1 (RB for beryllium reflector position) are planned to
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provide the fTirst data for several properties of ferritic steels irra-
diated i1n a neutron environment producing both displacements and trans-
mutation helium. Specimens from the TL and T2 experiments will. be the
first t generate fatigue information under these conditions and will
provide a basis for future elevated-temperature irradiation studies.

The RB1 experiment is much broader in scope. In addition to
specimens to supplement the fatigue results from experiments Ti and T2,
many other types of samples will be irradiated. With the larger irradia-
tion volume available in the reflector position, it will be possible to
irradiate samples that do not fit in any other HFIR location. Moreover,
the large volume will allow for an extensive set of tests on several
different alloys. Many of the same alloys and samples are being
irradiated in the EBR-II, AD-2 experiment. This will allow comparison of
results at different irradiation temperatures and at different helium
levels. Irradiation of the Tl and T2 capsules is expected to begin in
late 1980, while irradiation of the &8l capsule should begin in early
1981. Completion of the lower fluence irradiations iIs expected in mid to
late 1981.

2.4.4.2 Experimental Design

These experiments will be conducted at the reactor coolant tempera-
ture, 50°C. To avoid excessive corrosion of the ferritic steels in the
reactor coolant, the samples will be enclosed in thin-wall aluminum
tubing. Size limitations to avoid excessive specimen heating have been
calculated. Assuming conduction of heat within the ferritic steel to be
the controlling factor, a cross-section thickness of less than 5 mm
(0.2 mn) will ensure a temperature difference of less than 25°¢ within
the sample.

Procedures have been developed for the encapsulation of samples iIn
thin-wall aluminum tubing. Sheet samples will be stacked in sets of
five or six before insertion. In the Rl experiment“only similar samples
will be put in any given tube, whereas rod tensile and rod fatigue samples
will be combined in the same tube in each of the TI and T2 experiments.
These samples or stacks of samples stacks are inserted into tubes sealed
at one end. The sample tubes are then evacuated and an external pressure
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of approximately 9 tPa (1300 psi) is applied. Collapse of the aluminum

tubing is immediate. The collapsed tubing follows the sample contours

guite well, as shown in Fig. 2.4.1.

CENTIMETERS

6 8
ol

Fig. 2.4.1. Tensile and Fatigue Samples Encapsulated in Thin-Wall
Aluminum Tubing.

Eight different sample geometries will be included in the Tl, T2, and
RBl experiments. Brief descriptions of these samples are given in
Table 2.4.1. The sample geometries are essetially identical to those used
in previous irradiation experiments. The only alteration will be on the
rod tensile samples, illustrated in an earlier report.l The spurs at the
ends of the samples will be eliminated. Detailed drawings of the other
specimens [except the transmission electron microscopy {TEM) disks] were

in the last ADIP quarterly.’

2443 HFLR-MFE-T] and -T2 Test Matrix and Irradiation Conditions

The materials to be irradiated in these experiments will include the
following alloy steels: 12 Cr-1 M (HT9 type), 12 Cr-1 Mo-1 Ni,
12 Cr-1 Mo2 Ni, 9 Cr-1 Mo, 9 Cr-1 Mo2 Ni, and 2 1/4 Cr-1 Mo. The 12
and 9 Cr alloys are from Combustion Engineering (CE) heats and have been
described previously.3 The 2 1/4 Cr-1 Yo alloy is from the breeder
program heat 38649. AIll alloys will be irradiated in the normalized and
tempered conditions. The specific heat treatments are the same as those
given to ferritic alloys in HFIR-CTR-30 through -33 and are summarized
in Table 2.4.2.

The two capsules will be identical except for goal fluence levels,

given in Table 2.4.3. These two experiments each contain 13 specimens
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Table 2.4.2. Specimen Heat Treatments for Samples in
HFIR-U{FE-T1 and -T2

Normalized Tempered
Alloy Heat @ Tem;agature Temeerature Time
°C) (h)
12 Cr-1 Mo CE 3587 1050 780 2.5
12 Cr-1 Mo-1 Ni CE 3588 1050 780 2.5
12 Cr-1 Mo=2 Ni CE 3589 1050 700 5
9 Cr-1 Mo CE 3590 1040 760 1
9 Cr-1 Mo~2 Ni CE 3591 1040 700 5
2 1/4 Cr-1 Mo B 38649 900 700 1

aceE = Combustion Engineering; B = Breeder.
bFor 30 min.

Table 2.4.3. Projected HFIR Irradiation
Conditions at the Midplane of the
Three Experiments

. Displacement Tevel@ b
Experiment (dpa) Cycles
HFIR-MFE-TI 70 32
HFIR-MFE-T2 10 5
10 14
—MFE-RB1Z
HFIR-MFE-RB1 20 28

@Values at capsule midplane. The speci
men at the end of the capsule will achieve
approximately one-half the midplane value.

ba HFIR cycle is approximately 23 d.

cTwo fluence levels are planned for this
capsule.
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of cylindrical geometry, consisting of hourglass fatigue and rod tensile
samples. The experiments will be irradiated in the outermost HFIR target
positions, adjacent to peripheral target positions. Flux monitors will
be included in two locations in each capsule: near one end and near

the center. The tentative specimen loading matrix is presented in

Table 2.4.4.

Table 2.4.4, Specimen Loading Matrix for
HFIR-MFE-T1 and -T2

Position Alloy Sample Type
1 12 Cr-1 Mo Fatigue initiation
12 Cr-1 Mo Rod tensile

Flux Monitor

3 12 Cr-1 Mo-1 Ni Rod tensile
9 Cr-1 M Rod tensile
5 12 Cr-1 Mo Rod tensile

Flux Monitor

6 12 Cr-1 Mo-1 Ni Rod tensile
7 12 Cr-1 HMo—~1 Ni Fatigue initiation
8 12 Cr-1 Mo2 Ni Fatigue initiation
9 12 Cr-1 Mo2 Ni Rod tensile
10 9 Cr-1 Mo Rod tensile
11 9 Cr-1 Ma=2 Ni Rod tensile
12 2 1/4 Cr-1 Mo Rod tensile
13 12 Cr-1 Mo Fatigue initiation

2.4.4.4 Test Matrix and Irradiation Conditions for HFLR-MFE=REBL

This experiment will contain primarily ferritic steels. A list of
alloys planned for inclusion in HFIR-MFE-RBL 1s given in Table 245 along
with the alloy conditions, when known. The CE alloys are the same as
those included in HFIR-MFE-T! and -T2 and have been described in detail
earlier.3 Two fluence levels are planned, as shown in Table 2.4.3. The
flux will be roughly half that in HFIR-MFE-T1 and -T2 as a result of the

capsule being located in the reflector position of HFIR.
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Table 2.4.5. Alloys for HFIR-!FE-RBI

Alloy Heat @ Heat TreatmentP
12 Cr-1 Mo® B 913544 1038°C, 4 min, AC + 760°C, 30 min, AC?
12 Cr-1 Mo® CE 3587 1050°C, 30 min, AC + 780°C, 2.5 h, AC
12 ¢r-1 Mo weld B 91354 b
12 Cr-1 Mo-1 Ni CE 3588 1050°C, 30 min, AC + 780°C, 2.5 h, AC
12 ¢r-1 Mo-=2 Ni CE 3589 1050°C, 30 min, AC + 700°C, 5 h, AC
9 Cr-1 M B 30182 1038°C, 1 h, AC +760°C, 1h, AC
9 Cr-1 Mo CE 3590 1040°C, 30 min, AC + 760°C, 1 h, AC
9 cr-1 M weld 8 30182 f
9 Cr-1 Mo-2 Ni CE 3591 1040°C, 30 min, AC + 700°C, 5 h, AC
2 1/4 cr-1 M g

2 1/4 Cr-1 M weld

Type 316 SS g

@B = breeder; CE = Combustion Engineering.
bac = air cooled.

®Some material from a third heat of HT9 (the Fusion Program
heat) may he included if the material is available in time.

djeat 91353 for fatigue initiation samples.

€This is condition of 0.76-mm (0.030-in.) sheet material only.
Heat treatment for thicker gage samples not yet determined.

ot yet determined.
INot yet specified.

A tentative matrix for the samples to he irradiated to 10 dpa is
given in Table 2.4.6. The corresponding matrix of samples to remain for
20 dpa irradiation is presented in Table 2.4.7. The Charpy, crack growth,
and compact tension specimens will he the first ferritic steel specimens
of this type irradiated in HFIK and will correspond to similar irradia-
tions in the EBR-IL, AD-2 experiment.

According to the experimental design, some specimens will be removed
after 10 dpa irradiation, These will he replaced by additional samples
intended for 10 dpa exposure during the second half of the experiment.

The division of the matrix given in Table 2.46 into the first half and



33

Table 2.4.6. Loading Matrix for the HFIR-MFE-RB1 Specimens
to Be Irradiated to 10 dpa?

Number of Specimens of Each Type®

Alloy Henth

5T Fl CG C CT TEM
12 Cr-1 Ho a 91354 4 4 7 7 40
12 Cr-1 Mo CE 3587 4 3 3 4 4 25
12 Cr-1 Mo weld B 91354 2 4 4
12 Cr-1 Mo-1 Ni CE 3588 4 3 3 4 4 25
12 Cr-1 :lo-2 Ni CE 3589 4 3 3 4 4 25
9 Cr-1 M a 30182 4 3 7 7 40
9 Cr-1 Mo CE 3590 4 3 3 4 4 25
9 Cr-1 Bo weld B 30152 2 4 4
9 Cr-1 Mo-2 Ni CE 3591 4 3 3 4 4 25
2 1/4 Cr-1 Mo d 2 3 4 4 40
2 1/4 Cr-1 Mo d 2 4 4
weld
Type 316 SS d 2 2

@A fluence producing 10 dpa is the goal exposure for the
experiment midplane.

PB = breeder; CE = Combustion Engineering.

28T = sheet tensile, FI = fatigue initiation, CG = crack
growth, C = miniature Charpy, CT = fracture toughness, and
TEM = transmission electron microscopy. Geometry in
Table 2.4.1.

dyot yet specified.

second half 10-dpa irraditions is to be determined. The final breakdown
will be affected by the packing efficiencies achieved. The matrix for the
second half of the experiment may also be influenced by early results of
the HFIR-MFE-T2 experiment.
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Table 2.4.7. Loading Matrix for the HFIR-MFE-RB1 Specimens
to be Irradiated to 20 dpa?

Number of Specimens of Each Type€

Alloy Heat b

GE  FI ¢ C CT  'TE+
12 Cr-1 Mo B 913544 5 5 4 8 8 40
12 Cr-1 Mo CE 3587 3 3 3 4 4 25
12 Cr-1 Mo weld B 91354 2 4 4
12 Cr=1 Mo-1 N i CE 3588 3 4 4 25
12 Cr-1 Mo-2 Ni CE 3589 4 3 3 4 4 25
9 Cr-1 Mo B 30182 5 4 4 8 8 40
9 Cr-1 Mo CE 3590 3 3 4 4 25
9 cr-1 Mo weld B 30182 2 4 4
9 cr-1 Mo-2 Ni CE 3591 3 3 4 4 25
2 1/4 Cr-1 Mo e 4 3 3 4 4 40
2 1/4 Cr=1 Mo e 2 4 4
weld
Type 316 SS e 2 2

as fluence producing 20 dpa is anticipated at the experi-
ment midplane.

bg = breeder; CE = Combustion Engineering.

©GF = Grodzinski fatigue, FI = fatigue initiation, CG =
crack growth, C = miniature Charpy, CT = fracture toughness,
and TEM = transmission electron microscopy. Geometry in
Table 2.4.1.

dHeat 91353 used €or FL samples.
€Not yet specified.

2.4.5 Conclusions and Future Work

Specimen preparation for HFIR-MFE-T} and -T2 is currently under way.
The test capsule is being constructed, and the experiments should be
ready for insertion into HFIR by December 1980. Preparation of materials
for HFIR-MFE-RB1 is currently in progress and sample machining is expected
to begin by November 1980. Insertion of the capsule into HFIR is expected
in early 1981.
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2.5 EXPERIMENTS HFLK-CTK-30, -31, AND -32 FOR IKKADIATION OF TRANSMISSION
ELECTKON HMICROSCOPY DISK SPECIMENS — M. L. Crossbeck, J. W Woods,
and 6. A Potter (OKNL)

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

2.5.2 Objective
This experiment is designed to determine the effect of irradiation
producing high helium contents with concurrent displacement damage on the

microstructure and ductility of several alloys in the ADIP program.

2.5.3 Summary

Three irradiation capsules containing exclusively transmission
electron microscopy (TEM) disk specimens have been constructed for
High Flux lIsotope Keactor (HFIK) irradiation. Experiments HFIK-CTK-30
and -32 are now being irradiated, and BFLK-CTK-31 is scheduled for
insertion on October 1, 1980. AIll capsules are being irradiated in
peripheral target positions in the HFIK. The 12 groups of approximately
100 specimens each are arrayed along the capsule axis of each experiment.
Each group is designed to be isothermal at an elevated temperature
determined by a helium gas gap. Irradiation temperatures of 300, 400,

500, and 600°C have been selected.

2.5.4 Progress and Status

Since the ADIP program must evaluate and compare alloys under
conditions of neutron irradiation producing both displacement damage and
transmutation helium, an experiment was designed to investigate the
microstructure and ductility of candidate fusion alloys. After irradia-
tion, two types of examinations will be made on the specimens: micro-
structural determination and ductility measurement. Ductility will be
measured with a punch and die apparatus developed by Huang,! which fits
on a standard tensile testing machine. Such tests have been shown to

give qualitative results and to work well on brittle materials. It is
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useful to scope developmental alloys when limited irradiation space

dictates small specimens. Microstructural determination will he by TEM.

254.1 Irradiation Conditions

The irradiation is being conducted in peripheral target positions of
the HFIK, which permits exposure to the highest fast flux possible for an
experiment in the HFIK, 1.3 x 109 neutrons/(mZ+s) [>0.1 MeV (0.016 pJ)].
Exposure times, displacements per atom (dpa), and helium levels to he

attained at the core midplane are given in Table 2.5.1.

Table 2.5.1. Irradiation Parameters for Type 316
Stainless Steel

Exposure

Experiment Time Dlspzzce;r;]ent I(—thevel)
(months) p at. ppm
HFIK-CTK-30 16 40 2500
HFIR-CTR-31 8 20 1200
HFIR-CTR-32 4 10 500

Irradiation temperature was determined with the HEATINGS two-
dimensional heat transfer computer code? used in previous HFIR capsule
designs. The design was iterated until the specimen temperature in each
specimen holder was within +20°C of the desired value throughout. Typical
temperature contour plots are shown in Fig. 2.5.1. Silicon carbide disks
and Low-melting alloys were used to wmonitor temperature. The placement
of the temperature monitors is shown in Table 2.5.2. Since SiC has a
much lower density than the alloys, its nuclear heating value is signi-
ficantly lower, resulting in a drop in temperature adjacent to the
monitors. This drop is usually small and can he accounted for in

computing the actual irradiation temperatures.
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Table 2.5.2. Placement of Temperature Monitors
in HFIK-CTR-30

. Design . Monitor Melting
Specimen Monitor
Holder@ Temperature Alloyb Temperature
o) (°c)
1 400 SiC (2)
Zn-Al 382
Zn 420
2 600 SiC (3)
3 400 Zn—Al 382
$iC (3)
4 600 SiC (4)
5 400 sic
Zn-Al 382
Zn 420
6 600 Sic
7 500 5iC
Ni-Mg 507
Cu-A1l 548
8 300 Sic
Pb 327
Pb-Pt 290
9 500 sic (4)
Ni-Mg 507
cu-41 548
10 300 Pb-Pt 290
Pb 327
Sic (4)
11 500 sicC
Ni-Mg 501
Cu-Al 548
Cu-tig 485
12 300 SicC (4)

Aposition 1 is top of the experiment.

PXumber in parentheses indicates number of SiC
disks In the specimen holder.
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2.5.4.2 Capsule Design

The external capsule is the same as used for previous HFIK irradia-
tion~.TFhe internal structure consists of 12 specimen holders arrayed in
tandem along the capsule axis. These holders consist of a thin tube
containing the specimens, with hollow pins retaining the speciinens and
centering the tube within the outer aluminum holder (Fig. 2.5.2). The gas
gap between the specimen tube and the holder sets the temperature gradient

that achieves the irradiation temperature.

ORNLDWG8C-1215t

11.3 DIAM —=
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“%i y HOUSING TUBE
BOTTOM CENTERING PINS —~ DIMENSIONS IN mm

Fig. 2.5.2. Specimen Holder.
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2.5.4.3 Specimen Loading

For specimen loading, the capsule was divided into three regions by
neutron flux. The general plan was to place low-nickel and Path A alloys
in the central four positions. Path B alloys with less than 40% Ni are
in the next four positions moving outward from the inidplane in both
directions, and those with at least 40% Ni are placed in the end four
positions. Space considerations dictated some exceptions to this place-
ment. The actual alloy placement is shown in Fig. 2.5.3, and numbers of
specimens of each alloy are shown in Tables 2.5.3 through 2.5.5.
Variations in heat treatment and composition are not distinguished in
this report. Tables 2.5.3 through 2.5.5 are specifically €or HFIR-CTR-30;
however, HFIK-CTK-31 and -32 differ only slightly because of availability

of specimens and temperature monitors.

ORNL DWG 80 12163
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Fig. 2.5.3. Temperature and Alloy Distribution in the Irradiation
Capsule.
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Table 2.5.3. Number of Disks of Each Alloy in the
Low-Flux Regions of HFIK-CTK-30

Number of Disks at Each Position and Temperature

Alloy
1, 400°C 2, 600°C 11, 500°C 12, 300°C
B2 16 16 16 16
84 16 16 16 16
B6 12 12 12 12
HT9 20 20 20 20
9 Cr-1 Mo 20 20 20 20
Path A PCA? (quenched) 4 23 0 23

“Prime Candidate Alloy.

Table 2.5.4. Number of Disks of Each Alloy in the
Medium-Flux Regions of HFIK-CTK-30

Number of Disks at Each Position and Temperature

Alloy@
3, 400°C 4, 600°C 9, 500°C 10, 300°C
Bl 20 20 20 19
B2 5 1 5 5
83 19 19 19 19
LRO 16 4 4 4 4
LRO 20 4 4 4 4
LKO 35 4 4 4 4
LRO 37 4 4 4 4
Ti—6 Al—4 V 6 6 6 6
Ni-Nb 4 3 3 3
Path A PCA (quenched) 25 25 25 25
9 Cr-1 Mo 6 0 0 0

ALRO = long range ordered; PCA = Prime Candidate Alloy.
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Table 2.5.5. Number of Disks of Each Alloy in the
High—Flux Regions of HFLK-CTK-30

Number of Disks at Each Position and Temperature

Alloy o —
5, 400Q°C 6, 600°C 7, 500°C 8, 300°C
Type 316 SS 12 12 12 12
Path A PCAZ 24 24 24 24
HT9 20 20 20 20
9 Cr-1 Mo 13 18 18 18
Ti 56215 2 2 2 2
Ti 62425 2 2 2 2
Ti 78644 2 2 2 2
Ti 38644 Ni 2 2 2 2

@prime Candidate Alloy.

The materials are almost entirely standard alloys of the ADIP
program. Chemical compositions may be obtained from the ADIP Materials

Inventory records or from the final progress report4 on OKK-PIFE-4.

2.5.5 Conclusions

Three neutron irradiation experiments encompassing specimens from all
ADIP alloy paths have been prepared to determine microstructure and
ductility. The HFIK was selected to study the effects of both displace-
ment damage and large quantities of transmutation-induced helium. Two
capsules, HFIR-CTR-30 and -32, are now in the reactor; HFIR-CTR-31 is

scheduled for insertion on October 1, 1980.

2.5.6 References

1. Private communication, F. F. Huang, Hanford Engineering Development
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360 Heat Conduction Program, ORNL/CSD/TM~15 (March 1977).
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2.6 MEASUREMENTS OF THE FATIGUE PRE-CRACKED LENGTH OF FRACTURE TOUGHNESS
SPECIMENS USING AN ELECTROPOTENTIAL TECHNIQUE - F. H. Huang, G. L. Wire

(Hanford Engineering Development Laboratory).

2.6.1 ADIP Task
ADIP Task 1.B.5.1 "Development Specimens and Test Methods."

2.6.2 Objective

The objective of this work is to develop a single specimen method,
using electropotential techniques for fracture toughness measurements on
miniature specimens of HT-9. The techniques are used to study the fracture

behavior of fusion first wall materials.

2.6.3  Summary
HT-9 fracture toughness specimens were fatigue precracked using an

electropotential technique to monitor the precrack length. A calibration
curve was developed from optical crack measurements. Test results pro-
duced by this technique are shown to be as accurate as these obtained by
optical methods, The technique will be used in the hot-cell to replace

the tedious optical method.

2.6.4 Progress and Status

Elastic/plastic fracture mechanics has been used to study the upper-
shelf ductile fracture behavior of ferritic steels. Because of limited
irradiation space, efforts have been made to develop a single specimen
method for fracture toughness testing.' The basic requirement for a sin-
gle specimen method is the capability of measuring crack extension contin-
uously so that JC can be determined from a single specimen.

All fracture toughness test specimens were fatigue precracked to
obtain a sharp crack tip. 1In the previous tests, the precrack length was
measured by a traveling microscope. The method is tedious and time con-
suming when used in hot-cells.

In this work, the electropotential technique developed for fracture

toughness testing was applied to the precracking of the fracture toughness
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specimens. A schematic diagram of the HT-9 specimen (2.54 mm thick) is
shown in Figure 1(a) and the position of the current input and potential
measurement leads are shown in Figure 1(b). Specimens were precracked
below a stress intensity factor of 28 MPa v using a servo-hydraulic sys-
tem at room temperature. The potential changes and their corresponding
crack lengths were measured simultaneously. The measurements are shown in
Figure 2 and Figure 3 in the formsof V/VO Versus a/ao and V/V0 Versus a/w
where V0 is the initial potential drop across the initial crack length a
and w is the width of the specimen referenced to the load line center. The
consistency of the data indicates that the precrack length can be measured
accurately from the potential drop across the crack length. Although the
slope of the calibration curve is a function of current lead and potential
probe positions, the overall shapes of the calibration curve shown in
Figure 2 are consistent with those calculated by finite element analysis for

. . 2
compact tension specimens.

2.799 mm DIA

SUPPLY

(a) (b)

FIGURE 1{a) Circular Compact Test Specimens of HT-9.
FIGURE 1{b) Schematic Drawing of Electropotential Technique.

(1)

As discussed previously, the calibration curve of fatigue cracked
specimens whose crack fronts are nearly straight differs from that obtained
from interrupted test specimens which have curved crack fronts, except in
the blunting portion. As can he seen from Figure 3, the slope of the cali-
bration curve for specimens with curved crack fronts is smaller than that

for fatigue precracked specimens. This is due to a larger potential change
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FIGURE 2. Electropotential Calibration Curve V/v Versus a/ao for the
Fatigue Precracking of HT-9 Specimen a? 25°C.
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FIGURE 3. Electropotential Calibration Curve V/\«T0 versus a/w for the
Fatigue Precracking and Interrupted Testing of HT-9 Specimens

at 25°C.
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resulting from a larger crack area advanced for fatigue pre-cracked speci-
mens. In the blunting region, the crack front is believed to be straight
and the material fractures in a manner similar to the later portion of

fatigue precracking. As soon as the crack initiation occurs, the crack

front becomes curved and the rate of potential change with respect to the
crack extension is reduced. This significant observation explains the two
slope calibration curve observed in previous work. In Figure 4, the cali-

bration curves of V/VO Versus A/AO for fatigue precracking and fracture

toughness , where A is crack extension area. are plotted for comparison.

- v —————
HT-9 SPECIMEN
TESY TEMP, = 25°C

LS
SYMBOL  SPECIMEN %4  CRACK FRONT

HE 26 0430 STRAIGHT

1.50 HR 37 DA STRAMGHT

FIGURE 4. Electropotential Calibration Curve V/VO Versus A/A  for Fatigue
Precracking and fracture toughness of HT-9 Specimens at 25°C.

2.6.5 Conclusions

The monitoring of the yrecrack length of fracture teoughness specimens
using an electropotential technique has been proven feasible. The tech-
nique is particularly useful for in-cell testing, for it eliminates the
need for the tedious optical precracking measurements. In addition, both
precracking and testing of fracture toughness specimens can be conducted

on one hydraulic testing system using electropotential, techniques.
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2.7 STATUS OF MFE-5 IN-REACTOR FATIGUE CRACK GROWTH EXPERIMENT -
A. M. Ermi (Hanford Engineering Development Laboratory)

2.7.1 ADIP Task
ADIP Task I|.B.I, " Fatigue Crack Growth in Austenitic Alloys"
(Path A).

2.7.2 Objectives

An apparatus has been developed to perform in-reactor fatigue
crack propagation tests on the Path A Reference Alloy. Effects of
dynamic irradiation on crack growth behavior will be evaluated by
comparing the results with those of unirradiated and postirradiated

tests.

2.7.3  Summary

Fabrication of the in-reactor fatigue machine to be used in
MFE-5 is completed. The assembly has been delivered to ORNL as
final preparations are underway for a November insertion. Modification
of the prototypic fatigue machine, to be used in the thermal control

test at HEDL, is in progress.

2.7.4 Progress and Status

2.7.4.1 Introduction

Fatigue crack propagation (FCP) in the first wall of a magnetic
fusion reactor may be a limiting quantity governing reactor lifetimes.
Previous studies of irradiation effects on FCP have all been conducted
out of reactor on materials preirradiated in the unstressed condition.
The ORR-MFE-5 experiment will investigate FCP during irradiation,

where dynamic irradiation may effect crack growth characteristics.

2.7.4.2 In-Reactor FCP Test at ORNL
The pneumatic actuated fatigue machine designed to perform in-

reactor FCP tests was described previously. (1,2) Briefly, it is



51

designed to perform tension-tension cycling on a chain of up to eight
miniature center-cracked-tension {(CCT) specimens. The test will be
conducted in sodium to maintain a temperature of 425°C, and will be
cycled at a frequency of 1 cpm.

At a preliminary review in July, the ORNL Reactor Experiments
Review Committee accepted the containment design for MFE-5. Their
acceptance was contingent on the issuance of final drawings which
correspond to the design analysis. In September, fabrication of the
test assembly was completed and the hardware and drawings were de-
livered to the ORR. Installation of the experiment support equipment
and safety instruments are underway in preparation for insertion

during the November reactor shutdown period.

2.7.4.3 Thermal Control Test at HEDL

Shortly after the in-reactor test is started at ORNL, a thermal
control test will be initiated at HEDL. This test will duplicate the
load-temperature history of the in-reactor experiment. The thermal
control test will be conducted on the prototypic fatigue machine which
was earlier used to demonstrate the viability of a pneumatically operated
tester. (3,%)

The final test matrix for both the in-reactor and thermal control
tests is outlined in Table 2.7.1. Based on the individual starting
crack length values, the initial stress intensity factor range (AKi)
for each specimen was computed by: (53

AK = (1-R)(PVma /tW) [1-0.025 (2a/wW)?
+ 0.06 (2a/W)*) [sec (ma/w)]li/?

where

R = stress ratio

P = maximum load

a = half-crack length
t = specimen thickness
W

= specimen width
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TABLE 2.7.1
TEST MATRIX FOR THE ORR-MFE-5 EXPERIMENT

MATERIAL : 20%cCw 316 Stainless Steel (Path A Reference Alloy)
ENVIRONMENT  : 425°C in Sodium
WAVE-ORM : 1 cycle/min, triangular
MAX. LOAD : 335 1bs.
STRESS RATIO : R = 0.10
Loading In-Reactor Test Thermal Control Test
Position Spec. # JiEi(MPa/m ) Spec. # é&i(MPa/m ) _
1 (top) AE-11 8.05 AE-17 8.07
2 AE-01 9.04 AE-14 9.09
3 AE-D6 8.14 AE-09 8.38
4 AE-05 10.18 AE-10 10.18
5 AE-03 9.05 AE-15 9.04
6 AE-07 8.26 AE-16 8.25
7 AE-02 11.39 AE-18 11.39
8 AE-04 13.26 AE-12 13.23
The test will be run until either: (a) the specimen in loading position

8 in one of the chains completely separates; or (b) the test has

accumulated ~200,000 cycles (approximately six months).

2.7.5 Conclusions

(a) The in core hardware for MFE-5 has been approved by ORNL
reactor safety committee.

{b) The test assembly and experiment support equipment have
been delivered to ORNL and are undergoing installation and check-out.

{c) The prototype fatigue machine is being modified in prepara-

tion for the thermal control test at HEDL.

2.7.6 Future Work
Insertion and startup of MFE-5 is scheduled for the November, 1980
reactor shutdown period. The thermal. control test will be started two

to four weeks later at HEDL.
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2.8 SPECIMEN MATRIX FOR THE HFIR IRRADIATION OF THE PATH B ALLOYS -

D. T. Peterson (Hanford Engineering Development Laboratory)

2.8.1 ADIP Task
ADIP Task 1.C.3, Microstructure and Swelling in High Strength/High
Temperature Fe-Ni-Cr Alloys (Path B).

2.8.2 Objective
The objective of this work IS to assess the irradiation response of

the path B base research alloys in a, high helium environment.

2.8 .3 Summary
Specimens of the path B alloys, in the form of TEM disks, have been

included in the HFIR experiments designated HFIR-CTR-30, 31, and 32. These
irradiations will provide the first data on the irradiation response of the

path B base research alloys.

2.8.4 Progress and Status

2.8.4.1 Introduction

The Fe-Ni-Cr superalloys were developed as high strength materials for
high temperature applications such as gas turbine components. The precipi-
tation reactions in these alloys provide them with mechanical properties
superior to the austenitic stainless steels. 1In recent years several alloys
in this class have been found to be very swelling resistant during fast
reactor irradiations. Their superior mechanical properties and swelling
resistance have led to the consideration of these alloys for fusion reactor
first wall applications.

The path B base research alloys (BI, B2, B3, B4, and B6) were devel-
oped to scope several subclasses of the Fe-Ni-Cr superalloys. Alloys Bl
and B2 are molybdenum-modified, v'-strengthened alloys, with B2 being
similar to Nimonic PE16; alloy B3 is a niobium-modified, y'-strengthened
alloy; alloy B4 is a y'/y'"~-strengthened alloy similar to Inconel 706; and

alloy B6 is a high nickel, y'-strengthened alloy similar to Inconel X-750.
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2.8.4.2 Materials

The path B alloys used in this work are from the ME heats listed in
Table 2.8.1. The materials were received from ORNL in the form of 0.6 mm
thick sheet stock in the 50%cold worked condition. The fabrication history

of this material is detailed in reference 1.

TABLE 2.8.1

MFE HEAT NLIVIBERS

Alloy Heat Number
B1 J=-271-1
B2 5-268-2
B3 J-267-1
B4 J-264-1
B6 J-262-1

Sections of the as-received sheets were given an anneal of 1025°C/
5 min/AC and cold rolled in two stages to 0.25 mm. An intermediate anneal
of 1025°C/5 min/AC was used between the two reduction steps. TEM disks were
punched from the as-rolled sheet. For heat treatment the specimens were
encapsulated with a piece of tantalum foil in an evacuated quartz ampule

backfilled with one-quarter atmosphere of argon.

2.8.4.3 Test Matrix

A set of three irradation assemblies, designated HFIR-CTR-30, 31, and
32, recently began irradiation in HFIR. These assemblies will be irradiated
to goal fluencesof 10, 20, and 40 dpa, respectively. Each assembly contains
specimens at irradiation temperatures of 300, 400, 500, and 600°C.

The specimens included in these assemblies are TEM disks present
with a multiplicity of five. Each of the five path B alloy is being

irradiated in three thermomechanical treatments. Also included in
these irradiations are specimens, provided by the DAFS program, of the

path B alloys in solution treated and aged conditions. 2
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2.8.5 Future Work
The discharge of HFIR-CTR-30, at a fluence of 10 dpa, is expected to

occur early in 1981. At that time a critical assessment of the irradiation
response of the path B alloys will be performed to determine if they warrant
further developmental effort.

2.8.6 References

1. T. K. Roche, " Status of Path B Base Research Alloy Procurement and
Fabrication," AlUIF Guarierly Frogress Report, January-March, 1919.

2. D. T. Peterson and R. W. Powell, "HFIR Irradiation of Representative

Path B Alloys," DAFS Quarterly Progrese Report, April-June, 1980.
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3.1 HIGH-TEMPERATURE FATIGUE CRACK PKOPAGATION TESTING OF TYPE 316
STAINLESS STEEL IN VACUUHM — H. H  Smith and D. J. Michel
(Naval Research Laboratory)

Lost in transit.
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3.2 MINIATURE TENSILE TESTING OF 316 STAINLESS STEEL - R. J. Puigh

and E. K. Oppennan (Hanford Engineering Development Laboratory)

3.2.1 ADIP Task
The Department of Energy (DOE), Office of Fusion Energy (OFE) has
cited the need for these data under the ADIP Program Task [.B.13,

"Tensile Properties of Austenitic Alloys".

3.2.2 Objective

The objective of this work is to develop a miniature tensile
specimen technology in support of high energy neutron irradiated
material testing. This work includes the development of specimen
fabrication techniques and both baseline and irradiated tensile

testing of these specimens.

3.2.3  Summary
Extensive tensile testing has been performed on two conditions

of 316SS to demonstrate the viability of this technology. Results

from this baseline testing agree with published values in the literature.
Miniature tensile specimens fabricated from 316585 have been irradiated
at RTNS-IT and exhibit evidence of irradiation hardening at the peak
fluence of 1.1x10'% n/cm?.

3.2.4 Progress and Status

3.2.4.1 Introduction

Radiation damage of structural materials due to their exposure to
high energy neutrons is an important consideration in the design of
fusion power plants. Our current understanding of radiation damage is
not sufficient to extrapolate the broad base of fission reactor ir-
radiated data to the effects of high energy neutron irradiations upon
structural materials. Therefore, data involving high energy neutron
irradiations is required. Currently the only sources of high energy

neutrons for materials testing have relatively small irradiation
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volumes and large flux gradients within this volume. To irradiate a
statistically meaningful number of specimens in this limited volume,

miniaturized specimens become necessary.

3.2.4.2 Experimental Procedure

Miniature tensile specimens have been fabricated from 0.76 mm
diameter 20% cold worked (CW) 31655, heat number v87210. The chem-
ical composition of this wire is given in Table 3.2.1. The gage
sections were chemically milled using an 80% FeCl plus 20%HC1 solu-
tion. The temperature of the solution was maintained at 38°C, After
chemically milling the gage section of a specimen to a diameter of
approximately 0.28 mm each specimen was then electropolished using a

10% perchloric (HC10y,) plus 90%acetic (CH,CODH) acid solution.

|
N Al | C Mn| P S Si| Ni| Cr |M | Nb | Ti Cu B !Fe,

0.006| 3.01 [0.05| 1.5 0.01 0.009 0.5| 13.5| 16.6/ 2.4| 0.03| 0.002/ 0.08 0.001|BAL.}

A photograph of several miniature tensile specimens is shown in
Figure 3.2.1 in perspective with other specimens which have been min-
iaturized for neutron irradiations. The reduced gage section has a
minimum diameter of 0.21 to 0.30 mm and a "plastic gage length" of
2.0 to 4.0 mm. A non-contacting laser telcmetrix system is used to
measure the diameter of the specimen as a function of distance along
the specimen's axis. The plastic gage length was then chosen to be
the distance along the specimen's axis for which the specimen's
diameter is less than a factor of 1.03 times the specimen's minimum

diameter.



Fig. 3.2.1

61

(a) Miniature tensile specimens; (b)
pressurized tube creep specimens;

(c) flat tensile specimens; (d) Fermi
tensile specimen; and (e) flat tensile

specimen.
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The factor of 1.03 was chosen as a result of an iInvestigation of
the values of yield stress and total elongation as a function of plastic
gage length for each specimen. In particular, the average yield stress
and total elongation values were calculated for the 20% CW specimens as
a function of their plastic gage length which was defined as the dis-
tance along the specimen®s axis for which the specimen®s diameter is
less than a factor of 1.01, 1.02, 1.03, and 1.04 times the specimen®s
minimum diameter. We found the standard deviation of the average
values for yield stress and total elongation decreased as the factor
defining the maximum diameter in the gage length increased. Since
there was essentially no change in the average values of the yield
stress as the factor was increased from 1.03 to 1.04, the factor of
1.03 was chosen for the definition of the plastic gage length.

Micrographs of the gage sections for two conditions of 316SS are
shown In Figure 3.2.2. A transverse view of the gage section of a -
specimen fabricated from 20% Cw 31655 Is shown in Figure 3.2,2(a), The
cross section is approximately circular and the grain size is estimated
to be ASTM #7. A longitudinal view of the gage section of a specimen
made from annealed (975°C/15 min/AC) 31658 is shown in Figure 3,2.2(b),
The grain size for the annealed 31655 is also estimated to be ASTM #7,
Microhardness measurements were performed on the gage sections of min-
1ature tensile specimens fabricated from both conditions of 316Ss.

The microhardness of the 20% Cw specimen was found to be 230 *#8 DPH
(500gm) and the microhardness of the annealed specimen was found to be
138 f3 DPH {500gm) .

The tensile machine for performing specimen testing has been de-
scribed previously,! The data was recorded on an x-y chart recorder.
A total of 17 specimens in the 20% CW condition and 25 specimens in
the annealed condition were tested to provide baseline tensile prop-
erties data and to give an estimate of the uncertainty this miniature
tensile technology has iIn the extraction of tensile properties for
31635, AIll tests were performed at room temperature.
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(a)

(b)

Fig. 3.2.2 Micrographs of the gage sections of miniature tensile
specimens: (a) transverse section at 300 x for 20%Z CW

316SS specimen; and (b) longitudinal section at 400 x
for annealed 316SS specimen.
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Specimens fabricated from 31685 and Ni have been irradiated at
the Lawrence Livermore Laboratory (LLL) Rotating Target Neutron Source
RTNS-II. The details of the irradiation have been reported elsewhere.’
The miniature tensile specimens were irradiated at room temperature

with 14 MeV neutrons to a peak fluence of 1.1x10!® n/cm?.

3.2.4.3 Results

The results of the baseline testing of the two conditions of 31688
are shown in Tables 3.2.2 and 3.2.3. In particular for the 20%CW
31688 results which are shown in Table 3.2.2, we found that the average
value for the yield stress is in good agreement with published
values for these tensile properties.3 The average value for the
ultimate tensile strength from the miniature tensile specimens was
lower than values found in the literature and the average value for
the total elongation was larger than values found in the literature.
The uncertainty in each of the average values for these tensile pro-
perties corresponds to the standard deviation in the average value.
This standard deviation in the average value reflects the uncertainty
which one could expect for the tensile property extracted from a
single tensile test. In particular, for the tensile properties ex-
tracted in this study we have a 2% uncertainty in the ultimate tensile
strength, a 3%uncertainty in the yield stress and a 25%uncertainty
in the total elongation. The relatively large uncertainty in the
total elongation arises from the profile variation in the gage length
from specimen to specimen. The uncertainty in the ultimate tensile
strength and yield stress principally arises from uncertainties in the
determination of the minimum cross sectional area for a specimen.

The results from the miniature tensile testing of annealed 316SS
are shown in Table 3.2.3. The measured values for yield stress
and ultimate tensile strength are in good agreement with published
results. #

The results from the testing of the 31655 specimens irradiated
in RINS-II are shown in Figures 3.2.2 and 3.2.4 and are summarized

in Table 3.2.4. The values for the tensile properties for a given
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function of fluence for 20% CW 316SS.
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fluence are based upon a single tensile specimen test and the uncer-
tainty for a specific tensile property is estimated to be equivalent

to the percentage uncertainty for this property which is given for

zero fluence. Figure 3.2.3 shows the effect of irradiation upon the
yield stress and ultimate tensile strength for 20% Cw 31655. The ul-
timate tensile strength increases slightly as a function of increasing
neutron fluence and the yield stress increases by approximately 13%at
the highest fluence. Also, at the fluence of 0.6x1017 n/em? no change in
either the yield stress or the ultimate tensile strength is observed
for 20% Cw 316S8S. The changes in the yield stress and ultimate tensile
strength as a function of fluence for the annealed 316SS are shown in
Figure 3.2.4. The ultimate tensile strength tends to increase slightly
as a function of increasing fluence and the yield stress increases by
approximately 37%at the highest fluence. Again, at the fluence of
0.6x1017 n/cm? no change in these tensile properties is observed.

The results of measurements of the total elongation of these
specimens are given in Table 3.2.4. The percentage uncertainty in
these measurements is estimated to be 25% for the cold worked and 18%
for the annealed material. Because of these large uncertainties we
can only say that the total elongation shows a general decrease in its
value as a function of increasing fluence for the two conditions of
31685 examined.

Jones, et al® have investigated the tensile properties of annealed
31658 irradiated with neutrons from the Be(d,n) reaction. They observe
no changes in the ultimate tensile strength up to the peak fluence of
1x101% n/em?. However, the yield stress increased by 16%and the total
elongation decreased by 26%. Our results are qualitatively consistent
with theirs; however, we observe a significantly larger increase of

37%in the yield stress.

3.2.5 Conclusions and Future Work

A fabrication technique has been developed for miniature tensile
specimens and a tensile machine capable of testing these specimens has

built. The miniature tensile specimen’s geometry represents a significant
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reduction in the size of the tensile specimen currently being used in
irradiation experiments. A comparison of baseline testing results from
using these miniature tensile specimens with published tensile proper-
ties data indicates that this technology may be employed to provide
tensile property data on 316355, In particular the uncertainties in
our results for the yield stress and ultimate tensile strength are much
less than either the microhardness or disc bend techniques which are
currently being employed to obtain tensile properties data on 14 MeV
neutron irradiated materials.

The small specimen size has allowed for the irradiation of a
statistically meaningful number of specimens in RTNS-IT. In testing
the miniature tensile specimens irradiated at RTNS-II, evidence for
the irradiation hardening of the two conditions of 31655 was found
at Fluences of 1x1018 n/em?, No change in the tensile properties was
found for the lowest Fluence, 0,6x10'7 n/em?, examined.

The fabrication technique for miniature tensile specimens has been
extended to the fabrication of nvi, Ti alloy, and HT-9 specimens and
baseline testing of these specimens is continuing. Reduction in area
measurements are now being made on both the unirradiated and irradiated
specimens. Microhardness testing is being performed to provide a
correlation of hardness and the tensile data. Also, specimens have
been fabricated from MFE heat 316 and HT-9, and these specimens are
currently being irradiated at RINS-II as part of the HEDL-5 experiment.
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3.3 THE EFFECT OF ANNEALING TEMPEKATURE ON THE GKAIN SIZE OF THE PATH A
PRIME CANDIDATE ALLOY — T. K Roche and P. J, Maziasz (ORNL)

3.3.1 ADIP Tasks
ADIP Task I.A. 5, Perform Fabrication Analysis.

3.3.2 Objective

The objective of this work is to vary the grain size of the Prime
Candidate Alloy (PCA) over a wide range, independent of the variable MC
precipitate particle distribution and dislocation microstructure

developed during subsequent thermal-mechanical treatment.

3.3.3 Summary

Preserving homogeneity in the PCA alloy during fabrication demands
solution treatment in the range 1150 to 1175°C. These temperatures result
in grain sizes ranging from ASIM 1 to 4. Often, however, a finer grain
size is required. Therefore, this study sought to decouple the final
in-process anneal from the thermal-mechanical treatments Lo develop
MC precipitate microstructures. Rapid to relatively slow heating rates
and cold-work levels of 30 tu 50% were used to recrystallize the material
without precipitating appreciable MC or losing the homogeneity. The grain
size was then simply a function of the annealing temperdture. A grain
size control anneal of 1100°C was selected to produce an intermediate
grain size of ASTM 4 to 7. This allows the program to separate grain size

and preirradiation microstructure effects on properties.

3.3.4 Progress and Status

All thermal-mechanical treatments studied to date for producing
desired microstructures in the PCA use an in-process solution annealing
temperature of 1175°C. This results in grain sizes ranging from ASTHM 1
to 4. During the past quarter we studied the effect of annealing tem-
perature on the recrystallized grain size of the cold-worked alloy. This

study is expected to identify a final in-process annealing temperature



74

that will result in finer grain material, yet permit the generation of the
various microstructures. The desired dislocation substructure and
titaniun-rich MC precipitate particle distribution are produced by various
cold working and/or aging treatments after the final in—process anneal.
Sheet samples were annealed at 1150°C, resulting in grain sizes
ranging from ASTM 2 to 4, then cold rolled 30 and 50% to final thicknesses
of 07 and 05 wm (0.028 and 0.020 in.), respectively. The specimens were
then recrystallized in argon at 25°C temperature intervals in the range
1050 through 1175°C. Anneal times were 15 and 30 min. The recrystal-
lization heat treatments were carried out in two furnaces providing
variable heating rates, particularly through the temperature range 500
to 900°C, where carbide precipitation can be fairly rapid. Two heating
rates were used in furnace A: one rate was slow (Fig. 3.3.1) from room
temperature to the annealing temperature, and the second rate (Fig. 3.3.2)
was rapid between 500 and 900°C. The one heating rate used in furnace B
(Fig. 333) was rapid from room temperature to the annealing temperature.

ORNL-DWG BO-17308

1200
1 T 1
.

TEMPERATURE {*C)

o | 1 [ 1 |

o] 30 60 S0 120 {50 180
TIME (min}

Fig. 3.3.1. Typical Heating— Cooling Cycle for Recrystallization of
the Prime Candidate Alloy in Furnace A Slow heatup from room tempera-
ture to annealing temperature.
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Fig. 332 Typical Heating-Cooling Cycle for Recrystallization of
Prime Candidate Alloy in Furnace A Fast heatup between 500 and 900°C.
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Fig. 333 Typical Heating-Cooling Cycle for Recrystallization of
Prime Candidate Alloy in Furnace B. Fast heatup from room temperature to
annealing temperature.
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The results of grain size measurements on the recrystallized samples
for the three heating rates are presented in Tables 3.3.1, 3.3.2, and
3.3.3. Within the limits of the experimental conditions, there is good
agreement in the grain size, which can be expected for these annealing
temperatures. In addition, for the three heating rates used, the degree
of carbide precipitation visible by optical metallography does not differ
appreciably. Microstructures of the recrystallized alloy (Fig. 3.3.4)
are considered typical.

These results lead to the specification of a 1100°C recrystallization
treatment as the final in-process anneal for developing a finer grain size
in the PCA. The grain size can be varied independent of the thermal-
mechanical treatments used to produce variable MC microstructures.
Fabrication of specimen stock incorporating this change is under way for

future radiation effects evaluation.

Table 3.3.1. Grain Size of Path A Prime Candidate
Alloy Recrystallized in the Temperature Range
1050 to 1175°C after a Slow Heating
Rate@ in Furnace A

Recrystallized Grain Size (ASTM)

Temperature _
(°C) 30% Cold Worked? 50X Cold WorkedP
1050 No test No test
1075 -8 8
1100 456 57
1125 No test No test
1150 3-4 3-4
1175 No test N test

AFrom room temperature to annealing tempera-
ture (see Fig. 3.3.1).

bannealed 15 min at temperature.



Table 3.3.2.

Alloy Recrystallized
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Grain Size of Path A Prime Candidate
in the Temperature Range

1050 to 1175°C after a Rapid Heating

Rate@ in Furnace A

Recrystallized Grai

n Size (ASTM)

Temperature

(°C) 30% Cold Worked?  50% Cold Worked"

1050 No test No test

1075 78 78

1100 5-7 57

1125 No test No test

1150 24 2—4

1175 N test No test
ABetween 500 and 900°C (see Fig. 3.3.2).

bannealed 15 min at temperature.

Table 3.3.3.

Grain Size of Path A Prime Candidate

Alloy Recrystallized in the Temperature Range
1050 to 1175°C after a Rapid Heating

Rate@ in Furnace B

Recrystallized Grai

n Size (ASTM)

30% Cold Worked

50% Cold Worked

15 min? 30 minh 15 min? 30 min?

No test No test
78 7a
57 5-7

N test No test
No test No test
N test No test

8 d
7
5-6 4-5
34 3
34 2—4
14 14

AFrom room temperature to annealing tempera-

ture (see Fig.

3.3.3).

bAnnealing times at temperature.



ORNL-PHOTO 5215-80

Fig. 3.3.4. Typical Microstructures of Prime Candidate Alloy Cold
Worked 50% and Recrystallized for 30 min Within the Temperature Range
1050 to 1175°C.
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5.1 TENSILE PROPERTIES AND MICROSTRUCTURE OF HERIUM-INJECTED AND
REACTOR-IRRADIATED w20%Z Ti — M. P. Tanaka, E. E. Bloom, and
J. A Horak (ORNL)

5.1.1 ADIP Task
ADIP Tasks I.B.15, Tensile Properties of Ueactive and Refractory

Alloys, and I.C.4, Microstructures and Swelling in Reactive and Refractory

Alloys.

5.1.2 Objective

The objective of this work was to determine the effect of injected
helium followed by neutron irradiation on the mechanical properties and
microstructures of ¥v20% Ti. These results will be used to determine the

potential use of ¥v20% Ti in fusion reactor service.

5.1.3 Summary

Sheet tensile samples of ¥V20% Ti preinjected with 90 and
200 at. ppm H have been irradiated to about 20 dpa in the Experimental
Breeder Keactor (£BR-II) in the range 400 to 700°C. Mechanical proper-
ties and microstructure of the irradiated specimen have been compared with
those of control specimens. Helium embrittlement of vw—20% Ti becomes
appreciable above test temperatures of 575°C. Neutron irrddiation
enhanced the embrittlement of the helium-injected v—20% Ti. Helium
injection also assisted cavity formation in the reactor-irradiated
V—20% Ti. The size and concentration of cavities depended on the amount

of injected helium.

5.1.4 Progress and Status

The details of helium injection, neutron irradiation, and post-
irradiation testing were reported previously.l»z Sheet specimens of
V—20%Z Ti (chemical composition 19.7% Ti, 130 wt pm C, 830 wt ppm O, and
830 wt pom N, annealed 0.5 n in vacuum at 900°C) were injected to 90 and

200 at. pom He. The helium-injected tensile specimens were irradiated in

N
On leave from Japanese Atomic Energy Research Institute (JAEKI) for

one-year assignment to OKNL.
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row 7 of EBR-IT to a neutron fluence of about 3 x 1020 neutrons/m2

{>0.1 MeV (0.016 pJ)}, corresponding to about 20 dpa. Irradiation tem-
peratures were about 400, 575, 625, and 700°C for samples contained in
either static sodium or helium. After neutron irradiation the microstruc-
tures were characterized by transmission electron microscopy, tensile
tests were conducted at the respective irradiation temperatures, and
fracture surfaces were examined by scanning electron microscopy.

Tensile results on control, helium-injected, and neutron-irradiated
specimens are tabulated in Table 5.1.1 The data are also shown
graphically in the first nine figures of this report.

Stress-strain curves for the specimens preinjected with 0, 90, and
200 at. ppm He and tested at 400 and 700°C are plotted in Figs. 5.1.1 and
51.2. The yield stress, ultimate stress, and total elongation of the
specimens before neutron irradiation are shown as a function of test
temperature in Figs. 513 through 5.1.5. The injected helium has
increased the yield stress, the ultimate stress, and the total elongation
of the alloy for test temperatures of 525°C and lower. The increases in
strength and elongation depended on the amount of injected helium. Above
575°C the injected helium did not greatly affect strength but did affect
elongation. The reduction of the total elongation depended on the amounts
of preinjected helium. The higher the test temperature, the larger was
the reduction of elongation. Elongation at 700°C was 13.3 and 8.7%,
respectively, in the material injected with 90 and 200 at. pmm He. These
values are 69 and 45% of the elongation of the helium-free material, as
shown in Fig. 5.1.5. The fracture surfaces of specimens preinjected with
0, 90, and 200 at. ppm He and tested at 700°C are shown in Fig. 5.16.
With no injected helium the failure mode was clearly ductile, and grain
boundary failure was not evident. With injected helium the failures
became mixed ductile and grain boundary separation modes. Grain boundary
facets are visible on the fracture surface and grain boundary cracks on
the specimen surface. The fraction of the grain boundary fracture

increased as the helium content increased from 90 to 200 at. ppm He.
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Table 5.1.1. Helium Contents, Irradiation Conditions,
Tensile Properties of w20% Ti

and

Irradiation Conditionsb

Tensile Properries®

Pre— Test
injected ~ d Temper- Strength, MMPa .
Helium?® Tempei Fluence Environ- ature Elongation, %
ature 00.1 MeV) ent (°c) 0. 2%
(at. ppm) (°c) (neutrons/m?) o Y}e;d Ultimate  Uniform Total
0 25 516 661 2.0 19.6
0 400 387 588 14 13.3
0 525 400 668 13.0 .7
0 575 407 681 14.1 19.0
0 625 384 619 12.3 19.9
0 700 345 499 134 19.2
90 400 477 647 11.3 140
90 525 443 701 16.6 18.2
90 575 405 658 13.0 21.5
90 625 387 597 103 18.1
90 700 330 531 10.9 13.3
200 400 515 649 128 151
200 525 468 708 16.7 18.2
200 575 433 653 151 17.3
200 625 410 644 14.1 15.6
200 700 362 455 8.3 87
0 575 4 x 1028 Na 575 376 603 10.6 13.3
0 625 I—4 Na 625 361 475 18 3.1
0 700 —4 Na 700 399 453 3.0 4.9
90 400 24 Na 400 629 7 49 7.0
90 575 2ty Ha 575 389 581 12.5 15.6
200 400 24 Na 400 656 814 6.7 8.2
200 575 2—4 Na 575 382 567 12.7 140
200 625 —4 Na 625 386 575 49 57
0 400 24 He 400 677 812 4.8 6.6
0 700 2—4 He 400 439 606 11.3 13.3
0 700 2—4 He 700 385 468 14.1 204
90 700 24 He 700 354 424 49 6.0
200 700 2—4 He 700 354 499 2.9 3.2
9Nominal value.
bBlank spaces indicate control specimen.
®Design temperature. !easurement ON temperature monitor is planned.

distimated value. Measurement on fluence monitor is in progress.
estrain rate is 6.67 X 107%/s (0,04/nin).
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of Annealed, Unirradiated V—20% Ti at a Test Temperature of 700°C.
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Produced by Two Levels of Injected Helium as a Function of Test Temperature.

Stress—strain curves of neutron-irradiated material preinjected with
0, 90, and 200 at. pom He and tested at 400 and 700°C are plotted,
respectively, in Figs. 517 and 5.1.8. The yield stress, ultimate
stress, and total elongation of the neutron-irradiated specimens are shown
as a function of test temperature in Figs. 5.1.9 and 5.1.10. The test
temperatures were near the neutron irradiation temperature. Neutron
irradiation at 400°C has increased the yield stress and ultimate stress
of the specimen, especially for the one containing no injected helium
(compare Figs. 5.1.3 and 5.1.9). On the other hand, neutron irradiation
above 575°C did not significantly affect the yield or ultimate stress.
The level of preinjected helium did not appreciably affect the material
strength following neutron irradiation. The total elongation of the
irradiated material was lower at all test temperatures (except the helium
free material at 700°C). With no preinjected helium the elongation
increased as the irradiation and test temperature increased. At 700°C
neutron irradiation seemingly did not affect the elongation of helium free
material (compare Figs. 5.1.4 and 5.1.10). The total elongation of the

helium-containing material significantly decreased above 575°C, At 700°C
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 M-11035

Fig. 5.1.6. Sample Edges Near Fracture (Left) and Surfaces (Right)
of V20% Ti Specimens Tensile Tested at 700°C, The specimens were not
neutron irradiated. (a) and (b) No helium preinjection. (e} and
(d) 90 at. gm He. (e) and (£) 200 at. ppm He.



89

ORNL—-DWG 80-47455

I
800 | -
600 | - 90 at ppm He-——-ﬂ
200 at. H . -
R o PR 1 Fig. 517 Stress-Strain
5 Behavior of Helium-Injected
£ Samples of w-20% Ti at 400°C.
@ Following Neutron Irradiation
W 400 | - at 400°C, Tests conducted in
P vacuum.
200 20 dpa AT 400 °C
TENSILE TESTED AT 400 %
STRAIN RATE: 6.67 X40™% s~
o |
5 10
STRAIN (%)
ORNL—DWG 80—47453
600 :
| [ I |
200 at. ppm He
e
\
5 400 L 90 at. ppm He NO He ]
= %
[4]
L)
W
a
= 200 -
20 dpa AT 700°C IN He ENVIROMENT
TESTED AT 700 °C
s | | | |
0 5 10 45 20
STRAIN (%)
Fig. 5.18. Stress—Strain Behavior of Helium—-Injected Samples of

V—20% Ti at 700°C, Following Neutron Irradiation at 700°C. Tests con-
ducted in vacuum.



ORNL—DWG 80~47447

T 1 I l
20 dpa
—&— NO He
—A— 90 at, ppm He
—wv— 200at. ppm He
- O
¥ 20 — .
z
@]
=
<
‘g"’ A
v
o ™
-
<
5 10—
=
v
A
L A
v
v
L | 1 |
400 500 600 700

TEST TEMPERATURE (°C)

Fig. 5.1.9. Effect of Helium Content on the Yield and Ultimate
Tensile Strength of Neutron Irradiated V~20% Ti.

ORNL—DWG 80—47457

| | [ [
800 |— s —
A, N
-~
\\\\\
N "\\\\\
\\\‘\ .
v Ny N
A \\\ <
600 |— N C\E —
© \:V\\ ~
% \\\\ \\V
2 S T 4
7] ~
% ~n
W 400 — 4 — s ]
E !.-"'-—:}<:!—'
%) “a
20 dpe |
YIELD ULTIMATE
STRESS STRESS -
T —e— NO He -0~
—a— 90 at. ppm He --a--
—yg=— 200 oft. ppm He ==9—~—
L1 | 1 |
400 500 600 700

TEST TEMPERATURE {°*C)

Fig. 5.1.10. Effect of Helium Content on the Total Elongation of
Neutron Irradiated vV20% Ti.



91

the total elongations of material injected with 90 and 20 at. ppm He
were 62 and 3.2%, respectively, which were 29 and 1684 of the helium-free,
neutron-irradiated material.

Figure 5111 shows the fracture sutfaces of the specimens pre-
injected with O, 90, and 20 at. ppm He, follewing neutron irradiation
to approximately 20 dpa and tensile testing at 700°C. With no prainjae-
tion the fracture remained ductile, while with preinjection grain boundary
separation became evident. The amount of grain boundary separation
increased with helium content and was much greater after neutron irradia-
tion than for samples containing preinjected helium but not neutron
irradiated (Fig. 516. The fracture surface of the specimen injected
with 200 at. ppn He shows complete grain boundary separation.

Matrix and grain boundary cavity parameters for both helium-free and
helium—preinjected +—20% Ti specimens after EBR-II irradiation are
summarized, respectively, in Tables 512 adid 513 In the uninjected
specimen, cavities developed only at the 400°C irradiation temperature,
while in preinjected specimens they formed at all irradiation tempera-—
tures. The diameter and number density of cavities (Fig- 5119)
increased, depending on the amount of preinjected helium.

The microstructures after neutron irradiation at 400°C (in static
sodium) are shown in Fig. 5113 Rod-shaped precipitate particles
(30 nm long and 3 nm in diameter), dislocation lines, dislocation loops,
and cavities are discernible. The size distribution of cavities in the
specimen injected with 200 at. ppm He is clearly bimodal [Fig. 5.1.13(e)].
Large cavities elongated in the <110> direction and attached to the rod-
shaped precipitate particles are present. The microstructures of the
specimens irradiated at 575°7 #~ static sodium are shown 4~ Pin 5,1,14,
Dislocation lines and cavities are discernible. The diameter of the
cavities on grain boundaries is larger than those in the matrix. Few rod-
shaped precipitate particles were found. The microstructures of specimens
preinjected with O and 200 at. ppm He and irradiated at 625°C in static
sodium arc showm Ln Fig. 5.1.15. Plare—-2ahaod precipitate particles were
formed during the neutron irradiation at 525°C, The composition of these
particles has not been fully analyzed but, judging from the diffraction
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M-10970 e . ¥ " M-10976

i M-10956

Fig. 5.1.11. Edges of Specimens Near Fracture (Left) and Fracture
Surfaces (Right) of v-20% Ti Tensile Samples Irradiated and Tested at
700°C. The samples were neutron irradiated in EBR-II (subassembly X-287)
to approximately 20 dpa. (@) and (b) No helium preinjection. (c¢) and
(d) 90 at. ppm He. (e) and (£) 200 at. ppm He.
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Table 5.1.2. Matrix Cavity Parameters for V-20% Ti Irradiated
in EBR-II to Approximately 20 dpa

Cavity Parameters for Levels of
Preinjected Helium, at. ppm

Irradiation
Tem?gg?ture Concentration, cavities/m3 Average Diameter,? nm
0 90 200 0 90 200

400 <1 x 1019 85 %1020 16 x 1021 27 3.2 77
(2.4-5.4) (1.6-4.1) (2.1-16.2)

575 b 15 x 1021 61 x 102! 38 49
(2.84.,4) (3.e76)

625 b c 53 x 1021 54
(2.0-6.8)

700 b 81 x 1020 17 x 102! 6.0 8.2

(4.4-8.2) (3.8-9.8)

dyumbers in parentheses are range of sizes.
byo cavities detected.
2No sample available.

Table 5.1.3. Grain Boundary Cavity Diameters for
V—20% Ti Irradiated in EBR-II to
Approximately 20 dpa

Average Diameter,® nm for Levels of

Irradiation Preinjected Helium, at. ppm
Temperature
(°C) 90 200
400 b b
575 5.4 6.0
(4.4-10.9) (3.8-7.6)
625 c 6.4
@8~ .0)
700 6.0 32
(4.4-8.7) 2.7-5.9

aNumbers 1In parentheses are range of sizes.
byo grain boundary cavities detected.
CNo sample available.
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pattern, may be Ti0o,. Cavities formed in the matrix and on grain boun-
daries in the specimen injected with 200 at. ppm He. The microstructures
of the specimens irradiated at 700°C in static helium are shown in

Fig. 5.1.16. No appreciable precipitates formed during neutron irra—
diation at 700°C and cavities developed only in the helium-injected
specimens. Some aligned cavities in the matrix are believed to mark the

previous location of a grain boundary, which has since migrated.

5.15 Future Work
Scanning electron microscopy examination of the rest of the specimens

iIs now in progress. The experimental results presented here will be

discussed in more detail next quarter.
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ORNL-Photo 3875-80
= P g

(e)

Fig. 5.1.13. The Microstructure of V—20% Ti Irradiated in EBR-II
at 400°C to 20 dpa. (a) and (b) No helium preinjection. (e¢) and
(d) 90 at. ppm He. (e) and (f) 200 at. ppm He. Rod-shaped precipitate
particles, dislocation lines, dislocation loops, and cavities are
discernible.
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OWL-Photo 5260-80

?‘

(£)

Fig. 5.1.14. Microstructure of ¥V20% Ti Irradiated at 575°C to.

20 dpa. (a) and (b) No helium preinjection. (¢) and (d) 90 at. ppm He.
(e) and (f) 200 at. ppm He. Dislocation lines and matrix and grain

boundary cavities are visible,

but there are no rod-shaped precipitates.
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(d)

Fig. 5.1.15. The Microstructure of V—20% Ti Irradiated in EBR-II
at 650°C to 20 dpa. (a) and (b) Nb helium preinjection. {¢) and
(d) 200 at. pm He. Plate—shaped precipitate particles, dislocation
lines and cavities on grain boundaries, and interface of precipitates
are discernible.
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ORNL-Photo 5259-80

(f)

(e) 8

Fig. 5.1.16. Microstructure of ¥V20%Z Ti Irradiated at 700°C to
20 dpa. (a) and (b) No helium preinjection. (c) and (d) 90 at. ppm He.
(e) and (f) 200 at. ppm He. No appreciable precipitation formed during
irradiation, and cavities developed only in helium injected material.
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5.2 FATIGUE BEHAVIOR OF UNIRRADTIATED ¥—15% Cr—5% Ti — K., C, Liu (ORNL)

5.2.1 ADIP Task
ADIP Task I.R.3, Fatigue Crack Growth in Reactive and Refractory

Alloys.

5.2.2 Objective
The objective of this work is to develop baseline fatigue and crack
growth data for the Path C refractory metal scoping alloys in the

unirradiated condition.

5.2.3 Summary

Fully reversed cyclic fatigue tests conducted on ¥15%2 Cc—5% Ti
(ADIP heat CAM-835 B-3) in the unircadiated condition at 25, 550, and
650°C indicated an apparent endurance limit at total strain ranges of
about 0.7 and 0.6% at 550 and 650°C, respectively.

5.2.4 Progress and Status

Cyclic fatigue tests on V—5% Cr—5% Ti were continued with ten tests
completed to date. A detailed description of specimens, test method, and
test conditions has been presented previously.l’z

The results of the tests are summarized in Table 5.2.1 and plotted
in Fig. 5.2.1. A number of these samples failed outside the gage section.
The location of these fractures are shown in Fig. 5.2.2.

By making use of the limited data available to date, we can
reasonably correlate fatigue lifetime with cyclic strain range, as shown
in Fig. 5.2.1. Specimens that did not fail at the minimum cross section
were indicated with arrows pointing toward the right. Failures of these
specimens outside the test section show that in high cycle fatigue this
alloy is sensitive to variations in mean stress and/or the presence of
stress raisers. Broken lines indicate approximate behavior since none of
the tests below 1%strain range failed within the gage section.

In view of the indication from the trend curves shown in Fig. 5.2.2,
we have revised the tentative test schedule discussed in the last report,2

as shown in Table 5.2.2.
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Fig. 5.2.1. Cyclic Fatigue Data for v—15% Cr—57% Ti 'rested at 25,
550, arid &50°C in Vacuum.

Tahle 5.2.1. Fatigue Lifetime Test Data for V—15% Cr—5% Ti@

Maximumb
Test Tota'l Total Cycles Time to
. strain stress -
Specimen Temperature R t Faillure comments
{°C) ange Cyelic Failure {(h)
(%) Range
(MPa)
AY 53 27 2.0 670 4,345 12.1
AV 51 27 1.0 600 109,125 151.6
AV 52 27 0.6 415 2,047,020 816 b
AV 510 550 2.0 620 3,783 10.5
AV 58 550 1.0 540 43,555 60.5
AV 511 550 0.75 460 1,072,410 573 c
AV 54 650 2.0 614 1,874 5.2
AV 56 650 1.0 540 19,452 27.1
AV 55 650 0.6 360 >171,539 143 d
AV 57 650 0.6 360 »951,302 792 e
Rannealed | h at 1200°C in vacuum.
bSpecimen did not fail; test discontinued temporarily.

CTest switched from strain control to load control after 253,000
cycles; specimen did not fall in gage section but broke at the end of the
shoulder, as shown in Fig. 5.2.2.

dSpecimen did not fail in gage section; crack initiated at the
shoulder where a thermocouple was spot—welded, as Indicated in Fig. 5.2.2.

€Test switched from strain control to load control after 500,000
cycles at high frequency. Specimen did not fall at gage section but broke
at the end thread, as shown in Fig. 5.2.2.
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\ SPECIMEN AV-55

NN ==

SPECIMEN AV-511

HOURGLASS
FATIGUE SPECIMEN

Locations of Specimen Fractures Outside Gage Section.

Fig. 5.2.2.
Table 5.2.2. Kevised Test Schedule®® for V—15% Cr—5% Ti
Total Strain Range, %
Temperature —
[« a Ry
°c 2,0 10 09 08 075 07 065 0.6
25 c c * * IC
* *
550 C C IC
650 c c * * * IC
ac = test completed; IC = specimen did not fail, test
indicate no

* = scheduled test; and blanks

discontinued; =

test.
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The revised test matrix is intended to fill in gaps between 1.0 and
0.6% strain ranges, thereby peraitting more effective definition of the
Eatigue life behavior. To avoid failure of specimens outside the test
section, procedures for specimen preparation and installation in the test
rig have been reviewed. Special care will be exercised to avoid imposing
excessive strain in the specimen shoulder and threads.

Figure 5.2.1 shows that the fatigue lifetime of ¥V15% Cr—5% Ti
decreases as temperature increases. Nevertheless, the alloy exhibits
superior fatigue resistant properties at 650°C in comparison with several
otherd materials, as shown in Fig. 5.2.3. (Note, however, that only the
vanadium alloy tests were conducted in vacuum. Thus the alloy comparison

is only qualitative.)

ORNL-DWG 7&-3318R

Ew RRL U R R N1l R MR A A RN

INCOLQY BOO —
. {GRADES 2 AND ) ) -3 ]
‘

€24x10 /s

V-15%Cr-5%Ti

r___ 2 INCONEL ALLOY Ti8 I

304 STAINLESS STEEL

ae,. TOTAL STRAIN RANGE {%)

ML R AT/ S RS TV IR L

0 103 104 105 1('}G
Nf, CYCLES TO FAILURE
Fig. 5.2.3. Comparison of Fatigue Behavior of Several Materials and

V—1% Cr—5% Ti 'Tested at 650°C. The vanadium alloy was tested in vacuum;
all other tests were conducted in air. Source of data: C. R Brinkman

et al., Application of Hastelloy X in Gas-Cooled Reactor Systems,
ORNL/TM-5405 (October 1976).
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5.2.5 Conclusions
Limited data obtained to date indicate that annealed V15% Cr—5% Ti

at 650°C has superior fatigue resistance in comparison with several other
structural materials commonly used in fission reactors. The results
further suggest that endurance Limits may exist at strain ranges of

approximately 0.7 and 0.6% at 550 and 650°C, respectively.

5.2.6 References

1. K C. Liu, "Mechanical Property Testing of Unirradiated Path C Alloy,"
ADIP Quart. Prog. Rep. Sept. 30, 1979, DOE/ET-0058/7, pp. 141-43.

2. K C. Liu, "Fatigue Behavior of Unirradiated Path C Alloys,"
ADIP Quart. Prog. Rep. June 30, 1880, DOE/ER-0045/3, pp. l46-52.

3. C. R. Brinkman et al., Application of Hastelloy X In Gas-Cooled
Reactor Systems, ORNL/TM-5405 (October 1976).



105

5.3 THE EFFECT OF HYDROGEN ON HAW GROWTH OF TITANIUM ALLOY Ti-6242s -
G. W. Wille and P. S. Pao (McDonnell Douglas Corporation)

5.3.1 ADIP Task

Task I.R.3, Fatigue Crack Growth in Reactive/Refractory Alloys
(Patti C).

5.3.2 Objective

The objective of this study is to develop quantitative data to
determine the effects of Loth internal and external hydrogen on fatigue
crack growth of Ti-6242S alloy at temperatures and hydrogen pressures of

interest for fusion reactors.

5.3.3 Summary
Initial fatigue crack growth rate tests have been conducted at room

and elevated temperatures with environment hydrogen pressures from 0 to
100 Pa (0.75 torr) on Ti-62425 samples containing 50 and 500 wppm inter-—
nal hydrogen. These tests indicate that at room temperature there is an
increase in the crack growth rate with the 500 wppm hydrogen content; no
effect of environment hydrogen pressure was noted. Tests conducted at
elevated temperatures indicate a decrease in crack growth rate with

higher temperatures.

5.3.4 Tropgress and Status

Twelve fatigue crack growth rate tests have heen run with the par-
ameters shown in Table 5.3.1. Figure 5.3.1 is a plot of the results
of tests 1 through h. The first six tests indicate that at room temper-
ature (17°C) there is no significant effect on the crack growth rate due
to varying the environment hydrogen pressure from zero to 100 Pa (0.75
torr). The variations in crack growth rates due to environment hydrogen
pressure fall within the bands indicated in the figure. There is an
increase in crack growth rate with the 500 wppm internal hydrogen con-
tent as compared to 50 wppm internal hydrogen content. It is interest-
ing to note that for stress intensity factors, 4K, less than approxi-

1/2

mately 25 MPa-m there is no difference in the range of crack growth
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rates for the 50 or 500 wppm internal hydrogen contents.

Table 5.3.1 Test Parameters

R = 0.1, Frequency = 5 Hertz

Internal H Environment H Test Temperature,
Test Content, wppm Pressure, Pa e
50 500 0 13,3 160,0 17 {80 150 | 200
1 X X X
2 X X X
3 X X X
4 X X X
5 X X X
6 X X X
7 X X X
8 X X X
9 X X X
10 X X X
11 X X X
12 X X X

Tests 7 through 12 evaluated the effects of elevated temperature on
the crack growth rate. Figures 5.3.2 and 5.3.3 show the results of
these tests. The crack growth rate with 50 wppm internal hydrogen con-
tent decreased at low stress intensities when tested at tempe;atures
1/2

above 80°C, however there was no effect at the high (80 MP-m } rtress
intensities. Tests conducted at 500 wppm internal hydrogen content in-
dicate that the elevated temperatures lower the fatigue crack growth
rate, even at the higher stress intensity factors. A direct comparison
of tests conducted at 150°C, Figure 5.3.4, shows only a slightly high-
er crack growth rate with an internal hydrogen content of 500 wppm.
whereas at room temperature the rate was considerably higher for the

material with 500 wppm hydrogen (see Figure 5.3.1).

At this point Intime no in-depth analysis of the data has been
conducted, and therefore no discussion will he .presented. Analysis of
the existing data and examination of fracture surfaces is planned during

the next quarter.
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5.3.5 Conclusions
Initial tests indicate the following:

1. There is no effect on fatigue crack growth rate at room temperature
from environment hydrogen pressure.

2. There is an increase in crack growth rate at room temperature with
internal hydrogen content of 500 wppm vs. 50 wppm.

3. At elevated test temperatures there is a decrease in crack growth

rate with higher temperature.
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6. PATH D ALLOY DEVELOPMENT — INNOVATIVE MATERIAL CONCEPTS
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6.1 THE EFFECT OF 4-MeV NICKEL ION IRRADIATION ON THE MICKOSTKUCTUKE OF
(Fe,Ni)3V LONG-RANGE-ORDERED ALLOYS — D. N. Hraski (OKNL)

6.1.1 ADIP Task
ADIP 'Task I.C.5, HMicrostructure and Swelling in Special and

Innovative ilaterials.

6.1.2 Objective

The objective of this research is to define the response of a new
class of (Fe,Ni);V long-range-ordered (LRO)} alloys to both neutron and ion
irradiation. The overall goal is to determine the potential use of this

alloy class as a structural material for fusion energy systems.

6.1.3  Summary

The (Fe,N1)3V LKO alloys investigated are relatively resistant to
swelling when irradiated with 4-tMey (0.64-pJ) nickel ions to 70 dpa in
the range 525 to 630°C and simultaneously injected with 8 at. ppm He and
28 at. pom D per dpa. Small titanium additions appear to improve the
resistance to swelling, but it is not certain whether this effect depends
strictly on titanium or is related to the removal of sigma phase from the
microstructure. All the LRO alloys retained their order for irradiation
temperatures below the critical ordering temperature of about 670°C.
However, long range order in itself did not appear to be the dominant

factor determining swelling resistance.

6.1.4 Progress and Status

6.1.4.1 Introduction

A new alloy, LRO-20, that does not form sigma phase has been fabri-
cated and irradiated with 4-lleV nickel ions to 70 dpa. V¢ had hoped that
preventing the formation of sigma phase (which was found in the LRO-16
materiall) would improve the resistance of the {¥Fe,Ni)3V alloys to
radiation damage. A second new alloy, LKO-37, having the same composition
as LRO-20 but with a 0.4 wt % Ti addition, has also been fabricated and
irradiated. The purpose of testing LKO-37 was to determine if the low

swelling afforded by a small titanium addition (as inl LKO-35) could be
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repeated in a LRO alloy not containing sigma phase. The swelling behavior
of both pairs of (Fe,Ni)3V LRO alloys is compared with that of 20%Z-cold-
worked type 316 stainless steel, which was used as an internal standard.

6.1.4.2 Experimental Procedure

Specimens of LRO-20 and -37 were prepared the same as described in a
previous report.l The nominal compositions of these alloys, along with
those for LRO-16 and -35 and the type 316 stainless steel standard, are
given in Table 6.1.1. The carbon contents of most of the LRO alloys
(Table 6.1.1) varied from about 100 to 200 wt ppm. The specimens were
irradiated and prepared for examination by transmission electron
microscopy (TEM) as before.! Cavity size distributions were determined
on a Zeiss particle size analyzer, and swelling values were calculated

from these distributions.

Table 6.1.1. The Long-Range-Ordered Alloy Compositions
Compared with Type 316 Stainless Steel

Content, wt %

Alloy

Fe Ni \ Ti Cr Mo Mn C
LRO-16 46.1 31.0 23.0 a
LRO-35 45.3 31.8 22.6 0.4 a
LUO-20 37.6 39.5 22.9 a
LUO-37 37.6 39.5 22.4 04 a
D0316SS  Balance 13 0.005 18 2.0 1.9 0.05

2Carbon Occurs as an impurity with content from 100 to
200 wt ppm,

6.1.4.3 Results
The microstructures of LUO-20 and -37 and 20%-cold-worked type 316
stainless steel are compared before and after irradiation at 625°C in

Figs. 6.1.1, 6.1.2, and 6.1.3, respectively. Before irradiation the
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microstructure of LRO-20 [Fig. 6.1.1(a)] contained only a few VC parti-
cles, which lie on isolated dislocation segments. The irradiation
produced a bimodal cavity population and dislocation loops and segments
[Fig. 6.1.1(b)])., Often the cavities were preferentially arranged in random
"strings™ or lines. The irradiated LRO-37 [Fig. 6.1.2(a)] contained a
rather "clean™ matrix with a very widely dispersed second phase that
scanning transmission electroa microscope (STEM) energy dispersive x-ray
analysis showed to contain mostly Ti and smaller amounts of v, Fe, and Ni.
Complicated dislocation networks punched out from the second phase were
decorated with small VC particles. Irradiation with 4-MeV nickel ions
produced cavities [Fig. 6.1.2(b)] as well as dislocation loops and
segments. The matrix remained free of any VC precipitate particles other
than those surrounding the inclusions. The unirradiated 20%-cold-worked
type 316 stainless steel had a typical cold-worked microstructure, with
dense dislocation tangles and deformatiaon bands [Fig. 6.1.3{a)]. After
irradiation at all elevated temperatures except 525°C, the total disloca-
tion density was lower than in the unirradiated material. At 525°C the
dislocation density actually increased slightly. Figure 6.1.3(b) shows
the type 316 stainless steel microstructure under kinematical diffraction
conditions after irradiation at 625°C. Under these conditions the cavi-
ties and only a few dislocations were imaged. The short dark lines
oriented in the same direction are dislocation loops perpendicular to the
plane of the specimen foil.

The swelling results for LRO-20 and -37 and those reported earlierl
for LRO-16 and -35 are shown in Fig. 6.1.4 as a function of irradiation
temperature. Data are also included €or 20%—cold-worked type 316 stainless
steel, used as an internal standard. The type 316 scatter bars include
data for that alloy from two separate irradiation runs and indicate the
magnitude of scatter expected for the data on the LRO alloys. The measured
swelling in all four of the LRO alloys was less than in the 20%-cold-
worked type 316 stainless steel for irradiation temperatures below the
critical ordering temperature, T, of about &70°C. Above T, the LRO alloys
were disordered or perhaps contained some short-range order, and all
except LRO-35 swelled considerably more than the type 316. The swelling

curves for these alloys (LRO-16, -20, and -37) were drawn to show a very
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Fig. 6.1.4. Swelling of Iron-Base Long-Range-Ordered Alloys as a
Function of Irradiation Temperature. Specimens were irradiated with 4-1ev
nickel ions to 70 dpa, with simultaneous injection of 8 at. ppm He and
28 at. pom D per dpa.

rapid increase beginning just below T. This is a reasonable assumption,
but the actual shape of the swelling curves in that temperature region has
not been verified by experiment. On the basis of the swelling above T,
observed for these three LRO alloys, the data for LRO-35 at 680°C are
suspect and should be reexamined. The effect of the titanium addition
described previouslyl and shown in Fig. 6.1.4 for the LRO-16 and -35 pair
of alloys was not as striking for the LRO-20 and -37 pair, that is, the
swelling behavior (below 7,) for LRO-20 and -37 was nearly identical.
Nevertheless, the effect of titanium in reducing swelling in LRO alloys
deserves further investigation. The removal of sigma phase from the
microstructure may have produced some resistance to swelling, as the
LRO-20 alloy swelled less than LRO~16 for irradiation below T. However,
the swelling of the two alloys was within the limits of scatter for one
another. A definite conclusion concerning the effect of sigma phase is

not possible.
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6.1.5 Conclusion and Future Work
The iron-base LRO alloys investigated were more resistant to swelling

than 20%-cold-workedtype 316 stainless steel when irradiated with

4=MeV nickel ions to 70 dpa in the range 525 to 625°C, with simultaneous
injection of 8 at. pom H and 28 at. pom D per dpa. Small titanium
additions appear to improve the resistance to swelling in some LKO alloys,
hut more work is needed to define its role in the process. The possible
role of sigma phase in swelling of the LRO alloys has not been identified.
All the LKO alloys retained their order as long as the irradiation tem-
perature was kept below the critical ordering temperature of about 670°C.
Above T, the swelling in three of the four LKO alloys increased

markedly to values greater than those observed for the type 316.

Future work is aimed at determining the effect of ion irradiation as
well as neutron irradiation in both the Oak Ridge Uesearch Reactor (ORR)
and High Flux Isotope Reactor (HFIK) on the microstructure and mechanical
properties of the iron-base LKO alloys. The effects of adding different

amounts of titanium to the LRO alloys and using ferrovanadium melting

stock on resistance to swelling will also be investigated. Finally, we
will attempt to measure the degree of order quantitatively in the electron
microscope. This technique will he used to examine any disordering that

might occur because of irradiation.

6.1.6 Keference
1. D. N Braski, "The Effect of 4-eV Nickel lon Irradiation on the
Microstructure of (Fe,Ni)3V Long-Range-Ordered Alloys,” ADIP Quart.

Prog. Rep. June 30, 1880, DOE/ER-0045/3, pp. 162—73.
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7.1 CHARACTERIZATION OF FUSION-FERRITIC STEEL PROGRAIT 12 Cr HEAT AND
METALLURGICAL STUDIES ON 12 Cr-1 ilo STELL — K D, Stevenson
(General Atomic Company)

No contribution this quarter.
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7.2 FKACTUKE TOUGHNESS TESTING OF ALLOY HT-9 — J. R Hawthorne (Naval
Research Laboratory)

Lost in transit.
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7.3 ANALYSIS OF LASER WELDS IN HT9
J. c. Lippold (Sandia National Laboratories, Livermore, CA)

7.3.1 ADIP Task

The Department of Energy (DOE}/0ffice of Fusion Energy (OFE) has
cited the need for these data under the ADIP Program Task, Ferritic
Alloy Development (Path E).

7.3.2 Objective

Laser welding provides a low heat input, high energy density join-
ing method which may be of value for welding the candidate 12¢r-1Mo
ferritic/martensitic First wall alloy in the Experimental Test Facility
(ET. This phase of our investigation addressed the effect of weld
variations on both the macroscopic weld quality and the microstructural
features of ut9 laser welds. The laser welder employed is located at
the Naval Research Laboratory, and was made available for this study
through the courtesy of Dr. Ed Metzbower and Dr. Deug Moon.

7.3.3 Summary
Laser welds were made in 6.35mm (0.25 in) HT9 plate using a variety

of travel speed/focal length combinations at a constant laser power

level of 6kW. Welds performed at sharp focus with weld travel speeds
ranging from 1.27 to 4.23 mm/sec exhibited scattered porosity and occa-
sional centerline cracking. Defocusing the laser beam relative to the

plate resulted in welds containing severe porosity and centerline cracks.
Microstructural and microhardness evaluation of the welds indicated that

the region of highest hardness occurred in the heat-affected zone immediate-

ly adjacent to the fusion line. A mechanism for centerline cracking in this
alloy has been proposed.

7.3.4 Progress and Status

High energy density, low heat input welding processes are often
employed to join materials which are susceptible to cracking in the heat-

affected zone (HAZ) or which experience a degradation in mechanical
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properties as a result of the weld thermal cycle. The steep thermal
gradient which is established in the HAZ of laser welds minimizes the
extent of the susceptible microstructure and reduces the thermally-
induced distortion associated with other fusion welding processes.

The formation of untempered martensite in the fusion zone and HAZ
of HT9 weldments presents a serious fabrication problem which normally
must be alleviated by postw2ld heat treatment. Laser welding of HT9
will minimize the amount of untempered martensite which forms and hope-
fully produce a microstructure which is more amenable to postweld heat
treatment.

7.3.4.1 Experimental Approach

The HT9 base material was provided by General Atomics Company in the
formof 12.7 an (6 in) 0.D. pipe with a 6.4 mm (0.25 in) wall thickness.
The composition of the material is listed in Table 1. Sections 5.08 cm
(2 in) wide were removed from the pipe parallel to the longitudinal
axis. These sections were subsequently rolled flat, austenitized for
30 minutes at 1150°C (2100°F), and tempered for 1 hour at 750°C (1380°F).
The resultant microstructure consisted of a mixture of tempered martensite
and carbides and exhibited a hardness of R.22.

Table 1
Chemical Composition (wt%)

C Si Mn Cr Ni Mo W v P S
0.22 0.38 0.52 11.3 0.50 0.8 0.50 0.27 .019 .006

Autogenous, bead-on-plate laser welds were made at the Naval Research
Laboratory using a continuous wave C02 laser rated at 15kW maximum output.
The experimental program investigated the effect of travel speed and
weld heat input on weld quality when the laser beam was focused on the
surface of the workpiece (sharp focus). In addition, the effect of
focal distance on both weld quality and weld penetration was evaluated.
All welds were made without preheat and subsequent evaluation was per-
formed on samples in the as-welded condition. The weld parameters and
resultant weld appearance are outlined in Table 2. Weld defects,
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including both cracks and porosity, were located by x-ray radiography.
Metallographic sections transverse to the welding direction were examined
to determine the nature of the weld defects and to reveal the micro-

structural details of the weld region.

Table 2
Laser Weld Parameters
Travel Speed Focal Distance | leat Input

Weld 1| mm/sec (in/min) | cm (in) J/mm (kJ/in)| Defects

I1-1 1.27 (30) 0.47 (12) None

I1-3 1.69 (40) | 0.35 (9) Porosity

1-2 2.12 (50) 0.28 (7.2) | Porosity
Cracking

1-3 2.33 (55 0.26 (6.55)| Porosity

51.44 (20.25) Cracking

1-4 2.96 (70) 0.20 (56.14)| Porosity (severe)

11-5 3.39 (80) 0.18 (4.5) Cracking
Porosity

11-6 3.81 (90) 0.16 (4) Porosity

I11-7 4.23 (100) 0.14 (3.6) | Porosity

1-9 51.69 (20.35) Porosity
Cracking

1-10 51.94 (20.45)! Porosity

I-11 2.96 (70) 52.20 (20.55){} 0.20 (5.14) Porosity

1-12 51.18 (20.15) Porosity (severe)

1-13 50.93 (20.95) Porosity

1-14 50.67 (19.95) Porosity (severe)
Cracking

7.3.4.2 Effect of Weld Travel Speed
The effect of weld travel speed on the penetration characteristics

and weld bead contour is illustrated by the series of macrographs in
Figure 1. All the welds were made at a laser power-level of &6kW and
sharp focus. Since the weld heat input is inversely proportional to
the travel speed, the heat input decreases as the welding speed increases,

so that increased speed results in welds with progressively less pene-
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tration. Radiography indicated that some degree of porosity was associa-
ted with all the welds except for the highest heat input weld made at
1.27 mm/sec.

Centerline cracking was observed sporadically in a majority of the
welds and was generally discontinuous along the weld length. Although
no direct correlation could be found between the incidence of cracking
and travel speed, welds with high aspect ratios appeared to be more

susceptible.

7.3.4.3 Effect of Focal Distance

The effect of the laser focal length relative to sharp focus was
investigated at a power level of 6kW and a travel speed of 2.96 mm/sec.
These parameters at sharp focus were the minimum required to achieve
full penetration. The focal length ranged from 7.7 mm above the work-
piece surface (overfocus) through sharp focus to 7.7 mm below the sur-
face (underfocus). The series of macrographs in Figure 2 illustrates
the effect of defocusing the laser beam. In general, porosity was ob-
served in all defocused welds and became particularly severe in welds
where the laser was focused above the plate surface. Varying the focal
length relative to sharp focus also reduced the weld penetration. The
infrequent occurrence of centerline cracking in these welds is probably
a consequence of the reduced aspect ratio which results from defocusing

the laser beam.

7.3.4.4 Microstructural Characterization

The microstructural features of the fusion zone, HAZ, and base
metal of an HT9 laser weld made at sharp focus and 2.96 mm/sec are shown
in Figure 3. The as-welded fusion zone microstructure consists of a
mixture of delta ferrite and untempered martensite. The metastable
ferrite which is distributed along the boundaries of the solidification
substructure results from the segregation of ferrite stabilizing elements
(Cr, Mo, W, V) to these regions during solidification. Rapid cooling
from the solidification range inhibits the diffusion-controlled, solid
state ferrite-to-austenite transformation and permits a large proportion

of the ferrite to remain in the as-welded microstructure. Although the
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anrount OF retained ferrite is a function of both the solute segregation
asisociated with solidification and the weld cooling rate, it appears that
the cooling rate is more influential in controlling the microstructure.
The small proportion of residual ferrite observed in gas—-tungsten arc
(¢:ta) welds in the same material tends to support this observation.1

The microstructure along the fusion boundary in Figure 3 consists
al .most entirely of untempered martensite. Occasional islands of ferrite
are observed along prior austenite grain boundaries; these islands result
f1"om the solid-state transformation of austenite to ferrite at tempera-
tuires slightly below the bulk solidus temperature. The rapid thermal
excursions associated with low heat input laser welds prevent the more
extensive transformation to ferrite which was observed in the fusion
boundary region of GTA welds.

The HAZ consists of two distinct microstructural regions. The first
rezion, Immediately adjacent to the fusion line consists entirely of
untemperad martensite and extends less than 0.25 mm from the fusion line.
This region represents the portion of the HAZ in which the martensite
has completely transformed to austenite and the alloy carbides have been
resolutionized, The Fine lath-like morphology of this region iIs shown
in, Figure 3. More remote from the fusion line the microstructure evolves
into a mixture of untempered martensite and carbides. The lower austeniza-
t:.on temperature experienced by this region prevents complete dissolution
o’ the carbides and lowers the as-welded hardness relative to the fully
transformed HAZ. Evidence of the alloy carbides interspersed among the
martensite laths can also be seen in Figure 3.

7.3, 4.5 Effect of Cooling Rate on As-Welded Hardness
Microhardness indentations were made within both the fusion zone and
HiZ OF a series of laser welds of varying heat input in order to determine

the effect of cooling rate on the as-welded hardness. The maximum hacd-
ness observed in each region is summarized in Table 3. Hardness data from
a previous investigation of GTA welds are also included for comparison.
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Table 3
Hardness of Weld Regions

Heat Input Fusion Zone HAZ

Weld # (kJ/mm) (R.) (R)

II-1 0.47 46 48.5
1-3 0.26 49 51
11-7 0.14 52 53
GTA 0.79 49 49

The hardness of the fully traastormed HAZ always slightly exceeds
the hardness of the fusion zone, probably as a consequence of the two-
phase mixture of untempered martensite and ferrite in the fusion zone.
The iIncrease In hardness with decreasing heat input indicates that the
martensite hardness is somewhat sensitive to cooling rate. This effect
probably results from the formation of extremely fine martensite laths
upon rapid cooling, augmented by the suppression of autotempering since
the structure is effectively quenched from the austenization temperature.

7.3.4.6 Temperature Gradients in the HAZ
The results of microhardness traverses from the fusion line into the

HAZ can be used to calculate the approximate temperature gradient which

is established during laser welding. The hardness of the EAZ results

from heating into the temperature range between the lower critical
temperature (Acq) and the solidus temperature, followed by subsequent
cooling to produce untempered martenite. Departure from base metal hardness
therefore indicates that the region has experienced a temperature above
the Acy- Measurement of the extent of this region allows one to calculate
the local temperature gradient (C/mm) assuming that the solidus tempera-
ture is approximately 1400°C and the Acy is 850°C. The resulting tempera-
ture gradients estimated for laser welds of varying heat inputs and also
in a reference GTA weld are listed in Table 4.
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Table 4
Estimated Temperature Gradients in the HAZ

Weld # Heat Input Gradient (C/mm)
II-1 0.47 430
1-3 0.26 720
11-7 0.14 1450
GTA 0.79 270

The steepness of the gradients generated during laser welding
result in narrower heat-affected zones than in GTA welds which produce
the same penetration. As a consequence the extent of the region adja-
cent to the fusion line which exhibits full martensitic hardness will be
drastically reduced in low heat input laser welds. Minimization of this
region may be an important factor when considering the tempering response
and subsequent mechanical properties of the weld region.

7.3.4.7 Centerline Cracking Mechanism

Cracking was frequently observed along the centerline of high aspect
ratio welds. The rapid travel speeds employed in laser welding produce
an elongated, teardrop-shaped weld puddle which in turn leads to
impingement of advancing solidification fronts along a distinct line
midway between the opposing fusion lines. This impingement Is accompanied
by localized sarichment OF: the centerline region in solute elements pushed
ahead of the solidification front. This localized enrichment along a
plane-transverse to the direction of maximum thermally-induced stress
tends to lower the local solidus temperature, thereby creating a crack-
susceptible microstructure.

The microstructure iIn the vicinity of a centerline crack is shown
in Figure 4. At higher magnification it ean be scen that the crack IS
associated with islands of ferrite (as denoted by the arrows) which run
along the centerline. Again, this ferrite results from solute redistribu-
tion during solidification and its location corresponds to regions which
were the last to solidify. It has been proposed” that cracking along the
centerline i1s not associated with the solidification process; instead,



(b)

Figure 4. Cracking Along the Weld Centerline, a)75X; b) 8QG0X. Arrows
denote retained ferrite associated with the fracture path.
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cracks form in the solid state due to the lower strength of the delta
ferrite relative to the untempered martensite.

Sections of the weld containing the centerline crack surface were
examined in the scanning electron microscope (3&t) iIn order to determine
the failure mechanism. A fractograph of the crack surface is shown in
Figure 5. The dendritic morphology of the surface reflects the solidifi-
cation substructure of the fusion zone and indicates that failure occurred
during the final stages of solidification. Since a solid-state fracture
through the ferrite would most likely produce a ductile dimple fracture
morphology, it is apparent that local depression of the solidus temperature
along the weld centerline produces the crack-susceptible microstructure
responsible for the centerline cracks.

7.3.5 Conclusions

1. Radiographic and metallographic examination of HT9 laser welds
revealed the presence of both porosity and centerline hot cracks in
the majority of the welds.

2. Increasing the weld travel speed at sharp focus decreased the
weld penetration and resulted in little deterioration of the weld quality.

3. Defocusing the laser beam relative to the surface of the work-
piece was the most deleterious variable affecting weld quality.

4. The retention of metastable delta ferrite in the weld fusion
zone results from the suppression of the diffusion-controlled fzrrite-to-
austenite transformation upon rapid cooling from the solidification range.

5. The hardness of the fully transformed region of the heat-affected
zone was found to be sensitive to the rate of cooling from the austenitiz-
ing temperature range.

6. Cracking along the weld centerline results from the localized
depression of the solidus temperature concurrent with the final stages

of solidification.
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(b)

Figure 5. SEM fractographs of the centerline crack surface; a) 300X;
b) 1000X.
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7.3.6 References
1. Lippold, 3. C., "Weldability of HT9: The Autogenous GTA

Process', ADIP Quarterly Progress Report for period ending March 31,

1980, pp. 98-108.
2. Fidler, R. S., and Gooch, 0. J., "The Hot Tensile Properties
of Simulated Heat Affected Zone Structures in 9 CrMo and 12 CrMoV Steels",

Ferritic Steels for Fast Reactor Steam Generators, Vol. 1, British Nuclear

Energy Society (1978), p. 135.



140

7.4 ENVIRONMENTAL EFFECTS ON PROPERTIES OF FERRITIC STEELS — 0. K. Chopra
and D. L. Smith (Argonne National Laboratory)

7.4.1 ADIP Task

ADIP tasks are not defined for ferritic steels in the 1978

program plan.

7.4.2 Objective
The objective of this program is to investigate the compatibility,

corrosion, and influence of chemical environment on the mechanical prop-
erties of ferritic steels under conditions of interest in fusion reactors.
Test environments to be investigated include lithium, water, and helium
as well as candidate solid breeding materials and neutron multipliers.
Emphasis will be placed on the combined effect of stress and chemical en-
vironment on corrosion and mechanical properties of ferritic steels.
Tests have been formulated to determine the (1) effect of liquid lithium
environment on fatigue and creep-fatigue properties of ferritic steels
and (2) compatibility of structural materials with liquid lithium and
candidate solid tritium-breeding materials. Initial tests will focus on

the Sandvik Alloy HT-9 and a developmental Fe-9Cr-1Mo steel.

7.4.3  Summary

Several continuous-cycle fatigue tests have been conducted with
2.5-mm-diameter specimens of HT-9 alloy at 755 K in flowing lithium.
The results indicate a strong effect of corrosion on the fatigue life of
HT-9 alloy in a liquid lithium environment. At a total strain range of
0.5%, the fatigue life in lithium is a factor of +5 lower than that in a
liguid sodium environment. The specimens tested in lithium show inter-
granular cracks along the entire gauge length. Fatigue tests at different
strain rates and strain sequence are being conducted to establish the
important parameters. viz., stress/strain range, frequency, lithium
purity, etc. Exposure of corrosion specimens of HT-9 alloy, Type 316
stainless steel, and Inconel 625 with solid Li20, LiAlOZ, and L125103
breeding materials at 873 K has been completed. Metallographic evaluation

of the specimens is in progress. Preliminary results indicate that

lithium oxide is the most reactive of the three breeding materials.
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7.4.4 Progress and Status

7.4.4.1 Introduction

Ferritic steels, such as Sandvik HT-9 and developmental
Fe-9Cr-1Mo, have been proposed as candidate materials for the first
wall/blanket of magnetically confined fusion reactors. The primary in-
centive for consideration of ferritic steels is their lower void swelling
behavior and higher in-reactor creep resistance than austenitic stainless
steels. Also, the better physical properties provide a reduced thermal
stress factor. However, relatively little information is available on
the influence of the chemical. environment on mechanical properties of
ferritic steels.

The first wall undergoes the most severe thermal cycling
because of its exposure to the plasma. Consequently, the fatigue behavior
of the material is an important consideration in the design of the first
wall/blanket region. The initial phase of the present program is
designed to provide data on the (1) effects of a liquid lithium environ-
ment on the fatigue properties of HT-9 and Fe-9Cr-1Mo steels and (2) com-
patibility of candidate ferritic steels with liquid lithium and solid

tritium-breeding materials.

7.4.4.2 Fatigue Tests

The facility for conducting fatigue tests in a flowing
lithium environment has been described in an earlier report.' The system
consists of a servocontrolled, hydraulic-actuated MIS fatigue machine
with an associated forced-flow liquid lithium loop. The lithium loop,
which is constructed of stainless steel, consists of three test vessels
and a cold-trap purification system. The lithium loop was operated con-
tinuously at cold-trap temperatures between 475 and 500 K and maximum
temperatures between 620 and 760 K. After 510.8 Ms (53000 h) of opera-
tion, the cold-trap purification loop showed a gradual reduction in
lithium flow. Eventually, the loop was shut down after 515.1 Ms (4200 h)
due to plugging of the cold-trap loop. The flowmeter and pump section of
the cold-trap loop were cut out and replaced by a new pipe. The deposits
in the plugged section are being examined metallographically to determine

the nature and composition of the deposits.
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During operation, filtered lithium dip samples were
taken after fixed time intervals for analysis of nitrogen and carbon in
lithium. Specimens of zirconium, vanadium, and yttrium were exposed to
lithium to determine the concentrations of oxygen and hydrogen in lithium.
The concentrations of nitrogen and carbon in lithium obtained after
different loop operating time are given in Table 7.4.1. The results indicate
that after 2.10.8 Ms of loop operation, the concentration of nitrogen in
lithium was =1000 ppm.

Several continuous-cycle fatigue tests have been conducted
with 2.5-mm-diameter specimens of HT-9 alloy in flowing lithium at 755 K.
The tests were conducted in the axial stroke-control mode at a strain rate
of 14 x 1073 s“l, with a fully reversed triangular waveform and zero mean
strain. The dimensions of the test specimens and the procedure for strain
control and strain measurement were described earlier.Zs3 The fatigue
specimens were normalized at 1323 K for 1.8 ks and air cooled followed
by tempering at 1053 K for 9.0 ks and air cooled.

The continuous-cycle fatigue data for HT-9 alloy tested
at 755 K in lithium and sodium environments are shown in Fig. 7.4.1. The
results show that in a lithium environment, the plastic strain range and
fatigue life follow a single power-law relationship up to ~25,000 cycles.
Fatigue life beyond 25,000 cycles is significantly lower than that pre-
dicted by the power law. Fatigue results for the specimens tested in a
sodium environment agree well with the power-law relationship. These
results indicate a strong effect of corrosion on the fatigue life of HT-9
alloy in a liquid lithium environment. For example, at a total strain
range of 0.5%, the fatigue life in lithium is a factor of 15 lower than
that in a sodium environment.

Figure 7.4.1 sbows the results for two tests, i.e., at a
strain rate of 4 x 104 s=1 and with a hold period of 90 ks at 0.3% strain
in tension prior to fatigue cycling, which were conducted to determine the
effect of lithium exposure time on fatigue life. The results show that pre-
exposure of the specimens at 0.3% tensile strain for 90 ks (corresponds to
35,000 cycles of continuous—-cycle fatigue test at total strain range of
n0.5% and 4 x 1073 s~1 strain rate) has no effect on the fatigue life of

HT-9 alloy in a lithium environment.
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The fracture surface and the longitudinal section of the
fatigue specimens were examined metallographically to evaluate the in-
fluence of test conditions on the mode of fracture and corrosion. The
results show that the specimens which follow the power-law strain-life
relationship have a typical fatigue fracture surface and little or no
internal corrosive attack. However, the specimens with a reduced fatigue
life show a partial intergranular fracture mode, i.e., intergranular
fracture near the specimen gauge surface, and considerable internal corro-
sive penetration. Micrographs of the longitudinal section of the speci-
mens from two tests are shown in Fig. 7.4.2. Both specimens show “5-10 um
corrosive attack along the entire gauge length and intergranular corrosion
which extends 100-300 um. The specimen tested at the lower strain rate
shows greater intergranular attack because of the longer duration of the
test.

The concentration of nitrogen in lithium during most of

the fatigue tests was between 80 and 130 ppm. Howewer, for the fatigue
tests which show a reduced fatigue life, nitrogen concentration in lithium
was >1000 ppm. It is probable that the reduction in fatigue life of the
HT-9 alloy is due to the greater corrosive attack caused by a high con-
centration of nitrogen in lithium. Fatigue tests at low strain range,
i.e., «0.7%, will be repeated in lithium containing ~100 ppm nitrogen

to evaluate the influence of nitrogen on the fatigue life of the HT-Y

alloy in lithium.

7.4.4.3 Campatibility
The first test to study the compatibility of structural
materials with candidate solid tritium-breeding materials has been com-
pleted. Flat specimens of HT-9 alloy, Type 316 stainless steel, and
20, LiAlOZ, and Li28i03
material in a helium environment for ~6.84 Ms (1.1900 h) at 873 K. Each

Inconel 625 were exposed in contact with solid Li

specimen was ~13 mm on a side with thickness between 0.8 and 1.4 mm.
The specimens were weighed and measured before and after the exposure

to determine weight change or metal loss.
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Fig. 7.4.2. Micrographs of the Longitudinal Section of HT-9 Spe-
cimens Tested in Lithium at 755 K.
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After exposure, all the specimens developed an adherent
grayish-black surface scale, with the exception of Type 316 stainless

steel specimen exposed with Li,0, which had a brownish-black scale.

2
Scanning electron micrographs of the surface of all the specimens are

shown in Fig. 7.4.3. The composition of the surface scales, determined by
energy dispersive x-ray and electron microprobe analyses, is given in
Table 7.4.2.  The results show that the surface scales on HT-9 and Type 316
stainless steel specimens exposed either with LiAIO2 or LiZSio3 essen-—
tially consist of iron and chromium oxides, whereas the scales on Inconel
625 specimens exposed with LiAIO2 or L128103 contain chromium and nickel
oxides. These specimens show negligible interaction between the ceramic
and corrosion scale. The opaque glassy patches (Fig. 7.4.3) observed on
the surfaces of these specimens are pieces of the ceramic material. Occa-
sionally, a significant amount of carbon was detected in the opaque
patches, possibly present as a carbonate.

The three specimens which were exposed with Li20 show
a different behavior. These specimens show substantial interaction
between the ceramic and corrosion scale. For these specimens, the con-
centrations of chromium, iron, and nickel in the scale is lower than that
or Li_S8i0,. The corrosion

2 27773
scale on these specimens possibly contains a significant amount of lithium,

observed in the specimens exposed with LiAIO

particularly the scale observed on Type 316 stainless steel. X-ray dif-
fraction analysis of the Type 316 stainless steel specimens revealed that
the surface scale primarily consists of Li2CO3, thereby giving it the
brownish color. Li2CO3 is believed to have formed after the test by
interaction with moisture and carbon dioxide in the air. Characterization
of the other specimens is in progress to identify the corrosion products
in the surface scales.

A detailed examination of the cross section of the speci-
mens is being conducted to determine the thickness of the corrosion scale
and the distribution of corrosion products in the scale. Preliminary
results are given in Table 7.4.3. The HT-9 specimens exposed with LiAlO2
or LiZSiOB have an ~“5-uym-thick surface scale, whereas the thickness of
the corrosion scale on HT-9 and Type 316 stainless steel exposed with

L120 is 12 and 18 um, respectively. Furthermore, the Type 316 stainless
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Scanning Zlectron Micr

HT-9, Type 316 Stainles
Specimens after Exposure with Solid Breeding Mate-

rials. (A) LiAlOj, (B) LipSi05, and (c) LijO.

v

Steel, and Inconel 625



148

TABLE 7.4.2. Composition (wt %)} of Surface Scale on Corrosion Specimens

Alloy Ceramic 0] Si S Cr Mn Fe Ni  Total
HT-9 LiA0, 225 0.7 0.1 279 9.6 355 0.2 96.5
Li 810,  22.9 1.6 - 34.0 1.1 30.0 0.2 89.8

Li,0 244 0.4 - 21.0 0.7 19.6 0.8 5f.9

Type 316 88 L:|‘_AlO2 26.3 0.2 0.1 442 2.6 16.3 2.1 91.8

LiZSiD3 24.1 1.7 - 37.6 0.7 22.4 3.2 89.7
LiZO 26.3 - - 0.3 - 7.6 0.1 34.3
IN 625 LiAlO2 34.6 0.3 2.1 421 0.3 0.9 15.4 93.7
L123103 26.2 0.5 - 35.5 0.1 1.1 232 2v.6
LiZO 22,8 0.1 - 135 0.1 1.7 35.9 74.1

TABLE 7.4.3. Summary of Corrosion Data

Corrosion Scale
Ceramic/Alloy Thickness,

a

Ceramic Alloy Interaction um Phases Remarks

L120 HT-9 Strong 12 -
316 55 18 - 135 u reaction zone
IN 625 v b

LiALO H1-9 Weak 5 (Fe,Cr)a0, Scale contains ~9% n
31b SS b (Cr,F‘e)203 Scale contains 1.3%Mn
IN 625 b NiCr,04

Li,,SiO3 H{=-9 Weak 6 (IPE,CI');:’OA

B 316 ss b (Cr,Fe),0,

IN 625 L b NiCr,0,

Aentative identification based on microprobe analysis.

bAnalys is in progress.
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steel specimen had “35-um-thick outer layer of reaction zone which con-
sisted of ceramic material embedded with pieces of corrosion products.

It is possible that the HT-9 specimen also had a similar reaction zone
which broke off when the alloy and ceramic specimens were separated.

The concentration profiles for iron, chromium, and oxygen
near the surface of these specimens are shown in Fig. 7.4.4. The HT-9
specimens exposed with LiAIO2 or L i28103 show an enrichment of chromium
in the scale and a depletion of chromium near the surface. The concen-
tration of iron decreases gradually across the corrosion scale. A similar
behavior is observed in the HT-9 and Type 316 stainless steel specimens

exposed with Li,0, except that the concentration of iron in the scale is

2
significantly higher. The reaction zone on Type 316 stainless steel
specimen contains iron and oxygen with no chromium. The corrosion products

will be identified by x-ray diffraction analysis.

7.4.4 Conclusions
1. Liquid lithium environment has a strong effect on the
fatigue life of HT-9 alloy. At a total strain range of
0.5%, the fatigue life in lithium is a factor of "5
lower than that in a liquid sodium environment.
2. The specimens tested in lithium at 755 K show considerable
intergranular corrosion.
and Li,51i0

2 2! 2773
tritium-breeding materials indicate that Lizo is the most

3. Compatibility tests with solid Li,0, LiAlO

reactive of the three breeding materials. The thickness
of the corrosion scale on HT-9 specimen exposed with L120
is 3 times greater than those observed on specimens

exposed with either LiAIO2 or LiZSiOS‘

7.4.5 References
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7.5 CALCULATIONS OF HYUROGEN ISOTOPE LOADING IN HTY9 FIRST WALL
STRUCTURES

R E. Stoltz, M. I. Baskes and G. W. Look (Sandia National
Laboratories, Livermore, CA)

7.5.1 ADIP Task

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

7.5.2 Objective

The goal of this study is to evaluate the hydrogen compatibility
of a 12 Cr~IMo ferritic/martensitic steel for use in first wall and
blanket structures. This contribution focuses on calculations of
hydrogen isotope loadings in HT9 during operation of a pulsed

Tokamak device.

7.5.3 Summary

Calculations of the hydogen level in first wall and blanket
structures have been made using HT? as the material of construction.
Both directly injected deuterium and tritium profiles and hydrogen
profiles from (n,p) reactions have been calculated over a temperature
range from 473 to 638K. Two boundary conditions have been assumed:
zero surface concentration and a concentration set by the surface
recombination reaction of hydrogen ions to form hydrogen molecules.
The results indicate that under the most severe conditions, peak
hydrogen levels will not exceed 0.5 appm and will likely be far

lower.
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7.5.4 Progress and Status

7.5.4.1 Details of the Calculation

Calculations of the hydrogen isotope loading during operation of
a pulsed Tokamak reactor were peréormed. Profiles were determined
both for deuterium and tritium directly injected from the plasma, and
for hydrogen produced through (n,p) reactions in an alloy with nT%
composition. As a starting point for the calculations, machine
parameters given in Table I were used. The parameters are a combina-

tion of conditions from the INTOR and ETF designs (1).

Table |

Parameters for Hydrogen Profile Calculations

Pulse Duration 100 seconds on, 35 seconds off
Wall Material HT9 (composition in Table I1)
Wall Thickness 1.0 an

Plasma Edge Temp : kT = 150 eV

D, T Flux 3.2 x lolé particles/cm? - sec

Neutron Energy Flux: 1.5 megawatts/m2

K for Recombination
Reaction 10716 cmt/sec

Temperatures 473, 573, 638K (200, 300, 365°C)

The calculations involve solving the diffusion equation by
numercial methods as outlined in (2) and are similar to those made
for austenitic steels and Ti alloys (3). The calculation is
repeated for successive machine pulse cycles (a total duration of 135
seconds for this case) until a steady state profile is reached. The
calculation is performed additionally at the end of the first 100
seconds, simulating a beam-on condition, and at 135 seconds, giving
the beam-off profile. In the results section, steady state beam-on

profiles are given as these represent worst case conditions.
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In order to calculate the profile for directly injected D and
T, a Monte-Carlo program, TRIM, using 10° particle histories was
used to determine the starting concentration profiles (4). Fixed
temperatures of 473, 573 and 638K were used along with a
diffusivity of D = 42 x 1074 exp[-0.06 eV/kT], em?/sec, to
calculate the final profiles. As will be shown in the results
section, the final steady state profile has a maximum near the input
surface (X = 0), due to the shape of the initial concentration
profile which has maximum at a depth of =1-2 m (4).

Hydrogen profiles produced through (n,p) reactions were
determined using the input wall energy loading of 1.5 megawatts/mz.
A alloy of nominal HT9 concentration, as given in Table II, was
used along with published neutron cross sections for the various
elements. As will be shown, the final profiles are peaked near the
mid-thickness of the first wall because the {(n,p) reactions occur

uniformly throughout the material.

Table II
HT9 Composition, WT%

C Si M Cr Ni M W v P s
0.22 038 052 11.3 050 085 050 0.27 0019 .006

Finally, and most important in the analysis, two different
surface boundary conditions were employed. The first assumes no
surface barrier to hydrogen diffusion. Since the plasma side
hydrogen fugacity is very low the surface concentration is set
to zero. The heat transfer surface or backside concentration (at
X = 1.0 cm) was also set to zero. Though some hydrogen build-up may
occur at the coolant side, no information as to levels is available
and sO a zero concentration was assumed.

A second boundary condition assumed for the calculation is
that of a surface recombination limited level of hydrogen. Previous
calculations of hydrogen levels suggested that total amounts may be
in the 1073 - 1071 appm range. At this low level, the exit
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fugacity may be determined by the availability of two hydrogen

surface ions to recombine for the formation of a Hs molecule. A
recent theoretical treatment has estimated the reaction rate parameters
for this recombination step {5), and experimental data confirms the
calculated case for b.c.c. iron (6). In the present calculations, a

reaction constant K = 10716 cm4/sec was used.

7.5.4.2 Results of the Calculation

The results of the profile determinations are given in Figures 1,
2 and 3. Figure 1 is for the D,T profiles with a zero surface
concentration, at three different temperatures. Figure 2 is a
similar plot for the hydrogen produced by (n,p) reactions also as a
function of temperature and with zero surface concentration. Figure
3 shows plots for both D,T and (n,p) profiles only at 638K, but in

this case with a surface recombination limited boundary condition.
In order to compare the various cases in detail, the maximum

concentration and location of the peak for all the curves in Figures
1-3 are given in Table 11II. It is interesting to note that the

maximum concentration under any condition is less than 1 atomic

Ppuis

7.5.4.3 Discussion

A number of points emerge from the data of Figures 1-3.

First, varying the temperature of the first wall from 473 to 638K
(200 to 365°C) has little effect on the concentration levels for
either the D,T profiles or for (n,p) produced hydrogen. The factor
influencing this behavior is the activation energy for diffusion in
b.c.c. HBron, -0.06 eV, which is low compared to that for austenitic
steels at -0.55 eV. The actual values for the diffusivity at
temperatures of 473 to 638K range from 1076 to 1074 cm?/sec.

These values are sufficiently high that, in the cases for Figures 1
and 2 where a zero surface concentration is assumed, the overall

level of hydrogen in extremely low.
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Table 111
Maximum Concentrations and Peak Locations for Hydrogen

Condition Concentration, appm Distance from Input
Surface, cm

(p,T), zero surface

concentration:
473K 0,79 x 10-3 0.48 x 1074
573K 0.62 x lo~3 0.56 x 1072
638K 0.5 x 10°3 0.56 x 1072
(n,p), zero surface
concent ration:
473K 0.13 x 1o0-! 0.46
573K 0.10 x i0~1 0.46
638K 0.9 x 102 0.46
{D,T) surface recombination
limited:
638K 0.53 0,25 x 10=3
{n,p) surface recombination
limited:
638K 0.12 x 10~} 0.46

The factor of greatest importance in the calculation of
hydrogen levels appears to be the assumed boundary conditions, as
evidenced from a comparison of Figure 3 with the data in Figures !
and 2 at 6338K. The hold-up of hydrogen at the surface due to the
recombination reaction allows the material to fill up to an essentially
uniform level of hydrogen. This surface concentration is directly
related to the K assumed for the reaction ®). \While the choice of
K = 10716 cn%/sec was in the mid range of the data for iron (see
Ref. 5), the surface concentration varies as K~ 1/2 5o that a ten
fold decrease in K would increase the concentration only by a factor
of three.
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The most important result of these calculations is that hydrogen
levels in ferritic steels due to both direct injection and nuclear
reaction are less than 1 appm. This iS in contrast to austenitic
steels where, due to the million fold decrease in diffusivity, the
levels can reach 10-30 appm. Once can begin to assess the effect of
this hydrogen level in many ways. First the residual hydrogen levels
present in most construction steels is on the order of 1-5 appm (7).
Thus the additional increase from the plasma is negligible by comparison.
Second, the long-time exposure to high temperatures in service would
tend to drive out any residual hydrogen, in the same way that the
injected hydrogen levels are reduced by diffusion out of the sample.
Finally, preliminary measurements of the ductility of HT9 in hydrogen
environments (&) indicates that in 1 atm hydrogen (which would give a
equilibrium concentration of —2 appm) the ductility is only slightly
reduced. Pressures upwards of 3.5 MPa (5000 psi) corresponding to
concentrations in the 20-40 appm range are necessary for severe
embrittlement.

All of the above considerations are based on the behavior of
unirradiated materials. As shown by Brinkman and Beeston (9), the
introduction of 1-5 appm hydrogen into irradiated HY-80 pressure
vessel steel can lead to severe embrittlement. This is somewhat of
an overtest, however, in that extra precautions were taken to assure
that the hydrogen was present during the test. In actual practice,
most of the hydrogen present in the first wall and blanket structure
would diffuse out. Even hydrogen trapped at irradiation-induced
defects would be sensibly detrapped at temperatures of 573K if one
assumes a maximum binding energy to traps of —1.0 eV. EXxperiments
are currently underway to simulate the strength increases that occur
by irradiation through the use of special tempering treatments.
Precharged hydrogen will be used in attempt to separate the effects
of radiation hardening from defect trapping on the level of hydrogen

susceptibility.
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Conclusions

1. Increasing operating temperatures from 473 to 638K (200 to
365°C) has little effect on the total calculated hydrogen
content in first wall structures.

2.  With a zero surface concentration boundary condition,
hydrogen levels do not exceed 1072 appm in HT9 type
alloys. The extremely high diffusivity is responsible for
this low level of hydrogen.

3. Assuming that the surface concentration is set by the
hydrogen recombination reaction, the calculated levels of

hydrogen do not exceed 0.5 appm.
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8.1 IRRADIATION EXPERIMENT STATUS AND SCHEDULE

The following bar charts show the schedule for all ADIP reactor irra-
diation experiments. Experiments are presently under way in the Oak Ridge
Research Reactor (0ORR) and the High Flux Isotope Reactor (HFIR), which are
mixed spectrum reactors, and in the Experimental Breeder Reactor (EBR-I1),
which is a fast reactor.

During the reporting period irradiation was begun for two
experiments: HFIR-CTK-30 and -32, both in the HFIK. These experiments
were designed to evaluate the effects of irradiation on microstructure and
ductility. Specimens from alloys in all five ADIP alloy paths are
included in these experiments. A similar third capsule, HFIR-CTR-31, is

scheduled for insertion on October 1, 1980.
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8.2 ETM RESEARCH MATERIALS INVENTORY — F. W. Wiffen, T. K Roche (ORNL)
and J. W. Davis (McDonnell Douglas)

8.2.1 ADIP Task
ADIP Task ID.I, Materials Stockpile for MFE Programs.

8.2.2 Objective
The Office of Fusion Energy has assigned program responsibility to

ORNL for the establishment and operation of a central inventory of
research materials to be used in the Fusion Reactor Materials research and
development programs. The objective is to provide a common supply of
material for the Fusion Reactor Materials Program. This will minimize
unintended materials variables and provide for economy in procurement and
for centralized recordkeeping. Initially this inventory will focus on
materials related to first-wall and structural applications and related
research, but various special purpose materials may be added in the future.
The use of materials from this inventory for research that is coor-
dinated with or otherwise related technically to the Fusion Reactor
Materials Program of DOE, but which is not an integral or directly funded

part of it, is encouraged.

8.2.3 Materials Requests and Release

Haterials requests shall be directed to ETM Research Materials
Inventory at ORNL (Attention: F. W. Wiffen). Materials will be released
directly iFf:

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

(b) The requested amount of material is available, without compro-
mising other intended uses.

Materials requests that do not satisfy both (a) and (b) will be
discussed with the staff of the Materials and Radiation Effects Branch,

Office of Fusion Energy, for agreement on action.
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8.2.4 Records
Composition and materials preparation records are maintained for all
inventory material. All materials supplied to program users will be accom-

panied by summary characterization information.

8.2.5 Summary of Current Inventory and Material Movement in Period
July 1 to Sept. 30, 1980

A condensed, qualitative description of the content of materials in

the ETM Research Materials Inventory is given in Table 8.2.1. This table
indicates the nominal diameter of rod or thickness of sheet for product
forms of each alloy and also indicates by weight the amount of each alloy
in larger sizes available for fabrication to produce other product forms
as needed by the program. Table 8.2.2 updates the inventory of available
titanium alloys in more detail. There was no significant movement of
materials in this reporting period.

Alloy coinpositions and more detail on the alloys and their procure-—
ment and/or fabrication are given in earlier ADIP quarterly progress

reports.
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Table 8.2.1 Summary Status of Material Availability
in the ETM Research Materials Inventory

Product Form

o Thin-Wall
Alloy Igﬁ;’?fa‘” Kod,b Sheet, Tubing,
Diameter Thickness .
Mass Cam) (mm) Wall Thickness
(kg) (mm}
Path A Alloys
Type 316 S8 900 16 and 7.2 13 and 7.9 0.25
PCA 490 12 13 0.25
Uss® — Cr-Mn Steel® 0 10.5 2.6 0
Path B Alloys
PE-16 140 .6 and 7.1 13 and 1.6 0.25
B-1 180 0 0 0
B-2 L8O 0 0 0
BE-3 180 0 0 0
B-4 180 0 0 0
B-6 180 0 0 0
Path ¢ Alloys
Ti-64 0 0 2.5 and 0.76 0
Ti-6242s 0 63 6.3, 3.2 0
and 0.76
Ti-5621s 0 0 2.5 and 0.76 0
Ti-38644 0 0 0.76 and 0.25 0
Nb—1% Zr 0 6.3 2.5, 1.5, 0
and 0.76
Nb—5% Mo—1% 21 0 6.3 2.5, 1.5. 0
and 0.76
V—20% Ti 0 6.3 2.5, 1.5. 0
and 0.76
v—15% Cr—5% Ti 0 6.3 2.5, 1.5, 0
and 0.76
vanstar-7 0 6.3 2.5, 1.5, 0
and 0.76
Path D Alloys — No Material in Inventory
Path E Alloys
HTS 0 0 4.5 and 18 0
HT9 + 1%Ni 0 0 4.5 and 18 0
HT9 + 2% Ni 0 0 45 and 18 0
HT9 + 2 Ni 0 0 4.5 and 18 0
+ Cr adjusted
T-9 modified 0 0 4.5 and 18 0
T-9 modified + 2% Ni 0 0 4.5 and 18 0
T-9 modified + 2% Ni 0 0 45 and 18 0
+ Cr adjusted
2 1/4 Cr-i Mo 0 0 f 0

2Greater than 25 mm, minimum dimension.

bLess than 25 mm in diameter.
available in two different diameters.

CLess than 15 mm thick. Some Path A, Path B, and Path C alloys are
available in twe or three different thicknesses.

Some Path A and Path B alloys are

dprime Candidate Alloy.

£Rod and sheet of a USSR stainless steel supplied under the U.S5.-USSK
Fusion Reactor Materials Exchange Program.

fuararial is thick—wall pipe, rerolled as necessary to produce sheet
or rod.
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9.1 HYDROGEN DISSOLUTION AND PERMEATION STUDIES OF ADIP PROGRAM ALLOYS
-E. H. Van Deventer and V. A. Maroni (Argonne National Laboratory)

9.1.1 ADIP Task

1.A.4 Hydrogen Dissolution and Permeation Effects. The results
presented in this section contribute to Subtask 1.4.4., Milestones I.4.a
through 1.4.4.

9.1.2 Objectives

The objective of the work reported in this section is to provide
base-line hydrogen dissolution and permeation data for alloys currently
under study in the ADIP Program. Information on hydrogen dissolution,
outgassing and permeation Characteristics of these materials is vital to
an understanding of their performance as first-wall and blanket structural
materials for fusion devices. A further objective of this work is to
examine methods for overcoming any serious hydrogen isotope uptake and
migration problems associated with the rather strong hydride-forming

nature of some classes of ailoys,

9.1.3 Summary
Studies of the hydrogen permeation characteristics of iron base

(Path E) alloys have continued. An investigation of a Cr 14-Al 0.2
steel (405-SS) was completed and the measurements were compared to
previous data for three other Fe-Cr alloys having O, 2, and 5 wt.% Al,
respectively. The combined results indicate that the optimum aluminum
content leading to minimum hydrogen permeability in a reducing environ-
ment is around 2 wt.%. However, the chromium content of alloys studied
to date has only spanned the range from 14 to 18 wt.%, and the location
of an optimum at 2 wt,% aluminum may not necessarily apply to other
types of Path E alloys.

9.1.4 Progress and Status
This section contains a report of work done during the third and
fourth quarters of FY 1980 on the hydrogen dissolution and permeation
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characteristics of ADIP Program alloys. Also, in the same period some

of the effort normally applied to this task was diverted to a newly
initiated study of the corrosivity of solid ceramic breeder materials
towards ADIP-specific alloys. The results of work on this new initiative
are reported in Section 9.5.

9.1.4.1 Path A Alloys
No report for this period.

9.1.4.2 Path B Alloys
No report for this period.

9.1.4.3 Path C Alloys
No report for this period

9.1.4.4 Path D. Alloys
No report for this period.

9.1.4.5 Path E Alloys

(Work reported in this subsection was initiated during the first
quarter of ¥y 19303, in conjunction with the start of the ADIP Program
activity to evaluate ferritic materials for use as fusion reactor con-
struction materials. The impetus for the study of ferritic alloys as
fusion reactor structural materials was discussed in a previous progress
report. 1)

Guided by information derived from =2 survey2 of the reported hydrogen
permeation characteristics of iron-base alloys, efforts on this task
have continued to elucidate the effects of aluminum and chromium on the
permeation resistance of selected Fe-Cr-Al alloys in a reducing (i.e.,
very low oxygen potential) environment. Since () only the aluminum-
containing iron alloys have shown any pronounced tendancy towards
reduced permeability (i.e., a >10? reduction in permeability relative to
pure iron) in reducing environments2 and (2) the magnitude of the
reduction does not necessarily increase with increasing aluminum content
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of the alloy3, studies are being conducted to determine the optimum
aluminum content (for maximum permeation resistance) and its relationship
(if any) to the chromium content of the alloy. Previous work3 showed
that a Cr 15-Al1 5 alloy had a higher permeability than a Cr 18-Al 2 alloy.
Pursuant to that work, an investigation has been made of the permeation
characteristics of a Cr 14-A1 0.2 alloy (405-ss) to further refine the
range of optimum aluminum content.

The hydrogen permeability of the 405-SS was measured between 180 and
700°C using ¥y driving pressures in the range from 10~3 to 15 kPa, This
material exhibited the same type of data scatter observed previously for
Fecralloy> and Armco 18-3R%. The range of permeation values recorded
for the 405-SS is shown iIn Fig. 9.1.1 together with the previously
measured ranges for Fecralloy (cr 16-Al 5), Armco 18-SR (Cr 18-Al2),
and 430-8S (Cr 16-A1 0). The permeation curve for "‘pure' iron is also
included for comparison purposes. Armco 18-SR (Ccr 18-Al 2) shows the
greatest reduction relative to *‘pure’ iron, indicating that the optimum
aluminum content may lie close to 2 wt.% for the higher chromium ferritic
steels; however, studies of some 1 and 3 wt.% 41 alloys should be conduct-
ed to provide a further verification of this finding.

In other work related to Path E alloys, an HT-9 hydrogen permeation
assembly was prepared using the gasket-sealing technique developed
during earlier studies® of titanium-base alloys. Attempts at using
electron-beam welding methods to seal the HT-9 to stainless steel
assembly couplings were unsuccessful, in that extremely brittle welds
were formed which cracked during heat-up of the permeation assembly.

The gasket-sealed HT-9 assembly will be installed and operated in the
permeation apparatus during the first quarter of FY-1981.

9.1.4.6 Refractories and Ceramics

Several attempts have been made to develop a suitable method for
measuring the hydrogen permeability of ceramic and other brittle refrac-
tory materials (e.g, sapphire and tungsten). A technique based on
deposition of gold bonding layers to the edges of thin circular plates
of the retractory/ceramic material is presectly being explored. An
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attempted application of the gasket-seal method> to sapphirewas unsuccess-
ful. This study is being pursued to resolve discrepancies in () the
pressure dependance of hydrogen permeation through ceramics and (2) the
reported value of the hydrogen permeability of pure tungsten.

9.1.5 Conclusions

The optimum aluminum content of Fe-cr-At alloys from the stand-
point of minimum hydrogen permeability in a reducing environment appears
to be around 2 wt.%,

9.1.6 References

1. For a review, refer to Chapter 7 of 4770y Development for
Trradiation Performance Quarterly Progress Report for the Period
Ending December 31, 1979, U.S. Department of Energy Report
DOE/ET-0045/1, pp. 81-118 (1930).

2. E. H. Van Deventer, A. G. Rogers, and V. A. Maroni, "‘Hydrogen
Dissolution and Permeation Studies of ADIP Program Alloys," 477lcy
Development Tor Irradiatiom Performance Quarterly Progress Report
for the Period Endiny December 31, 1575, U.S. Department of

Energy Report DOE/ET-0045/1, pp. 140-147 (1980).
3. E. H. Van Deventer and V. A. Maroni, "“Hydrogen Dissolution and

Permeation Studies of ADIP Program Alloys," Alloy Development for
Irradiation Ferformance GQuarterly Progress Report for the Period

Ending March 37, 15802, U.S. Department of Energy Report DOE/ET -

0045/2, pp. 200-205 (1980).

4. E. H. Van Deventer, V. A. MacLaren, and V. A. Maroni, "‘Hydrogen
Permeation Characteristics of Aluminum-Coated and Aluminum-
Modified Steels," . NucZ. Mater. 88: 168-173 (1980).

5. E. H. Van Deventer and V. A. Maroni, "‘Hydrogen Permeation
Characteristics of Path A, Path B, and Path C Alloys, 4770y
Development For lrradiation Performarce Quarteriy Progress Report
for the Period Znding June 3¢, 1978, U.s. Department of Energy
Report DOE/ET-0058/2, pp- 169-174 (1979).
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9.2 VANADIUM ALLOY/LITHIUM PUMPED-LOOP STUDIES-D. L. Smith, R. H. Lee,
and R. M. Yonco (Argonne National Laboratory)

9.2.1 ADIP Task

1.A.3. Chemical and Metallurgical Compatibility Analysis. The
results presented in this section contribute to Subtask 1.A.3.4, Mile-
stones I.4.3.c and 1.A.3.d.

9.2.2 Objective
The objective of this work is to develop preliminary data on the

compatibility of candidate Path c alloys exposed to a flowing lithium
environment. The major effort involves investigations of nonmetallic
element interactions in reactivelrefractory metal-lithium systems and
the effects of lithium exposure on the mechanical properties of refrac-
tory metal alloys. Information relating to atmospheric contamination
of reactivelrefractory metal alloys will also be generated. Specific
near-term experiments include measurements of the distribution of non-
metallic elements between selected refractory metals and lithium. The
results of this work will contribute to the data base that relates
compatibility and corrosion phenomena to other alloy development
activities and will provide a basis for selecting candidate Path C
alloys for further development.

9.2.3 Summary

The stainless-steel~-clad/v-15 Cr lithium loop has now operated
for over 12,000 h and exposures of selected refractory alloys have
continued. The DOE/0ffice of Fusion Energy guidance on this project
for FY-1981 has been to defer effort to solid breeder material
development activities. The work presently in progress is being
completed and a final reporting of results will be made in a subsequent
ADIP progress report.
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9.3 COMPATIBILITY OF STATIC LITHIUIt WITH Fe-Ni-V AND Fe—-Cr-Mo ALLOYS -
P. F. Tortorelli, J. H DeVan, and C. T Liu (ORNL)

9.3.1  ADIP Task
ADIP Task I1.A.3, Perform Chemical and Metallurgical Compatibility

Analyses.

9.3.2 Objective
The purpose of this program is to determine the chemical compati-—

bility of fusion reactor candidate materials with metallic lithium.
Specimens are exposed to static lithium containing selected solute
additions to identify the kinetics and mechanisms that govern corrosion
by lithium. Specific program objectives are: (l) to determine the
effects of N, C, H, and O on apparent solubilities of metals in lithium;
(2) to determine the carbon and nitrogen partitioning coefficients between
alloys and lithium; (3) to determine the effects of soluble (Ca, Al) and
solid {Y, Zr, Ti) active metal additions on corrosion by lithium; and

(4) to determine the tendencies for mass transfer between dissimilar

metals in lithium.

9.3.3 Summary
Specimens of 2 1/4 Cr-1 o steel, HT9, and the long-range-ordered

(LRO) alloy Fe—31,8 Ni—225 W .4 Ti (wt %) were tested in static lithium.
Carbon analysis of the lithium after 3000-h tests of 2 1/4 Cr-1 Mo steel
showed significant decarburization of the steel at 500 and 600°C. The
decarburization lowered the room temperature tensile strength of the
alloy. Specimens of 2 1/4 Cr-1 o steel exposed to Li—5 wt % AL showed
significant weight gains with an accompanying decrease in ductility.

Also, the gage section of fractured tensile specimens contained a
significant volume of cracks. Short—term (500-h) exposures of HT9 to
static 500°C lithium resulted in negligible weight changes and no change
in its tensile properties relative to specimens exposed to argon under
otherwise similar conditions. Surface deposits on the corrosion-resistant

LRO alloy after exposure to lithium at 650 and 710°C for 2000 h were pure

vanadium or possibly a vanadium carbonitride.
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9.3.4 Progress and Status

In the preceding quarterly report,l we presented data showing
significant decreases in the yield and ultimate tensile strengths of
2 1/4 Cr=1 io steel exposed for 3000 h to lithium at 500 and 600°C.
Since then, carbon analyses of the post-test lithium have confirmed that
the steels decarburized during exposures to it. Table 9.3.1 lists the
relative changes in strength and elongation of the 2 1/4 Cr-1 ilo steel and
the corresponding concentrations of carbon in the post-test lithium. The
data in this table reveal a direct correlation between the amount of
decarburization (that is, carbon lost to the lithium) and the magnitude
of the relative change in tensile test parameters. The carbon analyses

also indicate that, as reported earlier for the 500- and 1000-h tests, !

Table 9.3.1. Relative Changes@ in Yield Strength, Ultimate Tensile
Strength, and Elongation of 2 1/4 Cr-1 ilo Exposed to
Static Lithium for 30013 h and Correspondin§7 Carbon
Concentrations in Post-Test Lithium

Relative Change, %

Carbon
Temperature Reat . Concentration
(°C) Treatment"" Yield Ultlmate . in Lithiund
s h Tensile Elongation (wt ppm)
trengt Strength PP
400 HT1 -8 +3 +15 76
HT2 +2 0 47 86
500 BT1 17 -8 8 427
HT2 0 o 0 273
600 HT1 24 =21 +21 980
HT2 53 =32 +27 1410

2Relative to 2 1/4 Cr-1 Mo specimens exposed to argon under the same
conditions.

bAnalyses were performed by R M Yonco of Argonne National Laboratory
using the acetylene-evolution method, which measures the amount of carbon
present as Li,C, in the solid lithium. This method is described in
E. M. Hobart and R. G Bjork, "Validity of Determining Carbon in Lithium by
Measurement of Acetylene Evolved on Hydrolysis," Anai. Chem, 39: 202
(1967). A control lithium sample was found to have a concentration of
3 wt ppm.

2HTI = annealed; HTZ = normalized and tempered.

driltered lithium samples were taken at respective test temperatures.



184

the normalized and tempered steel lost less carbon at 500°C to the lithium
than the 2 114 Cr-1 ilo steel that was simply aanealed. However, it is
also apparent from the present data that the situation is reversed at
600°C after 3000 h (which was the only exposure time used at this
temperature), that is, at this temperature the normalized and tempered
specimens were decarburized to a greater extent than the annealed ones.
This change in the relative rates of decarburization between 500 and 600°C
indicates differences in carbide chemistry and morphology between both the
two heat treatments and the two exposure temperatures.

W reported earlier?:3 that the addition of aluminum to lithium
resulted in the forination of a corrosion-resistant surface layer on
type 316 stainless steel. As a first step in determining whether we
could induce a similar corrosion effect in lithium- ferritic steel systems,
5 wt % Al was added to lithium in 2 114 Cr-1 Mo steel capsules containing

tensile specimens of the same composition and heat treatment as the
capsule. Static tests at 500 and 600°C for 1000 and 3000 k have now been

completed. The resulting weight changes are given in Table 9.3.2. For
comparison, the table also includes data for 2 1/4 Cr-1 o steel in pure
Lithium and type 316 stainless steel in Li—5 wt % Al. So far we have
completed only a preliminary metallographic examination of the 2 1/4 Cr-
11ilo steel speciinens exposed to Li—5% Al. However, we have indirect
evidence for an extended reaction between the aluminum and the steel from
the data in Table 9.3.2. These show that the 2 114 Cr-1 l!io specimens
exposed to Li—5% Al gained a significant amount of weight relative
to those specimens exposed to pure lithium. It is also interesting to
note from Table 9.3.2 that the rate of weight gain of the 2 1/4 Cr-1 Mo
steel in Li—5% Al was greater than that of type 316 stainless steel
exposed under similar conditions.

The introduction of aluminum into the near-surface regions of the
2 1/4 Cr-1 Mo steel may adversely affect the material's mechanical
properties. The data in Table 9.3.3 show that 2 1/4 Cr-1 1o steel exposed
to Li—5% Al significantly decreased in ductility (and, at &00°C, in
strength also) relative to tests conducted similarly in static argon

and lithium. Figure 9.3.1 shows that the 2 1/4 Cr-1 Mo steel exposed
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Table 9.3.2. Weight Changes of 2 1/4 Cr-1 Mo Steel Exposed to
Lithium and Type 316 Stainless Steel and 2 1/4 Cr=1 Mo Steel
Exposed to Li—5 wt % Al

Test . .
Material Environment®  Temperature Time  Weight Czhangeb
(oc) (h) (g/m )
2 1/4 Cr-1 Mo Li 500 1000 -0.9, -0.7
2 1/4 Cr=1 Mo Li 500 3000 —14, -14
2 1/4 Cr-1 Mo Li—5 Al 500 1000 +4.6, 15.1
2 1/4 Cr=1 Mo Li—5 Al 500 3000 +6,8, +7.4
Type 316 Li—5 Al 500 2000 +1,1
2 1/4 Cr-1 Mo Li 600 3000 —23, =27
2 1/4 Cr-1 1o Li—5 AL 600 1000 +17.8, +21.5
2 1/4 Cr-1 Mo Li—5 Al 600 3000 +26.3, +32.0
Type 316 Li—5 Al 600 2000 +6.5

ACompositions are weight percent.

brwo tests were conducted for most material samples.

Table 9.3.3. Room Temperature Tensile Properties of
2 1/4 Cr-1 Mo Steel Exposed to Argon, Lithium,
and Li—5 wt % Al

. Ultimate
Enviroament @ Tenj\rpeesrtature Time s\t{;eg];dth Tensile Elongation
(°C) (h) (MP;§ Strength (%)

' {(MPa)
Ar 500 1000 264.8 524.0 16.5
Li 500 1000 237.2 493.7 15.3
Li 500 1000 234.4 501.9 16.1
Li—5 Al 500 1000 295.1 449.5 11.3
Ar 500 3000 264.8 521.2 16.4
Li 500 3000 226.1 493.7 15.0
Li 500 3000 212.4 463.3 15.2
Li—5 Al 500 3000 198.6 397.1 8.7
Ar 600 3000 212.4 452.3 19.2
Li 600 3000 157.2 350.3 23.0
Li 600 3000 165.5 361.3 23.4
Li—5 Al 600 3000 129.6 311.6 8.5

ACompositions are weight percent.
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Y-170598

100 um

Y-173149

Fig. 9.3.1. Samples of 2 1/4 Cr-1 1o Steel Tensile Tested in Air at
Room Temperature Following Exposure at 500°C for 1000 h in (a) Pure
Lithium and (b) Li—5 wt % Al.
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to Li—5% Al for 1000 h cracked throughout the gage section during
subsequent room temperature tensile testing, while the steel exposed to
pure lithium far 1000 h showed only the primary gage section fracture.
Additionally, examination of the tensile specimens exposed to argon
revealed no significant cracking.

It is not clear whether aluminum diffusion into the 2 1/4 Cr-1 Uo
steel or reaction of lithium with carbides in the steel reduces ductility
after exposure to Li—5% Al, If the effect results from the aluminum
layer restricting decarburization and thereby promoting attack of carbides
by lithium, exposing already decarburized specimens under such conditions
may avoid the cracking. Further experiments are planned to investigate
this behavior in detail.

Another ferritic steel, HT9, containing 115 wt % Cr and 1wt % Mo,
was tested in static lithium. Our procedures for the HT9 capsule experi-
ments are similar to those previously described? for the 2 1/4 Cr-1 Mo
tests: multiple tensile specimens of HT9 and either lithium or argon
were sealed in capsules of similar composition and heat treatments for
500, 1000, and 3000 h. A single exposure temperature of 500°C was used.
The 500-h tests have now been completed and, as expected, specimen weights
changed very little. The weight changes of normalized and tempered HT9
(three tests) and, for comparison, data reported earlier® for 2 1/4 Cr=

1 M steel (two tests) exposed to lithium for 500 h at 500°C are shown

below:
Weight Changes
Alloy (g/m?)
HT9 0.0, +0.2, +0.,5
2 1/4 Cr~1 Mo -0.2, -0.5

The weight changes are relatively small for both alloys, although the
2 1/4 Cr-1 M steel consistently lost weight, while the HT9 specimens
gained in most cases. From this we assume that HT9, unlike 2 1/4 Cr-1 M
steel,l was not decarburized by lithium, but we have not yet completed the
carbon analysis of the post-test lithium. The tensile properties of the
HT9 samples exposed to lithium at 500°C for 500 h were not significantly
different from those of the control HT9 specimens held in argon at 500°C

for the same time.
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It was shown earlierls> that an LRO alloy composed of Fe—31.8 Ni-—
22.5 0.4 Ti (wt %) was compatible with static lithium up to 30°C
above its ordering temperature: after 2000 h exposure at 500, 600, 550,
and 710°C, weight changes were negligible. This contrasts with other
higher nickel alloys, which were attacked significantly in static
lithium.?»%7 W have recently completed an electron microprobe analysis
of the LRO alloy specimens exposed to static lithium at 650 and 710°C
[Figs. 9.3.2(a) and (b)]. The near-surface region was not depleted of any
element, but small deposits on both surfaces were determined to he either
pure vanadium or, since we could not detect light elements, a vanadium
carbonitride. The radically different microstructure of the specimen
exposed at 710°C results from sigma phase formed by thermal aging during
the compatibility test. V¢ have no good explanation for these deposits at
present. Such deposits normally result from precipitation from the
lithium during cooling from the test temperature or from corresion-
resistant nodules on the surface that are left behind as the surrounding
areas are dissolved. However, the former possibility is doubtful since a
significant amount of vanadium should not dissolve in the lithian; if it
had and then precipitated onto the surface, a vanadium concentration
gradient in the near-surface region should he observed. Since no signifi-
cant weight loss occurred, the latter factor is not possible either.
These surfaces will he characterized further to possibly clarify the

nature of the interaction.

9.3.5 Conclusions

1. Specimens of 2 1/4 Cr-1 Mo steel in lithium were significantly
decarburized at 500 and 600°C.

2. Specimens of 2 1/4 Cr-1 Mo steel reacted readily with
Li—5% Al at 500 and 600°C, as evidenced by significant weight gains,
but also exhibited decreased ductility. Cracking occurred in the gage
saction of these specimens.

3. Short-term (500-h) exposure? of HT9 to static 500°C lithium
resulted in negligible weight changes and no change in its room tempera-
ture tensile properties relative to specimens exposed to argon under

otherwise similar conditions.



X-RAY INTENSITY

ORNL-DWG 80-12163

e o

X-RAY ENERGY

- 50 pm
F
v MATRIX
| |
i Ni
|

|

[

X~RAY INTENSITY

R s

~~
it
s

Jbu

X-RAY ENERGY

|

189

X-RAY INTENSITY

(b)

X-RAY INTENSITY

(v

OANL-DOWG 80-12162

DEPOSIT

WWW

X-RAY ENERGY

¥-1

E————

X-RAY ENERGY

MATRIX

Fig. 9.3.2. The Long-Range-Ordered Alloy Fe—31.8 Ni—0.4 Ti (wt %)
Exposed to Static Lithium for 2000 h at (a) 650°C and (b) 710°C.
of the microprobe analysis of the deposit (above) and matrix (below) are

also shown.

Results
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4. Deposits of either vanadium or a vanadium carbonitride formed on

the corrosion-resistant LRO alloy Fe—31.8 Ni—225 0.4 Ti (wt %) at 650
and 710°C after 2000 h exposure to static lithium.

9.3.6
1.
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9.4 MASS TRANSFER OF TYPE 316 STAINLESS STEEL IN LITHIUM THERMAL-
CONVECTION LOOPS = P. F. Tortorelli and J. H DeVan (ORNL)

9.4.1 ADIP Task
ADIP Task 1.A.3, Perform Chemical and Metallurgical Compatibility

Analyses.

9.4.2 Objective

The purpose of this task is to evaluate the corrosion resistance of
candidate first—wall materials to flowing lithium in the presence of a
temperature gradient. Corrosion rates (in both dissolution and deposition)
are measured as functions of time, temperature, additions to the lithium,
and flow conditions. These measurements are combined with chemical and
metallographic examinations of specimen surfaces to establish the
mechanisms and rate— controlling processes for dissolution and deposition

reactions.

9.4.3 Summary
The time dependence of metal dissolution in five type 316 stainless

steel loop experiments in lithium is discussed. In general, the five sets
of measurements were satisfactorily reproducible. The predicted dissolu-
tion rate of type 316 stainless steel at 600°C in lithium under conditions
typical of semistagnant tritium-breeding blankets is less than 12 pm/year

(0.5 mil/year).

9.4.4 Progress and Status

We have continued our study of the mass transfer of type 316
stainless steel in flowing lithium using previously described! thermal-
convection loops {TCLs) with accessible specimens. These loops are
designed so that lithium samples can be taken and corrosion coupons can be
withdrawn and inserted without altering the loop operating conditions.
Three loops have operated under nearly identical temperature conditions
to develop data on dissolution and deposition processes as a function of

time.2»3 Plugging from mass transfer deposits necessitated replacement of
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the cold legs in all three loops after 5000 to 10,000 h. Two of these
loops have now completed more than 5000 h additional operation since new
cold legs were installed. Fresh coupons were inserted into the refur-
bished loops and their weight changes have been monitored as a function of
time. These data are included with those from the original three loops in
Fig. 9.4.1. The data represent the maximum weight losses measured at any
given time and were obtained from the coupon located at the maximum
temperature position (600°C) in each loop. Four of the data sets are
plotted as the solid circles and fall within a small scatter band along
the curve represented by the dashed line. Weight losses from one loop
experiment, however, have been consistently less than those from the other
tests. These are shown as the open circles.

The lower weight losses in the latter loop experiment were obtained
after replacement of a cold-leg section in a loop that had previously

operated for 5000 h. (Data for the previous period fell along the upper
curve.) This pattern was not repeated in the second of the loops in which

ORNL-DWG 80-17932

140 N T 1 il T T T A
o//
-
-7
120 [ 600°C -
”~
-~
-~
100 — // B
~%
* -~
80 |- o N
<
WEIGHT LOSS //
{g/m2) s
60 ]

o | 1 R | 1 1 ! |
&) 1000 2000 3000 4000 5000 6000 7000 BOOQ 9GO0  4Q00CQ

EXPOSURE TIME (h)

Fig. 9.4.1. Compilation of Weight Loss Data from Five Lithium-
Type 316 Stainless Steel Thermal-Convection Loop Experiments. Solid
circles = data from four of the experiments; open circles = data from
fifth experiment.
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the cold-leg section was replaced. The weight losses versus time in this
loop were about the same before and after replacement. Thus, the reason
for the lower weight loss data is unclear. W do not believe it is
related to initial impurities in the lithium since analysis of the lithium
in this loop during the first 1000 h of the experiment yielded oxygen and
nitrogen concentrations that were about the same or just slightly greater
than those measured for the lithium in the other loops. V¢ will conduct a
more extensive compatative analysis when the loop coupons have been
exposed approximately 7500 h. This will include metallographic examina-
tion of the loop specimens as well as chemical analyses of the lithium.
However, it should also be noted that the discrepancy between the loop data
represented by the solid circles in Fig. 9.4.1 and those of the fifth loop
(open circles) is not as great as it may seem from the figure. This is
because the major values of interest, the dissolution rates (which are
derived from the slopes of the weight loss versus time curves), differ by
a factor of less than 2; the longer term dissolution rate for the four
loops represented by the dashed line is 10.5 mg/(mz-h), while that for the
fifth loop experiment (solid line) is 6.3 mg/(m2+h).

While the lithium velocity in our TCLs is low (approximately 30 mm/s},
it is about that of a semistagnant fusion reactor lithium blanket used for
breeding tritium. We can therefore predict from the above data the
expected corrosion rate in such a lithium system. At 600°C, for pure
lithium (oxygen and nitrogen concentrations less than 135 wt ppm,
respectively), the dissolution rate should be less than 12 um/year
(0.5 mil/year). However, the conversion of the above mass corrosion
rate (milligrams per meter squared per hour) to units of surface recession
(micrometers per year) requires at least one caveat. As seen in Fig. 9.4.2,
the near—surface layer of type 316 stainless steel at 600°C tends to be
very porous after exposure to circulating lithium. Therefore, the surface
recession rate (as calculated from specimen weight loss) does not reflect
the total extent of surface attack. This surface layer, which has been
preferentially depleted of nickel and chromium, appears to reach a
limiting thickness and remain constant after approximately 3000 h.* Thus,
the recession rate (as calculated from the specimen weight loss as a
function of time), when added to the depth of the near-surface layer,
provides a reasonable estimate of the extent of degradation in the load-

bearing cross section of the steel.
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Y-159049

Fig. 942 Type 316 Stainless Steel Exposed to Lithium in a
Thermal-Convection Loop for 9000 h at &00°C.,

945  Conclusion

Weight loss data from five type 316 stainless steel TCL experiments
indicate a low dissolution rate of this steel in slowly flowing lithium
characteristic of semistagnant tritium-breeding blankets.
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9.5 COMPATIBILITY OF SOLID CERAMIC BREEDER MATERIALS WITH ADIP PROGRAM
ALLOYS-S. R. Breon and P. A. Finn"" (Argonne National Laboratory)

9.5.1 ADIP Task

I.LA.3 Chemical and Metallurgical Compatibility Analysis. The
results presented in this section contribute to Subtasks |.A.3.3 and
I.A.3.4 and associated milestones. They also contribute to milestones
relevant to Path E alloy development.

9.5.2 Objectives

The objective of the work reported in this section is to provide
baseline data on the compatibility of candidate ceramic tritium breeder
materials with ADIP Program alloys. Limitations associated with
operating temperature, chemical impurities, alloy composition, and the
formation of vapor phase species are investigated. The mechanisms of
corrosive attack are identified and characterized and the results are
used to develop a basis for the selection of optimum construction
materials for solid breeder blankets.

9.5.3 Summary
An initial scoping experiment was carried out to investigate the

interfacial compatibility of selected solid ceramic tritium breeder
materials with typical ADIP Program alloys. Each of the solid breeder
materials L1'20, LiA102, and L1'251'03 was exposed to 316-5S, HT-9,
Inconel 625, and Ti6242 at 873 K for ~1900 h in a high purity helium
environment using a reaction couple method. Examination of the alloy/
ceramic interfaces by SEM, Auger, and X-ray diffraction analysis revealed
that reaction scales comprised of elements from both the alloy and
ceramic had formed in all cases. These scales were thickest for the
L1'20/a110y reaction couples. Ternary phases of the type LixMyOZ have
been identified at most of the interfaces for which analyses have been
completed. Analytical procedures and improved strategies for future
ceramic breeder corrosion tests have been developed.

*Student aide from Pennsylvania State University.
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9.5.4 Progress and Status

This section describes work done to date to evaluate the corrosivity
of solid ceramic breeder materials towards ADIP-specific alloys using
the reaction couple method. Based on the data acquired in the first
experiment, the reactions between the various ceramics and alloys are
being examined qualitatively to determine the most promising materials

combinations and technical approaches for subsequent corrosion tests.

9.5.4.1 Experimental Procedure

The solid breeder corrosion tests were conducted in a helium
environment at 873 K for 1900 h with the samples retained in a stainless
steel test apparatus configured as shown in Fig. 9.5.1. (An Inconel
X-750 spring provided the compressive force that held the samples in
place.) The test samples were characterized after exposure by means of
photographic and visual examination, X-ray analysis, scanning electron
microscopy, and Auger analysis.

The ceramics studied in this experiment were lithium oxide (L1'20),
lithium silicate (L1'251'03), and gamma lithium aluminate (y—LiA]Oz). L1'20
powder was purchased from Research Organic/Inorganic Chemical Co. Chemical
analysis showed it to be 93.3% pure. The powder was pressed at 1.2 T/cm2
and sintered at 1073 K, then cut into square pellets about 15 mm on a
side with thickness between 4.5 and 5.5 mm. The pellets were 79%of
theoretical density.

Glassy L125i03 samples were obtained from McDonnell Douglas Astro-
nautics Co. (MDAC, J. W. Davis). The samples were approximately 13 mm
on a side, 3 mm thick, and 88%of theoretical density. L1':'\102 samples
were prepared by R. M. Arons of the Materials Science Division of ANL.
They were heat treated at 1383 K to form the gamma phase. The samples
were approximately 12 mm on a side with a thickness of 1.5 mm and the
reported density was 59.1% of the theoretical density.

Specimen tabs of the four alloys tested in the first experiment--
316 SS, Inconel 625, HT-9, and Ti6242--were prepared by A. G. Hins et al.
of the ANL Materials Science Division (MSD). The composition of each
alloy is given in Table 9.5.1. The alloys were marked with coded notches
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198

Table 9.5.1. Alloy Compositions (Nominal), w/o

Alloy
Element 316 SS Inconel 625 HT-9 Ti6242
Fe 65 % 2.5 % 85 % 0.02 %
N 13-14 61.0 0.5 0.005
a 17-18 21.5 11.5 0.01
C 0.04-0.06 0.05 0.22 0.01
Mn 1.5-2.0 0.25 0.55 0.0025
0.020 0.01
0.010 0.008 0.006
Si 0.750 0.25 0.25 0.09
M 2.0 9.0 1.0 2.0
N 0.01 0.04 0.008
Al 0.05 0.20 <0.04 6.0
As 0.03 50.01
B 0.001
co 0.050 <0.05
No 0.050 3.6 <0.001
Ta 0.020
) 0.200 0.30
Sn <0.001 2.0
Ti 0.20 10.07 85
Z 4.0
0 50.02 0.065
cu =0.10 0.005
W 0.50
Bi s0.001
Pb 50.001

Sb =0. 001
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and holes for identification as to type and orientation. Each sample
was ~13 mm on a side with thickness between 0.8 and 1.4 mm.

Photographs were taken of the apparatus before dismantling {(e.qg.,
see Fig. 9.5.2). Dismantling was done in an argon glovebox with care
taken to preserve information on the orientation of each sample. Each
sample was given a careful visual examination with particular interest
paid to changes in color and surface texture; development of cracks,
fractures, and fine scratches; and any other transformations which may
have occurred. These results will be discussed in the next section. A
complete photographic record was kept of all alloy samples. The ceramic
samples were weighed and measured to determine changes in density--no
significant changes were found.

In some cases, visual and photographic examination was augmented
by use of X-ray analysis, scanning electron microscopy, and Auger
analysis. From the data, a qualitative description of the compatibility
of ceramic/alloy pairs was developed. This is summarized in Table 9.5.2.

9.5.4.2 Results and Discussion

The lithium aluminates were the least changed in appearance of any
of the ceramics. The edges turned dark gray and black speckles appeared
on the surfaces. The L1'A102 sample in contact with the HT-9 sample
adhered to the alloy and had to be gently pried loose with a spatula.
All alloys except Ti6242 had gray images over the area in contact with
the LiA10,; the image on the Ti6242 was reddish-gray.

Significant changes were observed in the L1'251'03 samples. Originally
the samples were unannealed transparent glasses containing a few small
cracks. After the test, all three samples became opaque and milky-white
in color. In addition, yellow regions could be seen on the top and
bottom faces indicating the possible formation of color centers due to
interdiffusion of metallic elements from the adjacent alloys. The
cracks increased in number and size, and the samples readily fractured
into smaller pieces along these cracks. All alloys but Ti6242 had gray
surface images of the Li,5105 pellet. The entire Ti6242 sample took on
a reddish tinge.
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In two cases--HT-9 and Inconel 625--the Li,0 samples had a black or
dark brown coating on the surfaces in contact with the alloys. In the
other two-cases--316 SS and Ti6242--the surfaces of the Li,0 in contact
with the alloy turned off-white and were pitted to some extent. SM
photographs and X-ray spectra of the Li,0 surfaces in contact with all
four alloys indicated the presence of iron, nickel, and chromium (e.g.,
Fig. 9.5.3). This was a surprising result for the L1'20/T1'6242 interface,
which showed those three elements distributed evenly amongst clumps of
titanium in the surface coating (Fig. 9.5.4), since all three elements
are present at <0.02 w/o in Ti6242. Other studies' ™4 of the compatibility
of Fe-Ni-Cr alloys and Li,0 at temperatures above 1073 K have reported
the formation of volatile Li Fe0, and LiCr0,. Formation of these
or other volatile compounds may account for the presence of iron and
chrome on the Ti6242 surface. (It should be noted, however, that nickel
was not reported to have formed any reaction products in these earlier
studies, which is contrary to some of the results in Table 9.5.2).

Each Li,0 pellet tended to extrude into the circular holes and
notches of the alloy samples in contact with it. Also, a scaly layer
was formed at the metal/ceramic interface. Auger analysis of the 316 SS
showed a thick (>2um) uniform coating which contained mostly lithium and
oxygen. The Inconel surfaces at the Inconel 625/316 SS interfaces also
had a scale that contained lithium and oxygen, which supports the
speculation that some volatile reaction products were formed. The HT-9
surface of the HT-9/Ti6242 interface was examined using the SEM.
Titanium was found to be uniformly distributed over the entire surface.
The mechanism of transport is most probably interfacial diffusion.

9.5.5 Future Wok

The Ti6242 samples and pieces of the Li,5104 samples have been sent
to J. W. Davis of MDAC. AIll other alloys have been turned over to the
ANL/MSD for detailed metallurgical analysis. Pending work on the
ceramics includes SEM analysis on the remaining lithium silicate and
lithium aluminate samples, as well as Auger analysis of all ceramics.
Also, X-ray diffraction analysis will be performed on the surface
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"ig. 9.5.4. (a) Scanning Electron Micrograph of Li,0
Surface Which Had Been in Contact %1’th
Ti6242 for ~1900 h at 873 K.
(b) Iron X-Ray Scan of Lip0 Surface.
{c) Titanium X-Ray Scan of L'izO Surface.
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coatings of the ceramics

9.5.6 Conclusions

Of the three ceramics, it appears that L120 is the most reactive.
The aluminates and silicates showed only moderate corrosivity but more
work with these ceramics is warranted. Future tests should be done
using methods that isolate reaction couples from one another to
eliminate concerns about cross contamination. Also, reaction couples
should be analyzed in cross-section without separating the metal from
the ceramic, 4.e., without disturbing the metal/ceramic interface.
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