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FOREWORD

This is the first fn a series of semiannual technical progress reports on fusion reactor materials.
This report combines research and development activities which were previously reported separately in the
following technical progress reports:

» Alloy Development for Irradiation Performance
+ Damage Analysis and Fundamental Studies
+ Special Purpose Materials

These activities are concerned principally with the effects of the neutronic and chemical environment on
the properties and performance of reactor materials; together they form one element of the overall materials
program being conducted in support of the Magnetic Fusion Energy Program of the U.§. Department of Energy.
The other major element of the program is concerned with the interactions between reactor materials and the
plasma and is reported separately.

The Fusion Reactor Materials Program is a national effort involving several nationa) laboratories,
universities, and industries. The purpose of this series of reports is to provide a working technical record
for the use of the program participants, and to provide a means of communicating the efforts of materjals
sciertists to the rest of the fusion community, both nationally and worldwide.

This report has been compiled and edited under the guidance of A. F. Rowcliffe, Qak Ridge National
Laboratery, and D. G. Doran, Battelle-Pacific Northwest Laboratory. Their efforts, the work of the publica-
tions staff in the Metals and Ceramics Division at ORNL, and the many persons who made technical contribu-
tfons are gratefully acknowledged. T. C. Reuther, Reactor Technologies Branch, has responsibiiity within DOE
for the programs reported on in this document.

G. M. Haas, Chief
Reactor Technolegies Branch
Office of Fusion Energy
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RTNS-II Irradiations and Operations (Lawrence Livermore National Laboratory)
Irradiations were performed on eleven different experiments during this period.

Design of the HFIR Spectral Tailoring Exper1ments in the HFIR RB" Capsu1e Irradiation
Facility (Dak Ridge National Laboratory) . e e e . . . e

Design of 4 universal HFIR RB capsule irradiation facility and four NFIR-MFE-REB
capsules to accommodate specimens preirradiated in a spectrally tailored experiment
in the ORR is proceeding satisfactorily. The capsule designs are being standardized
as much as possible and the construction drawings are being prepared on a computer-
gided design (CAD) system to minimize overall long-term costs. Frepargtion of
construction drawings for the instrumented 330°C capsule is approximately 30% complete;
drawings for the first two capsules (330 and 60°C; are scheduied to be completed in
November and December 1956, respectively. Operation of the first two capsules is
scheduled to begin in June 1987, and the other two (200 and 400°C) in January 1988. 4
convent ional temperature control gas gap, although relatively small, was selected for
330°C capsule design. Development efforts are in progress to test a larger particle-
filled gap concept for possible use for temperature control in the 200°C capsule. In
this concept, temperature would be controlled primarily by varying the Inert gas
pressure in an annular bed of coarse/fine microspheres to change its thermal
conductance.

Design and Operation of the HFIR Instrumented (JP Type) Target Temperature Test (TTT)
Capsule (Oak Ridge National Laboratory) -

The JP-TIT capsule assembly was completed, and irradiation started on
August 17, 1986, as planned. First results indicate that temperatures at the
beginning of the experiments are within 153 of predicted values except in the
G-1 position. The specimens asccumulated a total irradiation time of 42.51
full power days (FPD) at 100 M¥ through September 30, 1986.

Characterization of the NLTNIF Facility in the BSR (Argonne National Laboratory)

Dosimetry measurements and damage calculations have been completed for the
National Low-Temperature Neutron Irradiation Facility in the Bulk Shielding Reactor
at Oak Ridge National Laboratory. This facility will permit neutron Irradiation at
4°K. Results show that the fast flux for materials studies is about
1.4 x 10'°® nj/em®-s producing about 0.3 dpa and 1.7 appm He in 316 stainless steel
In one year.

Capability for Measuring Millimeter-Wave Dielectric Properties in Free Space and at
Eievated Temperatures (Los Alamos National Laboratory}

The swept-frequency, in waveguide, scalar network analyser system (SNAS) of a
previous progress report on measuring millimeter-wave (MMW) dielectric properties of
materials for rf windows (90-100GHz) has been extended to operation in free space via
antenna techniques and to elevate temperatures of over 1000°C. The 'parallel' beam for
spec fmen- cum-waveguide configuration is replaced with a larger disc specimen sand-
wiched by & pair of collimating antennas that provide a'parallel’ beam for
transmission through the specimen. The specimen is mounted in & special 1700°C furnace
with doors on opposite walls to permit passage of the MMW beam. During the brief
period available for data collection, computer software allows the use of efficient
signal averaging of the low-level MMW's that make it through very hot-and thus
highly lossy-ceramic specimens. Dielectric losses measured as a4 function of
temperature allow a closer simulation of the MF environment. Free-space measurements
at room temperature are also important as & comparison standard with data taken by
the more difficult waveguide technigque compatible with fission-reactor
frradiation studies, as problems are much less pronounced in free space with specimen-
to-heolder clearances, specimen preparation, and spurious standing wave effects.
Preliminary room-temperature data are presented.
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Operation of the US/Japan DRR Spectral Ta1ior1ng Experwments
(Dak Ridge National lLaboratory) . . .

The ORR-MFE-6J and -7J experiments continued irradiation during this reporting
period ending on September 30, 1986. The total accumulated irradigtion time is 330
full power days(FPD) at 30 M¥W.

Status of US/Japan Collaborative Testing in HFIR and DRR (Oak Rwdge National Laboratory
and Japan Atomic Energy Research Institute) .. . .

All eight Phase-I Target Capsules have completed irradiation. Post irradiation
examination Iis nearing completion on five of the eight capsules. Construction of
the Instrumented Target Capsule was completed and the experiment was installed in the
High Flux Isotope Reactor (HFIR}. Results of the first cycle of irradiation showed
that the measured temperatures were near the predicted values except for the end
region. The two 0ak Ridge Research Reactor (ORR) spectral-tailoring capsules operated
well throughout the reporting period. Removal of the two capsules from ORR for interim
examination and reinsertion in the RB positions in HFIR is scheduled for eary FY 1987.

Fusion Program Research Materials Inventory (Oak Ridge National Laboratory and McDonnell
Douglas Astronautics Company) e e

A summary of materials in the Fusion Program Research Materials Inventory indicates
the nowinal diameter of rod or thickness of sheet for product forms of each alloy and
also indicates by weight the amount of esch alloy in larger sizes available for fabri-
cation to produce other product forms as needed by the program. No material was added
to the inventory during this reporting period. The materials distributed from the
Inventory are described.

Irradiation of Fe-Cr-Ni Austenitic A]1oys at 400-750°C in the Mota-1E Exper1ment
{(Westinghouse Hanford Company) - e . .

Seven nominally Iidentical packets, each with 79 TEM disks prepared from 29
Fe-Cr-Ni alloys have been inserted into the MUTA-IE experiment for irradiation in
Cycle 9 of FFTF. Two packets each have been included in each of the 420, 520 and
600°C canisters, one each to be withdrawn after Cycles 9 and 10. One additional
packet has been included in the 750°C canister.

2. DOSIMETRY, DAMAGE PARAMETERS AND ACTIVATION CALCULATIONS

2.1

2.2
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Production of Long-Lived Activities in Fusion Reactors (Argonne National Laboratory)

Experiments are in progress to measure the 14 MeV production rates of several
Jong-lived radicisctopes in fusion materials. Samples of separated isotopes of *‘Fe,
S0N;, N7 and *“Zr were Irradiated &t the RTINS II in July. Radio-chemical separations,
liquid scintillation counting, and gamma spectroscoy have successfully been used to
medsure cross sections for the ®Fe(n,Zn)**Fe, ®°Ni(n,2n)"°Ni, ®**Ni(n,2n)%°Ni, and
*3Culn,p)®’Ni reactions.

Neutronics Analysis in Support of the US-Japan Spectra? Tailoring Capsules
(Oak Ridge National Laboratory) e e e e

The neutron fluxes for the ORR-MFE-6J dosimetry capsule have been recalculated
and compared with the previously measured fluxes. Scale factors obtained from
this new comparison are being used to scale the neutron fluences obtained from three-
dimensional neutronics calculations. As of September 30, 1986, this procedure yields
32.6 sppm He (not inciluding 2.0 appm He from '°B) and 4.79 dpa for type 316 stainless
steel in ORR-MFE-6J and 56.5 appm He and 5.32 dpa in ORR-MFE-77J.

International Dosimetry Standardization Activities (Argonne National Laboratory)
Results of the REAL84 exercise to compare spectral unfolding and damage

calculations between ten different laboratories in the US, Furope, and Japan were

reviewed at an ITAEA Consultants' Meeting at the Technical University of Budapest,

Hungary, on September §-10, 1986. 4 formal report on the project will be issued

by the TAEA.

Helium Production Cross Sections for Fusion-Energy Neutrons {(Rockwell International)

Two major fast-neutron Iirradiations were conducted for the measurement of the
total helium production cross sections of several pure elements and separated isotopes.
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The first was & Rotating Target Neutron Source-II (RTNS-II) irradiation conducted to
expand the 14.8-MeV cross section data base developed from earlier RTINS experiments.
The second was & 10-MeV neutron irradiation at the Los Alamos National Laboratory
(LANL) using the 'H(t,n) source resction, to provide cross section informetion In &
lower neutron energy region. Two RTNS-II add-on experiments were also initiated, to
examine the 14- to 15-MeV energy dependence of selected pure-element cross sections.

Full Derivation of an Approximate Solution to the Scattering Integral for
General Interatomic Potentials (University of California, Los Angeles) . . . . . . . . . . . 44

An approximation to the scattering integral 1s derived by expanding the potential
about the distance of closest approach and truncating the expansion so that the integral
can be performed analytically. The results are improved by using the approximate
Integrand only in the region near the closest approach and assuming zero potential for
large distances. The analytical solution, which requires little computation time
relative to other solution methods, is shown to yield sufficient accuracy for a wide
range of particle energies and impact parameters, using both the Molifere and "Universal”
potentials.

TRIPOS: A Dynamic Monte Carlo Code For the TRansport of lons In P01yat0m1c
Solids (University of Califernia, Los Angeles) . . . . . - X

4 general dynamic Monte Carlo ion transport code, TRIPOS, Transport of Ions in
PQlyatomic Solids, is presented. TRIPOS uses both power-law cross sections and & newly
developed solution to the scattering integral for treatment of nuclear collisions.
Applications of TRIPOS to surface, bulk, and deep penetration problems in multi-Ilayer
polyatomic medisa are given. The dvanmic nature of surface evolution caused by energetic
fon-surface collisional events are also simulated by TRIPOS.

Calculations for Isotopically-Tailored Ceramics in Fission and Fusion Reactors
(Los Alamos National Laboratory) . . . . . . . . .« o o e e e e e e e e e e 69

To aid Iin the design of an isotopically-tailored ceramic experiment in HFIR,
calculatjons have been made to determine the amount of SN and '70 needed in §i,Al1,0,N,
and *70 needed in Al,0, to simulate the 14 MeV fusion neutron response of these ceramics
when Irradiated with fission neutrons. The calculations were performed using the REAC
computer code developed at Hanford Engineering Development Laboratory, and the gas
production and damage nuclear data needed were produced with a Los Alamos code.

Although the damage data are more appropriate for metals, it is assumed that the
comparison of the gas-to-damage ratios In the twe reactors is valid. Calculations
indicate that 57% 70 and 90.6% '°Ni in sialon and 17.9% '’0 in alumina would

be adequate for the simulation.

REACZ Activation and Transmutation Computer Code System
(Westinghouse Hanford Company) . . . . . . O i

The initial release of the REACZ transmutation and activation code system is now
available for use at the Magnetic Fusion Energy (MFE) Computer Center. REACZ? is over
an order of magnitude faster than its predecessor and is easier to use.

Activation of Structural Alloys in Fusion Reactor Magnets
(Westinghouse Hanford Company) . . . . . . . . . . . v . v « v v v v v et ee e e .. 15

Using the STARFIRE conceptual design, niobium is the only element to cause problems
in meeting Class C near surface burial criteriqa. Although the materials in the outboard
magnet will not cause dose concerns for maintenance purposes in the STARFIRE design, the
radiation dose from the inboard magnet position is quite high.

MATERIALS ENGINEERING AND DESIGN REQUIREMENTS . . . . . . . . . . . . . . . ... ... .... &

3.1

Materials Handbook For Fusion Energy Systems (McDonne?] Douglas Astronautics
Company - St. Louis Division) . . . . . . . A - . |

The effort during this reporting period has been directed towerds developing the
supporting documentation data sheets in preparation for distribution to current handbook
holders. These pages are planned for distribution early in 1987. With the release of
these pages will constitute the first step towards establishing & data base of fusion
developed experimental data.



4. FUNDAMENTAL MECHANICAL BEHAVIOR . . . . . . . . . . o . . . oo e e s, 85

4.1

4.2

Mechanizal Properties of Fusion Reactor Materials - A Workshop Held on April 18, 1986,

in Conjunction with the Second International Conference on Fusion Reactor Materials,

Chicago, IL. OCrganized by: Russell H. Jones (Pacific Northwest Laboratory,

Richland, Wash!ngton) and G. E. Lucas {University of California, Santa Barbara,

Cal 1forn1a) .. e e e e e e e e e e e e s 87

The Workshop on Mechanical Properties of Fusion Reactor Materials was held
in conjunction with the Second International Conterence on Fusien Reactor Materials
to encourage Interndtional representation in this workshop series. The meeting
was held in Chicago, Illinois in April 1986, with participants from Japan, Europe,
and the United States. The topics covered were: 1) flow processes, Z) time dependent
crack growth, 3) time Iindependent crack growth/brittle fracture, and 4) environment
assisted crack growth. The background, status, and recommended research are summarized
Iin this report for each of the workshop topics.

Effect of Internal Hydrogen on the Fat1gue Crack Growth of HT-9
(Pacific Northwest Laboratory) A .. O 161

Internal hydrogen concentrations of 4 appm were found fteo have a significant
effect on crack growth rate in HT-9 tested at room temperature. This effect was most
pronounced at AK's less than about 15 MPa-a? for tests conducted at & load ratio of
0.5. At a load ratio of 0.05 Internal hydrogen had very little effect on the fatigue
crack growth rate. Hydrogen induced an intevgranular fracture mode which increased
In percentage of the total fracture with decreasing crack velocfties at decreasing AK's.
Hydrogen has been shown to induce Iintergranular fracture of HT-9 in precharged and
dynamic tensile tests &nd subcritical crack growth tests at cathodic potentials. The
fatigue crack growth rate of both the hydrogen charged and uncharged material was a
function of the cyelic frequency between frequencies of 0.5 and 5 Hz with the fatigue
crack growth rate Increasing with decreasing frequency or iIncreasing period. There
Is some evidence that the as-received hydrogen concentration of 1 ppm affected the
crack growth rate. The crack velocity was also dependent on the load ratio with hydrogen
having a large effect on the fatigue crack growth rete at a load ratio of 0.5 and & small
effect at & load ratio of 0.05. The observed resuits could have significance to fusion
reactor design If they are shown to persist to reactor temperatures. A combination of
modeling and experiment will be used to help answer this gquestion.

5. RADIATION EFFECTS: MECHANISTIC STUDIES, THEORY AND MODELING . . . . . . . . . . . . . ... .. 127

5.1

5.2

Microstructure of Copper Alloys Following 14-MeV Neutron Irradiation
(Qak Ridge National [aboratory) . . . . . . . . . . . . . . ... 128

The microstructure of copper and three single-phase copper alloys (Cu-5%A7,
Cu-5¢Mn, Cu-5%Ni) has been examined following a room-temperature I4-MeV neutron
irradiation up to & maximum fluence of 2 x 10*' nfm® (~10"° dpa). The irradiation
produced small defect clusters, many of which were resolvable as stacking fault
tetrahedra (SFT} or triangle loops. Alloying did not affect the overall cluster
density or size distribution, but it did cause a significant reduction In the density
of SFT and trisngle Joops. The overall defect cluster size was independent of fluence
with & mean and most probably diameter of ~2.7 and ~1.7 nm, respectively. There was
no evidence of cascade overlap in this study. Cascade overlap effects are estimated
to become significant for fluences ~10°" n/m?. The overall defect cluster density was
found te vary as N ~ ¥¢t with & short incubation pericd for all four metals.
Reexamination of published data indicates that this relationship may be broadly
applicable over the ijrradiation temperature range 80 to 400 K. Llogarithmic plots
of the cluster density versus fluence produced anomalous curvature due to the influence
of the Incubation period.

C=R/RTNS-II Low Exposure Spectral Effects Experiment: Effects of Irradiaticn
Temperature (Westinghouse Hanford Company) . . . . . . . . . . . . . . . .. ... ... .. 14

The status of the OWR/RTNS-II Low Exposure Spectral Effects Experiment is reviewed.
The originally planned irradiations in RINS-II and the Omega West Keactor at 90°C and
290°C have been completed, and additionsl irradiations in RTNS-II at 200°C and 450°C
have also been carried out. Tensile specimens from each of the irradiations have been
tested. The effects of irradiation temperature on the change in yield stress as a
function of 14 MeV neutron fluence dare reported here for annealed pure copper, annealed
316 stainless steel and HT9 ferritic steel. In copper the effect of Increasing the
Irradiation temperature 15 to Increase the minimum fluence at which & measurable change
Iin mechanical properties takes place. The temperature effects are somewhat smaller in
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5.7

5.8

316 stainless steel, and the incubation effects are less obvious than in copper. In
HT9 the 14 MeV irradiation effects are relatively small, and there is nc effect of
temperature for fluences up to 2.5 x 10'® nfcm®.

The Effects of Low Deses of 14 MeV Neutrons on the Tensile Properties of the Three
Binary Copper Alloys (Westinghcuse Hanford Company) .

Miniature tensile specimens of high purity copper and copper alloved respectively
with five atom percent of Al, Mn, and Ni were irradiated with D-T fusion neutcons in
the RTNS-IT to fluences up to 1 3 x 16'® n/cm® at 90°C. To compare fission and fusion
neutron effects, some specimens were also irradiated at the same temperature to similar
damage levels in the Omega West Reactor (OWR). Tensile tests were performed at room
temperature, and the radiation- induced strengthening of CuSiMn is greater than that of
CusAl and CuSiNi, which behave about the same. However, all the alloys sustain less
jrradiation- induced strengthening by 14 MeV neutrons than pure copper, which is in
contrast to the reported results of earlier work using hardness measurements. The
effects of fission and fusion neutroms on the yield stress of CuS¥Al and CuSZNi
correlate well on the basis of dpa, but the data for CuSiMn suggest that dpa may not
be & good correlation parameter for this alloy In this fluence and temperature range.

Effects of Substitutional Alloying Elements on Microstructural Evolution In
Neutron Irradiated Fe-10Cr (Westinghouse Hanford Company)

The effect of solute additions on microstructural development in the base alloy

Fe-10Cr following neutron irradiation at 426°C te 33.5 dpa has been examined. Additions

of 8i, V, Mn, W, Ta, and Zr were considered at 0.1 and 1.0 wt. } levels. It was found
that solute addit ions affect the level of swelling, the void morphology and the
dislocation eveolution. The results are interpreted in terms of sclute segregation to
point defect sinks.

Swelling of Solute-Modified Fe-Cr-Mn Al]oys In FFTF
(Westinghouse Hanford Company) . . .

Density change data continue to be accumulated on solute-modified and commercial
Fe-Cr-Mn alloys irradiated at 520°C and 50 dpa. The tendency toward saturation of
density change observed in the simple ternary alloys in the annealed condition Is
accentuated by cold-working and solute addition. Irradistion at 420°C appears to
further accelerate the tendency toward saturation.

Cessation of Irradiatfon Creep in AISI 316 Concurrent With High Levels
of Swelling (EBR-II ProJect Argonne National Laboragory and Westwnghouse
Hanford Company) . . .

At high neutron exposures where the swelling of AISI 316 exceeds ~5% the
Irradiation creep rate at 550°C begins to decline and eventually disappear. Swelling
continues to proceed, however, leading to 8 maximum deformation rate dictated cnly by
that of the steady-state swelling rate or ~0 33%/dpa. It is not clear at this point
whether large levels of voidage are directly responsible for the decrease in creep
rate. There 1s some evidence to support the possible roie of intermetallic precipi-
tate formation, although the mechanism of creep suppression by such precipitates Is
not known.

Analysis of High Dose Swelling Data From the RS-1 Exper1ment
(Oak Ridge National Laboratory) . .

A large amount of swelling data from several irradiation experiments has been
entered into a computerized data base to facilitate the analysis of the data. This
data includes that from the RS-1 experiment in the EBR-II in which several hests of
20% cold-worked type 316 stainless steel were irrediated to & maximum dose of about
85 dpa in the temperature range of 370 to 600°C. The actual irradiation temperatures
in this experiment deviated from the design values by up to 100°C and the present
report provides corrected average values. Contrary to some published reports, pre-
liminary analysis of the RS-1 swelling data indicates that & significant temperature

dependence of the steady-state swelling rate appears to persist at fairly high swelling

levels.

Spinodal-Like Decomposition of Fe-Ni and Fe-Ni-Cr Invar Alloys In Both Radiation
and Non-Radiation Environments {Westinghouse Hanford Company, University of Wisconsin,
and Massachusetts Institute of Technology)

The radiation- induced development of spinodal-Iike compositional fluctuations in
Fe-Ni-Cr invar alloys leads to several fortuitous methods of visualizing the three-
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dimensional nature of the decompositiocn process. I[n low dose neutron- frradiated
Fe-Ni-Cr specimens, the use of high electropolishing rates during preparation of micro-
scopy foils leads to & preferential attack of those regions which are low In nickel.

In high dose ion-bombarded specimens of Fe-35Ni, the absence of chromium leads to for-
mation of cellular martensite in the nickel-poor regions upon ccoling to room
tempersture.

The scale of the fluctuations at temperatures >600°C is comparable to that found in
the Ssnta Catharina meteorite, which is roughly Fe-35INi in composition. This and other
non-radiation data support the proposal that the Fe-Ni system in the absence of
irradiation tends to spinodally decompose in the invar regime but &t a very sluggish
rate. Thus it appears that radiation accelerates rather than induces the decomposition
of Fe-Ni and Fe-Ni-Cr invar alloys.

Effect of Nickel Content on the Minimum Critical Radius of Fe-Cr-Ni A]]oys
(Arizona State University and Westinghouse Hanford Company)

Swelling data from both ifon and neutron irradiations of Fe-Cr-Ni alloys are
analyzed in terms of the critical radius concept for bubble-to-veoid conversion. It is
shown that while the dependence of critical radius on temperature, displacement rate and
helium can explain many features of the data, one must also consider the dependence of
vacgncy diffusion on nickel content in order to be able to explain the compositional
dependence of void nucleation.

The Influence of Phosphorus on the Neutron or Ion-Induced Swelling of
Fe-Cr-Ni Alloys {Westinghouse Hanford Company) P

A recent ion bombardment study has called into question a fundamentdl assumption
used to design & Ni*? isotopie tailoring experiment. Thkis assumption involves the
synergistic roles of phosphorus and helium in void nucleation and therefore the
assumpt ion was tested by analysis of the results of an edarlier irradiation experjment.
Neutron irradiation of Fe-Z5NIi-15Cr with three different phosphorus levels was found to
yield density changes which support the design assumption. Based on the role proposed
for phosphorus an alternative explanation is alsoc offered to describe the results of the
ion bombardment experiments may not be suitable for the simulation of the influence of
phosphorus on reutron- induced microstructural development.

The Swelling of Nickel and Nickel-Chromium Alloys During Neutron or Ton
Irradiation (Westinghouse Hanford Company) . .. e e e

Data on the neutron and ion-induced swelling of pure nickel and nickel-chromium
alloys are reviewed to test the hypothesis that long or short range ordering will
reduce swelling. The concept of order-induced swelling suppressiocn appears to be
valid, but the influepce of chromium on ordering and swelling of nickel-chromivm
alloys is complicated by the action of at least one other as-yet-undetermined
mechanism. The swelling rate of pure nickel depends on temperature and metal purity,
reaching ~17/dpa at low temperatures and high purity. Nickel also saturates in
swelling at a pace dictated by purity, cold-work level and temperature, while Ni-Cr
alloys do not appear to be subject to saturation.

TEM Cross-Section Observation of Gas Effect on Void Formation in Ion
Irradiated Nickel (University of Wisconsin)

Nickel samples with varjious helium and oxygen concentrations have been irradiated
with 14 MeV Ni ions at 500°C to a fluence of 8 x 10'° ifons/m® (2 dpa at a I-um depth).
Helfum atoms with energy varying from 200 to 700 keV were pre-injected ar room
temperature. The samples with low oxygen content were obtained by a hydrogen reduction
treatment and high vacuum outgassing. The density and the averdge diameter of voids
were determined by TEM examination of cross-section specimens.

The residual oxygen plays en important role In promoting void formation. Lowering
the oxygen content from 180 appm to 75 appm reduces void density and Increases void
size remarkably.

Small amounts of helium (10 appm) enhanced the void nucleation remarkably in both
high (180 appm) and low (75 appm) oxygen content samples, while larger amounts of helium
(30 appm) reduced the observable void density in the high oxygen content sample.

The Effect of Oxygen on Void Stability in Nickel
{University of Wisconsin) )

Surface energy values lower than those determined experimentally are often
utilized in theories of veid nucleation and growth in metals. Utilization of
established surface energy values generally predicts no swelling in the absence of
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heliuvm. However, swelling occurs in many metals even in the absence of helium.
Surface active Iimpurities, such as oxygen, can readily account for this discrepancy
by reducing the surface energy of wetals. This investigation shows that very Iow
concentratfons of oxygen Iin nickel can achieve the necessdary decrease Iin surface
energy.

A model has been developed to calculate the requisite quantity of oxygen in
solution to stabilize voids. The criterion for void stability is that the void be the
most energetically stable vacancy cluster In the metal. Knowing the fraction of oxygen
which chemisorbs and the surface coverage required permits the determination of initial
oxygen concentration needed to promote void stability. Calculations have been performed
for nickel.

The model has been tested by irradiating nickel with l4-MeV Ni ions at 500°C.
Oxygen was preinjected into one sample to a concentration of 75 appm. The irradiation
reached @ fluence of 3 x 10°° Ni-ion/m® (28 dpa at the damage peak). The irradiated
foils were examined In cross section in the electron microscope.

DEVELOPMENT OF STRUCTURAL ALLOYS . . . . . . . . . . . . o o e e e s s s .. 247

6.1

Ferritic Stainless Steels . . . . . . . . . . . . . . . . ... ... 249

6.1.1 Radiation Embrittlement of Manganese-Stabilized Martensitic Stainless
Steel (Westinghouse Hanford Company) . . . . . . . . . . . . . . .. .. ... ... 29

Fractographic examination has been performed on selected Charpy specimens
of manganese stabilized martensitic stainless steels in order to identify the
cquse of Iirradiation embrittlement. Embrittlement was found to be partly due
to enhanced failure at grain boundaries arising from precipitation, Micro-
structural examination of a specimen irradiasted at higher temperature has
demonstrated the presence of Fe-Cr-Mn chi phase, a body centered cubic inter-
metallic phase known to cause embrittlement. This work indicated that manganese
stabilized martensitic stainless steels are prone to intermetallic phase for-
mation which is detrimental to mechanical properties.

6.2 Austenitic Stainless Steels . . . . . . . . . . . . . . . e e e e e ... ... B3

6.2.1 Tensile Properties of HFIR-Irradiated Austenitic Stainless Steels At
250 to 400°C From the European Community/US/Japan Fusion Materials
Collaboration (Oak Ridge National Laboratory) . . . . . . . . . . . . . . . .. ... 7265

In the cellaborative experiments, four gustenitic stainless steels (EC316,
US 316, USPCA, JPCA) are being irradiated in four reactors to exploit the
variation In neutron energy spectrum. In this way the effect of He:dpa ratic
can be investigated. Tensile properties were determined for all four alloys
irradiated to a maximum of 10 dpa and containing a maximum of 550 appm He,
depending upon the nickel concentration in the alloy and position in the reactor.
Irradiation temperatures of 250 to 400°C were chosen because of their particular
relevance to INTOR. The US alloys were prepared in the cold-worked condition,
the EC and Japanese alloys in the annealed condition.

The tensile behavior more nearly reflected the differences in initial
condition than the differences betwsen {rradiation properties of the alloys, the
cold-worked material remaining stronger even after irradistion. In general,
irradiation in this temperature range clearly produced hardening with accom-
panying reduction in ductility. All four alloys, with the possible exception
of JPCA, exhibited rather low uniform elongation. There was no evidence for
helium embrittlement.

6.2.2 Irrediation-Enhanced Precipitates in Type 316 Stainless Steel Irradiated
in HFIR (Japan Atomic Energy Research Institute, assigned to Oak Ridg
National Laboratory and Oak Ridge National Laboratory) . . . . . . . . . . . . . . . 275

Solution-annealed (S4) type 316 stainless steel was irradiated to 36 dpa
at 600°C in HFIR. Large irradiation-produced (100 to 270 nm) precipitates were
observed in Irradiated specimens and many voids (3 to 30 nm in diameter) were
attached to these precipitates. In addition, many fine helium bubbles (1 to 5 nm
in diameter) and dislocation loops (~5 nm) were cbserved inside these precipitates.
Most of these precipitates were Identified as MiC (eta) phase, enriched in Ni, Cr,
Mo, and Si.
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€.2.3 Temperature Dependence of Swelling in Type 316 5tainless Steel Irradiated
To About 33 dpa In HFIR {Japan Atomic Erergy Research Institute, assigned
to Oak Ridge National Laboratory and Oak Ridge National Laboratory

Solut fon-annealed (SA) and 20%-cold-worked (20% (W) type 316 stainless
steels were irradiated in HFIR vp to 33 to 36 dpa and 2250 to 2335 spom He at
Irradiation temperatures of 300 and 400°C. Small bubbles (1.5 to 4.5 nm in
diameter) were uniformly dispersed throughout the matrix at concentrations in
the range 2 to 4 x 10°" w . Swelling was very low (below 0.2Z%) in both
materials. In SA materials, cavity size rapidly increased while the number
density decreased at irradiation temperatures of 500°C and above. Swelling
appeared to be a maximum at 500°C (>1%). Most of the cavities were voids ar
600°C. On the ather hand, In 20 CW specimens, cavities were much smaller,
with diameters of & and 9 nm at 500 and 60v°C, respectively. The cavity number
dencity at both 509 and 600°C (~1 x 10°% m ") was about one order less rhan at
400°C. Swelling slightly increased as irradiation temperature increased,
peaking ar 660°C (0 3%j. Inhibiticn of swelling by cold working was more
effective at temperatures above 500°C.

6.2.4 The Development of Austenitic Stainless Steels for Fast Induced-
Radicactivity Decay (Ozk Ridge National lLaboratory) . -

Tensile properties were determined for six Fe-Mn-Cr-C alloys that were nsed

previously to determine the austenite-stable region in that system. The steels
were tested in the solution-annealed and Z207-cold-worked conditicns. When the
results were compared with tvpe 316 stainless steel, the average behavior of the
five steels compared favorably with the ternsile behavior of type 316 stainless
steel.

6.3 Vanadium Alloys

6.3.1 Preparaticn and Fabrication of Vanadium Bese Alloys (Argonne National
Laboratory) e

Injtial phases In the production of V-Cr-Ti alloys have been completed.
All steps in the process flow sheet (1) have becen activeted on production of
the V-15Cr-5T1 ternary alloy. Sufficient matcerial was processed to gencrate
a 9.65 cm (3.8") diameter cast ingot weighing 13.1 kg (29 pounds). Subseguent
hot extrusion provided a change in geometry to the billet to remove the cast
structure and produce a rectangular shape to initiate hor rolling procedures.
This extrusion has been subdivided and is currently passing through final
processing operations, which include hot rolling, warm rolling and cold
finishing steps. Flat stock is now being accumulated, while characterization
work such as chemistry, non-destructive testing and metallocgraphy Is on-going.
Plans for the fabrication of the V-10Cr-57i alloy have been Adefined and the
initial alloy consolidation 1s under wav.

In addition, this effort provides for correlation of complimentary fabri-
cation work on V-12Cr-571 and V-10Cr-107T1 alloys at Teledyne Wah Chang Albany.

6.3.2 Development of a Vanadium-Base Alley Structural Material (Argonne National
Laboratory) . e e e

The V-3Ti-151, V-5T1, V-20T7, and V-i50r- 5T alloys were frradiaeted at
E50°C with 4.0-MeV 'V'* jons to 50 dpa. Veoids were not visible in the
irradiated alloys. Coherent precipitates were produced in the Irradiated
V-5T7 and V-15Cr-5Ti alloys. The precipitates were noncoherent with the
matrix in the V-2071 allcy and partially cohcrent in the V-3Ti-1S7i alloy.

The foermation of coherent precipitates may coutribute to the greater suscep-
tibility of the V-15Cr-5T7i alloy, in compariseon to the V-20Ti and V- 3Ti-15]1
alloys, to irradiation hordening and lovss of ductility after nmeutron irradia-
tion. A test matrix for jrradiation of V-base alloys in the FFTF reactor
during cvcle ¥ is presented.

6.3.3 Effect of Preinjected Helium on the Response of ¥-20T3 Pressurized Tubes to
Neutron Irradiation (Oak Ridge National Laboratcry) .

Vanadiuww- 207 titanium tubes, pressurized tu stresses of 34 and 39 MPa, were
irradiated in the Experimental Breeder Reactor (EBR-II) at 700°C to a fluence of

3.9 x J0®° n/m?, corresponding to a displacement damage level of 27 dpa. Sec-
tions of the tubes were injected with 15 appm lle prior to irradiation to deter-
mine the effect of helijum on the microstruciucal and creep response of this
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6.4 Copper
6.4.1

6.4.2

alloy to irradiation. It was found that helium promoted cavity formation,
primarily within existing precipitates, but total swelling remained Iow. Under
some conditions, am apparent enhanced creep deformation due to the presence of
heljum was found. The results suggest that the increase in creep deformation in
the presence of helium may be very sensitive to stress.

Alloys

Effects of Neutron Irradiation to 63 dpa On the Properties of Various
Commercial Copper Alloys (Westinghouse Hanford Company)} .

High purity copper and six commercial copper alloys were neutron irradiated
to 47 and 63 dpa at about 450°C in the FFTF. Immersion density measurements
showed a wide range of swelling behavior after irradiation to 63 dpa. At one
ex!reme was CuBe in the aged and tempered (AT) condition which had densified
slightly. At the other extreme was 207 CW Cu-0.1% Ag which swelled over 45%.
Electrical resistivity measurements of high-conductivity alloys followed trends
similar to previously published results for the same alloys irradiated to
16 dpa, namely a continued requction in conductivity with fluence which appears
to relate to transmutation products and, somewhat, to void formation and
defect cluster development. At 63 dpa, the electrical conductivity of zone-
refined copper had decreased significantly. The reduction was toc a value
comparable with that of the irradiated Cu-Al125-the Al,0, dispersion strengthened
alloy. Conversely, for the moderate conductivity alloy CuBe, the electrical
conductivity was unaffected for irradistion greater than 16 dpa. These results
of the irradiated material were compared with electrical conductivity of unifrra-
diated alloys examined after aging for 10,000 hours.

The most irradigtion resistant high-conductivity, high-strength copper
alloy examined after 63 dpa is Cu-A125 followed by MZIC. Cu-2.08e, only a
moderate-conduct ivity alloy, exhibits very consistent irradiation resistant
properties. Thus, Cu-AlZ25 and MZC appear itn be acceptable candidates for high
heat flux materials in fusion reactor applizations,

Neutron Irradiaticn of Copper Alloys--Fhase II {Westinghouse Hanford
Company) . . . . . . . . . . . ... ... -

A second generation copper alicy experiment has been designed, burle, and

Inserted into the Fast Flux Test Facility (FETF) For irradiation. The axperiment

test matrix is heavily biased toward the exswination of oxide-dispersion-
strengthered (ODS) copprer-based alloys. This material exhibhited the most irrs-
disticn resistance of the alloys examined after fast reactor 1rradiation o
fliences up teo 63 dpa. The current experiment included matrix and weldment
specimens of commercial ODS alloys that werc designed to be wer’able.

6.5 Environmental Effacts On Structural Alloys

6.5.1

6.5.2

Environmental ard Chemical Effects Cn the Properties of Vanadium-Base
Alloys (Argonne Nztional Laboratory) P .

The susceptibility of V-15Cr-57i to stress corrosion crdcking in water at
288°C has been evalvated by means of constant extension rate temsile {CERT)
tests. The test envircnments include high-purity water as well as water con-
taining controlled levels of S0 and NC,™. Strair rates from 1 x 10°¢ ro
5x 107% 5! were employed, and dissolved oxygen levels ranged from <0.005 to
7.9 wppm. No stress corrosion cracking was observed under any of the test
conditions. Electrochemical potential valuves as a furction of dissolved oxygen
content were obtained from V-15Cr- 571, Type 304 stainless steel, and platinum
electrodes in the high-temperature water.

Cerrosion Studies In Thermally Convective Lithium: 12Cr-1MoVW Steel and
Low Activation Austenitic and Ferritic Allays (Oak Ridge National Laboratory) .

Results from experiments with austenitic and ferritic steels exposed to
lithium yielded further evidence for the important role of chromium reactions
in the corrosion process. Preliminery indications from the analysis of weight
ckange data for a low nitrogen Fe-Cr-Mn steel exposed to thermally convective
1ithium at 500°C for 2856 h revealed that the nitrogen concentration alone can-
not account for the chromjun reactions observed for Fe-Cr-Mn alloys in molten
Lithium. Additional surface analysis of standard 1iCr-1MoVW steel specimens
exposed in a thermal convection loop circulating lithium between 600 and 4350°C
confirmed the presence of chromium enrichment at intermediate temperatures. An
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initial study of low activation ferritic steels in thermally convective lithium
at 500°C was complceted., Results showed low weight losses typical of standard
ferritic steels exposed under similar conditions. Steels containing a signifi-
cant concentration of manganese appear to be slightly less corrosion resistant
than one containing only 0.02% wt I of this element.

6.5.3 Llong-Term Corrosion of Type 316 Stainless and 12Cr-1MoVW Steels In

Thermally Cenvective Po-17 at. % Li (Dak Riage Naticnal Laboratory) .

Durirg the o irrem* reporting period, long-term (10,000 k) baselinc thermal

convection loop experiments with austenitic and ferritic steels exposed to FPb-17
t. ¥ L7 were completed. The 500°C data confirmed the aggressiveness of the

Jead- 1ithium enviroment. Surface analysis revealed uniform attack of 12Cr- IMoVW
steel with minimal change in surface composition. In contrast, the type 316
stainless steel suffered irregular attack and preferential dissclution of nickel
and chromium. These observations are in accord with a model that predicts such
nonuniform attack under conditions of selective leaching. Mass transfer profiles
revealed that, In the case of type 316 stainless steel, the maximum deposition
was pot at the coldest point in the loop. Such behavior can be attributed to
the product of thermodynemic and kinetic factors that vary oppositely with
respect to temperature.

£.5.4 Corrosion of Ferritic Steels and V-15Cr-5T1 Alloy In Flowing Lithium

(Argonne National _aboratory)

Corrosion data are presented for several ferritic steels and the V-15Cr-5Ti
alloy in a flowing lithium enviromment. The dissolution rates of low-activation
ferritic steels and V-15Cr-5Ti alloy are compared with those for HT-9 and
Fe-9Cr- IMo steels. The influence of nitrogen content in lithium on the corrosion
behavior of these alloys Is discussed,

6.5.5 Corrosion of Ferrcus Alloys In Flowing Pb-17Li Environment {Argonne

National Laboratory)

Corrosion data have been obtained on low-activation ferritic steels iIn
flowing FPb-17 at. ¥ Li epvironment at temperatures of 482 and 371°C. The
results are compared with the dissolution behavior of ferritic KT-9 and
Fe-9Cr- 1Mo steels and the austenitic Type 316 stainiess steel.

7. SOLID BREEDING MATERIALS

7.1

7.2

The Thermal Conductivity of Mixed Beryllia/Lithium Ceramic In Sphere-Pac Form
(Argonne National Laboratory) e e e e e e

Lithium-containing ceramic tritium-breeder materials have been envisaged to be
deployed within the blanket region of & fusion reactor in several possible configu-
rations. Ore of these is the sphere-pac configuration. For this configuration an
Important material parameter is its thermal conductivity (Ksp). It is well known
that Kﬁ demonstrates rather complex behavior as a function of temperature, gas
pressure gas composition, particle size, and packing fraction. The interrelation-
ship of these parameters has been sarlsfacrorljy accounted for with a hierarchical
effective media theory (HEMT). For tritium self sufficiency, most lithium ceramic
breeder materials would require the presence of & neutron-multiplier (e.g., Be or
BeQ). Here, the infivence of configuration on Kgpn (i.e., how one put the different
solid components together in the sphere-pac bed) gecomes Important. Using &
generalized HEMT (i.e., & model with capability to describe systems with more than
one solid matertial component), we have analyzed in detail the configurational depend-
ence of KSP for sphere-pac beds composed of lithium ceramic/Be0 microspheres. Sub-
stantial improvements in K., can bo achieved if a configuration of lithium ceramic
spheres coated with Bel) is chosen. Increases in Xsp would lead to enhanced mechanical
and therimal performance of the breeder materials.

Beatrix Materials Exchange In the International Community (Argonne National
Laboratory, US Department of Energy, and CEN/Saclay) . e

The BEATRIX experiment is an IFEA-sponscred effort that involves the exchange of
solid breeder materials and shared Irradiation testing among research groups iIn
several countries. The materials will be tested in both closed capsules (to evaluate
material lifetime) and opened capsules (to evaluate purge-flow tritium recovery).

Pre- and post-irradiation measurement of thermophysical and mechanical properties will
also be carried out.
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7.3

7.4

7.5

7.6

7.7

7.8

Adsorption, Dissolution, and Desorption Characteristics of the L1A102 H,0 System
(Argonne Natioral Laboratory) . e e e e

Experimental measurements are being made of surface adsorption of H,0 on LiAl0,,
the solubility of hydroxide in LiAlQ,, and the kinetics of release of N,0 from LiAl0,.
Up to about 500°C, evolution of H,0 is first order in dissolved protons (hydroxide).
At higher temperatures, the reaction appears to shift to second order. Solubility of
hydroxide appears to decrease with increasing temperature. A second condensed phase
can appear at about 315°C for a partial pressure of H,0 of 550 vppm. The critical
partial pressure of K,0 to form a LiOH-rich second phase can be similar for all
breeders. Two different kinds of lattice sites appear to be involved in hydroxide
dissolution. Surface adsorption of molecular oxygen or hydrogen can be understood to
influence tritium release rates markedly; the thermodynamic and kinetic effects of
these gases on the reledse rates operate in the same direction. ''Tritium" diffusion
1s to be identified with triten diffusion.

S01id Breeder Materials Fabrication and Mechanical Properties (Argonne National
Laboratory) e e e e e e e e e e e .

The preliminary measurements of mechanical properties of lithium oxide were
completed. Several batches of lithium zirconate (Li,2r0,) powder were synthesized
and sent to Hanford Engineering and Development Laboratory to be fabricated into
FUBR-18 replacement capsules. [Lithium oxide powder was prepared and the fabrication
of ring-shaped Li,0 samples was initiated for the CRITIC experiment. Mechanical
properties tests were Initiated on LiAl0, and Li,Zr0,. Approximately 4000 kg of
sintered lithium carbonate blocks were prevared and sent to Japan for neutronics
cross-section tests.

Tritium and Helium Retained In Fast Neutron Irradiated Lithium Ceramics As Measured
By High Temperature Vacuum Extraction (Westinghouse Hanford Company)

A vacuum apparatus was designed and constructed for the rapid measurement of
retained helium and tritium in lithivm ceramics. The apparatus eliminated the
limitations and errors associated with the acid dissclution technique and the previous
vacuum annealing technique (below the melting point) and allowed more accurate and
less expensive analysis technigues.

Tritium retention in Li,Zr0, was significantly less than in the other ceramics.
Tritium retention appears to possess a proportiocnal dependence to burnup. A review
of available models reveals that none fully described the absolute magnitude or the
relationship of retention to temperature or burnup so that a model which considers
irradation effects is desired.

Time Dependent Analysis of In Situ Tritium Release Curves From The VYom-22H Experiment
(Westinghouse Hanfcrd Company) e e e e

An analysis method was developed which allows the transient response of In situ
tritium recovery experiments after temperature change steps to be used in calculation
of diffusion coefficients. The papers by Kurasawa et al. on the conclusions reached

from this work are available in the opern literature and will not be reproduced be here.

The Fubr-1B Experiment And Beatrix (Westinghouse Hanford Company)

The first insertion of two subassemblies has completed its irradiation in December

1986. This frradiation exposed Li,0 and LiAlG, to not only high temperatures but also
large temperature gradients which are expected In fusion blankets. In addition, it
included other materials such &s Li,2r0;, LigZr0g, Li,S5i0, and LiA10, (spheres and
large grain size) some of which will go to high burnups.

The second insertion will contain lithium ceramics from Saclay, France; Casaccia,
Italy; Karlsruhe, Federal Republic of Germany; Springfield Laboratories, England; and
JAERI, Japsan.

Lithium Transport Within Closed Irradiation Capsules Containing Lithium Ceramics
{Westinghouse Hanford Company) C

Lithium was transported within the FURB-1A capsules which contained L[i,0 and Li,5i0,.
The temperature and lithium burnup dependence, along with the absolure magnitude of this
transport, suggest that it was caused by the formation of LIOT gas above the Li,0 pellet.

Although transport in Li,0 blanket designs with high temperatuare purge channels can

produce extensive material transport, the transport within the blanket may be limited by

the localized burnup of the lithium.
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8.

7.9

7.10 The Effect of Irradiation Cn The Thermal Conductivity of Lithium Ceramics
{(Westinghouse Hanford Cempany) .

An appara wus for measuring the thermal conductivity of irradiated lithium ceramics to
$00°C was destined, fab-icated, ard tested. Special attention was necessary In order to
gccommodate tritium released during the high-temperature measurements.

CERAMICS
8.1 In-Waveguide Mrasurements of MMW Cielectric Properties of Candidate Fusion

8.2

8.3

Pellet Integrity And Swelling OFf Lithfum Ceramics {Westinghouse Hanford Company) .

Differences in the pellet integrity of lithium ceramics irradiated in the EBR-17
reactor were observed to be reiated fo the Jevel of thermal strains within the ceramics

which resulted from differences in thermal conductivity and thermai expansion of the solids.

Swelling in Li,0 was found to be sign.ficantly greater than that of Li,Zr0,, LiAl0,, and
L1,85i0, at hign temperatures. At 500°C, Li,0 exhibted axial shrinkage which resulted in
overall volumerric shrinkage of the pallets which Iis not presently understood. The

high temperature swelling of Li,0 is thought to be caused by the high helium retention
in this solid.

Ceramics {Los Alamss Naticnal Laboratory)

The "'rf window' in the first-wall structure of an MFE reactor is a crucial
component for introducting powerful MMy beams into the plasma for electron cyclotron
rescnance fheating (FCRH). As a follow-up to our prior findings of ser.ous neutron-
Irradiation- induced damage to the MMy dielectric properties of polycrystalline alumina
and beryllia for such windows, unirragiated specimens of silicon n.tride and aluminum
oxynitride ("ALON") Ffrom US and Jasanese sources were machined and inserted into WR-10
waveguide for compuierized measurement of k aud tanld from 20 to 10C56z. The ALON was
found to have a dielectric loss factor ktanl of 0.0035 compa-able to that for the
alumina of last year's work Ity spinel-type siructure 1s kiown to resist swelling and
other wechanical property damage. A low-loss form of hot-pressed silicon nitride was
also discoverad.

Other progress includes computerized dsta reduction, and calculation of a correc-
tion factor yielding slightly smiller values of k and tanb tnan reported in last vears'
SPM Progress Repcrt on alum.na and bery.:1a. Such steps are important: the in-
wavegulide drproach at 100 GHz toierates the small-sample requirements of fission-reactor
Irradiation srtudies (frec-space technigues do not) ard facilitates data collection over
a wide frequency band.

Properties and Racdiation Resistance of the Candidate RF Wincdow Materials SiC and
A1,0; (Los Alamcs National Laboratory and Oraka University)

RF windows must withstend trensmissicn of an irtense EBoam of electromagnetic
energy. [If absorption Is excessive as a result either of intrinsic lossiness or
degradation upon exposure to the operating ervironment, the resulting thermal stresscs
can cause structural forilure. Samples of two candidate materrals for this application,
Hitaceram SC-1C01 SiC and AD-%35 Al,C,, are currently being irradiated with 14 MeV
neutrons at amblent temperature in ATNS-I1; at this writing a f{luence of 4 x 10%% n/m?
has been atrtained. Work to daie kas shown that ip unirradiated form the 5iC exhibits
low transmissivity but moderately high reflectivity at 10'' Kz, leading to consideration
of its use &5 a mirror 1n KF heating systers. The alumina bas ecrough transmissivity
before irradiation to qualify this ceramic for further study &s 8 window material under
moderate irradiation conditions.

Cn Neutrcn-Induced Damage tc the Millimeter-Wave Dislectric Properties of Alumina
{Los Alamos Natioral Labcratery and Massachusetts Institute of Technology) . .

We report the {ollowing findings concerning the previously reported doublirg of
the dielectric losy factor messured (post-radZation) at 90-13664z and room temperature
for Coors AD995 alumina Irrédiated to an averaged fluence of .95 x 10%% njmt
(E > 0.IMeV) at 385°C, in ccnnection with the potential use of alumina as an rf-window
material at ECRH freqicncies:

*There 1s some evidence such a doubling may be relatively independent of frequency
regions where strong dielectric dispersion is lacking.

*Associated with this doubling Is a dense network of dislocation loops, apparently
interstitial (as evidenced by TEM}, and lattice strain Iin the basal planes (as
evidenced by neutrcn diffrecticn).

#No evidence was found for colloidal aluminum formation.
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*Possible mechanisms for the doubled dielectric loss include electromagnetically-
Induced vibration of dislocation entities, and interactions with point defects produced
by displacement and transmutation events. Any future specification for a usegble
fusion ceramic at ECRH or lower frequencies (as for ICRH) will have to include more
than a tabulation of desired property values, since compositional, microstructural, and
processing variables are also important. These include the relative concentrations of
major impurities, firing temperature, and cooling rates after firing.

9. SUPERCONCUCTING MAGNET MATERIALS . . . . . . . . . . . . .. . . . . ... a7

9.1

Irradiation Effects of Organic Insulators (Natiomal Bureau of Standards) . . . . . . . .. ., 419

An integrated approsch has been developed for rapid screening of the influence of
component variables on the performance of electrical insulators required for super-
conducting magnets in magnetic fusion energy systems. It incorporates an efficient
method of specimen production In the form of 3.2-mm (0.125-in) diameter rods. Test
methods include short-beam shear, fracture strength (Gr.}), and strain-controlled
torsion. The torsion test induces failure between the fiber and matrix, which is
expected to be the dominant fgilure mode induced by cryogenic irradiation. In addition
to providing quantitative data on the modulus of rupture and of rigidity, the strain
control feature facilitates analysis of the stress-displacement curve in the region
where damage is occurring, providing useful information om how the various component and
irradiation parameters are influencing the failure mode. The torsicnmal test facility 1s
easily constructed, provides rapid specimen turnaround, and has a Ilow consumpt ion of
cryogens. A specimen subjected to a torsion test may be subsequently tested by the
short-beam and fracture strength methods, enabling five tests to be performed on the same
specimen. Glass-fiber reinforced specimens having three types of epoxy matrix and one
type of polyimide matrix have been produced and submitted to ORNL for irradiation in the
NLTNIF facility, after which they will be returned to NBS for testing by these methods.
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RINS-IT TRRADIATIONS AND OPERATIONS - D. W. Short and D. W. Heikkinen (Lawrence Livermore National
Laboratory)

OBJECTIVE

The objectives of this work are operation of RINS-II (a 14-MeV neutron source facilityl, machine
development, and support of the experimental program that utilizes this facility. Experimenter services
include dosimetry, handling, scheduling, coordination, and reporting., RTNS-II is supported jointly by the
U.S. and Japan and is dedicated to materials research for the fusion power program. Its primary use is to

aid in the development of models of high—energy neutron effects. Such models are needed in interpreting and
projecting to the fusion environment, engineering data obtained in other spectra.

SUMMARY

Irradiations were performed on eleven different experiments during this period.
PROGRAM

Title: RTINS-II QOperations (WZJ-16)

Principal Investigator: D. W. Short

Affiliation: Lawrence Livermore National Laboratory

RELEVANT DAF'S PROGRAM PLAN TASK/SUBTASK

TASK IT.A.2,3,4.
TASK II.B.3,4

TASK I1.C.1,2,6,11,18.
IRRADIATION

During this quarter, irradiations (both dedicated and add-cn) were done for the following people.

Experimenter P or A* Sample Irradiated
T. Yoshiie (Hokkaido/ P Metals - displacement damage & mechanical
H. Kawanishi (Tokyo} properties. Ceramics - neutron damage —
K. Miyahara (Tokyo) irradiated at 2009C and 450°C

M. Kiritani (Hokkaido}
A. Kohyama (Tokyo)

R. Oshima (Osaka}
Yoshida (Kyoto)

Abe (Tohoku)

Matsui (Tohoku)
Kayano (Tohoku}
Shimomura (Hiroshima)
Yoshida (Kyushua)
Ishino (Tokyo}
Takahashi (Hokkaido)
Kinoshita (Kyushu)
Okamura (Tohoku)
Kamata (Nagoya)

Saka (Nagoya)

Iseki (Nagoya)
Hirata {(Csaka)

Kino (Hiroshima)
Heinisch (HEDL}
Clinard (LANL)

mmex?wmmommzwmmm:

.

R. Borg (LINL) A NiZr, NiNb & NiHf - TEM, phase
transformation

Y, Shimomura (Hiroshima) P Au, Cu, Ag, V, Ni, Al, S8i, Mo, Ge,
Y. Kitano (Hiroshima} Nb3,Sn, Fe, Mn-Al, Fe-Mo and Fe-Si
H, Matsui (Tohoku} displacement cascade damage, size &
M. Kiriteni (Hokkaido! structure analyzed with TEM.

N. Yoshida (Kyoto) Irradiated at 20°K.
H. Abe {(Kyushu)

A, Ohshima (Osaka)

M, Guinan {LINL}



Sample Irradiated

. Experimenter B or A*
Y. Shimomura (Hiroshima) contd. P
P. Hahn (LINL)

J. HBuang (LINL)

M. Kiritani/T. Yoshiie (Hokkaido) A

R. Borg (LINL}/ A
K. Rac (RIT, Stockholm)

H. Moriyama (Kyoto) P
R. Borg (LLNL) A
D. Kneff (Rockwell) P

L. Greenwood (ANL)

F. Clinard (LANL)/ P
H. Frost (LANL)/

N. Iwamoto (Osaka)

T. Iida (Osaka) A/P

M. Singh/C. Wang (LINIL) A

¥P = primary, A = add-on

RINS-II STATUS - D, W. SHORT AND D. W. BEIKKINEN

No major modifications were made on the facility during this period. Scheduled operations were reduced to

Au, Cu, Ag, V, Ni, Al, Si, Mo, Ce,
Nb3,Sn, Fe, Mn-Al, Fe-Mo and Fe-5i
displacement cascade damage, size &
structure analyzed with TEM,
Irradiated at 20CK.

Ni, Cu, Fe, Au & Mo - Study of
migrating free point defects under
neutron irradiation,

Amorphous Alloys - Mossbauer effect,
Hall effect, TEM, magnetic
susceptibility and magneto-resistance.

Li, Pb, Be, F, Cl, Br & I — Tritium
recovery.

Au-Fe - a.c. & d.c. magnetic
susceptibility

Li, 0, F, N, Aly03,M30, Si3Ng & SiC
dosimetry & cross sections.

SiC & Alo03 — Loss tangent &
dielectric constant,
Fiber optics & photomultiplier

tubes - neutron damage.

Semiconductors - neutron damage

16 hours a day using primarily one neutron source due to loss of personnel,

FUTURE WORK

Irradiations will be continued for F. Clinard (LANL), R, Borg (LINL), H, Moriyama (Kyoto), T. Iida (Csaka)
and M, Singh (LINL). Also during this pericd, irradiations for H, Abe (Kyushu), T. Terai (Tokyo), Y.
Shimomura (Hiroshima) et al., M. Guinan (LINL), M. Kiritani (Hokkaido) and E. Franco {Aracor) will be
carried out., Some 24-hours-per—day operation will be involved.



DESIGN OF THE HEIR SPECTRAL TAILORING EXPERIMENTS IN THE HFIR RB™ CAPSULE IRRADIATION FACILITY —
A. W. Longest, J. E. Corum,¥ and k. R. Thoms (Oak Ridge National Laboratory)

OBJECTIVE

The objective of this work is to design and build irradiation capsules for use in the HFIR RB* posi-
tions. Japanese and U,S. specimens are to be transferred to RB* positions following irradiation to ~5 dpa
at temperatures of 60, 200, 330, and 400°C in ORR experiments ORR-MFE-6J and -7J.

SUMMARY

Design of a universal HFIR RB* capsule irradiation facility and four HF IR-MFE-RB* capsules to accom-
modate specimens preirradiated in a spectrally tailored experiment in the ORR is proceeding satisfactorily.
The capsule designs are being standardized as much as possible and the construction drawings are being pre-
pared on & computer-aided design (CAD)} system to minimize overall long-term costs. Preparation of construc-
tion drawings for the instrumented 330°C capsule is approximately 30% complete; drawings for the first two
capsules {330 and 60°C) are scheduled to he completed in November and December 1986, respectively.,
Operation of the first two capsules is scheduled to begin in June 1987, and the other two (200 and 400°C}
in Jdanuary 1988, A conventicnal temperature control gas gap, although relatively smatll, was selected for
the 330°C capsule design. Development efforts are in progress to test a Targer particle-filled gap concept
for possible use for temperature control in the 200°C capsule. In this concept, temperature would be con-
trolled primarily by varying the inert gas pressure in an annular bed of coarse/fine microspheres to change
its thermal conductance.

PROGRESS AND STATUS
Introduction

Design of & universal capsule irradiation facility to accommodate the HFIR-MFE spectral tailoring
specimens! that are being preirradiated in the ORR experiments ORR-MFE-6J and -7J is in progress. The cap-
sules are being designed for insertion into any of the eight large-diameter holes (46 mm) of the new remov-
ahle berylljum (RB*) facility that is scheduled to be installed in the HFIR in June 1987, The first series
of experiments will irradiate the Japanese and U.S. material specimens at temperatures of 60, 200, 330, and
400°C to match their irradiation temperatures in the ORR. Operation of the first two capsules (60 and
330°C) s scheduled to begin in June 1987, and the other two capsules (200 and 400°C} in January 1988,
Provisions are being made for removal, examination, and reencapsulation of the MFE specimens at intermediate
exposure levels of 10 and 20 dpa en route to the target exposure level of 30 dpa.

Facility

The HFIR RB* capsule irradiation facility will provide for spectral tailoring of the neutron flux by
placement of appropriate neutron ahsarber shields around the in-core section of the capsule, Hafnium
sleeves 3.0- and 4.2-mm thick have been selected for spectral tailaring shields for the MFE specimens from
the ORR; the 3.0-mm-thick hafnium sleeve will be used while the specimens are irradiated from approximately
5 to 10 dpa, and the 4.2-mm-thick hafnium sleeve will be used while the specimens are irradiated from 10 to
30 dpa. These shields are desiqgned to tailor the neutron flux to closely match (within £20%) the helium
production/atom displacement ratio (14 ppm He/dpa) expected in a fusion reactor first wall. Other features
of the new RB* capsule irradiation facility include (1) straight access into any of the eight 46-mm-diam
positions, (2) peak unperturbed thermal and fast neutron flux levels of approximately 1.5 x 1015 and
5.0 x 1014 (> 0,1 Me¥) neutrans/cmZes, respectively, (3) peak unperturbed gamma heating rate of approxi-
mately 18 W/g, (4) standard capsule diameter (38 mm) and lead tube design, (5) containment tube design
parameters of 5,9 MPa (1000 psi) external pressure differential at 93°C (200°F3}, and (6) 180° capsule rota-
tion at the end of each reactor cycle to provide uniform exposure to all specimens at a given elevation.

330°C Capsule

Preparation of construction drawings for the 330°C capsule, now approximately 30% complete, is sched-
ulTed for completion by mid-November 1986, This capsule, desiqnated HFIR-MFE-330J-1, will be instrumented
with 24 thermocouples. The temperature will be controlled by varying the qas mixture (He/Ne/Ar) and hence
the thermal conductance, in a small {0,085 mm “"hot") gas nap between the specimen holder and the contaiament
tube. At the same time, the MFE specimens will be maintained under a nhelium sweep. Sintered aluminum
product (SAP) alloy {A1-7 wt % A1,04) was selected for the specimen holder to provide adequate strength and
dimensional stability under the planned irradiation conditions., SAP also meets requirements of high thermal
conductivity (close to that of aluminum) and reasonahly low density (2.74 gfcm?). The capsule containment
tube consists of 6061-T8 aluminum in the in-core region and 304L stainless steel in the upper region. The
upper and lower sections of the containment tube will he joined by a special aluminum-to-stainless steel

t Midwest Technical, Inc., under Subcontract No. 85B-73978C



transition tube, Because this is the first of a series of RB* irradiation capsules, the capsule fand irra-
diation facility) designs are being standardized as much as possible, and construction drawings are being
prepared on a computer-aided desiqn (CAD) system to minimize overall long-term cost.

A0°C Capsule

Preparation of construction drawings for the 60°C capsute, designated HFIR-MFE-60J-1, is scheduled ta
start in November and be completed by the end of December 1986. This capsule will be uninstrumented with
the test specimen in contact with the reactor cosling water.

400°C Capsule

Design of the 400°C capsule, designated HFIR-MFE-A00J-1, is not firm at this time, huyt it will be an
instrumented capsule similar in most respects to the 330°C capsule.

200°C Capsule

Design of the 200°C capsule, designated HFIR-MFE-200J-1, will depend on the outcome of development
efforts currently under way. This capsule presents a special design problem because it is difficult to
remove the large amount of gamma heat generated in the capsule while, at the same time, controliing the
operating temperature at 200°C, An aluminum alloy specimen hglder with a canventianal temperature control
gas gap would be a risky design for this capsule because the required gas gap would be too small to predict
its operating thermal conductance with sufficient accuracy., Various other possible designs have heen con-
sidered, one of which is the use of very low density material for the specimen holder, such as 10% dense
Nuocel aluminum, which would generate less heat and permit use of a larger cas gap. Nuocel aluminum may
have adequate thermal cenductance, bhut it needs to be tested to determine its dimensional stability under
the planned irradiation conditions,

Also under investiqation as a possible design cancent for the ?00°C cansule is the use of a relatively
larcge temperature control gas gap (~0.76 mm) filled with a binary (coarse/fine) mixture of SiC
coatea carogn microspheres. In this concept, temperature would be controlled primarily by varying the inert
gas pressure {and hence the mean free path of the gas molecules) in the particle bed to change its thermal
conductance. An apparatus for development testing of this design concept is being prepared, and first
results are expected by Necember 1986,

A backup design concept for the 200°C capsule is to utilize electrical heaters for temperatare control.
In this approach, gas gap thicknesses would be reduced to the minimumt needed for assembly in the hot cell so
that the capsule would operate below 700°C under the condition of no heater power. Disadvantages of this
design concept, in addition to the added cost of heaters, are the additional temperature gradients induced
electrical heaters and the possibility that high heater power may be required because of the uncertainties
in small-gap thermal conductances and in the gamma heating rate in the new facility.

FUTURE WORK

Design and preparation of construction drawings for the first four HFIR-MFE RG* capsules are sched-
uled to be completed by June 1, 1987. Preparation of construction drawings for reencapsulation of the MFE
specimens will be an ongoing but relatively small effort because the drawings will all he on the CAD system
and only minor changes are expected to be required in qoing from each capsule to its successor,

REFERENCE
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DESIGN AND OPERATION OF THE HFIR INSTRUMENTED (JP TYPE} TARGET TEMPERATURE TEST (TTT) CAPSULE -
I. 1. Siman-Tov (Oak Ridge National Laboratory)

OBJECTIVE

The primary objective of this experiment is to determine the temperatures in the JP series capsules by
placing an instrumented JP mockup experiment in the modified HFIR instrumented target facility. A secondary
objective is to determine the nuclear heating rate in stainless steel as a function of axial core position
and time in a HFIR cycle.

SUMMARY

The JP-TTT capsule assembly was completed, and irradiation started on August 17, 1986, as planned.
First results indicate that temperatures at the beginning of the experiments are within 15% of predicted
values except in the G-1 position (Fig. 1). The specimens accumulated a tota) irradiation time of 42,51
full power days {FPD) at 100 MW through September 30, 1986.

PROGRESS AND STATUS

Earlier details concerning the T7T
experiment have been previously described,l-5

The design, fabrication, and assembly of ORNL -DWG 87. 4717 ETO

the TTT capsule ware completed by the end
of July and the capsule was ready for the i :
August insertion, as planned. The capsule ; RECION oy poldb,, CFMIEAL TEWP. o AUCLEAR MEATING RATE
was first inserted in the Instrumented ' FSPECIMEND  (ABOVE HMPT gy SSIEEL ALUMINGH
Target Facility Mockup and was adjusted to -
be positioned correctly in the facility. ¥ G-1 23360 TE10Z 500 326 20,5
The capsule was inserted on Auqust 15 and i &t e 10
started operation on August 17, L
T-2 189.04% L4ig 33,1 4.6
The capsule completed two irradiation TENSILE
cycles by September 30, 1986, for a total -
ifradiation time of 42.51 FPD at 100 M. 4 ot awss TEIOS 400 o6 6.2
Fiqure 1 shows the specimen and thermo- e GAMMA
couple (TEY final configuration. Table 1 SUsCETOR
presents the temperature history for the
two cycles. The thermocouple positions I cariit %98 THI09 430 6.3 .5
given are at the center of the specimens,
The temperatures in all positions N el ? ub. s6  TELD? iy 51.7 2.4
except for G-1 are within 15% of the pre- SUSCEPTOR
dicted values, Figures 2 and 3 present the e
temperature distribution during cycles I \‘ TiM 0 TE202 400 54,6 su.
and 11, respectively. 1t should be noted 4
that the time-dependence of the nuclear
heating rate in the target position is (o wsan TE003 s a1 2.5
steadier than previously anticipated. N FATIGUE
Positions 1 and 9 show little change when
compared to the changes observed in the RB 'R
experiments. Figure 4 compares the two N eat b .01 TRZOS 4 w0 w8
symmetric fatique specimen temperatures;
the nuclear heating rates in these posi- 1.
tions are symmetric about the core HMP and K el -$5.26  HE207 500 uL.7 6.3
show the same time development. Fiqure 5 J -
compares the experimenta! and design tem- ]
peraturas for the gamma susceptors for both SPT-10 -182.73 G0
cycles. The measured temperature in posi- JALANCSE
tion G-1 does not agree very well with the
dasign temperature. At the symmetric posi- I 1218 -
tion (T-11) there is no thermocouple, ! RUE
Therefore, there is no direct confirmation Y
{or contradiction) of the implied lower '
heating rates, A thermal analysis using L

"as-huilt" dimensions for all positions is
under way. This analysis should provide Fig. 1. Tesign configuration and parameter description.



Table 1. Temperature History of the TTT Specimens for Cycles I and II

G-1 G-3 F-4 G~5 TEM F-7 F-8 I-9
TE102 TE104 TE105 TE107 TE202 TE204 TFE205  TE207
Specimen (°C) (°C) (°c} (°c) (°c} (°c) (°c) {°c)
Design 300 500 430 430 400 430 430 500
Cycle 1
Average 205.3 500,4 433.5 448.9 356,3 469.8 419.0 444.8
Minimum 204 495 416 429 340 451 405 438
Ma ximum 207 509 441 456 363 477 426 450
Cycle 2
Average 203.8 482,9 430.6 441.4 357.9  466.5 418.0 44D
Minimum 199 475 424 434 349 456 406 427
Ma ximum 206 488 436 447 367 472 422 446
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bounds for the nuclear heating rates as a function of axial position in the capsule. The capsule is sche-
deled for a five-cycle irradiation and will provide valuable information on the stability of the thermal
conditions as a function of accumulated irradiation time. A major factor may be the change in the contrgl
gap dimensions due to swelling, The thermocouples underwent extensive electrical testing at the end of
cycle IT, and we hope to learn how constant these readings remain by the end of the irradiation.

FUTURE WORK

The thermal analysis with "as built" dimensions will be completed. We hope to determine bounds on the
gamma heating rate in stainless steel as a function of axial position in the instrumented target faciltity,
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CHARACTERIZATION OF THE NLTNIF FACILITY IN THE BSR - L. R. Greenwood (Argonne National Laboratory)
OBJECTIVE

To characterize neutron irradiaticon facilities in terms of neutron fluence and spectra as well as
diaplacement damage, gas production, and other transmutation.

SUMMARY

Dosimetry measurements and damage calculations have been completed for the Naticnal Low-Temperature Neutron
Irradiation Facility in the Bulk Shielding Reactor at Cak Ridge National Laboratory. This facility will
permit neutron irradiation at LPK. Results show that the fast flux for materials studies is about 1.4xt0
n/em“~s producing about 0.3 dpa and 1.7 appm He in 316 stainless steel in one year.

PRCGRESS AND STATUS
Introduction

Neutron spectral measurements have been conducted in the new National Low-Temperature Neutron Irradiation
Facility (NLTNIF) in the Bulk Shielding Reactor (BSR} at Oak Ridge Natlonal Laboratory. This facility
permits irradiation of materials in the core of the BSR at liquid helium temperatures (4K, Doaimetry
materials were irradiated for & hours on May 23, 1986 at full reactor power {2 MW). The following report
describes the activity measurements, neutron spectral analyses, flux gradients, and damage calculations
needed to characterize the facility feor future materials experiments.

Activity Measurements

Dosimetry materials were placed at various locations in the cryostat in order to measure the neutron
spectrum and flux gradients, An aluminum tube was mounted on the axis of the eryostat. This tube was about
10 in. long by 1/8 in, 0D and contained six dosimetry packets. Cne of the packets was covered with 1 mil
Gd foll in order to separate the thermal and epithermal flux components. The spectral set of materialg
included the following wires: Fe, Ni, 0.1% Co-Al, Cu, 0.1% Au-81, 2.2% Lu-Al, Ti, Nb, 80% Mn-Cu, and °3'Np.
Twelve smaller aluminum dosimetry packets were located at 8 radial and 4 vertical locations in crder to
measure the flux gradients. These packets contained Fe, Ni, and 0.1% Co-Al wires.

Following the irradiation the samples were returned to Argonne for gamma counting using our Ge spectrometer
systems. The measured activities were then corrected for sample weight, gamma self-absorption, and decay
during and after Irradiation. The results are listed in Tables I-II. All of the auclear data used in the
analysis (eg - half-lives and gamma intensities) were taken from a recent compilation by D, C. Kocher
(Radioactive Decay Data Tables, DOE/TIC-11026, 1981}. Neutron self-shielding corrections were applied to
the cross sections prior to the spectral analysis singe these corrections are spectral-dependent. However,
these corrections are small {<2%) except for Lu(20%) and Np(80%).

Spectral Analys!s

The STAY'SL spectral adjustment computer code was used to determine the neutron flux spectrum. This code
performs a least squares adjustment considering our activity measurements, neutronics calculatlons by Dick
Lillie {ORNL), and activation cross sections taken from the ENDF/B-V dosimetry file, Uncertaintles and
covarlances are assigned to all of these quantities. The ag¢tivities generally have uncorrelated
uncertalnties of about 2-3%. Cross section uncertainties were adopted from ENDF. Since no information was
available concerning the uncertainties in the calculated flux spectrum, we assumed values of 30% except for
the thermal flux which had to be raised about a factor of two to fit the data. A gaussian covariance
funetion was used to describe the correlations between fluxes and eoross sections at different energies.
This function assumes a strong correlatlion between nearby groups which deelines to a very low value for
widely separated groups.

The adjusted flux spectrum is shown in Fig, 1 where it is compared to the calculated spectrum, As can be
seen, the adjusted spectrum s considerably softer than the caleculation, The integral fluxes are
summarized in Table III., The fast flux is about 30% lower than calcoulated while the thermal flux i3 about
80% higher, The reasons for this difference are not understood and are now baing investigated, The
adjusted spectrum (Fig. 1) shows some structure in the energy region from 10-1000 eV. The dip near 50 eV
{s due to our capture data for Fe, Co, and Cu. Such a structure could be caused by absorpticn in reactor
or cryostat structural materials such as Fe, Al, or Zr which may not be adequately accounted for in the
reutrenics calculations. However, the nature of spectral adjustments precludes any precise statsment
concerning the width c¢r depth of sueh structures and may In faet be caused by the interactlon of
deficiencies in other spectral reglons. 1In any case, these variations from a 1/E desendence are not very
significant and have llttle effect on the integral fluxes. The structures seen in the spectrum near 1 MeV
are pregent {n the neutronics calculations at all locations near the center of the cryostat,
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Flux Gradients

Table II lists activity measurements at 8 radial and 10 vertical lcecaticons In the cryostat. The vertical
flux gradients are shown in Fig. 2 and the radial gradients in Fig. 3. As can be seen, the maximum
vertical flux location 1s about 4 in. from the bottom of the cryostat, The Flux variation is less than 10%
for a vertical height of about 7 in. and then drops steadily ocutside of the central region. The thermal
flux has nearly the same dependence as the fast flux indicating no significant spectral differences until
we get to 10 in, above the bottem of the ¢ryostat at which point the thermal flux begins to decline much
more slowly than the fast flux. The radial gradients (Fig. 3) indicate a rapid fall in fast flux of about
20% in the East-West direction as we go away from the core center. In the North-South direction the
gradients are less than 3%; with a small preference for the North direction., The thermal fluxz declines
more slowly than the fast flux in the East-West direction indicating a spectral change across the oryostat.
The change in the fast flux is about twice that in the thermal flux, These gradients appear Io be in
satisfactory agreement with the neutronics calculations,

Damage Calculatiorg

The adjusted neutron spectrum was used to calculate damage parameters for various fusion materiais
assuming a run time of 1 year (365 full power days). The calculations were done with our 3PECTER computer
code. Gas preduction cross sections are taken from EZNDF/B-V. The results are summarized in Yable IV.

FUTURE WORK

Analysis is in progress for the MFEYA/NB spectral tailoring experiment in ORR, fission-fusion correlations
(HEDL) in the Omega West Reactor (LANL), and US/Japanese experiments JP2, JPA, and JP7 in HFIR.

PUBLICATIONS

Two papers were presented at the 13th International Symposium on the Effects of Radiation In Materials in
Seattle, June 23-25, 1986.

L. R. Greenwond
Recent Research in Neutron Dosimetry and Damage Analysis for Materials Irradiations

D. R. Davidson, R. C. Reedy. L. R. Greenwood, W. F, Sommer, and M. 5. Wechsler
Additlonal Measurements of the Radiation Environment at the Los Alamos 3pallaticn Radiation Effects
Facility at LAMPF

Abstracts have also been submitted to the 3ixth ASTM-Euratom Symposium on Reactor Dosimetry in Jackson
Hole, WY., on May 31-June 5, 1387, They are entitled:

L. R. Greenwood and D. L. Bowers
Measurement of Long-Lived Isotopes in Fusion Materials

L. R. Greenwood
SPECOMP Calculations of Radiation Damage in Compounds

D. L. Smith, J. W. Meadows, P. T. Guenther, and L. R. Greenwood
Development of the Be (d,n) Neutron Source for Cross-Section Investigations in the Few-Mev
Energy Range

D. W. Kneff, L. R. Greenwood, B, M. Oliver, and R. P, Skowronski
Helium Production in Mixed-Spectrum Fission Reactors



Table I
Activity Measurements for NLTNIF
( Activity in atom/atom-s, +2%)
{ Values near cryostat center, 2 MW)

Reaction Bare Gd Cover

*8Fe(n,v)%*Fe (10711 2.37 0.279

»Co(n,7}*Co (10°%) 111 0.171
BCu(n,y)%Cu  (10711)  8.44 0.947
La(ny)""Lu  (1078)  7.46 1.61
97Au{n,y)'%Au  (107%) 3.14 1.56
2"Np(n,y)?®Np  {10719) 9.00
B7Np(n,fission)  (10°!1) 1.49
Fe(n,p)®Mn  (10713) 770 7.50
Ni(n,p)*®Co  (1071%) 9.12
Ti{n,x)*5¢ {10-1%) 101 1.04
Ti{n,x)*"Se (10713) 162 1.66
BTi(n,p)**Sc (10715}  2.68 2.77
Al(n,a)**Na  (10715) 6.58° 6.46°
Mn(n,2n)%Mn  (1071%)  2.30 2.30
%Nb(n,2n)%™Nb  (10715)  4.08 4.24

®Accuracy +£5%

Table I1
Activity Gradients for NLTNIF Facility
( Activity in atom/atom-s, 2%, 2 MW)

Height Fe(n,p) 5 Ni(n,p) ¥Fe(n,y) ¥Co(ny) %Cu(n,y)
1

(inches) 10713 1013 1071 107° 10~11
Horizontal:

0.56 7.14 9.68 2.41 1.13 8.70
2.69 7.41 9.97 2.48 1,15 8.76
4.22 7.50 Gd Gd Gd
5.75 7.07 9.12 2.37 1.11 8.44
7.53 6.40 2.23 1.04 8.02
9.56 5.72 7.48 2.04 0.93 7.24
11.5 4.76 8.43 1.78 0.83
13.5 3.76 5.11 1.50 0.71
16.5 2.24 2.93 1.07 0.50
19.5 0.87 1.12 0.69 0.35

Radial:

E 0.726 7.41 .92 2.54 1.19

E 0.363 7.22 9.90 2,468 1.16

W 0.363 6.40 8.75 2.34 1.08

W 0.72¢ 8.05 8.28 2.31 1.08

50.726 7.05 9.38 2.36 1.10

S 0.363 7.07 0.49 2.38 1.11

N 0.383 7.29 9.36 2.41 1.12

NO0.726 7.22 9.41 2.37 1.09
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Table IIT
Integral Neutron Fluxes for NLTNIF
{ Flux x10'* n/em?-s normalized to 2 MW)

Energy Calculated® Adjusted® Ratio (A/C)
Total 5.33 5.62 1.05
Thermal {<0.5 eV) 1.59 2.84 1.79
0.5 eV - 0.15 MeV 1.79 1.39 0.78
> 0.15 MeV 1.95 1.39 0.71
> 1.1 MeV 0.83 0.63 0.78

?Celculation by R. Lillie, ORNL
bAdjustment using STAY’SL

Table IV
Damage Parameters for NLTNIF
(Calculation for 1 year, 365 FPD)

Element He,appm DPA

Al 0.21 0.58
Ti 0.18 0.36
v 0.007 0.41
Cr 0.054 0.36
Mn? 0.044 0.40
Fe 0.093 0.32
Co? 0.044 0.42
Nib 12.4 0.37
Cu 0.079 0.31
Zr 0.008 0.34
Nb 0.017 0.31
31655¢ 1.89 0.33

9Self-shielding important for thermal capture
YThermal helium production included
€31658: Fe{.645),Ni(.13),Cr(.18),Mn(.019),Mo{.028)
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CAPABILITY FOR MEASURING MILLIMETER-WAVE DIELECTRIC PROPERTIES IN FREE SPACE AND AT ELEVATED TEMPERATURES -
H. M. Frost (Los Alamos National Laboratory)

OBJECTIVE

To provide & basis of comparison with the in-waveguide method for measuring dielectric constant "k
and Toss tangent "tans” of fusion ceramics, and to extend measurement temperatures into the regime of
first-wall temperatures in a magnetic fusion energy (MFE) reactor.

SUMMARY

The swept-frequency, in-waveguide, scalar network analyser system {SNAS) of a previous progress report
on measuring millimeter-wave (MMW) dielectric properties of materials for rf windows (90-1700GHz )} has been
extended to operation in free space via antenna tecknigues and to elevated temperatures of cver 1000°C. The
‘matchstick' specimen-cum-waveguide configuration is replaced with a larger disc specimen sandwiched by a
pair of collimating antennas that provide a 'parallel' beam for transmission through the specimen. The
specimen is mounted in a special 1700°C furnace with doors on opposite walls to permit passage of the MMW
beam. During the brief period avaiiable for data collection, computer software allows the use of efficient
signal averaging of the low-Tevel MMW's that make it through very hot -- and thus highly Tossy --ceramic
specimens., Dielectric losses measured as a function of temperature allow a closer simulation of the MFE
environment. Free-space measurements at room temperature are also important as a comparison standard with
data taken by the more difficult waveguide technique compatible with fission-reactar irradiation studies, as
problems are much less pronounced in free space with specimen-to-holder clearances, specimen preparation,
and spuricus standing wave effects. Preliminary room-temperature data are presented.

PROGRESS AND STATUS
Introduction

In the field of MMW measurements, there are a number of compfting techniques, each with its own set of
pro's and con's. The swept-freguency in-waveguide scalar approach™ is no exception, theugh it does have the
special and compelling advantage of small specimen volumes and masses compatible with the smal)
capsule-space and Tow-Curie requirements most experimenters must deal with in fission-reactor irradiations
and subsequent non-remote measurements of ,the activated materials. Some of the other room-temperature
techniques, as recently reviewed briefly,” include Fourier transform spectroscopy (FTS) and dispersive FTS
(DFTS); extremely far infrared spectroscopy; Raman technigues; automated vector network analysis; cavity
perturbation; Fabry-Perot, Michelson, and other interferometric approaches; and swept-fregquency scalar
measurements in free space. ("vector" refers to measurement of both amplitude and phase, "scalar" to
amplitude only -- and thus power.) Some of these approaches were also reviewed by the present writsr.”
when, however, the reguirement of elevated-temperature capability is added to the need for an affordable
standard of comparison with the in-waveguide (SNAS] approach, the last-mentioned technique of free-space
scalar measurements Tooks the most attractive. This is partly because the use of antennas with adjustahle
separations of the order of a meter facilitates the thermal isolation of the specimen heater {furnace) from
the temperature-sensitive MMW componengsa Such isolation seems to be presently impracticable for some of
the preceding approaches such as OFTS,” Focusing on the in-waveguide vs. free-space approaches witn
swept-frequency scalar measurements, Table 1 summarizes the relative advantages of these two metnods:

Table 1. Advantages of complementary MMW measurement methods

Method Advantages (relative to the other method)
FREE SPACE 1. High specimen temperatures, excellent thermal isolation from MMW compcnents,
2, Measured insertion loss closely equaled by desired transmission loss.
3. Spurious standing wave effects easily minimizable.
4. Specimen preparation not critical,
5. No waveguide-wall-Toss or specimen-wall-clearance corrections required,
6. Seif-consistency cross-checks possible,

WAVEGUIDE 1. Small-volume specimens easily accommodated.

2. Long specimen lengths accommodated (important for very low lass specimens).
3. Propagation mode well defined (if critical specimen dimensions achieved].
4

‘Simple' experimental setup (especially for reflection measurements).
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Concerning advantage no. 2 for free space, calculations performed indicate that the error in assuming
the measured insertion less (IL) is egual to the desired transmission loss {TL) can equal 0.2 to 0.3 d8 -- a
potentially large error compared to the lowest IL values measured of about 1 dB. While this error can be
minimized or circumvented, as by empirical calibration data on specimens of different Tengths, an
independent check is stil11 needed. This is partly because the thermo-mechanical stresses arising in an rf
window are proportional to the dielectric loss factor ktané and in turn, then, the times-to-failure, related
to ktgnﬁ raised to some expenent much greater than one, are quite sensitive to experimental uncertainties in
tans. Thgse in turn are linked to the uncertainties in TL. (The relation between TL and tans is
nonlinear,” but when tans is small linearity is a good approximation.)

Concerning advantage no.6 for free space, there are various ways, such as

*Selection of the alignment between the polarization ("$" or "P"} of the incident MMW and the
plane of incidence (POI}, or,

*For the case of S-polarization (polarization normal to POI), variation of the angle between
beam direction and specimen normal,

by which chénges in the optical configuration can be used to test for systematic bias in the mathematical
algorithms by which the raw data for a particular specimen are reduced to k and tans.

The rest of this progress report describes the free-space setup,splus data reduction and some initial
data. The electronics portion of the SNAS has already been cescribed.

Experimental setup

The in-waveguide SNAS itself, shown in Fig. 2.2.2 of Ref. 5, is a computer-operated refiectometer
(manufactured by Hughes Aircraft Co.) which permits room-temperature measurement of k and tand of ceramic
specimens {rectangular parallelepipeds or "matchsticks” for short) inserted into WR-10 rectangular
waveguide. At 90-100GHz and power levels below ImW, MMW's are reflected from and transmitted through these
matchsticks. From the quasi-periodic power spectra resulting (Fig. 2 in Ref., 1) can be calculated k and
tané and thus the complex dielectric constant k*=k(1-jtans).

The mechanical Tayout for free-space measurements becomes much more complex than for the
matchstick-inside-a-waveguide assembly represented at the bottom of Fig, 2.2.2 in Ref. 5. See Fig. 1 here
for the addition of a special furnace and MMW antennas, and Fig. 2 for the corresponding control system,
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Fig., 1. Simplified mechanical layout for free- Fig. 2. MMW-furnace control system.
space, high-temperature MMW-reflectometer,

The furnace {1700°C) s mounted on a track via a dovetailed carriage "C". Doors "D" can be raised or
lowered electrically to allow the 7.5 cm diameter MMW beam to pass momentarily through the ceramic specimen
"S", a 10cm diameter disc. The beam link is formed via a waveguide-fed transmitter antenna "T" and a
waveqguide-feeding receiver antenna "R". (Manufactured by Alpha Industries, both antennas have a center
frequency of 95GHz.) Various absorbers {A,A') are placed in-beam tec minimize spurious standing wave
effects and transient thermal heating of the plastic lenses in the antennas. Various degrees of freedom in
positioning T, S, and R as indicated in the figure are required for optical alignment. The furnace is also
meunted on a cross-track ("y" direction; not shown), partly to enable room-temperature data to be collected
with "$" instead on a separate, rotatable stand for convenience. A platform, consisting of a 1G-cm thick
honeycomb table mounted on top of a 3.75-cm (1.5-in.) steel plate, provides vibration damping and
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isplation., Control of the door hoists and furnace temperature is represented in Fig.2. Various
ramp-and-soak profiles for multi-setpoint operation can be stored in the programmable current controller for
different specimen materials and recalied at will.

For either in-wavequide or free-space measurements, calibrations include amplitude ncrmelization,
digital frequency correction, and system linearity checks. For example, each 40G1-point power spectrum
digitally measured for a specimen in place is divided point-by-point by the spectrum corresponding te 100%
reflection (via a copper ‘'short'} or 100% transmission (no specimen} in arder to subtract cut the frequency
dependence of the MMW electronics, antennas, etc. Because the microwave source is an IMPATT diode with
nonlinear, temperature-dependent freguency-vs.-drive-current characteristics, digital corrections are
required for a specific diode operating temperature. These are based on measurements of true freguency Dy &
frequency counter to which the IMPATT diode is pseudo-phase-locked. Further, the detector diodes yield
nonlinear relations bhetween detected MMW power and output dc voltage if the input levels are outside the
Tinear ('square-law') ranges of these diocdes. Variable attenuators "1" and/or "2" in Fig. 2.2.2 of Ref. 5
set to various known values of insertion loss at constant source level enable & check on any 'tracking'
error present in the detectors. (These calibrations were also used for the in-waveguide data featured in
Table 2 in Ref. 1.]

A1l these calibration techniques are critical for elevated temperatures at which, for example,
thermally-induced opagueness in the specimen can severely reduce signal Tlevels to below the square-Taw
regicn and at which the simpler manual measurement of true freguency via a frequency meter (Fig. 2.2.2, Ref.
5) is impracticable because of time constraints on data collection not present at room temperature. 0On this
second pofnt, to minimize uncertainty in the specimen temperature and to speed up the measurement process,
the furnace doors are opened for brief perjods {e.g., 10 sec) only, during which the IMPATT scurce is
repetitively swept many times from 90 to 100GHz. Simultaneocus arithmetic averaging of the resuliing power
spectra is performed by computer as opposed to the slower "exponential" averaging algorithm available within
the network analyzer. This maximizes the number of statistical samples taken and thus the signal-to-noise
level obtained., At elevated temperatures, computer ocperation of the MMW electronics is also important for
coordinating the optimal seguence of furnace opening followed by swept measurements by prompting the
operator when to activate the electric hoist.

Amplitude normalization is also more critical for elevated temperatures because slight heating of the
plastic plano-convex lenses in the antennas 'sandwiching' the furnace can yield calibration spectra
differing from those normally obtained at room temperature. Lens heating of only a few degrees centigrade
has reduced measurement sensitivi?y in a prior vector free-space technique invoelving focussing antennas and
high-intensity incadescent lamps. Steps taken here to minimize lens-heating problems include the use of
thin, low-density alumina sheets which are essentiaily transparent to MMW's while blocking the transient
heat arising from the momentarily opened furnace doors. Of course, the furnace enclosure itself also
provides thermal isolation.

Data reduction

For the case of reflection from and transmission through a plane sheet of dielectric material, the
values of k and tané generally cannot be obtained from the values, respectively, of the power reflection and
transmission coefficients (R? and T?). Generally, the simu]tgneous equations for R* and T? are
transcendental and must be iteratively solved for k and tans. For tans <{.1, however, k can be found to a
good approximation from R*or T2, and tans from k and T?. Far S-polarization, k is given by

k = (a/L)? (1/6f)7 + p, Eq. (1)

nwon

where "a" is a constant, L is the specimen length, &f is taken as the frequency difference between
successive peaks in T? (bottom, Fig. 2, Ref. 1) or nulls in R* (top of figure), and p is a constant
depending on the angle of incidence. ({The use of "§" here as an incremental operator is not to be confused
with the same symbol in the loss tangent, tan(6).) The amplitude transmission coefficient T (0<T<l) is

— T — 2
T=hT,/(B-CT), £q.(2)

where A, B, and C are constants depending nonltinearly on k and p, and T_ = exp{-aL), where the abscrption
coefficient « = b f tansd. Here, b is a constant depending on k and p a® well, and f is the frequency. JSome
of the other assumptions implicit in the preceding equatiens include no dispersion in k aver the measurement
band and equality of L %o an integral number of MMW half-wavelengths in the material represented by k and
tans. Measured is the transmission Toss TL = -201og(T). Knowing k from Eq.(1) and T from TL permits

solution for tans from Eq.{2).

Frae-space measurements

Free-space gata taken on a 10-cm ciameter, 2.5-cm thick disc of 96% alumina (1% MgQ and 2% silica) of
density 3,67 g/cm” yielded a dielectric constant of 9.2 and & loss tangent of 0.0032 averaged for the 10°
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and 20° orientations employed between specimen normal and.beam axis. As expected, this k is lower than the
9.86 found for 99,5% alumina of higher density (3.78 g/cm”), and the tans value is about an order of
magnitude higher,” not surprising in light of the 8:1 increase in impurity concentration. (This disc was
sintered at Los Alamos to a temperature of 1660°C.} Data were a1sg taken on 7.5-cm diameter, 0.635-cm

(1 inch) thick discs of 99.5% alumina (Alcca) of density 3.90 g/cm™. Stacked together to form a composite
thickness, k was found to be 10.1 and tané of the order af 0.001 for the material in the 'as-is' condition.
When an apparent SiC residue left on the polished faces from prior surface grinding is removed with hand
grinding on a diamond wheel, the dielectric properties will be remeasured. A lower tans is expected.

One consequence of the advantages of the free-space approach is the relative ease of measuring weak
frequency dispersion over even the relatively small band of 10 GHz (90-100 GHz} pertinent to this report,
which enables some extrapolation to dielectric loss values out of band. An approximate expression was
developed for relating measured quantities to §(tand)/&f. The critical input guantity is the siope of TL
with frequency, as defingg by a 'best-fit' straight line connecting the TL peaks. A probable upper limit
fogsﬁ(tanﬁ)fdf of 9 x 10 "/GHz was found for the 96% alumina of a preceding paragraph, compared to 1.5 x
10 "/GHz inferred from a linear regression analysis performed by th&s writer on published data on tans over
a much larger frequency range {30-T140GHz) for Cocrs AD-995 alumina.” The corresponding ratio of six is not
surprising in terms of the eight times higher impurity content in the 96% version,

CONCLUSICONS

The free-space scalar network analyzer system is expected to become a valuable adjunct to the
in-waveguide approach previously reported, partly for developing the latter into a more accurate
room-temperature tool, partly to more realistically simulate the in situ thermal environmega ?f fusion
materials. Peak first-wall temperatures expected in an MFE reactor are at least 500-700K. "* Plasma
disrupticns can increase these values, and rf window temperatures may also increase by window-surface
metallization produced by sputtering of a first-wall alloy, then by ohmic heating by the powerful MMW beams.

FUTURE WORK

Disc ceramic specimens of adequate diameter and thickness will continue to be acquired and then
measured in free space at room and alsc at elevated temperatures, and comparisons will be made as
appropriate with in-waveguide results and, in the case of elevated temperatures, with the room temperature
values.
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OPERATION OF THE U,S./JAPAN ORR SPECTRAL TAILORING EXPERIMENTS - 1. I. Siman-Tov (Jak Ridge Hational
Laboratory)

OBJECTIVE

The experiments in the 11,S./Japan collaborative testing program in the ORR contain austenitic stainless
steel alloys for possible use as first-wall and blanket structural meterials in fusion reactors. These
alloys will be irradiated with mixed-spectrum neutrons and with spectral tailoring to achieve the helium-to-
displacement-per-atom (He/dpa) ratios predicted for fusion service.

SUMMARY

The ORR-MFE-6J and -7J experiments continued irradiation during this reporting period ending on
September 30, 1986, The tota) accumulated irradiation time is 330 full power days (FPD) at 30 MW.

PROGRESS AND STATUS
The details of the U.S./Japan collaborative irradiation program have heen described previously,!->

ORR-MFE-6J: The experiment continued routine operation with typical temperatures ranging hetween 175
and 200°C in the 200°C region. The total accumulated irradiation time through September 30, 1986, is
330 FPD at 30 MW.

ORR-MFE-7J: The experiment continued routine operation with a maximum temperature of 330°C in the top
region and an average of 400°C (at thermocouple No. TE5S) in the bottom region. 1In August, the control gas
mixture was changed from helium-neon to helium~argon hecause it became impossible to reach 400°C toward the
end of a fuel cycle., The total irradiation time through September 30, 1986, is 330 FPD at 30 Md,

FUTURE WORK

Both experiments will have accumulated 5 dpa by Dctober 1986, It has bheen decided to remove both cap-
sules during the first shutdown in December 1686,
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STATUS OF U,S./JAPAN COLLABORATIVE TESTING IN MFIR AND ORR - J, L, Scott (0Dak Ridge National Laboratory) and
M, P. Tanaka (Japan Atomic Fnergy Research Institute assigned to NRNL)

OBJECTIVE

The objective of this program is to determine the response of 1.S. and Japanese austenitic stainless
steels to the combined effects of displacement damage and heliium generation at temperatures in the range of
65 to 600°C. Since a basic understanding is sought in addition to an engineering data base, many advanced
alloys and mode! alloys are included in the program.

SUMMARY

A1l eight Phase-! Target Capsules have completed irradiation, Postirradiation examination is nearing
completion on five of the eight capsules. Canstruction of the Instrumented Target Capsuie was completed
and the experiment was installed in the High Flux Isotope Reactor {HFIR}. Results of the first cycle of
irradiation showed that the measured temperatures were near the predicted values except for the end region.
The two Oak Ridge Research Reactor (ORR) spectral-tailoring capsules operated well throughout the reporting
period. Removal of the two capsules from ORR for interim examination and reinsertion in the RB* positions
in HFIR is scheduled for early FY 1987.

PROGRESS AND STATUS

The program of U.S./Japan collaborative testing in HFIR and ORR consists of eight Phase-1 HFIR target
cansules to be irradiated to peak damage levels of about 30 and 50 dpa and two ORR spectrally tailered cap-
sules to be jrradiated to 30 dpa with incremental removal and testing at 5, 10, and 70 dpa. During the
5-dpa incremental testing period, the spectrally tailored capsules will be transferred to RB* positions in
HFIR, As a result, the damage rate will increase from about 4 dpa per vear to about 10 dpa per year, The
collaborative test matrix and initial results have been described previously.!-©

HFIR Irradiation Experiments and Postirradiation Examination

A1l eight HFIR target capsules have completed irradiation; final damage Tevels at the reactor center-
line positions are given in Table 1, More detailed information on individual specimens contained in cap-
sules JP4, JP5, and JP8 is given in Tables 2 to 4. Capsules JP7 and .JPZ ware disassembled in April without
incident.,

Measurements of length changas and immersion densities of the tensile specimens from JP6, JP7, and JP2
are given in Table 5. With the exception of one Y.S. PCA specimen in capsule JP2, measured density changes
were small,

Table 1. Status of U.S./Japan High Flux The results of tensile tests of specimens from capsules
ITsotope Reactor (HFIR) Capsules JP2, JP3, JPA, and JP7 are given in Table 6. These results
- have not been analyzad in detail, but total elongations of all
Date Reactor Damage specimens are acceptably high., Scanning-electron-microscopy
Capsule irradiation exposured TJevelb {SEM) analyses of the specimens showed all fractures to he
completed (MWd) {dpa) ductile.
JPl Nz-01-85 33,644 33.03 Fatigue tests were run on many of the specimens from the
JpP? 12-17-85 57,507 56.55 JP capsules and on companion specimens from capsule HFIR-CTR-
JP3 15-28-85% 34,019 33.41 36, Measured data are given in Table 7, These data have not
JP4 N4-18-8h 57,909 56,94 yet been analyzed in detail.
JPs 0R8-.12-86 58,217 57.24
JP& 11-14-85 36,677 36.05 Transmission-electron-microscopy (TEM) disks from cap-
Jp7 12-17-85 34,652 34.04 sules JP6, JP7, and J2 were sorted. Twenty U.S, disks from
Jpa (09-07-86 58,714 57.24 position 2 in capsule JP6 were sent to Hanford Engineering
Development Laboratory (HEDL) for reirradiation in the Mate-
dReactor power, 100 Md, rials Open Test Assembly (MOTA). These specimens, now with
ahout 73 dpa and 1600 appm He, will be reirradiated at
Ppeak displacement-per-atom (dpa) 520°C to ahout A0 and 100 dpa with 1ittle additional helium
level in type J31F stainless steel (13.5 wt generation, so that end-point He/dpa ratios will approximate
% Nij, those in a fusion reactar. A listing of the disks transferred

to MNTA is given in Table 8.
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Table 2. Damage levels and helium contents in JP4 specimens irradiated at 55°C
Helium Distance Nisplace-
Specimen Nickel Boron Content from HFIR  ments per
Level Type Alloy Condition Identity {at. %} {wt ppm)} {appm) Centerline atom
{m) {dpa)
1 §§-1 Ref. 316 20% CuW AB-41,-42,-45 11.71 4 1647 0.227 28,14
§$5-1 EP 838 20% CW EpP.05 4,28 5 683 0.227 26,44
2 SS§-1 EP 838 209 CW EP-06,-10 1.28 5 956 0.181 36.02
$5-1 PCA B3 EL-0, -2 15.41 10 3004 .181 39.62
3 88-1 PCA A3 EC-284 15.41 10 3640 0,136 47,82
$5-1 PCA-20 25% CW HY01 15.30 10 3616 0.136 47.77
$5-1 PCA-13 25% CW HAL 15.14 0 3570 0.136 47.71
§5-1 PCA-19 25% oW HTO1 18.95 0 4418 0.136 49,21
4 55-1 T9 Mod/2Ni NT4 TB-01,-02 2.06 ¢ 734 0.909 47,75
55-1 HT-9 NT1 SB-2,-3 0.40 0 323 0.909 49,02
5 §5-1 HT-9/2Ni NT?Z sh-01,-02 2.14 0 804 0.0455 50.48
$5-1 T9 Mod NT3 TA-01,-04 0.10 0 264 0.7455 49,92
6 TEM Strips JPCA PA-2 PA-2 14,81 31 4262 0 57.89
TEM Strips JPCA PC-1 PC-1 14.81 31 4262 0 57.89
TEM Strips C CS5-1 £s-1 14.84 0 47239 0 57.91
TEM Strips JPCA PC-3 PC-13 14.81 31 4262 ] 57.89
TEM Strips K ks-1 kSt 16.70 0 4739 0 58,79
TEM Strips JPCA PS.? p§-2 14,81 31 4262 0 57.89
TEM Strips J316 SC-1 SC-1 12.81 n 3692 4] 56.94
TEM Strips J315 5S-1 55-1 12.81 N 3692 0 56.94
TEM Strips PCA A-1 ED 15,41 10 4329 0 58.0%
TEM Strips PCA R-3 EL 15.41 10 4329 0 58.05
TEM Strips PCA-13 25% CW HA 15.4] 0 4319 0 58,05
TEM Strips PCA-19 25% CW HT 18.96 0 5348 0 59.86
TEM Strips PCA-20 25% W HV 15,30 0 4363 0 58.12
TEM Strips PCA-22 25% CW HX 15,11 0 4311 0 58.03
T 851 J316 15% CW Weld D-46,-47,-48 12.81 0 3625 n.n455 55,85
§5-1 J316 SA Weld D-16 12,81 ] 3625 0.0455 55%.85
8 §5-1 J316 SA Veld D-17,-18 12.81 0 3415 0.N909 57.48
§5-1 JPCA SA Weld Clw-1,-2 14.81 31 3944 }.0909 53.35
9 S5-1 JPCA SA Weld CLW-3 14.81 31 1528 0.136 47 .58
5§-1 JPCA CW Weld OiW-1,-2,-3 14,81 31 3529 0.136 47.58
10 ss-1 J316 SA D-1,-2 12.81 n 2517 0.181 38,78
$5-1 J316 CW n-31,-32 12.81 0 2517 G.181 38.78
11 $5-1 JPCA SA CL-1,-2 14,81 31 2077 0.227 28.85
§S-1 JPCA CW pDL-1,-2 14,81 31 2077 0.227 28.85
Table 3, Displacements per atom and helium contents in the High Flux
Isotope Reactor (HFIR} JPS capsuled
Specimen Displace-

Distance ments per  Helium

from HFIR Temper- Specimen atom Content

Position Centerline Type ature Alloy No. {dpa) {appm)

{°c)

1 23.20 Tensile 3nn DCA-AZ EC34 27.91 72043

2 18,76 Tensile 400 PCA-AZ EC31 38,63 2923

3 14,31 Tensile 500 PCA-AZ EC32 47.01 1577

4 9,59 Fatique 430 PCA-A3 £C153 53.38 4083

5 4,58 Fatique 430 Ref, 11k AAZ7 55.89 3512

6 0.710 TEMb 490 J316 c 57.24 3708

7 4,58 Fatique 430 JPCA FEL1D 57.11 4279

8 9.%59 Fatigue 430 JPCA FELL 53.14 3950

9 14,31 Tensile 50N JPCA TE? 46,87 3489

n 18.76 Tensile 400 JPCA TE8 38.47 2854

11 23,20 Tensile 309 JPCA TE9 27.80 2002

aMyd: 58,217, DTransmission-electron-microscopy.

CThis holder contained several alloys.
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Table 4. Displacements per atom and helium contents in the High Flux
Isotope Reactor (HFIR) JP8 capsuled

Specimen Displace-
Distance Specimen  ments per Helium
from HFIR Temper- No. atom Content
Position Centerline Type ature Alloy (dpa} {appm)
{cm) (°C)
1 23.20 Tensile 600 PCA-B3 EL26 27.91 2043
2 18.76 Tensile 600 PCA-B3 EL35 38.62 2923
3 14,31 Tensile 500 PCA-B3 EL25 47,01 3577
4 9.59 Fatigue 430 PCA-A3 EC163 53,38 4053
5 4,58 Fatigue 430 316 AAG3 55,89 3512
6 0.00 TEMD 500 J316 c 57.24 3708
7 4,58 Tensile 600 JPCA TE21 57.11 4229
8 9.59 Tensilte 500 JPCA TEZ? 53.16 3950
9 14.31 Tensile 430 JPCA TB12 46.81 3488
10 18,74 Tensile 400 JPCA TE23 38.47 2854
11 23.20 Tensile 300 JPCA TE24 27,80 2001
aMWd: 58,214,
bTransmission-—e1ectron—microscopy.
CThis holder contained several alloys.
Table 5. Length and density changes of submini tensile specimens in
HFIR JP6, JP7, and JP2 capsules
Irradiation Length, mm Density Change, %
Capsule  Specimen Alloy Conditiond Temperature ————————— Increase
No. {°C) Initial Final (%) 3 AL/L0 AV/V0
JP6 TE12 JPCA Pc2 300 39.40 39,43 0.08 0.24 0.16
TE1l JPCA PC2 400 39.39 30,44 0.13 0.39 0.n9
TELQ JPCA pc2 500 39,40 34,43 0.08 0.24 0.10
EL24 PCA B3 600 39,34 39,36 0.0% 0.15 0.05
AA4? 316 20% CW 500 39.31 39,34 0,13 0.39 0.08
JP? TE20 JPCA PC2 300 39.39  39.46 0.18 0.54 0.03
TE19 JPCA pC2 400 39.40  39.46 0.15 0.45 0.08
TE18 JPCA pC? 500 39.40 39.48 0.20 0.60 0.09
TE17 JPCA PC2 600 39.40  39.45 0.13 0.39 0.19
TE16 JPCA PC2 600 39,41  39.45 0.10 0.30 0.13
EC36 PCA A3 600 39,35  39.41 0.15 0.4% 0.02
EL29 PCA B3 600 39,34 39,39 0.13 0.39 0,22
FL31 PCA B3 500 39,34 39,40 0.15 0.45 0.22
JP2 TB6 JPCA ps2 300 39,38 39,47 0.23 0.69 0.06
TBh JPCA ps? 400 39,39 39,54 0.38 1.14 0.08
TB4 JPCA PS2 500 39,39 39,58 0.48 1.44 0.08
EL36 PCA PS2 300 39,34 39,44 0.25 0.75 0.05
EL37 PCA 83 400 39.34 39,39 0,13 0.39 0.13
EL39 PCA B3 500 39,34 39,70 0.92 2,76 2.08

aA3 — SA at 1100°C + 25% CM. B3 — SA at 1100°C + 8 h at 800°C + 25% CW,

PsS2 — SA at 1100°C. PC2 — PS2 + 15% CW.
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Tahle 6, Results of tensile tests for JP capsules
Temperature, °C Damage Strength, MPa Elongation, %
Capsule  Specimen Allay Level
No. Irradiation Test {dpa} Yield Ultimate iniform Total
JP3 TBY JPCA o0 300 15 B76 889 0.39 2.6
TB3 JPCA 400 400 22 896 910 0.44 6.0
TR7 JPCA 500 500 ev 631 724 7.2 11,7
FL30 PCA 300 300 16 945 937 0.19 5.3
EL34 PCA 400 500 22 931 331 0.21 3.5
EC?S PCA 500 400 27 793 395 5.1 7.1
JP6 TEL? JPCA 300 300 16 829 903 0.63 1.2
TELL JPCA 400 400 23 952 972 0.42 5.5
TE1Q JPCA 500 500 28 678 765 7.1 11.4
AR4? 314 500 500 27 £81 807 3.7 10.%
EL24 PCA 600 600 16 h67 643 4,7 6.0
Jp7 FC36 PCA 600 AO0 16 535 643 3.06 3.81
EL29 PCA 600 600 23 417 528 5,87 7.37
EL31 PCA 500 500 28 658 756 5.45 8,40
TE16 JPCA 600 600 34 519 582 3.68 5.18
Jp2 FL36 PCA 300 300 28 933 947 0,659 4.53
EL37 PCA 400 400 38 976 379 0.41 3,95
F139 PCA 500 500 46 706 769 4,4 6.57
TR4 JPCA 500 500 a6 620 682 5.76 7.79
TR5 JPCA 400 400 38 367 871 0.55 5.69
TR6 JPCA 300 300 27 770 789 2.43 9.63
Table 7. Results of fatigue tests
Total
Strain Number of
Speci- Irradiation Ao Temperature Exposure  Range Cycles to
men Capsule Y (°c) {dpa) (%) Fajlure
FELS PCA, PC2 430 0 1.0 372,305
FE1 JP1 PCA, PC2 430 13 1.0 9,N00
FE15 PCA, PC2Z 430 0 0.5 1,330,161
FE? JPl FCA, PCZ 4360 31 0,5 31,795
FE36 PCA, PC? 430 0 2.0 7,804
FER JP3 PCA, PC2 430 a3 2.0 594
FE12 JP6 JPCA 430 34 0,35 657,179
EF5 JP7 PCA BZ 560 34 1.0 6,179
EF20 FCA B2 550 N 1.0 37,015
EF?2 HFIR-CTR-36 PCA R? 550 30 0.5 h5,453
EF7 PCA B2 550 0 0.5 344,077
£C145 HFIR-CTR-36 PCA, A3 ERD 30 1.0 4,270
EC1498 HFIR-CTR-36 PCA, A3 550 30 0.5 120,006
ECL55 PCA, A3 550 N 1.0 24,443
AAS HFIR-CTR-35 316 550 3n 0.5 61,748
AARY4 JP7 315 550 30 1.0 7,030
AA3 JP? 116 430 55 1.0 4,323
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Table 8, Transmission-Electron-Microscopy Results of microstructural analysis of specimens from
{TEM) Disks from Capsule JP6 to be the JP capsules are reported by M, P, Tanaka and
Irradiated in the Materials Open P. J. Maziasz in other sections of this report.

Test Assembly (MOTA)

e HFIR Temperature Experiment

Disk Ao Identifi-
No., ¥ cation An important task in the overall U.S./dapan collab-
- oration is the measurement of temperatures of specimens

41 PCA B3 ELB4 in HFIR target capsules. Buring the present reporting

42 DO 316 W AL72 period, the capsule assembly was completed and the capsule

43 EP 838 EPh2 was inserted in HFIR on August 15. ATl 21 thermocouples

44 CW PCAl FC40 were operational and the measured temperatures were gener-

45 CW PCA3 FG99 ally within 15% of the predicted temperatures in all but

46 CW PCAB FN85 the top region. The details of the experiment are

47 CW PCAB FS77 reported in the section of this report by I. I. Siman-Tov,

48 CW PCA9 Fvag It is planned to irradiate the capsule for multiple cycles

49 CW PCAOD HRD4 to determine the reproducibility of the HFIR target region.

50 CW PCALD FX76

51 CW PCAI1 FY69 Spectral-Tailoring Experiments

52 CW PCA1Z Fzan

53 CW PCA13 HARG The two ORR spectral-tailoring experiments, ORR-MFE-

54 CW PCAl6 HN8on 6J and ORR-MFE-7J, operated satisfactorily at the design

55 CW PCA17 HERT temperatures of 60, 200, 330, and 400°C throughout the

56 CW PCALR HF&0 reporting period. As of September 30, 1986, the specimens

57 CW PCA19 HT13 accumulated a total of 330 full power days at 30-MW reac-

58 CW PCAZD HV25 tor power. This is equivalent to approximately 5 dpa.

hg CW PCAZ1 HW38 Buring FY 1987 an interim examination will be performed cn

60 CW PCAZZ HX04 selected specimens from these capsules. The specimens
will then be re-encapsulated into RB* capsules and irra-

61 CW D9 J697 GH1?Z2 diated in HFIR te 10 dpa and beyond. Details of the
spectral-tailoring capsules are given in another section
of this report authored by I, I, Siman-Tov.

CONCLUSIONS

The U.S./Japan Collaborative “rogram of Testing of First Wall and Blanket Structural Materials with
Mixed Spectrum Fission Reactors is |, ~oceeding very well. Data are being obtained on the changes in mechani-
cal properties and microstructural ev. *ion at high dpa levels and with high helium contents. Detailed
analyses of the data will be made when to tirq has been completed,

FUTURE WORK

Preparations are being made for eight Phase-2? HFIR target capsules. In the United States the primary
interest is in experiments which explore the performance of materials exposed to high levels of displacement
damage combined with fusion levels of helium. Ry varying the concentrations of the isotopes ©ONi, 59Ni, and
58Ni, helium-generation rates can be adjusted to any desired value in austenitic and ferritic steels, This
technique is restricted to small (30-g) experimental heats and TEM disk specimens in the case of austenitic
steels. In ferritic steels heats up to 1 kg and the use of miniature tensile specimens and creep tubes are
possible. The United States will utilize the Phase-2 capsules primarily for isotopic-tailoring experiments
and mechanical-property measurements on ferritic steels.

On the Japanese side there is a strong need to add to the extensive data base obtained from the Phase-1
capsules, especially for welded structures. Fusion reactor blankets necessarily must be welded and the
interactions among the weld metal, the heat-affected zone, and the matrix are unknown. There is special
concern about welded cold-worked structures, since the weld metal itself would be expected to swell quite
differently from the base metal. For the studies of interest to the Japanese, irradiation data at 30 and
50 dpa are most important,

Since the objectives of the two sides are different, it was not desirable to have equal numbers and
types of specimens as in Phase 1. There is a desire, however, to have equally shared costs. The method
selected for egual sharing was to have unequal numbers of capsules and numbers of specimens per capsule for
the two sides, Those capnsules heing irradiated to 30 and 50 dpa will contain mostly Japanese specimens and
those being irradiated to 100 dpa will contain mostly U.S. specimens. 1In addition, credit is given for the
cosine distribution of neutron flux along the length of a capsule. That is, the end positions are tess
expensive than the center ones. Using the ahove constraints we developed the test plan shown in Table 9,
The kinds of specimens to be tested are shown in Tahle 10, DNetailed planning of the experimants will be
done in early FY 1987,
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Table 9. Y. S./Japan Phase-2 High
Flux Isotope Reactor Test Matrix

Cost
{Thousands of Dollars)d
Capsule dpa Space
Allocation Irra-
Build diate Test
JP9 100 J 1.5 30 500 100
u.s. 9,5
JP10 33 J 10.5 30 170 160
U.S. 0.5
JP11 13 J 10,5 30 170 160
U.S. 0.5
Jr12 100 J 1.5 30 500 100
U,S. 9.5
JP13 33 J 10,5 30 170 120
4,5, 0.5
JP14 55 J 10.5 30 280 160
U,s. 0.5
JP15 100 J 1.5 30 500 100
U.5. 9.5
JP16 33 J 10.5 30 170 120
U.5. 0.5

aFiscal year 1986 dollars.
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Table 10. Detailed Test Matrix for Phase-2 HFIR Capsules
U.S. J J u.s. J J U.S. J
Position JP9 JP10 JP11 JP12 JP13 JPl4 JP15 JP16
{100 dpa) {33 dpa) (33 dpa) (100 dpa) (33 dpa) (55 dpa) {100 dpa) {33 dpa}
1 %00°C R00°C 600°C 400°C 500°C 600°C 300°C 500°C
316, PCA 316 TIG 316 £B 316, PCA 316 £8 Mo, V 316, PCA PCA, TIG
TEM T T TEM T TEM TEM T
2 300°C 400°C 500°C 3o00°C 400°C 500°C 300°C 400°C
HT-9 316 TIG 316 B aCr 316 EB Mo, V 2.25 Cr PCA TIG
T(B) T T T(B) T TEM T{B) T
3 400°C 430°¢ 430°C 400°C 430°C 500°C 400°C 430°C
HT-9 316 EB 316 EB aCr 316 EB 2.25Cr 316 EB
T(8) F F T(B) F Sheet T(8) T(8)
4 500°C 300°c 400°C 500°C 400°¢ 400°C 500°¢C 300°C
HT-9 316 EB 316 EB 9Cr PCA CW 316 EB 2.25Cr PCA EB
T(B) T T T(B) T T T(B) T
5 500°C 400°C 500°C 500°C 400°C 400°C 500°C 400°C
HT-9 316 EB 316 E8 9Cr 316 PCA PCA EB 2.25Cr PCA EB
T(B) T T T(8) T T T{R)} T
6 500°C 400°C 500°C 400°C s00°C 500°C 3o0°c 500°C
TEM TEM TEM TEM TEM TEM TEM TEM
7 500°¢ 400°C 500°C 500°C 500°C 500°C 500°C 500°C
HT-9 316 EB 316 EB 9Cr 316 EB PCA EB 2.25 Cr PCA EB
T(B) TEM TEM T(8) T T T(B) T
8 500°C 300°C 400°C 400°C 500°C 500°C 400°C 400°C
HT-9 316 EB PCA ar PCA CW 316 EB Z.25Cr 316 EB CW
T{B) TEM TEM T(B) T T T{B) T
g9 400°cC 430°C 430°¢C 400°C 430°C 500°C 400°C 430°C
HT-9 316 EB 316 EB 9Cr 316 EB Ferrite 2.25Cr 316 E8
T(B) F F T(8) F TEM T(B) T(8)
10 300°C 400°C 500°C 300°c 500°C 400°C 300°C 500°C
HT-9 Ferrite Mo, V acr 316 CW Ferrite 2.25Cr PCA EB
T(8) TEM TEM T(B) T TEM T(8) T
11 300°C 500°C 600°C 300°C 400°C n0ec 300°C 600°C
HT-9 Ferrite 316 PCA 9Cr PCA EB Mo, V 2.25Cr PCA EB
T(B} TEM TEM T(8) T TEM T(8) T
Legend: U.S.,: United States.
J: Japan.
316: 316 stainless steel.
PCA: Prime candidate alloy.
TIG: Tungsten inert-gas welding.
EB: Electron beam welding.
T: Tensile.
T(B): Tensile (bar).
F: Hourglass fatigue.

CW:

Cold worked.
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(McDonnell Nougias Astronautics Company — St. Leuis Division)

DBJECTIVE

Navis

Oak Ridge National laboratory maintains a central tnventory of research materials to provide a common

supply of materials for “he Tu<ion Reactor Matarials program,
and provides for economv in procurement and for centralized record-keeping.

This minimizes unintended material

variations
Initially, this inventory is to

focus on materials related to first-wzll and structural applications and related research, but various
special-purpose materials mav ke aducd in the future,

The use of materials from this inventory that is coordinated with or otherwise related technically to
the Fusion Reactor Materials proqran of the Tepartimant of Enerqgy is encouraged,

PROGRESS AND STATUS

Materials rejuests shall be directed to the Fusion Proaram Fesearch

{Attenticn: T, K, Roche),

pregrams funded hy the Nffice of Tusion Fneray, with aoal

without compromising other intended uses,

Materials Inventory at fPNL

Materials will he reieased directly if {a) the material is to be used for

s consistent with the approved Materials Program
Plans of the Materials and Radiation, Fffects Branch, and (b1 the requested amount of material is available

Materials reguests that ¢ not satisfy both [a) and {h) will be discussed with the staff of the Reactor
Technoloqies Branch, NFfice af Fysian fnergy, far agreemant an actian,

Records

Chemistry and materials preparation recards ars maintained for all inventory materials.

A1l materials

supplied to proqram users will ho accomparied My summary characterization infarmation.

Summary of Current Inventory amd Material Movesant Turing Period April 1, 1986, through September 30, 1386

A condensed, qualitative deccription of the content of materials in the Fusion Program 2esearch

Materials Inventory is given in Tahle 1. This tahle

indicates the nominal

diameter of rod or thickness of

sheet for product foras of each allay ind also indicates by weight the amount of each alloy in larger sizes

availahle for fabrication ta aroduce other praoduct forms as needed by the program.
gives the materials distributed from the [aventory.

the inventory during this rerorting periad,

Table 7

Na material was added to

Aoy compositions asd aore detall on the altloys and their procurement and/or fabrication are given in

this and earlier ADIP vrocrass reports,

Table 1, Semmary status of materials availahle i1 the Fusion Program Research Materials Inventory
Product Form T T Product Form
Tnqot Rod Thicknessg, mm Ingnt Rod Thickness, =m
or hard  iameter nr har?  diameter
Alloy weight {mm) TTUTTHTA WA TTTTT Aalloy weight {mm) Thin-wall
{ad Sheet  tuhing {kag) Sheat  tubing
_ ~ wall wall
Path A Alloys Path C Alloys
Type 316 S5 Ehls 16, 7.2 13, 71,3 7% Ti-A4 2.5, 3.75
Path A PCAb 4490 12 13 0.75 Ti-6212% 63 5.3, 3.7,
USSR Cr-Mn steelC 10,5 2.6 .75
NONMAGNE 30d 18,5 19 Ti-54215 2.5, .75
Ti-38644 0,75, 7.725
Path B Alloys Nh—1%7p 6.3 2.9, 1.5,
0.75
PE-15 140 1a, 7.1 13, 1.8 0.25 Nb—5%Mo—1%7r 6.3 2.5, 1.59,
B-1 180 0.75
B-2 180 Y—20%T1 6.3 2.5, 1.5,
R-3 180 1,75
B-4 180 V—1R%Cr—B%T{ 6.3 2.5, 1.9,
B-6 180 0.76
VANSTAR.T 5.3 2.5, 1.5,
n. 7%
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Table 1 [contd.)

Product Form
Ingot Rod Thickness, mm Ingot Rod Thickness, mm
or bard  diameter or bard diameter
Alloy weight {mm) Thin-wall weight {mm) Thin-wall
{kq) Sheet  tubing Alloy {ka) Sheet  tubing
wall wall
Path D Alloys
LRO-37¢€ 3.3, 1.6,
0.8
Path E Alloys
Product Form
Ingot or Rod Thickness, mm
Allay hard weight diameter
(kq) {mm) Thin-wall tubing
Sheet wall thickness

HT9 (ADD fusion heat)f 3400 28.5, 15.8, 9.5, 3.1
HT9 (AOD/ESR fusion heat) 7000 25, 50, 75 28,5, 15.8, 9.5, 3.1
HT9 3.1
HT9 + 1% Ni 4.5, 18
HT9 + 2% Ni 4,5, 18
HT9 + 2% Ni + Cr adjusted 4,5, 18
T-9 modifiedd 4,5, 18
T-9 modified + 2% Ni 4.5, 18
T-9 modified + 2% Ni + Cr adjusted 4,5, 18
2.25Cr-1Mo h

3Greater than 25 mm, minimum dimension.

bprime candidate alloy.

CRod and sheet of a USSR stainless steel supplied under the U,S./USSR Fusion Reactor Materials Exchange
Program.

ANONMAGNE 30 is an austenitic steel with base composition Fe—14%Mn—2%Ni—2%Cr.
inventory by the Japanese Atomic Energy Research Institute,

It was supplied

2LR0O-37 is the ordered alloy (Fe,Ni)y(V,Ti) with composition Fe—39,4%Ni-22,4%V—0,43%T1,

fAHoy 12Cr-1MoVW with composition equivalent to Sandvik alloy HT9,.

97-9 modified is the alloy 9Cr-IMoVNb.

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

Table 2. Fusion Program Research Materials Inventory Dishursements
April 1, 1986, through September 30, 1986
Product  Dimension®  Quantity
Alloy Heat form {mm) {m2}) Sent to

Path C Alloys — Reactive and Refractory Alloys

V—15%Cr—5%T7  CAMB35A Sheet 1.52

0,008 Radiation Effects Group,

M&C Division, ORNL

Characteristic dimensions:
and tubing.

Thickness for ptate and sheet, diameter for rod

to the
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IRRADIATION OF Fe-Cr-Ni AUSTENITIC ALLOYS AT 400-750°C IN THE MOTA-1E EXPFRIMENT - F. A. Gfarner
{Westinghouse Hanford Company)

OBJECTIVE

The object of this effort is to provide irradiated specimens for the exploration of the compasitianal
dependence of microstructural evolution, particularly that of the spinodal-like decompositiaon and various
order-disorder transformations observed after jrradiation of austenitic Fe-Ni-Cr alloys with high nicke)
levels.

SUMMARY

Seven nominally identical packets, each with 79 TEM disks orepared from 29 Fe-Cr-Ni allavs have heen
inserted into the MOTA-1E experiment for irradiation in Cycle 9 of FFTF. Two packets each hava heen
included in each of the 420, 520 and 600°C canfisters, one each to he withdrawn after Cvclies 9 and 19, fne
additional packet has been included in the 750°C canister,

PROGRESS AND STATUS
Introduction

Recently a correlation has been found hetween the void swelling of Fe-Cr-Ni austeritic allnys at hige
nickel levels and a spinodal-1ike decomposition that develops during irradiatian.!~% The spinndal-like
process in the Invar regime {30-45% Ni} produces at high irradiation temperatures relativeiy Targe wnlumes
with reduced nickel and increased chromium levels, both conditions known to favor void nucleation. There
is some hope that swelling could be delayed in this alloy system if the onset of the decomonsitinn pracess
could be delayed by compositional or thermal-mechanical modification. It also appears that the anset of
long or short range ordering might also delay swelling, particulariy at nickel levels in the 57-75% ranqe,

Each of the insights cited above were developed from examination of specimens which were originally
prepared and irradiated for some other purpose. Frequently the available specimens exist nnlv as single
TEM disks which were not always ideally suited to maximize the microstructural racord of the varinus
processes of current interest,

In this experiment the alloys of interest exist as multiple specimens {3 tn 4 disks in sach disk
packet) which will allow the parallel examination by more than one method of each allav conditinn and set
of irradiation conditions. Some of the examination metheds under consideration include destructive tech-
niques such as electron microscopy and martensitic transformations induced by freezing, as well as non-
destructive techniques such as small angle neutron scattering and perturbed angular correlatinn analysis.

The major variables under consideration are the influence of nickel (30-75 wt.%) and chromium [1-15%),
cold-working (0 and 40%), and neutron fluence. The latter is being studied via the use of twa reactar
cycles (9 and 10) with reincapsulation of some specimens for higher fluence if such appears to he desirable
based on the results of the lower fluence experiments. Temperature is alsn a variahle, with two canssules
included in each of the 420, 520 and 500°C levels, These are considered to he fusion-relevant
temperatures.

There are several reasons to explore temperatures in excess of that anticipated in fusion daviges,
however. First, analysis of 5 MeV Nit ion-induced decomposition of Fe-35Ni has shown that the spinndal-
Tike process occurs in the range £25-725°C,2,4 (No data are available at higher temperatures). Thig
decomposition is signaled by the formation of cellular martensite in the nickel-poor regions uoon cooling.
Tnis fortuitous formation allows a visualization of the compositional fluctuations, but the ohsarvation is
complicated at the nigher temperatures by a local loss of nickel, which migrates down the paint defect gra-
dients produced by the bombarding ion. This also predisposes the allaoy to form martensite in the nicke}
depleted region. It would be best to explore the spinodal-like decomposition in the absence of disclace-
ment gradients, however, using neutron irradiation of bulk specimens at comparable temperatures.

Second, it would also be advantageous to explore the decomposition at even higher temperatures in
order to determine whether the spinodal-like process persists to the 900-100N°C Jeve)l croposed hy Tanii
and coworkers to develop in Invar alloys in the absence of radiation.® The knowledge gained at these
higher temperatures would assist in the modeling of this phenomena and impact tha choice of metallurgical
techniques proposed to delay the onset of decomposition. Since there was only space for ane disk packet
available in the 750°C canister of MOTA-1E, only cne dose level can he attained in tha first nhise nf
tnis experiment. No higher temperatures are currently available but the opoortunity for temoeratures
above 753°C may arise in MOTA-1F,
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Experimental details

Table 1 lists the annealed (1040°C, 1 hr, air cool) alloys included in this experiment and Table 2
contains a description of the smaller number of alloys which have 40% cold-work.

Table 1. Annealed alloys included in MOTA-1E packets 3A, 38, 3E
3F, 3H, 3K and 3L

ATYoy Code* Composition Alloy Code* Composition
R-59 (4V}) Fe-30Nj R-4 (BR) Fe-45Ni-7.5Cr
6-22 (BA) Fe-30Ni-7Cr G-11 (BT) Fe-45N1-15Cr
E-21 (3T) Fe-30Ni-15Cr R-63 (41} Fe-50N7

G-5 (BB) Fe-35N1 R-9 (BU) Fe-50Ni-5Cr
R-8 (BE) Fe-35N-5Cr R-3 (BY} Fe-50Ni-11Cr
G-6 (3U) Fe-35Ni-7Cr R-10 {BX) Fe-55Ni-7.5Cr
E-37 (au) Fe-35Ni-7.5Cr G-26 (3V) Fe-60N1

R-7 (BK) Fe-35Ni-11Cr R-11 (30) Fa-60Ni-5Cr
G-7 (BL} Fe-35Ni-15Cr R-12 (29} Fe-60Ni-11Cr
R-61 (4X) Fe-40Ni G-13 {3X) Fe-60Ni-15Cr
R-6 (BM) Fe-40Ni-5Cr R-13 (3R} Fe-65Ni-75Cr
R-14 (BN) Fe-40Ni-7.5Cr G-29 {327) Fe-75N1i

R-5 (80) Fe-40Ni-11Cr G-71 (31} Fe-75N1-7Cr
R-62 (47) Fe-45N1 G-14 (33) Fe-75Ni-15(r

*The first number is the alloy code specifying the camposition. The number in the
parentheses is the specimen identifier engraved on the disk and specifies hoth the
composition and heat treatment.

Table 2. Cold-worked alloys included in MOTA-1E

Alloy Code Composition
G-5 (43) Fe-35N+
E-37 (44) Fe-35Ni-7.5Cr
R-61 (Blank)* Fe-40N4
R-62 (Blank)* Fe-45N1

*R-61 was placed only in packets 3A (420°C), 38 (520°C), 3E {600°C), and 3L
(750°C). R-62 was included only in packets 3F (420°C), 3H (520°C) and 3K
(600°C). The other two alloys were included in all seven packets.

FUTURE WORK
txamination of specimens irradiated earlier in EBR-II as well as in MOTA-18 and 1C are in progress to

determine whether solute modification affects the development of spinodal-like decomposition. If such an
approach appears to be feasible, additional specimens will be prepared for insertion in MOTA-IF.
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PRODUCTION OF LONG-LIVED ACTIVITIES IN FUSION REACTORS - L. R. Greenwood and D. L. Bowers {(Argonne National
Laboratory)

OBJECTIVE

To measure 14 MeV neutron production rates of long-lived isotopes in fusion materials for waste disposal,
maintenance, and dosimetry applications.

SUMMARY

Experiments are in progress to measure the 14 MeV proguctl ratgﬁ of sever 1 long~lived radicisotopes in
fusion materials. Samples of separated isotopes of and Zr were irradiated at the RTNS
II in July. Radio-chemical separations, liquid 301nt111até0n countlng, agg gamma ] ctrogﬁopy have63
succgssfully een used to measure cross sections for the Fe(n, ?n) Ni(n, ?n) Ni{n,2n)” Ni,
and Cu(n p) N1 reactions,

PROGRESS AND STATUS

The production of long-lived radionuclides is of concern in the waste disposal of fusion materials.

Unfortunately, the production cross sections are generally net well-known for many of the lsotopes of
interest. Conseguently, we have initiated an effort to measure selected reactions near 14 MeV using long
irradiations at the Rotating Target Neutron Source éRTNS I1) ag Lawrence %ivermoge Nationg% Labog%togy.

Prevxougly e, have regﬁrted on meaﬁurements of the #l(n ?n) Al (7.2x10 y} Fe(n,2n}”~Fe(, )" Mn
(3.7x10%y Mo(n,p) Nb (2.03x107y and ? Mo(n x) Nb (700y) reactions,

New irradiations were conducted at the RTNS II on July 7-12, 1686. This was a joint experiment with D.
Kneff (Rockwell International) who is measuring helium production in numerous isotopes at 14 Mev. By
combining radiometric dosimetry and helium spectrometry we are able to determine helium produﬁtlon eross
sections., Data for 26 elements, 22 separated isotopes, and 3 alloys were recently published.

In order to study long-lived isotopes we irradiated separated isotopes of 56Fe, 60Ni. 6“Ni, 9“Zr, and TiN
along with numerous dosimetry samples to determine the neutron fluence. The dosimetry measurements will be
used t{o construct a neutron fluence map near the RTNS II target so that the fluence can be determined at
the location of each specimen,

g e reactl s which we Blan to stgdy lnclud IuN( ]“C(STOOy% Fe(n 28)55Fe(2 Ty,

Ni{n, ?n) Ni(]OOy), Ni{n, ?n} Ni{T. 6x12 y), and Zr(n,Zn) (1.5x%10 g . Samples from previous RTNS
§I 1rrad1atlons will also be analyzed for Cu(n p) Ni(100y). 9 Mo(n,En)g Mo{3500y), and

Nb n,nt ) MNB(13.6y). Many of these products can be detected by liquid seintillation counting. All of
the samples contain other isotopes which could interfere with the counting of the desired products.
However, most of these can be rcadily separated by ion exchange. Our new liguid scintillation counter has
spectral analysls capabilities so that we can compare the energy spectrum to standard spectra of the same
or similar isctope. Further, we can gamma count samples from each phase of the separation to check for the
presence of unwanted [sotopes.

Preliminary results look very encouraging for several of the reactions. Analysis of several samples for
01 FeanlOH gives consistent6pross sections near 14.8 MeV of about 440 mb for 2 Fe(n,Zn)SSFe, 54 mb for
Cu n,n} Ni, and 950 mb for 4Ni(n,2n) Ni. These production rates can be used to determine the residual

activities in various fusion reactor designs such as STARFIRE or MARS.

FUTURE WORK

Analyses of otner reactions is in progress. For the longest-lived products we plan to use the relatively
new technique of accelerator mass spectrometry at the Argonne ATLAS facility.
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NEUTRGNICS ANALYSIS IN SUPPORT OF THE U,S.-JAPAN SPECTRAL TAILORING CAPSULES — R. A. Lillie (Dak Ridge
National Laboratory)

OBJECTIVE

The objective of this work is to provide the neutronic design for materials irradiation experiments in
both the Gak Ridge Research Reactor (ORR) and Kigh Flux Isotape Reactor {HFIR). Spectral tailoring to
cortrol the fast and thermal fluxes is required to provide the desired displacement and helium production
rates in alloys containing nickel.

SUMMARY

The meutron fluxes for the ORR-MFE-6J dasimetry capsule have heen recalculated and compared with the
previouslyl measured fluxes. Scale factors obtained from this new comparison are being used to scale the
neutron fluences obtained from three-dimensional neutronics calcutations. As of September 30, 1986, this
procedure yields 32.6 appm He (not including 2.0 appm He from 'UR) and 4.79 dpa for type 316 stazinless steel
in ORR<MFE-6J and 56.5 appm He and 5.32 dpa in ORR-MFE-7J.

PROGRESS AND STATUS

A comparison of the measured and calculated fluxes faor the ORR-MFE-6J dosimetry capsule is presented in
Table 1. The reutron fluxes were recalculated because an increase in flux levels between the DRR-MFE-6J
dosimetry capsule and the currently operating experimental capsule was predicted by the neutronics calcula-
tions, whereas gamma heating data did not indicate any increase in flux levels between the two capsules.

The increase in flux levels between the old and new calculations is due to the use of an improved geometric
mode? of the hafnjum shield emplayed in the ORR-MFE-4A and -4B capsules. The improved model caused a shift
in reactor power from the fuel positions surrounding the ORR-MFE-4A and -4B capsules to the fuel positions
surrounding the ORR-MFE-6J capsule, which in turn caused an increase in the calculated flux in the 6J dosim-
etry capsule. The end result of these new calculations is that the thermal and total fluxes obtained from
the ongoing neutronics calculations will be reduced by approximately 7.4 and 22.5%, respectively, whereas
the previous comparison predicted corresponding reductions of only 2.0 and 13.8%.

In addition to recalculating the

Table I, Comparison of measured and calculated data fluxes in the ORR-MFE-6J dosimetry cap-
for the ORR-MFE-6) dosimetry capsule sules, fluxes for the ORR-MFE-5) and -7J
experimental capsules were recalculated for
Measuredd Calculated, n/m2/s & number of ORR cycles, These new calcula-
Flux tiors were performed using a slightly dif-
(n/m2/s) 01d C/E New C/E ferent representation of the radigisotope
production capsules since many of the NRR
E > 0.1 MeV 2.03 + 18b 2,20 + 18 1,18 2.76 + 18  1.36 cycles containing the ORR-MFE-AJ and -7J
capsules also contained up to six of the
Total 5.99 + 18 6,93 + 18 1.16 7,73 + 18 1.29 radioisotope capsules. Average total and
thermal flux reductions of 3 and 5%, respec-
Thermal 1.97 + 18 2,01 + 18 1.02 2,13 + 18 1.08 tively, were obtained for the NRP-MFE-§J
capsule. For the ORR-MFE-7J capsule, the
a5ee ref, 1. new calculations resulted in a 8% decrease
in the average total flux and an 8%
b2.,03 + 18, read as 2.03 x 1018, increase in the average thermal flux. After

applying the new scaling factors to the new

fluxes obtained from the ongoing neutronics
caiculations, the calculated average total fluxes in the ORR-MFFE-6J and -7J experimental capsules are approxi-
mately 1% lower and 17% higher, respectively, than the fluxes measured in the NRR-MFE-5J dosimetry capsule.

The operating and current calculated data based on the new scaling factors are summarized in Table 2
for the ORR-MFE-6J and ~7J experiments, Roth experimental capsules have hbeen exposed to 236,924.1 MWh as of
September 30, 1986, At the present time, the dpa rate based on the scaled total fluences is 5.27 and 5,91
dpa per full power year for the ORR-MFF-BJ and -7J experiments, respectively, Recause the NRR-MFL-7]
experiment is similar to the ORR-MFE-4A and -4B experiments (i.e., 1t contains more water in its aluminum
corepiece), the thermal fluence in the NRAR-MFE-7J] experiment is approximately 38% greater than the thermal
fluence in the ORR-MFE-6J experiment.

The real-time projections of the helium-to-displacement ratios based on current calculated data as of
September 30, 1986, are presented in Figs. 1 and 2 for the NRR-MFE-6J) and -7J experiments, respectively,
The projected dates were obtained assuming an ORR duty factor of 0.86. The solid aluminum corepiece should
be inserted in the ORR-MFE-6J experiment on or before September 30, 1987. Because of the increased tharmal
;1uence in the ORR-MFE-7J experiment, its solid aluminum corepiece should be inserted on or hefore October

8, 1986,
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Table 2. Operating and calculated data for the FUTURE WORK
ORR-MFE-6J and -7J experimental
capsules as of September 30, 1986 The three-dimensional neutronics calculations
that monitor the radiation environment of the ORR-
ORR-MFE-6J  DORR-MFE-7J MFE-6J and -7J experiments will continue with each
ORR cycle. The scale factors used to scale the
Insertion date 6-28-85 6-28-85 calculated fluences will be updated as new experi-
mental data become available.
Exposure, MWh 236,924,1 236,924.1
Equivalent full power daysd 329,1 329.1 REFERENCE
Thermal fluence, n/m? 5.08 + 25b 7.00 + 25 1. L. R, Greenwood. "Neutron Dosimetrv and
Damage Calculations for the QRR-6J Test, HFIR-RE-
Total fluence, n/m2 1.70 + 26 2.00 + 26 Hafnium Test, and the HFIR-RBl and RB2 Experiments,"”
pp. 414 in ADIP Semiannual Progr. Rep. Sept. 30,
dpat 4.79 5.32 1985, DOE/ER-00457T5 [February 198A7.
Direct helium,C appm 3.77 4,16
Two-step helium,C appm 28.8 52.3
Total helium, appm 32.6 56.5

3Full power for the ORR is 30 MW,
b5.08 + 25 is read as 5.08 x 1025,

CHelium and dpa values are for type 316 stainless
steel.
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INTERNATIONAL DOSIMETRY STANDARDIZATION ACTIVITIES - L. R. Greenwood (Argonne National Laboratory)
OBJECTIVE

To standardize neutron desimetry measurements and radiation damage calculations to facilitate the
comparison of materials effects under irradiation.

SUMMARY

Results of the REALBY exercise to compare spectral unfolding and damage calculations between ten different
laboratories in the U.S., Europe, and Japan were revliewed at an IAEA Consultants' Meeting at the Technical
University in Budapest, Hungary, on September 8-10, 1986. A formal report on the project will be issued by
the IAEA.

PROGRESS AND STATUS

This report concerns an internaticnal program (REALSY4) to compare dosimetry techniques, nuclear data, and
damage calculations. This effort was organized by the Nuclear Data Section of the International Atomic
Energy Agency in Vienna, Austria. The purpose of the exercise was to compare spectral unfolding results
and damage calculations provided by different laboratories. Ten laboratories participated from the U.S.,
Eurcpe, and Japan. Seven different data sets were distributed including two related to fusion provided by
Argonne from the 14 MeV neutron spectrum at the Rotating Target Neutron Scurce at Lawrence Livermore
National Laboratory and a Be{d,n} spectrum measured at the tandem accelerator in Physics Division at ANL.
Other spectra included pressure vessel survelllance at the Oak Ridge Research Reacitor, the Arkansas Power
and Light Reactor #1, a 235U fission spectrum (National Bureau of Standards), and the Coupled Fast
Reactivity Measurement Facility at Idaho National Engineering Laboratory.

Results of the exercise were reviewed at an IAEA Consultants' meeting at the Technical University in
Budapest, Hungary, on September 8-10, 1986, Attendees included E. Zsolnay and E. Szondi {BME, Budapest),
W. Zijp an¢ H, Nolthenius (ECN, Petten, the Netherlands), W. Matzke (PTB, Braunschweig, West Germany),

L. Greenwood (ANL), and V. Piksaikin (IAEA, Vienna),.

A draft report was prepared by the project evaluators in Budapest and Petten for review at the meeting.“2
A number of problems were discussed including ambiguities in the spectral information, transfers of flux
and uncertainty data between different energy group structures, singulaties in matrix procedures, nuclear
data discrepancies, spectral weighting procedures, and uncertainty analyses. Detailed recommendations were
formulated in each of these areas and a formal report wiil be issued by the IAEA. This report will alsc be
presented at the Sixth ASTM-EURATOM Symposium con Reactor Dosimetry in Jackson Hole, WY., May 31-

June 5, 1987.

Two basic conclusions were agreed to at the meeting. Although there were a number of irregularities in the
spectral analyses, nuclear data, and uncertainties, integral fluences and damage rates generally showed a
relatively small spread (-5-10%) which is considered adequate for many applications. ‘However, considering
the nature of this exercise, the spread was expected to be lower (-2-5%). Hence, it was agreed that
further work was needed to resolve these differences. The goal is to produce several standardized data
sets which can be processed in a specified manner and whicihi will produce a very low spread in values
between the particlpants. We will continue to participate in this effort. Ultimately, the goal is to
develop standardized data and procedures for neutron dosimetry and damage analysis.

REFERENCES
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HELIUM PRODUCTION CROSS SECTIONS FOR FUSION-ENERGY NEUTRONS - D. W. Kneff, R. P. Skowronski, and
B. M. Oliver (Rockwell International)

OBJECTIVE

The objective of this work is to measure the total helium production cross sections of materials for
fusicn-energy neutrons.

SUMMARY

Two major fast-neutreon irradiations were conducted for the measurement of the total helium producticn
cross sections of several pure elements and separated isotopes. The first was a Rotating Target Neutron
Source-11 (RTNS-II) irradiation conducted to expand the 14.8-MeV cross section data base developed from
earlier RINS experiments.l>? The second was a 10-MeV neutron {rradiation at the Los Alamos National Labora-
tory (LANL) using the lH(t,n) source reaction, to provide cross section information in a lower neutron
energy region. Two RTNS-II add-on experiments were also initiated, to examine the 14- to 15-MeV energy
dependence of selected pure-element cross sections.

PROGRESS AND STATUS

Collaborative research programs at Rockwell International and Argorne Natiomal Laboratory (ANL) are
investigating the measurement and prediction of helium production in candidate fusion reactor materials in
neutron test environments. Monoenergetic fast neutron measurements, conducted in part in collaboration with
other laboratories, have included the determination of the total nelium production cross sections for 26
pure elements, 33 separated isotopes, and 3 alloy steels for 14.8-MeV T(d,n) neutrons.l-3 Two new neutron
irradiations have now been performed to extend this c¢ross section data base in the 8- to 15-MeV neutron
energy region. Variocus aspects of this new work were supported by the Office of Fusion Energy and the
Office of Basic Energy Sciences of the U.S. Department of Energy,

The first of these two experiments was a primary-volume irradiation at the Rotating Target Neutron
Source-I1 (RTNS-II) at the tawrence Livermore National Laboratory (LLNL). This irradiation was a joint
experiment with L. R. Greenwcod of ANL. The primary objective of this irradiation is to measure the c¢ross
sections of some additional materials at 14.8 MeV, including N [irradiated in the form of the compoungs Til
and ZrN], Mg, S [irradiated as PbS], Ge, W, and four W isotopes. Several other materials were included to
obtain additional basic helium production data fer previously examined materials, and a numbar of ANL
separated isotopes were included for fundamental studies of Jong-lived radignuclides. The irradiation
lasted one week, producing an average total neutron fluence of about 6 x 1017 n/cm? on the front (upstream)
face of the sample assembly.

The other helium-gereration materials irradiated in this experiment, whose previous cross section
measurements had relatively large uncertainties, included O [{rradiated as NbsGg, Alp03y, Ge0s], F [PbFop,
MgFo, NdF3 + pure-element Nd, CaFy + pure-element Ca], Ta, and eleven separated isotopes of 5n and Pb. The
multiple compounds included in this dirradiation for the N, 0, and F measurements provide additional data to
reduce the analysis uncertainties associated with unfolding the pure-element cross sections from those of
the measured compounds. Seleacted materials, including Be, €, N, 0, znd F, were also included at several
source angles up to 600 to examine the energy dependence of their total nelium producticn cross sections in
the 14- to 15-MeV energy region. The carbon cross section, for example, rises steeply belween 14 ang 15
MeV, and there are discrepancies in some of the published cross sections.i The compounds, plus the carbon
(diamond and graphite) and beryllium samples, were vacuum-encapsulated in platinum for irradiation and
analysis.

Radiometric counting of the dosimetry foils from this irradiation has been completed at ANL. Subse-
guent work will include the mapping of the dosimetry data to determine the neutron fluence distribution for
the irradiation volume, and the analysis of the helium generation samples by isotope-dilution gas mass
spectrometry for total helium production.? The resuits will be combined to deduce total heliurm generation
cross sections.

An add-on RTNS-II experiment has alsoc been prepared, to extend the cross section data on energy/angle
effects to be derived from the primary-vclume irradiation. This experiment includes, for example, Be, C,
and 0 samples to be irradiated at a source angle of 1109 (13.8-MeV neutrons). A second add-on experiment to
irradiate several pure element metals is also in preparation.

The second major irradiation performed was a joint experiment with R. C. Haight at LANL., The objective
of this experiment is the measurement of the cross sectiorns of several pure elements anc separatec isotopes
for -10-MeV neutrons, an energy region for which few helium production data exist. The neutrons were
produced by the lH(t,n) reaction, using a rotating hydrogen gas target developed by Haight. The one-week
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experiment accumulated a total neutron fiuence of about 3 x 1014 n/cmZ, with samples including Cu, Ni, Fe,
Cr, Al, C, Mn, V, Ti, Si, Be, and the separated isotopes of Ni and Be.

Counting of the radiometric dosimetry foils and activated helium-generation samples from this irradia-
tion is also near completion at ANL. Neutron fluence and energy spectrum mapping will be more complex for
this experiment, due to steep energy gradients with neutron source angle, and scattering and triton energy-
degradation effects produced by the thick gas target and its molybdenum entrance window. Helium analyses
for these samples, with their Tower helium concentrat1on levels, will be performed using the recentiy
developed constant-temperature furnace at Rockwell.® This furnace provides a lower, more constant helium
measurement background than our conventional furnaces, and allows the analysis of larger samples with Tower
helium concentrations.

FUTURE WORK

The analysis of these irradiation experiments has been initiated with the radiometric dosimetry meas-
urements at ANL. Helium analyses and the mapping ¢f the dosimetry information will follow, and the results
will be used to determine tctal helium production cross sections.
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FULL DERIVATION OF AN APPROXIMATE SOLUTION TC THE SCATTERING INTEGRAL FOR GENERAL INTERATGHMIC
POTENTIALS - J.P. Blanchard, N.M. Ghoniem and 5.P. Chou (University of California, Los angeles)

OBJECTIVE

The objective of this work is to develop a new analytical approximation for the calculation
of the scattering integral in atomic collisions. The method can be applied to any arbitrarv
interatomic potential.

SUMMARY

An approximation to the scattering integral is derived by expanding the potential zbout ths
distance of closest approach and truncating the expansion sc that the integral can be performed
analytically. The results are improved by using the approximate integrand only in the region
near the closest approach and assuming zero potential for large distances. The analytical
sclutien, which requires little computation time relative to other solution methods, is shown
to yield sufficlent accuracy for a wide range of particle energies and impact parameters, using
both the Moliere and "Universal®™ potentials.

PROGRESS AND STATUS
Introduction

The Monte Carlo method is now widely used to predict the transport of energetic iocnz in
solids.!»? This numerical simulation method requires repeated calculations of the scattering
angle of an ion in a collision with the lattice. If these evaluations are simplifiad, co:
time is saved and more particle histories can be simulated, Numerical evaluation of the
scattering integral can be time consuming and inaccurate because the integrand is weakly
singular at the distance of closest approach, sc accurate analytical approximations for
scattering in a general potential field are desirable. In this report, an approximate rethaod
for obtaining an analytical representation of the scattering integral is presented and its
region of validity is discussed.

The scattering integral

In a two-body cellision influenced by a central potential field V(r), the scattering angle
is given by:

0 -1 - I 2 p dr
pox? (1 - viry/E, - plieyl/?

where © is the scattering angle, p is the impact parameter, p is the distance of closest
approach, and E; is the particle emergy, which is measured in center of mass coordinates, I e.

M

L.y N
EO Ml + M2 El !

where M; and M; are the masses of the projectile and target particles, respectlvely, and g
the projectile energy in lab coordirates, The geometry of the ccllision is shown in Fig. 1.

;’4i/’

Fig. 1. Geometry for scattering model.
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The distance of closest appreoach, which is the peiut at which the projectile’s radial velocity
is zero, is determined from the fellowing equation:

To non-dimensionalize the integral, the following substitutions are made:

el
=23 5 =2 5= ¢ = AEp . V(ax) - Z1£28° B(x)
a a a 2 ax
Z, 228

where ¢(x) is the screening function and a is the screening length, which depends on the Bohr
radius and the atomic numbers of the two particles. Two forms commonly used for the screening
length are given by Lindhard:*%

a = 0.8853 a (2;2/3 4 2,2/3y-1/2

ared Firsov:5

a = 0.88%3 ao(zjl/Z N 221/2> 2/3

0

ve a, is the Bohr radius (ag = 0.329 R). lhe resulting integral is
B -1 - fm ? 8 dx , (1
mox2 (1 - glx)/ex - go/x2y1/2
and the non-dimensional distance of closest approach 5 is found from
2
RIS N L (2)
£n U2

As seen from Eq. {(2), the integrand in Eg. (1) is singular at x = p, so the choice of numerical
integration scheme is limited and requires many guadrature points. Hence, an analytical
approach 1s desirable. 1In the discussions that fellow, both the Moliere and Universal
screening functions will be used to demonstrate the usefulness of analytical approximations.
The Moliere screening function® is defined by

$(x) = 0.35e°0.3% 4 055 ¢-1.2m 4 g ] eobx

and the Universal screening function, which was recently developed by Ziegler et al.” and is
given by

$(x) = 0.1818 e~32X + 0.5099 £70.9423% 4 g 2507 ¢-0.4028x | ¢ g1y o-C.2016%

where the screening radius is modified to yield:

a = 0.8854 ay(210-23 4 2,0.23y-1/2

An analvtical approximation

In general, analytical solutions for the integration of Eq. (1} are not available, so
approximations are necessary to cbtain analytical formulas for the scattering angle. The
solution approach used here expands the screening function about the distance of closest
appreach (where the integrand is singular) and truncates the series to obtain an analytically
integrable functlion. To facilitate this appreach, an additional substitution is introduced:

E]
1
A
'

Ml

which leads to

1/
@ =1 - 281 1= Jo h(w) dw
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and hGey = |1 - 20 L 800 #Cow | 280 2010172
g2 €n € n

or, using Eq. (2),

[6m) - (x)  élx)w 257w -1/2
h{w) = + + N 52w2
en € 7

The screening function is expanded about w = 0 to yield

2 dé(x
dx

$(x) = ¢(n) + wn

2.3 |dé(x)
=" + W [“dx

where w + O, and the integrand beccomes
h{w) = g(w)
where

glw) = (Kw - Qu?)~1/2

The constants K and Q are given by

2
- B n dé{x)
K=n+ o v & |y
and 5 2
Q- g2 + 1D 874
2¢ a2x X=f

Integrating this approximate function yields the scattering angle:

6 =1 - %g cc:‘s'1 [ - %%}

In order to find the scattering angle for given values of energy and impact parameter, ws Tirs:

find the distance of closest appreoach from Eq. (2), then determine K and Q from Eq. (4) and
plug inte Egq. (5) to find the angle. This procedure is much quicker than numerical
integration, especially after the distance of closest approach, which must be determined in
either case, is calculated.

The primary error in Eg. (5) comes from the behavior of the series expansion of the
screening function near the point w = 1/9. Since ¢{x) is expanded about w = 0, the error
increases for large w. As w approaches l/n the potential should be zeroc (because this point
corresponds to r = =}, but the approximation clearly has a non-zero value at this poinzt, i.&.

de¢ (%)
dx

2
+ O.Sn2 dex)

x=n dex r=n

$(w = 1/n) = $(x ~ =) = ¢(n} + 23

The difficulty caused by this erreor is evident when the exact integrand h(w) is compared to uic

approximation g(w) at w = 1/n, where one finds
h(l/n) =1 ,

1 a0

2 42
né déé(x)
g(l/m) = [1 - - AN A T

X=p 2 dx

}—1/2

x=1)

From this one can see that the approximation breaks down for small ¢. This can also be :
Fig. 2, which compares the exact and approximate integrands for different values of « i
In Fig. 2(a), ¢ and # are unity and the two functions are almost indistinguishable, so <ne
would expect Eq. (5) to yield an accurate representation for the scattering angle. In
contrast, Fig. 2(b) shows a large discrepancy in the two functiens at one endpeint and iz
results cannot be relied upon. Modifications are required if accuracy is desired over a li:
range of iImpact parameter and particle energy.
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Fig. 2. Comparison of exact and approximate integrands for (a) small beta and large

epsilon and (b) large beta and small epsilon.

An improved approximation

In order to improve the analytical approximation to the scattering angle, another

representation for ¢{x} is needed for large x (w neaxr 1/nm).
because the most interatomic potentials are not analytic at x = w.

the

An expansion is inadvisahle here
Therefore,

potential

will be assumed to be zero for all x greater than some value and the scattering Integral will

be divided into two intervals.

or

I =

c
I biCw}
0

Hence

1/n
dw + I hiw) dw
c

{6)

¢ 1/n
T = I g{w) dw + I flw) dw
0 c

where g(w) is given by Egq. (3) and
2 2
flw) = |1 - 2 + B p2a?
72 m

The choice for ¢, the point at which the integral is divided, is somewhat arbitrary.

Ideally the choice would depend on the impact parameter and the particle energy, but this
complication 1s avoided initially by assuming that ¢ depends only on the distance of closest
approach. By comparing the two approximations for the integrand in the Interior of the
interval 0 < w < 1/9, it seems that they intersect very near w = 1/(25) for a wide range of
energy and impact parameter. This can be seen in Fig. 3, which plots the two approximate
integrands, f(w) and g{w), against the exact integrand h{w) for different values of ¢ and B,
In Fig. 3{a) the two approximations are indistinguishable on the interval 1/(25) < w < 1/5 and
there is little difference between the scattering angle calculated uslng a single appreximation
over the whole interval and the angle from the two-interval approach of Eq. (6). In Fig. 3(b),
however, ¢ is small so neither approximation is useful over the whole interval and two separate
integration intervals are required. The two approximations intersect near the center

[w=1/(2n)], so ¢ has been chosen such that the interval is split into two equal parts and
Eq. (6) becomes
1/2n 1/
I = gl{w) dw + f(w) dw (7)
0 i/2n

The advantage of this approach is seen in Fig. 4, which shows the two-interval approximate
integrand for f = 5 and ¢ = 0.0025. The improvement over the single interval approximation is
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Fig. 3. Accuracy of small X and large x approximations for (a) small beta and large
epsilon and (b} large beta and small epsilon,

evident when Figs. 4 and 2(b) are compared, so the integration of Eg. (7) should vield mere ac-
curate results even for small ¢. Performing the integration, the resulting scattering angle is

- 2 N
8 = 2 cos 1[2—'3] -%cos 1[ --Ié} (8)

The maximum error in this result comes from the behavior of the two approximations at the
center of the integration interval, so these functions are compared to the exact integrand h{w)
at w = 1/(2%n):

[ B2 s0m-172

h(l/2n) = LB
(1/2n) kl n? Ten } ,
- 2 2
_ B $in) 1 dé(x) n d*¢(x) -1/2
gll/2n) = |1 - Z;E T TZen T 7e Tdx x=n B¢ dx x—n} ’
and
2

£(1/2m) = |1 . £5|-1/2

L 4m?

As before, the error increases as ¢ decreases, but the dependence on n is less clear.

One of the difficulties with the approximate result for the scattering angle [Eq.{8)] is
that it is undefined for certain values of ¢ and 8. For a fixed impact parameter, decreasing
the reduced energy reduces the quantity 1-Q/Kn. When this quantity is less than -1, the
inverse cosine is undefined and the approximation is no longer valid. Figure 5 shows the
region in ¢-8 space where Eq.(8) is valid for both the Moliere and Universal screening
functiens. 1In either case, the approximation for the scattering angle is wvalid for
e >1.7 x 107* for all impact parameters and ¢ can be even lower for larger values of 5.

Compariscn with numerical results

The validity of the approximate expression for the scattering angle, given by Eg. (8) can
be judged by comparison with numerical calculations. This indicates the usefulness of the
approximation as compared to the more time-consuming numerical calculations, but does not
address the validity of the screening function as a medel for the actual potential. With this
in mind, Table 1 gives the scattering angle for different values of ¢ and A using beth the
Moliere and Universal secreening functions. The angles are also plotted in Fig. 6, using the
Universal screening function. (In all cases, the numerical calculations were performed using
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Table 1. Scattering Angle (radians), a = 1/2
MOLIERE UNIVERSAL
Fij € Numerical Analytical Numerical Analytical
1 0.0002 2.99 3.07 2.96 3.03
7 0.0002 2.07 2.60 1.90 2.34
17 0.0002 0.690 1.50 0.517 0.720
1 G.0006 2.95 3.00 2.91 2.97
7 ¢.0006 1.80 2.19 1.58 1.93
17 0.0006 0.383 0.561 0.248 6.225
1 C.002 2.87 2.89 2.82 2.85
7 G.002 1.40 1.49 1.13 1.19
17 0.002 0.157 0.139 0.0896 0.0814
1 0.006 2.76 2.76 2.69 2.69
7 0.006 0.934 0.93¢4 0.681 G.673
17 0.006 0.0591 0.0525 0.0319 0.0290
1 0.02 2.52 2.52 2.45 2.45
7 G.02 0.457 0.460 0.301 0.299
17 ¢.02 0.0186 0.0166 0.00982 0.008%0
1 6.2 1.44 1.46 1.43 1.44
7 0.2 0.0621 0.0627 0.0377 0.0374
17 0.2 0.00193 0.00169 0.001020 0.000899
1 2.0 0.277 0.288 0.277 0.286
7 2.0 0.00646 0.00651 0.00388 0.00384
17 2.0 0.000219 0.000169 0.0001310 G.00005C0

the IMSL quadrature routines.a) The approximations are very accurate for small §, but for a
reduced energy of 0.0002, the two solutions differ by a factor of two., If ¢ is restricted to be
above 0.002, the agreement between the analytical and numerical results is much better, with a
maximum error of about 23%. Because there are errors in the numerical results and in the
representations of the potentials themselves, the accuracy of the analytical formula in this
restricted energy range is sufficient for most calculations.
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Fig. 6. Comparison of scattering angles for numerical and analytical solution methods
using (a) Moliere and constant alpha and (b) Universal potentials.

Adjusting the integration interval

As mentioned previously, the accuracy of the analytical approximationm represented by
Eq. (6) can be improved by adjusting c, the point at which the Integration interval is split.
By warying this point and comparing the results to the numerical calculations of the scattering
angle, the optimal split was found to depend only on the impact parameter and the distance of
closest approach:

_a - B
¢ = 7 s a = 0.42 55

The scattering angle is now given by:

=2 cos'l[g (]_-cz)] . 752—5 cos'l[l - 2%3] ) (93

The results for this new approximation are shown in Table 2 and plotted in Fig. 7. The
accuracy is greatly improved, with errors of less than 10% for ¢ = 0.0002 and a maximum error
of about 23% (=17, ¢=2, Universal screening function). Considering the wide range of impact
parameters and energles shown in Table 2, Eq. (9) gives a reasonably accurate representation
for the scattering angle over the entire practical range of impact parameter and reduced
energy. An added beneflt is that the reglon of validity is extended, so the approximate result
for the scattering angle (using the Universal screening function) is now valid for ¢ > 7.3 x
10'6, as compared to 5.0 x 1072 previocusly. This advantage improves as the impact parameter
increases, as can be seen by comparing Fig. 5 to Fig. &, which show the valid regions of the
old [Eq. (8)) and new approximations [Eq. (9)], respectively.

Conclusions

The scattering integral can be approximated by expanding the potential about the distance
of closest approach before integrating the resulting integrand over a portion of the interval,
and assuming that there is zero potential over the rest of the interval. This is successful
because the integral is dominated by the influence of the potentizl in the neighborhood of the
distance of closest approach, unless the particle energy is extremely small. This analytical
approach yields accurate results at a significant savings in computation time as compared to
numerical quadrature methods, The results are good for a fixed split in the integration
interval, and much improved when the split depends on the impact parameter. The final result
yields excellent accuracy over a wide ranpge of energies and impact parameters.
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Table 2, Scattering Angle (radians), a = 0.42 - (3/80)

MOLIERE UNIVERSAL
B € Numerical Analytical Numerical Analytical
1 0.00002 3.04 not valid 3.03 3.07
7 0.00002 2.41 2.67 2,35 2.49
17 0,00002 1.34 1.41 1.26 1,26
1 0.00006 3.02 3.07 3.00 3.04
7 0,00006 2.27 2.49 2.17 2.29
17 ¢, 00006 1.05 1.04 0.905 0.912
1 0.0002 2.99 3.03 2.96 3.00
7 0.0002 2.07 2.21 1.90 1.96
17 0.0002 0.690 0.689 0.517 0.524
1 0. 0006 2.95 2.97 2.91 2.93
7 0.0006 1.80 1.80 1.58 1.57
17 0.0006 0.383 0.385 0.248 0.252
1 0.002 2.87 2.87 2.82 2.82
7 0.002 1.40 1.40 1.13 1.13
17 0.002 0.157 0.158 0.0896 0.0916
1 0.006 2.76 2.76 2.69 2.69
7 0.006 0.934 0.942 0.681 0.687
17 0.006 0.0591 0.0596 0.0319 0.0326
1 0.02 2.52 2.52 2.45 2,46
7 0.02 0.457 0.465 0.301 0.305
17 0.02 0.0186 0.0188 0,00982 0.01000
1 0.2 1.44 1.47 1.43 1.45
7 0.2 0.0621 0.0637 0.0377 0.0383
17 0.2 0.00193 0.00191 0,00102 0.00100
1 2.0 0.277 0.295 0.277 0.293
7 2.0 0.00646 0.00662 0.00388 0.00394
17 2.0 0.000219 0.000192 0.000131 0.000101
’_f « mmerica] Creulation (b}
,j « Numerical Catculation {q) o Mprazination
= ipproxisation
+
1 el = 4 MR
epsilon = 0.0002
-
a -
F &
Rl epsilon = 0,002 o
L 5 i
[ = -t
L alpha = 0.42 - [beta/80) = A
ﬁ [} T T T
b 1s ' ' s

I
Impact Parameter

Fig. /.

1
Impact Parameter

Comparison of scattering angles for numerical and analytical solution methods and
variable alpha using (a) Moliere and (b} Universal potentials.
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FUTURE WORK

The analytical approximations will be used in the TRIPOS Monte Carlo Gode for the analysis
of charged particle transport in solids.
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TRIPOS: A DYNAMIC MONTE CARLO CODE FOR THE TRANSPORT OF IONS IN POLYATOMIC SOLIDS - P. S. Chou
and N. M. Ghoniem {University of California, Los Angeles)

OBJECTIVE

The objective of this work 1s to develop a new Monte Carlo eode, TRIPOS, for the TRansport
of Jons in POlyatomic Solids. The computer code is capable of simulating a large variety of
ion/sclid interaction phenomena for both bulk and surface applications.

SUMMARY

A general dynamic Monte Carlo ion transport code, TRIPOS, TRansport of Ions in PQlvatomic
Solids, is presented. TRIPOS uses both power-law cross sectlons and a newly developed solution
to the scattering integral for treatment of nuclear collisions. Applications of TRIPOS to sur-
face, bulk, and deep penetration problems in multi-layer polyatomic media are given. The
dynamic nature of surface evolution caused by energetic lon-surface collisional events are also
simulated by TRIPOS,

PROGRESS AND STATUS

Introduction and background

A sound understanding of the physical phenomena associated with ion transpert in seclids
is eritical to advancing new and emerging technologies. For example, the first wall and
divertor or limiter components of fusion energy devices experience high fluxes of charged
particles and neutrons, which lead to a variety of effects {(i.e., sputtering, blistering, and
bulk damage). The production of primary knock-on atoms (PKAs) in fission nuclear reactor
materials leads eventually to the degradation of design and safety related material properties.
New material processing technoclogies using ion beams or plasmas rely on a detailed knowledge of
ion transport physics. Understanding of the physics of radiation damage on structural solids
and microelectronic materials 1s critical to the development of space and defense related
technologies.

Ion slowing-down precesses can be attributed to ion energy losses through different
intervactions {(e.g., excitatlion and ionization of electrons, inelastic nuclear collisions,
elastic nuclear interactions, and bremsstrahlung photon emissions). There are two general
classes of approaches for the analysis of ion transport phenomena, the deterministic and
probabilistic methods. Deterministic approaches are based on either analytical or numerical
solutions to the ion transport equation. On the other hand, probabilistic solutions rely on
using the Monte Carlo method, where an ensemble of particles is used to simulate the ion
interaction processes following physical laws.

The ion transport equation is derived based on particle and energy comnservation
principles. A generalized form of the ion transport equation is given as,"

-+ =+

léé!rEﬂt! . - - -+ -+ -+
Y Py + f1V¢(r,E,0,t) + Et(r,E,t)¢(r,T,n,t)
- QEEd Y + & sEEneE Ed 0]
1 - - -+
+ Jm*dE' I d3' T {E'-E,Q'-Q)¢{r,E’' Q' t) , {1}
0 -1 s

where ¥ is spatial vector, E is energy, (i is the direction vector, t is time, ¢ is particle
flux, Z¢ is total cross section, I is differentlal scattering cross section, Q is particle
source rate, and 5 is electronic stopping cross section. It is not possible to solve Eq. (1)
for general conditions. However, its solution can always be cobtained with simplifications and
assumptions. Also, for polyatomic solids, coupled transport equations are I:equiret:ls'6 which
further increase the complexity of the problem. If only a few ion parameters are desired,
simpler forms of the ion transport equation can be used. Lindhard, Scharff, and Schiott’ used
the moment method by assuming continuous slowing-down processes to calculate the range
distribution and associated parameters. Lindhard et al.8 developed an integral equation
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relating radiation damage to deposited energy and atomic displacement. Parkin and Coulter?
extended the treatment for the atomic displacement calculation in polyatomic so0lids. However,
these caleulations neglect the spatial distribution of radiation damage.

Sandersl? derived a vector range distribution function. For one-dimensional geometry,
Sigmund®* expanded the vector range distribution in Legendre polynomials in moment solutions.
Bricel developed an integral equation describing the energy deposition profiles using a
similar approach. All of the above methods, however, use simplified forms of the ion transport
equation where detailed particle phase-space are not included. Hoffman et al.? used the
discrete-ordinate multi-energy-group method used in neutronicsi3. for the analysis of surface
sputtering problems. Using approximate coupled diffusion equations, Chou and Ghoniem®
developed an analytical method for the slowing down of ion-induced cascades in precipitate
dissolution problems. The diffusion equations were de-coupled using the Neumann series
expansion technique.

A complete treatment of ion transport using deterministic methods is complex. The degree
of difficulty increases quickly when less assumptions and higher degrees of freedom are used,
and limiting simplifications are usually required. For example, the requirements of multigroup
cross sections, coupled transport equations for polyatomic media, recoil multiplication, and
higher order angular expansions can make the computational burden prohibitive in the detailed
discrete-ordinate multi-energy-group method,

The Monte Carlo method can accurately simulate particle behavior in solids, with modest
increments in computational difficulties for each added degree of freedom. This method is
particularly suitable to the fast development of computer technology. In the Monte Carle
method, sampling is conducted from probability distribution functions accerding to relevant
physical laws. Monte Carlo techniques developed for lon transport can be categorized into two
groups. In the first group, dynamic many-body calculations are performed. The other category
is known as the binary collision approximation method where only two interacting particles are
considered at a given time.

To describe the many-body interaction of N atoms in the crystal, 3N Newtonian equations of
motion are required for the description of the crystal. A PKA event can be Initiated by giving
an atom a kinetic energy E with the momentum gained in a specified direction. HNumercial
procedure is then used to integrate these equations of motion until equilibrium is reached.
These calculations are fully dynamic since all degrees of freedom are allowed to vary
simultaneously to satisfy the requirements of interaction forces and the Newtonian laws of
dynamics. This many-body integration method is very useful in demenstrating directional
effects such as focusing and channeling. The major limitations lie with the maximum available
memory capacity and computation speed of a computer. Consequently, only a small number of low
energy PKAs can be simulated in this type of analysis.

Beelerl6.17 applied the assumption that the atomic collision cascade can be described as a

branching sequence of binary collision events te ion transgort caleculations. Yoshida, Oen
and Robinson, 2 Ishitani et al.,zl.Robinson and Agamy,2 Biersack and Haggmark, Ziegler et
al., Attaya,2 and Chou and Ghoniem developed Monte Carlo codes based on the binary

collision approximation. Roush et al.2’ as well a3 Moeller and Eckstein’® used the same
concept to develop time-dependent Monte Carlo codes. In this work, a dynamic binary collision
Monte Carlo ion transport code, TRIPOS, is presented. It is a general purpose code for the
efficient calculation of fon transport and effects in a multi-layered structure composed of
polyatomic solids. TRIPOS can be applied to the analysis of bulk or surface time- and fluence-
dependent problems. Thus, complex surface evolution problems can be analyzed, Importance
sampling techniques are incorporated in order to enhance the computation speed and reduce tre
variance in the results.

The validity of the results from ion transport simulations depends heavily on the abilitr
to reproduce the actual interatomic collisional behavior during the analysis. In order to
correctly predict the ion collisional behavior in solids, the Lnteratomic potential has to be
known with great accuracy. However, the overlapping and shielding effects of the electron
clouds during the atomic collision process make a complete description of the interatomic
potential difficult. Various interatomic gotential models were proposed such as Thomas-
Fermi,29'30 Bohr,31 Born-Mayer,32 Moliere, 3 and Ziegler 4 potentials. However, these complex
potentials result in difficulties for analytical solutions of the scattering integral,
Biersack et al.23:2% yged & fitting function to the numerical results from the scattering
integral to approximate the atomic scattering. In the present work, two methods of calculating
scattering properties are used. The first is based on approximate power-law fits to the
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Thomas-Fermi potential, In the second method developed by Blanchard, Gheniem, and Chou

(BGC) , 4 a second order Taylor expansion about the distance of closest approach is used for the
integrand of the scattering integral, Accurate analytic approximate solutions are developed in
this method.

Theoretical background for the TRIPCS code

Lindhard et al.’ used the momentum approximatien to solve for the scattering integral
based on the power-law potentials., The solutions from the power potentials are applied for the
derivation of the so-called power-law cross sections. This technique bypasses the slow and
costly process of numerically solving the scattering integral in Monte Carlo ion transport
analysis, 1In this section, we present our application of the power-law approximation and
discuss its range of validity. We will then present a brief descriptien of our new method for
calculating the scattering integral. The scattering integral has the form

8 =1 -2 Jm pdr 7172 , (2)
po2r V() _ p_
£ [1 E, rz]

where 8 is the deflection angle in the center of mass system, p the impact parameter and p the
distance of closest approach, E, the center of mass kinetic energy, and V(r) the interatomic
potential. Lindhard et al.’ used the momentum approximation to simplify the scattering
integral. Their approximation for the new scattering integral has the form

M 2 e o2
8 = - Edp jO V[{rc + p9) jdx (3)
Using the power-law potentials, analytical results are obtained as

oy
S S
= /
e - , [€(D]

€n

where s is the power-law index, k, the constant for the power-law screening constant, and y; a

constant equals to 0.58(0.5,(s+1)/2]. The power-law potential has the form
212232 ks a s-1
V(r) = - = (;) ) (3}

where a is the Lindhard screening functiom. It is to be noted that for s = 1 {pure Coulombic)
and s = 2, the exact scattering integral, Eq. {2), can be analytically solved. The results,
Eq. (4) from the momentum approximation, agree well with those from the exact scattering
integral for small scattering angles. However, for near head-on collislons, the mementum
approximation yields larger scattering angles.

The power-law representations of interatomic potentials are derived from appropriate fits
to the Thomas-Fermi potential. Moliere and Ziegler et al.2% have attempted various forms of
exponential screening functions to fit interatomic potentials. The Moliere screening function
is given by

-0.3r/a -1.2r/a -6.0r/a

¢ = 0.35 + 0.55%e + 0.10e (6)

and
a - 9.885330/(zf/3 + 23/3)1/2 ,

where 27 and Z, are atomic numbers for colliding particles, a, is the Bohr radius. On the other
hand, the Ziegler universal screening function has the form

-0.9423¢c/b -0.040281 /b -0.2016r/b

¢ = 0.1818e'3'2r/b + 0.5099%e + 0.2802e + 0.0281%7e (7}

where b is the Ziegler screening length defined as

0.23 + 20.23>

b - 0.8854a_/(Z) )
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Fig. 1 shows a comparison between the scattering angle results from the power-law approxims-
tion, the BGC analytical solution,3 and exact numerical calculations using Ziegler's universzal
screening function with dimensionless energies, ¢, of 10'5, 3 x 10‘*, 3 x 10'3, 10'2, ard 3.
The dimensionless energy is defined as

EMZ a

(M, + M) 2 (R,
1 2 ZIZZE

Other calculations were made using the Moliere potential.?* The results of this analysis
indicate the following,

1. The "exact" form of the screening function has the most significant effects on the
solution of scattering integral. This is clear when we compare Moliere potential
results to calculations with Ziegler’'s universal potential.

2. The power law is a r=asonable approximation to the scattering process. Its maior
advantage lies in its simplicity within the context of the Monte Carlo method.

3. The BGC analytical solution is accurate and within a few percent of the numerical
results wich impact parameter up to 25 screening langths for both Maliere and Ziezlev
potentials.

Because of the relative simplicity of the power-law potential results and the fact that
collisions are near-coulombic at high energles, the majority of the calculations in TRIPCS are
performed in this mode. However, for verification, an option using the BGC method is provided.
In the following, we describe the details of the power-iaw approximation.

10°
107!
o
~ -2
3 10
o
Z
n
1073
10-4
Q.0
IMPACT PARAMETER
O Power Law O Ziegler's {Num) & Ziegler's (BGC)
Fig. 1. The scattering angle as a function of impact parameter using power-law and R
Zie%ler’s universal potentials at dimensionless energy {Eg. (8)] of 1072, 3 x 10°%, 3 x 1072,
107%, and 3. The scattering integrals are numerically integrated for both power-law and

Ziegler's universal potentials. The approximate integral method by BGC [34] is also used to
solve for Ziegler's universal potentials.

Mean-free path between collisions. In the power-law approximation, the differential cross
section is given by

do(E,T) = Cp E-® p-1-map
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2 2m
where N 32 1 : a, 222)2 e
n 12
and Mj,Zq = mass and charge of incident particle,
M5,Z; = mass and charge of recoil particle,

E = incident particle energy,

T = recoll energy.

a, = 0.4683 (z§/3 + 23/3)'1/2 A, (10)
m=1/s ,
- (%,1.309) for £ < E < E
3 ; S ESEy
(m,A) = (3,0.327) ,  for E, <E< E (11)
- (1,0.5) . forE <E

C

For energies below Ep, the differential cross section for Born-Mayer interaction is
represented by a power approximation of (m, AL} = (0,24}, and aj; = 0.219 A,

A major problem with the use of the power-law approximation is the determination of the
transition energies E,, Ep, and Eg, such that the calculation of energy transfers are accurate.
Based upon range considerations, Winterbon > determined these transition energies. In the
present work, we determine transition energiles by requiring the continuity of the total nuclear
stopping power 5,(E). The gquantity S, (E) Is therefore continuous across an energy houndary.

AR
5 (E) = J Tdo (E,T) ) (123
Tl
T
5
C
m 1-m_.1-2m .,
- T A e , mFL (13)
C
_1 AE
“E in(T) , m=1 , (14)
?
where A = &Mle/(Ml + Mz) (13)

A is the maximum fractional energy transferred in a collision, and Tg is the smallest value of
transferred energy. Equating the nuclear stopping power at the energy boundaries results in a
unique set of equations which determine Es, Eg, and E;. This ensures that the ion mean-free
path during nuclear stopping is independent of the power, s, at the transition energies E,, Ep,
and E-. The value of T; is chosen as the energy transferred for an impact parameter equal to
one half the interatomic spacing.

The total nuclear scattering cross section for charged particle interaction in a binary
collision can be expressed in the form:

C
-M, -

o(Ey = FETIT T - (aB)"] , mF O (16)

I

CO En(AE/TS) , m=0 , (17
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where Cp is a constant used in the power-law approximation [Eq. (8)]. 1In our treatment of
energy loss, energy transfers below Ty are treated in a continucus way and added to the
electronic energy loss, as will be shown later.

The probability of a particle undergoing a binary collision after moving a distance 25 in
the solid is given by

P =1 - exp[-No(E)ag] , (18
where N is the atomic density of the solid. This assumes a decoupling of electronic and
nuclear energy losses. A random number Ry is generated for an even distribution of P between [

and 1. The distance between collisions is therefore determined by

1 1 1 1
T Nee) POURY T Rem P&y

Al 19

where Ry and R; have the same probability distribution,

Type of recoil. In the binary collision approximation, a moving atom can interact with culy
one medium atem at a time. If the moving atom is in a polyatomic medium, it is necessary to
determine the interaction probabilities with each of the components of the polyatomic medium.
Te implement this, we first calculate the total cross section for the interaction Zr(E} which
is defined as

NM

ZT(E) = 5__ Zi(E) , L2005

i-1

where NM is the total number of species in the polyatomic medium. Zj(E) is the total cross
section for species i at energy E. We also define a partial tetal cross section I p(E) as
follows:

NP

T (E) = f Z(EY 1 < NP < NM . {
i=1

)

Therefore, the cummulatrive distribution function is &yp - Zrp(E)/E(E), which is bounded
betwecen O and 1. A random number Ry is then generated; if £yp 7 < Ry < {yp. @ type-NP avon Iis
chosen for the collision of interest.

Scattering angle. The scattering angle in a collisfon is determined here from cross-section
information. The energy to the recoil is proportional to the differential cross sectior.
the CDF, a random number R3 is related to the transferred energy T and the incident energw & L:

T;m _ T*m
R, — , mE 0 3z
3 S (AE)—m
s
In{T/T )
o — 8 m = 0 ,fz'.
EH(AE/TS) ! ’ ”

Equation (21} is easily solved for the transferred energy, which leads to

- - - I
[Tsm(l - Ry) + Ry(AE) m - 1/m , mA 0

]
i

R

(AED 2 Ts(l - B} \ m=20 . LI

i

3
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The determination of the scattering angle 4, in the CMS, is achieved by using the well-known
kinematic relation

6 =2 sin_l(T/AE)l/z . (26)

In the laboratory system, the scattering angle ¥ is given by

1 sind

¥ - tan cosf + (M. /M) (27)
1772
The azimuthal scattering angle is finally selected using the relation
¢ = Zﬂ'R4 , (28)

where R, is a random number uniformly distributed between 0 and 1. The angles for recoils are
given by

¥ = tan'l[sina/(l - cosd)] , (29)

¢R = 21rR4 - . (30

Particle position. The scattering angles described in the previous section are determined with
reference to the incident particle direction. 1In a fized frame of reference howevar, the
direction cosines of the particle velocity vector must be calculated after each collision. ILet
(m;,81.74) be the direction cosines of the particle after the ith cellision. It can be easily
shown that

ai_lcos¢ + sinw(yi‘lai_lcosé - ﬂi_lsin¢)
x, = , (31)
i (1 - 2 )1/2
Tia
ﬂi_lcos¢ + sin¢(yi_lﬂi_lcos¢ + ai_151n¢)
B, ~ , (32)
i a - 2 )1/2
Ti-1
2 /2 .
I 11_1cos¢ + (1 - 71_1) siny cos¢é . B3
The position of the particle at the point of collision i is given by
Xi = Xi-l + ai_lﬂﬂ , (34)
R N (337
Zi= Loy oty M (36)

The position of the particle is checked in relationship to the surface boundary. This
information is used for the determination of sputtering events and particle history
termination.

Electronic and small angle nuclear energy losses. The energy transferred between electrons and
a moving atom is very small and much more frequent than atom-atom collisions, Alse, for large
impact parameters the nuclear scattering emnergy loss is small and has been neglected in many
previous treatments. It is possible, therefore, to treat both the electronic and low-angle
nuclear scattering energy losses in a continuous way. We will first describe the treatment of
electronic energy loss and then show how we include nuclear collisions that result in an energy
transfer below Tg.

For ion velocities v < VDZ%/3, where vy = e2/h = ¢/137 and ¢ is the speed of 1light, the

electronic stopping is represented by the Lindhard-Scharff formula,
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At h%éher particle velocities, v > VOZ§/3, the Bethe-Bloch formula is used. This has the
form
2 &
§nZ e 2 2
1 v v & ¢
SRLINE [ty + - % - 5 04 (38)
B c c

where v is the incident particle velocity, C/Z is low energy shell correction term, § is high
energy density correctlion term, and

" E
€ = 4 = , {39)
B Ml 22]:0
where (Z3Ip) 1s the mean excltatlion energy, Ip is the Bloch constant given by23
I, = 12.0 + 7.0 Z, ev z, <13
o . . , , 2 ,
(40)
- 9.76 + 58.5 251.19 eV Z, 2 13
In the intermediate regim 7 there is no simple analytical formula for S,. In order to
bridge this gap, where v -~ vpZ]’~, an interpolation scheme proposed by Biersack et al.23,2% 45
used:
-1 -1 -1
(8.1 " = Is_lig * 15, 1p (41)

Now we turn our attention to small-angle nuclear energy loss. In order to render the
total nuclear scattering cross section finite, the lower limit on energy transfers 1s set to a
small value T;. This value corresponds to an impact parameter of half the interatcomic spacing.
Below T, small amounts of energy are transferred in collisions, yet they contribute to total
energy loss because of the high probability of their occurrence. It is necessary to keep good
energy accounting in this energy range. The following quantity is therefore evaluated and
added to the electronic energy loss:

Ts
S (E) = j Tde s
ns T
c
cm l-m_-m,, 1-m l-m
(1 - m A (TS TC } ’ m¥ 1l ) (42)
Cl Ts
- gn(E:) , m=1 (43)

where T, is of the order of a few eVs. The total "continuous" energy loss 1s therefore

BE__ = [S_(E) +S_ (E)jNAZ . (44)

Particle history termination and sputtering. A particle history is terminated in two cases:
(1) if its energy falls below a minimum value, which is the displacement thresheld energy (Eg)
in the bulk, or the surface binding energy near the surface; er (2) 1f {t physically leaves the
boundary of interest.

Calculations of sputtering into vacuum are sensitive to the surface binding energy. In
our work, the planar potential barrier te the surface binding energy is used for slab geometry.
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The binding energy U at an ejectien direction cosine with plane normal g as in the planar model
is given by

Ulp) = Ug/m D (45)

where Up is the minimum energy for particle history termination. For spherical geometry or the
isotropic model, 1,

U(py = U (48)

0

In order to take account of all the sputtered particles, all ions with enerpy greater than Uj
have to be simulated. However, it is known that recoils with energy less than the displacement
threshold energy are not displaced from their original lattice positions. Cascade simulations
by Heinish 7 using the MARLOWE codel?:20 indicated that a displaced atom has to be at least a
distance of 6.5 lattice constants away from the vacancy site to be permanently displaced.

Based on this conclusion, we define an equivalent surface binding energy, Up., as follows:

UOe

UO + x(Ed - UO)/A , for = < A .

=E

d s for x > A

' 47

where Ey is the displacement energy, x is the depth of recoil generation, and A is a distance
of 6.5 lattice constants, The use of thls equivalent surface binding energy can terminate all
of the bulk recoils with energy less than Ey and hence reduce the number of recolls simulated
without affecting the displacement damage results.

Dynamic surface evolution. The evelution of an alloy surface is both time and flux dependent
because of the ion beam induced changes in surface compesitions. In the TRIPOS code, the sur-
face regions are divided Into many layers, with the thickness of each being a small fraction of
the incident ion projected ranges. For each layer, a good accounting of its composition is re-
quired for tracing its time and fluence dependence. During the simulation, pseudo particle
histories are used with each history representing a fluence of W, which is on the order of 1012
cm “. Each layer is generally represented by N pseudo particles, Conservation requires that

N = nat/W {48}

fer each layer where n is the atemic density and At is the thickness of the layer. A good
particle balance is performed for each layer in the events of sputtering, dissolution, and
implantation. Such balance yields Information on the local layer composition. Alsc, other
phenomena in dynamic surface evolution processes regquire additional modeling. For example, the
recoil implantation and mixing can cause the formation of local super-dense material which
eventually leads to local relaxation and expansion. This process is related te the phenomenon
of recell mixing. The super-dense solid is modeled to expand homogeneously until the theoreti-
cal density is reached. Because light ions are implanted deeper, such a process can lead to
the de-enrichment of heavier atoms in the bulk in a fusion environment.

Variance reduction and importance sampling. The standard deviation, which is the square root
of the variance, is used as a measure of the statistical uncertainty in the Monte Carlo
results. The variance decrcases with the number of simulated histories. The uncertainty in
simulated average results decreases with the square root of the number of particle histories
used, Since the cost of computation can be approximately regarded as a linear function of the
number of histories, estimates of average values improve moderately with an increase in the
number of histories.

Variance reduction techniques can serve as the means to reduce the varlance by using
complex and biased sampling schemes.”®" In the meantime, the extra computational efforts
which arise bhecause of more complex schemes are counter-balanced by the faster reduction in
variance. As a result, the overall cost of computation is reduced, or stays at the same level,
while the variance is reduced.

One of the most widely used schemes in variance reduction is called "importance sampling.”
As implied in its name, importance sampling refers to recording more samples from the more
important regions in a given problem. In other words, the regicns which are likely to
contribute to the final results are well sampled.
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In this work, importance sampling i{s performed using particle splitting technique. It is
desirable to increase the number of histeries in important regions to reduce error in the
results. The particle splitting technique splits one particle inte several particles with con-
servation of the total weight (importance) in the important region. This technique artificial-
ly increases the number of particles in the important regioms. Let there be an important
region where, once a particle enters, it is split Iinto n particles. The importance of the in-
coming particle is I,. Then, the importance for the newly formed particles, 1, is glven by

I, = Is/n . (497

Through this scheme, the importance of the entire system is conserved. Now, when those split
particles leave the important region, it is necessary to reduce the number of particle histor-
les to decrease the computation overhead. The Russian roulette scheme is used to reduce the
number of particle histories in the less important regions. Let I, be the current particle
importance and I, be the desired importance in the less important region, where I, < I,. A
random number r is called. If r < 1,/1,, then the particle survives and its importance is
increased from I, to I,,. On the other hand, for r > I1,/1n, the particle is eliminated and
discarded from further comsideration. Statistically, this technique also conserves the
importance of the entire system.

Results

Several applications of TRTIPOS have been previously reported.zs’42 These include particle
and energy reflection, grecipitate dissolutioen, cascade simulations, and low energy par-
ticle range calculations. 6§ In the following, we present applications of TRIPGS to sputtering,
dynamlc surface evelution, and high energy deep penetration. A number of examples demonstrate
the versatility and capability of the TRIPOS code. We first discuss four examples of surface
sputtering. This is followed by an example of deep penetration by high energy protons, and
finally surface evolution simulations using the dynamic version of TRIPOS.

Surface sputtering can be classified into physical and chemical sputtering. Physical
sputtering is caused by the collisional mechanism of ion-solid interaction, where recoils are
energetic enough to reach the surface and overcome the surface binding potentials. On the
other hand, chemical sputtering results from the chemical interaction of incident ions with the
sclids such that new compounds are formed in the surface regions. These newly formed compounds
may experience lower surface binding potential barriers. Since TRIPOS is based on the physics
of atomic eollisions, its applicaticns are limited to the physical sputtering phenomenon.

Sputtering mechanisms are very complex and can be categorized into three regimes: the
single knock-on regime, the linear cascade regime, and the spike regime. For the single knock-
on regime, the incident ion transfers its energy to target atoms which are ejected through the
surface after having undergone a small number of collisions. In the linear cascade regime,
recoll atoms are energetlc enough to produce higher order reccils with some of them sputtered.
The spike regime has a very high density of recoils where non-linear effects, such as cascade
overlapping, play a major role in enhancing the sputtering rate. Light ion sputtering always
falls in the single knock-on and linear cascade regimes.

Sputtering erosion rate is measured using the sputtering vield which is defined as the
ratio of the sputtered ion flux to the incident ion flux. The simulations have been performed
on four different MFECC (Magnetic Fusion Energy Computer Center) supercomputers, namely, C52
7600, Cray-1, Cray-ls and Cray-XMP with relative computing speed factors of 0.55, 1.0, 1.0, an<
1.3, respectively. In this work, all the CPU time results are normalized with respect to

Cray-1.

4He on gold and copper. The direction of incidence is normal to the surface. Both the TRINZ’
and TRIPCS codes are used. Four-thousand particle histories are simulated for each code. T
surface binding energies are 3.5 and 3.8 eV for copper and gold surfaces, respectively, Fig.
shows a comparison of sputtering yield results from TRIM and TRIPOS as a function of incider:
ion energy on gold surface. Also included for comparison are the experimental data of Bay et
al, b4 Fig. 3 shows theoretical sputtering yield data from TRIM and TRIPOS compared to ewxperi-
mental data by Rosenberg et al. % and Yonts on copper surface. TRIPOS is shown to agree wal.
with experiments. Fig. 4 shows the projected ranges in gold and copper from both TRIM arnd
TRIPOS which are in good agreement. Fig. 5 presents the normalized CPU times for TRIM and

TRIPOS, which shows that TRIPOS is 3-10 times faster than TRIM.

Le
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Fig. 2. The sputtering yield as a Fig. 3. The sputtering yield as a function
funetion of incident ion energies from of incident ion energies from TRIM, TRIPOS, and
TRIM, TRIPOS, and experimental results by experimental results by Rosenberg et al. [45] and
Bay et al. [44] for e-particles on Au, Yonts [46] for a-particles on Cu.
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Fig. 4. The projected range predicted by Fig. 5. The normalized CPU time used by
TRIM and TRIPOS as a function of incident ion TRIM and TRIPOS as a function of incident ion
energies for a-particles on Au and Cu. energles for a-particles on Au and Cu.

TRIPOS is shown to be 3 and 10 times faster
than TRIM for Cu and Au, respectively.

D on gold, The surface binding energy used is 3.8 eV for gold. Fig. 5 shows good agreement
between TRIM and TRIPOS on sputtering yvield. Also presented are the exprimental data of Bay et
al %% and Fur et al.®? The theoretical results also agree with these experimental data. A
compariscon of the CPU time in Fig. 7 shows that TRIPCS is a factor of 10 faster than TRIM.
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Fig. 6. The sputtering yield as a Fig. 7. The CPU time used by TRIM and
function of incident ion energies from TRIM, TRIPOS as a function of incident ion energies
TRIPCS, and experimental results by Bay et al. for D on Au. TRIPOS is shown te be about 10
{44] and Furr et al. [47] for D on Au. times faster than TRIM.

4He on _titanium. The surface binding energy for titanium is 4.9 eV.%*® Based on this bindirg
energy, sputtering yield results from TRIM, TRIPOS, and TRIPOS with the Russian roulette tech.
nique of 4 for 1 kill ratio are obtained. It is observed that the application of Russian rou-
lette in the TRIPOS code yields similar results as compared to analog TRIPOS. Fig. 8 shows a
comparison of CPU times among TRIM, analog TRIPOS, and TRIPOS with the Russian roulette techni-
que. At higher energies, analog TRIPOS is 10 times faster and Russian roulette TRIPGS 20 times
faster compared to TRIM. At low energy, however, the efficiency of the Russian roulette tech-
nigue decreases because of the fact that the importance zone thickness is on the order of tre
ion projected range.

A comparison of TRIM and TRIPOS sputtering yield results to the experimental data of
Rosenberg et al.,45 Yonts,46 Roth et al.,4 Hofer et al.,50 and Bohdansky et al.?l shows that
both TRIM and TRIPOS overestimate the sputtering yield, using a surface binding energy of 4.9
8V. By increasing the surface binding energy to 7.5 eV, the predictions from the TRIPOS code
fall between all the experimental data as shown in Fig. 9.

aHe on carbon (graphite}. The measured surface binding energy for graphite is 7.4 eV.%% pre-
dictions of sputtering yleld from both TRIM and TRIPOS show an underestimation of the experi-
mental results by Rosenberg et al.,%d Bohdansky et al.92 and Roth et al.3 based on this sur-
face binding energy. A selection of a surface binding energy of 5.0 eV shows a good fit of
both TRIM and TRIPOS to the experimental results as shown in Flg. 10. However, the analog
TRIPOS simulations were found to be about 6 times faster compared to TRIM in the same figure,

Deep penetration of protons. In a number of space applications, information is needed on the
deep penetration of charged particles. A mono-energetic beam of 200 MeV is considered to be
incident on an aluminum slab of 9.78 cm thick. The emerging protons immediately enter a slzab
of an organic material with the following composition: 27.96% hydrogen, 15.29% carbon, 27.0%%
nitrogen, and 27.96% oxygen. The projected range calculated by TRIFOS is 13.1 cm. The ian
energy deposition along the ion track is shown In Fig. 11. The small spikes are caused by high
energy PKAs and the dip at 9.78 cm is caused by the discontinuity in material compositions.

The range stragglings along the depth (Z-) direction and the X-directlion are shown in Fig. 12.

Dynamic surface evolution. Applications of TRIPCS to dynamic surface evolution problems have
been performed on AuPt, LuFe, CuAu, and TiC alloys.59 TRIPOS showed good agreement with the
experimental measurements for 150 eV deuterium ions by Bastasz and Nelson°* on CuAu for up to a
fluence of 5.0 x 1013 particles/cm2 where gold atom enrichment 1s observed. TRIPOS results
qualitatively agree with the experimental results>°27 for deuterium and tritium ions on TicC
where titanium atom enrichment is observed. Our work shows that the dynamic evelution results
depend heavily on the modeling. For a more detailed discussion, the reader is referred to
refs. 58 and 59,
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Conclusions

In this work, a dynamic Monte Carle ion transpert cede, TRIPOS, is developed. The power-
law potential approximation to the Thomas-Fermi potentials at high energies and to the Born-
Mayer potentials at low energies are used for describing nuclear collisions. Options of using
Moliere or Ziegler universal potentials are also provided using the integration technique
developed by Blanchard, Ghoniem, and Chou.>% Our study shows that the power-law and Born-Maver
potential resuits agree well with the results from Moliere or Ziegler potentials with the
exception that the momentum approximation yields harder collisions at low impact parameters.

TRIPOS simulates lon behavior in materials with multiple layers and different compositions.
It treats both surface and bulk ion transport problems where Importance sampling techniques are
employed. For surface sputtering by light ions, TRIPOS results vield pood agreements with the
results from the experiments and the TRIM calculations. Our study shows that analeog TRIPOS is
a factor of 3 to 10 faster compared to TRIM. With the Russian roulette technique, TRIPCS car
be 3 times faster than its analog version. Also, TRIPOS simulations of the dynamic surface
evolution problems show good agreement with experimental work. However, detailed modeling is
still required for surface evolution phenomena. One Interesting application of TRIPOS is the
treatment of deep penetration by energetic ions. This application is useful in the study of
single event upset {SEU) phenomena in microelectronic components used in space explorations. =&
new version of TRIPOS has been developed where coupled ion-electron transport is simulated for
semiconductor applications,
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CALCULATIONS FQR TSOTOPICALLY-TAILORED CERAMICS IN FISSION AND FUSION REACTORS -R. J. LaBauve, R. J. Livak,
and F. W. Clinard, Jr. (Los Alamos Naticnal Laboratory)

0BJECTIVE

This work was done to calculate the isotaopic compositions of sialon and alumina required to simulate
the radiation response of these ceramics in the first wall of the STARFIRE fusion reactor by exposure in the
HFIR reactor at Oak Ridge National Laboratory.

SUMMARY

To aid in the design of an igotopic?}ly—tailored ceramic experimf?t in HFIR, calculations have been
made to determine the amount of *“N and ~'0 needed in Si,AT,0,N. and ~'C needed in Al 03 to simulate the
14 Me¥ fusion neutron response of these ceramics when ir%ad%a%ea with fission neutroné. The calculations
were performed using the REAC computer code develcped at Hanford Engineering Development Laboratory, and the
gas production and damage nuclear data needed were produced with a Los Alamos code. Although the damage
data are mgre appropriate for metals, it is assumed thaE7the comparis?g of the gas-to-damage rigios in the
two reactors is valid. Calculations indicate that 57% ~'0 and 90.6% ““Ni in sialon and 17.9% ~°0 in alumina
would be adeguate for the simulation.

PROGRESS AKD STATUS
Introduction

Development of improved ceramics for fusion applications is Timited by the lack of high-flux, 14 MeV
fusion neutron sources for the irradiation of candidate materials. Fission reactors with lower-energy
neutron spectra are used to determine materials' response to neutron damage. Studies modelling the damage
response of fonic solids [1] have shown that the relative damage fo the anion and cation sublattices can be
dependent on the incident neutron energy. Gther consequences of the differences in neutron energies have
been discussed by Clinard, [2] These may be summarized by ncting that fusion neutron damage will induce:

(a}) a higher ratioc of jonizing to displacive energy deposition,

(b) altered displacement damage events in the cascades,

(c} much greater production of transmutation-induced impurities
(most importantly, H and He).

The Jast effect is expected to be the most significant, and Table 1 gives some calculated results for
transmutation products generated in two ceramics at the first wall of a fusion device. [3] The gas
production of He and H are orders of magnitude higher in the fusion neutron spectrum relative to fission
neutrons., VYarious mechanisms can be postulated by which transmutation-induced gases worsen {or alterna-
tively, alleviate) damage effects. For examnple, self-damage of Pul, produces He Teading to the formation of
lenticular grain boundary bubbles that may degrade the mechanical properties. [4] In addition, the
transmutation-induced metallic impurities (e.g., carbon) may degrade the electrical and thermal properties
of the irradiated ceramics. Thus final evaluation of a ceramic's usefulness for a given fusion reactor
application must await results of either high-dose fusion neutron irradiation tests or tests on
isotopicaliy-tailored ceramics in which transmutation effects can be simulated. [2]

Table 1: Transmutation products in the first wall of a fusion device
(appm at 2 MW-yr/m?)

S1,Ny A1203
Hydrogen 1,334 §12
Carbon 656 1,248
Nitrogen -- 63
Helium 1,516 1,574
Aluminum 142 4

Magnesium 910 868
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Procedure

The calculations reported here were done to identify the appropriate isotope enrichment levels needed
to reproduce in a mixed thermal-and-fast fission neutron spectrum the characteristic gas-production to
displacements-per-atom (dpa) ratio tggical forlﬁhe firiﬁ wall Oflﬂ fusion device. In the approach taken
here, the thermal neutron reactions ~'0 (n,a) Eaand N (n,p) C are expT?gted to produce controlled
amounts of He and H. In the Tatter case, since ~'N transmutes too readily, N must be used partially to
suppress the reaction., Alumina (A1,0,) and sialon {Si. Al O3N } were selected as representative ceramics for
an irradiation experiment in the H%gﬁ Flux Isotope Reéctér (RFIR} aE50ak Ri?ge National Laboratory. The
calculations were done to determine the fractional contents of the "“N and ~'0 isotopes needed to simulate
the gas-to-damage ratios expected in normal sialon and alumina when used at the first wall of the STARFIRE
fusion reactor design. The fission neultron irradiation experiment will be done in the PTP (peripheral test
position} zone near the central plane of HFIR.

The REAC computer code system was used to do these reported calculations. This code was designed to
calculate activation rates, dose rates, delayed photon production yields, transmutation yields, and reaction
rates for specific reactions for a variety of materials in many different environments and for various
residence and cocling times. This system was chosen for its "user-friendly" input, availability of HFIR PTP
and STARFIRE first wall spectra in the flux Tibrary, availability of damage and gas production data in the
cross-section library, and ease with which the material library could be changed for running problems with
different isotopic fractions.

The isotopic contents of normal sialon and alumina are given in Table 2. MNote, in particular, that
the atomic weights of the constituents differ by no more then a factor of two. This is important, as it is
the opinion of other scientists [1] that, for this condition, the averaging over the constituents for dpa,
as performed by the REAC code, is approximately valid for ceramics even though the underlying theory [5] is
more appropriate for metals. Furthermore, inaccuracies due to approximations tend to cancel in the ratio
comparisons used in this work,

Table 2. Isctope fractions in normal SigAI 0., and A!ZO

37375 3
Isotope Sialen fractions Alumina fractions
Ton 3.558 x 1073 -
N 1.320 x 10 ----

Total N 0.3571 ----

150 2.138 x 107} 5.986 x 107,
140 8.000 x 107 2.000 x 1074
0 4.300 x 10 1.200 x 10
Total 0 0.2144 9.6000
2 2.143 x 107! 5.000 x 107}
Total A1 0.2143 0.4000
235 1.976 x 107} -
s 1.001 x 1072 -

5i 6.640 x 10 —e--

Total $1 0.2142 ----

Results and discussion

The nuclear cross section data for nitrogen and oxygen isotopic reacticas contributing to nydrogen ang
helium production were taken from the REAC library CROSS, These data were generated by the NJJY code system
using ENDF/B-V [&] basic nuclear data as input. Comparison of the t?gesho]d energies of the cross sgctions
i?dicate that the H-production can be most easily adjusted with the "“N/W ratio; wnereas, oot~ tne “7U74L and

"0/0 ratios can be used to adjust the He-production.

REAC calculational results are shown in Tables 3 and 4. As indicated in these tables, iterati.e
calculations were dane with various isotope contents in order to match the calculated gas/damage ratios witn
the corresponding ratios at the first wall of the STARFIRE device. The Tast line of eacn taale zives the
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required isotope content needed to achieve the desired gas/damage ratios. The units of the calculated
values for the gas/damage ratios are relative but comparable for all cases. Exposure times and power levels
cancel out in the ratios, and the conversion of displacement damage-energy to displacement damage (dpa} is
ignored because the conversion factors for the several constituents in the two ceramics are about the same.

As given in ref, 5, this factor is 0.8/2E, where E, is the Lindhard cutoff energy required to displace the
atom., The assumed values for Ed are 23, 97, 30, aﬂd 30 eV for Si, A1, 0, and N, respectively. [5]

Table 3. Gas/damage ratio calculations for 513A1 0.N

37375
. 15 17
Reactor/region N/N 0/0 H/damage He/damage
STARFIRE/1st wall Normal Normal 94.9 61.8
HFIR/PTP Normal Normal 998.5 25,7
HFIR/PTP 0.87 0.55 131.7 60.5
HFIR/PTP 0.92 0.55 81.7 59.3
HFIR/PTP 0.91 0.55 §1.5 5¢_4
HFIR/PTP 0.508 0.55 93.7 59.5
HFIR/PTP 0.92 0.50 70.4 55.6
HFIR/PTP 0.908 0.59 93.7 54.6
HFIR/PTP 0.906 0.57 95.7 61.8
Table 4. Gas/damage ratic calculations for A1203
Reactor/region 15N/N 170/0 H/damage He/damage
STARFIRE/1st wall -— Normal 28.6 58.0
HFIR/PTP --- Normal 1.4 4.7
HFIR/PTP --- 0.55 1.4 171.4
HFIR/PTP --- 0.17 1.4 55.5
HFIR/PTP --- 0.26 1.4 83.3
HFIR/PTP --- 0,179 1.4 58.8

As indiciged in Table 3, the 15N content of the sialon was mainly adjusted by the H/damage ratio;
whereas, the 0 content was adjusted with the He/damage ratio., The finT% isotopic pegsentages for
simulation of the sialon's response to fusion neutron effects are 90.6% N and 57.0% 0.

The results for alumina are given in Table 4. Only the He/damage ratio can be
matched since, as indicated above, the H/damage ration is ?5actically impossible to adjust with
that the fusion neutron simulaticn is achieved with 17.9% "'0.

170. Note

CONCLUSIONS

Computer calculations were done using the REAC code system to design an irradiation experiment in HFIR
to simulate the gas-to-damage ratios expected for two ceramics located at the first wall of a fusion 15
reactor. Ige results of these calculations indicate the 1sotoE;c composition of sialon is to be 90.6% “°N
and 57.0% *¥0, and for alumina the compositicn is to be 17.9% ~'0.

FUTURE WORK

An experimental program is being planned to irradiate isotopically-tailored A120 , RIN, and AIQN
samples in HFIR at ORNL. The post-irradiation examination will include microstructurg1 characterization and
measurement of physical and mechanical properties.
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REACZ ACTIVATION AND TRANSMUTATION COMPUTER CODE SYSTEM ~ F. M. Mann (Westinghouse Hanford Company)

0BJECTIVE

The objective of this work is fo develop a computer code system which can guickly and easily calculate
the transmutation and activation of materials in nuclear environments.

SUMMARY

The initial release of the REAC2 transmutation and activation code system is now available for use at
the Magnetic Fusion Energy (MFE) Computer Center. REACZ is over an order of magnitude faster than its
predecessor and is easier to use.

PROGRESS AND STATUS
Introducticn

With the increased interest in reducing the long term activation of materials expesed to neutrons from
fusion of d+t, better codes and nuclear data are needed, Similarly, the added interest of the effect of
the transmutation of elements on material properties points in the same direction.

For many years, Hanford Engineering Development Laboratory (HEDL) and other laboratories have used the
REAC codel and its libraries for such transmutation and activation calculations., When the cross section and
decay data libraries were expanded, the Timitations of REAC became too evident. Therefore a new code
system, REACZ, is being developed.

Discussion

A series of computer codes have been written to form the nucleus of the REACZ computer code system.
The main code calculates the transmutation of isctopes as a function of time and writes the results to a
computer file. A second code reads the file and user instructions on formatting, on unit selection, and on
sorting order and produces activation and/or element transmutation as desired., Other codes transform the
needed Tibraries from pecple readable format into a format which the computer can access much faster,
Other codes will be written in the future which will generate plots and determine major reaction paths.

tach of the new programs has been written in structured and modular FORTRAN-77 to allow easier
maintenance and improvement, Instead of the sequential access of REAL, RFAC? uses direct access input and
output whenever possible. The input no longer is required to be in fixed field format and practically all
information can be inferred from default values. Many more input checks are in the code L6 insure consis-
tent input. The methodology of REACZ is nearly the same as REAC with the only major changes being that
more decay generations can be followed (6 versus 2) in a time step and that round off and truncation
problems have been lessened.

The information in the data libraries is the same as the latest version of REAC. Thus test runs of
REAC2 were directly compared with REAC with excellent agreement found., The major difference was that the
REAC2 ran over a factor of ten faster.

CONCLUSIONS
The initial release of the REACZ system is now operational at the Magnetic Energy Fusion Cemputing

Center. Input instryctions, codes, and 1ibraries are available through the mass storage system.

FUTURE WORK

The system will be expanded to allow the determination of reaction paths and the generations of plots,
The data Tibraries will be improved to allow direct calculation of limits for near surface burial as well
as heat deposition.
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ACTIVATION OF STRUCTURAL ALLOYS IN FUSION REACTOR MAGNETS - F. M. Mann and D. G. Deoran (Westinghouse
Hanford Company)

O0BJECTIVE

The objective of the work is to calculate the short and Tong term activation of elements 1ikely to be
in the magnet region of a Tokomak reactor.
SUMMARY

Using the STARFIRE conceptual design, niobium is the only element likely to cause problems in meeting
CTass € near surface burial criteria. Although the materials in the outboard magnet will not cause dose
concerns for maintenance purposes in the STARFIRE design, the radiation dose from the inboard magnet
position is quite high.
PROGRESS AND STATUS
Introduction

Although activation problems are usually associated with the first wall and blanket of a fusion
device, the regions experiencing the highest neutron flux, activation of materials in all regions in a
fusion device must be investigated. The REAC? code system! was used to calculate the activation of
structural and magnet materials experiencing 30 full power year exposure at the shield-magnet interface of

the STARFIRE conceptual fusion device.

Methods and Results

The STARFIRE conceptual tokamak design2 was chosen because of the extensive analyses performed on that
device and because fluxes for the magnet regicon are available, 0f the conceptual reactor designs studied
with the REAC code system, STARFIRE produces the highest activation in wall/blanket materials per unit
fluence. Two points were taken for analysis: the inboard interface between the shield and magnet (the leg
of the toroidal magnet nearest the centerpost of the toroidal machine--in the hole of the donut) and the
cutboard interface between the shield and magnet (the Teg of the magnet on the outside of the donut); both
points are on the machine's midplane. Although the flux may be higher at peints off the midplane, it
should not be significantly more so. The flux drops rapidly as one progresses through the magnet and also
become softer, The accuracy of the flux calculation at the deep penetrations of interest here may not be
high., A1l things considered, the activation calculated in this exercise can be taken as an approximate
upper bound for beth inboard and outboard magnet components.

The shield thickness at the inboard position is the minimum required to protect the superconducting
magnet, The shield at the outboard position was designed to provide biological shielding as well, This
results in a flux at the inboard position that is a factor of 60 larger than at the corresponding outboard
position.

The REACZ code system is an outgrowth of the earlier REAC code system. The latter has been used for
fusion first wall and blanket activation studies, for studies of transmutation in facilities used to test
fusion materials, and for studies of shielding for accelerators and for transportation of radicactive
substances. Cross sections are based on the evaluated nuclear data files, ENDF/B-V3, wherever possible,
and extended with other evaluations such as the ACTLY library or with systematics elsewhere., Because of
the soft spectrum in this problem, activation uncertainties arising from cross section uncertainties should
be less than 50%. Decay data were taken from ENDF/B-Y and the Table of Isotopes?.

The calculations were performed for each of 20 elements (aluminum, boron, carbon, chromium, cobalt,
copper, iron, manganese, molybdenum, nickel, niobium, nitrogen, phosphorus, siticon, sulfur, tantalum, tin,
titanium, tungsten, and vanadium} and the results added to obtain values for the complex structural alloys.
The 30 full power year lifetime of STARFIRE was assumed, implying a total fluence of 1.9%el8 n/cm**2 (1,lel8
n/cm**2 with energy above 0.1 MeV) at the inboard magnet position and a total fluence of 3.4el6 n/cm**2 (a
fast fluence of 1.4els n/cm**2) at the outboard position. To include the effect of multi-step reactions (a
very minor effect in this case), the 30 year exposure was broken into six 5 year segments. Results for
cooling times of zero, one, and ten hours were calculated as were results for gne day, one week, one year,
and ten years. The values for one day cooling are shown in Table 1, while the results for ten years are
shown in Table 2.

Discussion

For the short cooling time of one day, where the main concern is radiation dose due to maintenance,
the values are very Tow for all materials for the outer magnet position., If a 2,5 mrem/hr 1imit is
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assumed, then amounts of structural materials on the order of hundreds of kilograms can be tolerated.

This calculation assumes a point source and no attenuation of the photons due to the material itself,
Thus the results are very conservative for a person standing one meter away from a large magnet, Only with
tantalum and cobalt (which have a dose rate four orders of magnitude greater than the steels) would one be
concerned. It should be noted that the type of steel is relatively unimportant, For the cases studied
here, the results vary by less than factor of five, These cenclusions also are true for shorter cooling
times, although the allowahle mass does decrease especially for high manganese steels (by a factor of about
300), due to the preduction of Mn-56 which has a 150 minute half-1ife. These results are consistent with
the STARFIRE study. One criterion for the outboard shield design was that the radiation level in the
reactor hall after 24 hours would be less than 2.5 mrem/hr.

For the inboard position, however, dose rates are very much higher. In fact, only about 2 grams of
tantalum or cobalt or 2.5 kilograms of the various steels would give doses above NRC limits if a person gne
meter away were exposed 40 hours/week. That is why all components of STARFIRE are designed so that
maintenance can be done remotely.

The large difference between the dinner and outer positions results not only from the greater neutran
flux at the inner position but also from the neutron spectrum being more energetic, causing a greater
number of radioactive isotopes per neutron. For example, for high manganese steels the major reaction of
interest is Mn-55(n,2n)Mn~-54, while for high nickel steels the major reaction is Ni-58(n,p)Co-58, both of
which are high energy reactions. Thus the dose rate increases by a factor of about 150 although the flux is
only 50 times higher.

Limitations on waste dispcsal and recycling are due to the long-Tived radicactive isctopes., Using NRC
regulations for radioactive waste disposal, supplemented by some other work6 only niobium is found to be a
concern for either spatial position. Pure niobium subjected to a 30 year expcsure at the inboard positicn
would have to be diTuted by & factor of 16 to meet 10 CFR 61 regulations for near surface burial, due to
the Nb-93{n,gamma) reaction. For the outboard positior. pure niobium weuld fall just below the limit.

It should be stressed that no other Tikely material (except for mclybdenum which is a factor of three
below the limit at the high flux inboard magnet onsition) is even close to the NRC limit for near-surface
disposal even at the higher flux inboard magnet position. Thus, current waste disposal criteria do not
place any restrictions on structural magnet materials in STARFIRE.

CONCLUSIONS

In summary, activation of materials in the outboard magnet region of STARFIRE seems unimportant in
terms of personnel radiation dose or waste dispesal, with the possible exception of the disposai of
niobium. For the magnet inside the core of the torus, however, near-surface waste disposal could be
difficult for components containing niobium as a major constituent, such as candidate superconducting
materials. Parnhaps more impertantly, any recycling of such material would require remote operations,

Thus there may be a tradeoff to consider between increased capital coests for thicker shielding at the
inboard position in order to facilitate disposition of the riobium-containing material at decommissioning.
FUTURE WORK

Calculations for diffarent conceptual designs will be performed with particular emphasis on designs

which use different criteria for the determination of the maximum flux at the shield magnet interface.

Table 1. Thirty year STARFIRE magnet calculations, one day cooling

Outboard Magnet Inboard Magnet
Decay Rate Dose Rates at 1 m Decay Rate Dose Rates at 1 m

Element (Curie/qg) {rem/g=hr) (Curie/q) (rem/g-hr}
Aluminum 1.91e-9 2.89e-9 7.93e-7 1.52e-6
Boron 4.15e-9 0. 1.50e-5 0

Carbon 1.81e-13 0. 1.03e-11 0,

Chromium 1.28e-7 2.12e-8 4.47e-6 7.58e-7
Cobalt 5.07e-5 6.8%e=5 1.74e-3 2.36e-3
Copper 3.45e-7 4,72e-8 1.46e-5 2.%4e-6
Iron 9.%1e-8 1.37e-9 5.05e~6 2.69e-7
Manganese 1.65e-8 1.17e-8 4,56e-6 2.43e-6
Molybdenum 6.71e-7 8.96e-8 2.78e-5 3,76e-6
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Table 1 (coatinued)

Qutboard Hagnet

Inbcard Magnet

Decay Rate Dose Rates at I m Decay Rate Dose Rates at 1 m
Element {Curie/g) (rem/g-hr) (Curie/q) (rem/g~hr}
Nickel 4.52e-8 1.29e-8 1.53e-5 7.00e-6
Niobium 4.32e-~8 1.13e-8 §.96e-6 1.70e-6
Nitrogen 6.62e-9 0. 1.27e-6 0.
Phosphorus 1.42e-7 7.36e-15 7.4le-6 3.97e-12
Silicon 1.09e-10 7.85e-13 5.41e-8 9.232-10
Sulfur 2.87e-8 5.17e-16 1.00e-5 2.68e-13
TantaTlum 5.95e-5 4,.65e-5 1.68e-3 1,29e-3
Tin 1,03e-6 9.00e-8 5.46e-5 4.35e=~6
Titanium 2,09-9 1.88¢-9 1.11e-6 1.00e-6
Tungsten 9.17e-6 2.16e-8 2.88e-4 1.28e-4
Vanadium 2.27e-10 3.12e-10 1.18e-7 1.62e-7

Outbeard Magnet Inboard Magnet

Decay Rate Dose Rates at 1 m Cecay Rate Dose Rates at 1 m
Material (Curie/g) {(rem/g~hr} {Curie/q) {rem/g-hr)
57.7Fe=-25Mn-~1Ni-15Cr-0.2N~0, INb-1Cu
Iron 5.72e-8 7.91e-10 2.92e-6 1.55e=7
Manganese 4.13e-9 2.93e-9 1.14e-5 6,08e-7
Nickel 4.52e-10C 1.29e-10 1.53e~7 7.00e-8
Chromium 1.92e-8 3.18e-9 6.71e~7 1.14e-7
Nitrogen 1.32e-11 0. 2.54e-9 0.
Nigbium 4,32e-11 1.13e-11 8.96e-9 1.70e=9
Copper 3.45e-9 4.72e-10 1,46e-7 2.%4e-8
Tatal 8.40e-8 7.51e-9 5.03e-6 9.78e-7
Fe-22Mn-5N1-13Cr-0,2N-0.351
Iron 5.90e-8 8.15e-10 2.02e-7 4.28e-8
Manganese 3.63e-9 2.57e-9 1.00e-6 5.35e-7
Nickel 2.26e-9 6.45e=10 7.65e-7 3.50e-7
Chromium 1.66e-8 2.76e-9 5.81e-7 9.85e-8
Mitrogen 1,32e-11 0. 2.54e-9 0.
Silicon 3.27e-13 2.36e-15 1.62e-10 2.77e~12
Total 8.15e-8 6.7% -9 2,55e-6 1.03e-6
60.8Fe=10Mn~12Ni-12Cr-5M0-0. 2N
Iron £.03e-8 §.33e-10 3.07e-6 1.64e-7
Manganese 1.65e-9 1.17e-9 4.568-7 2.43e-7
Nickel 5,42¢-9 1.65e-9 1.84e-6 8.40e~7
Chromium 1.54e-8 2.54e0-9 5.36e-7 9.10e-8
Molybdenum 3.36e-8 4,48e-9 1.3%e-6 1.88e~7
Nitrogen 1.32e-11 0. 2.54e~9 0.
Total 1.16e-7 1.06e-8 7.2%9e-6 1.36e-6
60.4Fe-1Mn=13Ni-25Cr -0, IN-0. 351
Iran 5.99¢-8 8.27e-10 J.05e-~6 1.62e-7
Manganese 1.65e~10 1,17e-10 4,%6e-8 2.43e-8
Nickel 5.88e-9 1.68e-9 1.9%e~6 9.10e-7
Chromium 3.20e-8 5.30e-9 1.12e-6 1.50e~7
Nitrogen 1.99e-11 0. 3.81e-9 0.
Silicon 3.27e-13 2.36e-15 1.62e-10 2.77e=12
Total 9.7%-8 7.92e-9 6.21e-6 1.29e-6
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Table 2. Thirty year STARFIRE magnet calculations ten year cooling

Qutboard Magnet Inboard Magnet
Fraction of Fraction of
Decay Rate Class C Waste Decay Rate Class C Waste
Element {Curie/qg) Disposal Limit (Curie/qg) Disposal Limit
ATuminum 1.10e-12 2.7e-7 5.78e-10 l.4e-6
Boron 2.36e-% 3.9e-11 8.54e-6 2.0e-8
Carbon 1.81e-13 4,1e-10 1,03e-11 2.3e-8
Chromium 1,93e-10 * 1.0le-7 *
Cobalt 1.36e-4 * 4.66e~3 2.5e-11
Copper 8.87e-10 * 4,39%e-7 1.8e-4
Iron 7.29%e-9 3.3e~9 3.40e-7 7.2e-8
Manganese 2.50e-12 * 1.29e-9 *
Holybdenum 6,80e-9 1.4e-3 2.87e-7 3.4e-1
Nickel 1.71e-8 2.8e-5 7.65e-7 5.5e-4
Niobium 2.70e-8 3.7e-1 4.20e-6 1.6e+1
Nitrogen 5.75e-9 4.6e-6 8.03e-7 1.8e-4
Phosphorus 2.29e~9 * 1.18e-6 *
Silicon 5.79e-11 * 3.0le-8 *
Sulfur 1.81e-11 5.2e~10 9,37e-9 2.6e~7
Tantalum 2.82e-12 * 1.47e-9 *
Tin 1.05e-7 * §.53e-6 *
Titanium 1.82e-11 * %.45e-9 *
Tungsten 1.90e-12 * 9.84e-10 *
Vanadium 4.63e-12 * 2.41e-9 *
Outhoard Magnet Inboard Magnet
Fraction of Fraction of
Decay Rate Class C Waste Decay Rate Class C Waste
Material (Curie/qg) Disposal Limit (Curie/g} Disposal Limit
57,7Fe-25Mn-1N1~-15Cr-0,2N-0, 1Nb-1Cu
Iron 4.21e-9 2.0e-9 1.96e-7 4,1e-8
Manganese 6.25e-13 * 3.00e-10 *
Nickel 1.71e-10 2.8e-7 7.65e-9 5.5e-6
Chromium 2.90e-11 * 1.52e-8 *
Nitrogen 1.15e-11 9.2e-9 i.6le-9 *
Niobium 2.70e-9 3.7e-4 4,20e-9 1.6e-2
Copper 8.87e-12 * 4,39e-% 1.8e-6
Total 7.12e-9 3.7e-4 2.29e-7 1.68-2
Fe-22Mn-5N1~-13Cr-0,2N~C, 351
Iron 4.34e-9 2.0e-9 2.02e-7 4,3e-8
Manganese 5.50e-13 * 2.84e-10 *
Nickel 8.55e-10 1.4de-6 3.82e-8 2.8e-5
Chromium 2.51le-11 * 1.31e-8 *
Nitrogen 1.15e-11 9,2e-9 1.61e-9 *
$ilicon 1.74e~13 * 9.03e-11 *
Total 5.23e-9 1.4e-6 2.55e-7 2.8e-~5
60.8Fe-10Mn-12Ni-12Cr-5M0-~0.2N
Iron 4,43e-9 2.0e-9 2.07e=7 4,40-8
Manganese 2.50e-13 * 1.292-10 *
Nickel 2.05e~9 3.4e-6 9,18e-8 6.62-5
Chromium 2.32e-11 * 1.21e-8 *
Molybdenum 3.40e-10 7.0e-5 1.44e-8 1.7e-2
Nitrogen 1.15e-11 9,2e-9 1.61e-9 *
Total 6,85e-9 7.3e-5 3.27e-7 1.7e-2
60.4Fe-IMn-13Ni-25Cr-0.3N-0, 351
Iron 1.10e-2 2.0e-9 2.05e-7 4.3e-8
Manganese 2.50e-14 * 1.29e-10 *
Nickel 2,22e-9 3.6e-5 9.95e-8 7.2e-5
Chromium 4.83e-11 * 2.53e~-8 *
Nitrogen 1.73e-11 1.4e-3 2,41e-9 5.4e-7



79

Table 2 {continued)

Qutboard Magnet Inboard Magnet
Fraction of Fraction of
Decay Rate Class C Waste Decay Rate Class C Waste
Material (Curie/g) Dispesal Limit (Curie/g} Dispesal Limit
Silicon 1.74e-13 * 9.03e-11 *
Total 3.37e-9 3.6e-6 3.32e-7 7.2e-5

REFERENCES

1. REAC2 is an outgrowth of REAC, which is documented in F. M. Mann, "Transmutation of Alloys in
MFE Facilities as CaTculated by REAC {A Computer Code System for Activation and Transmutation)," HEDL-TME
81-37, Westinghouse Hanford Company, Richland, WA, 1982,

2. F. M. Mann "Cross Sections for Reduced Activation Studies" p. 18 in Damage Analysis and
Fundamental Studies, A JQuarterly Progress Report, October-December, 1984, DOE/ER-D046/20, p. 18, U.S.
Department of Energy, Office of Fusion Energy, 1985,

3. “STARFIRE~ A Commercial Tokamak Fusion Power Plant Study", ANL/FPP-80-1, Argonne National
Laboratory, Argonne, IL, 1980.

3. R. Kinsey, Compiler, “ENDF/B Summary Documentation (ENDF-201)", Third Edition (ENDF/B-V),
BNL-NCS-17541, Brookhaven National Laboratory, Upton, New York, (1979). Version V,2 was released in 1982-3,

4. M. A, Gardner and R, J. Howerton, "ACTL: Evaluated Nuclear Activation Cross Section Library -
Evaluation Techniques and Reaction Index", UCRL-50400, Vol. 18, Lawrence Livermore National lLaboratory,
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5. C. M, Lederer and V.S. Shirley (editors), "Table of Isctopes; Seventh Edition", John Wiley and
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MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J. W. Davis (McDonnell Douglas Astronautics Company-
St. Louis Division)

OBJECTIVE

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

SUMMARY

The effort during this reporting period has been directed towards developing the supporting documentation
data sheets in preparation for distribution to current handbook holders. These pages are planned for
distribution early in 1987, With the release of these pages will constitute the first step towards estab-
1ishing & data base of fusion developed experimental data.

PROGRESS AND STATUS

The materials handbook has now been expanded to two volumes. Volume 1 contains the basic engineering
information, while Volume 2 contains the supporting documentation that was used to develop the data pages
found in Volume 1. When the handbook was originally issued it was decided that only the engineering volume
{Volume 1) should be issued, since the primary interest was on engineering data. The supporting documenta-
tion was held by the Handbook Coordinator and released to those handbook holders who requested the infor-
mation in order to revise existing data pages. However, with the increasing interest in data bases it was
decided to release the supporting documentation to all handbook holders so that they would be aware of the
extent of the current data base along with the gaps in the data. It is hoped that this information will
help to coordinate some of the experimental effort. In addition these data sets could alsoc be useful in
the development of an international materials properties data base.

Volume 2 has been mailed to all qualified handbook holders. Any handbook holders who have not received
thic volume should contact the Handbook coordinator with their current address and a copy will be sent to
them. Current effort has been directed to typing and preparing the supporting data sheets for inclusion in
this volume. 1t is estimated that these pages will be distributed in the first quarter of 1987. In addi-
tion, a 12th publication package is currently being prepared for Volume 1. Contained in this package will
ne data pages on PCA stainless steel, copper alloys, and HT-9.
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PREFACE

The workshop on Mechanical Properties of Fusion Reactor Materials was held in conjunction with the
Second International Conference on Fusion Reactor Materials to encourage international representation in
this workshop series{a). The meeting was held in Chicago, I1linois in April 1986, with participants from
Japan, Europe and the United States. The topics covered were: 1) Flow processes, 2) Time dependent crack
growth, 3) Time independent crack growth/brittle fracture, and 4) Environment assisted crack growth. The
background, status, and recommended research are summarized in this report for each of the workshop
topics.

The objectives of the workshep were to: 1) identify critical issues, 2} evaluate the status of the
data and knowledge base for these issues, and 3) identify potential US/Japan/European collaboration in
this area. Item number 1 was covered the most thoroughly, item number 2 was covered only partially, and
there was insufficient time to address item number 3. Critical issues in materials behavier, structure-
property relationships, and modeling were discussed and identified. Small specimen techniques were dis-
cussed as they pertained to a particular topic, but were not discussed as a separate topic,

Interest in convening a similar workshop at the Third International Conference on Fusion Reactor
Materials to be held in the Fall of 1987 was expressed. DOr. B. N. Singh agreed to present this idea to
the organizing committee for this meeting.

(a)

"Fusion Environment Sensitive Flow and Fracture Processes", organized and edited by R. H. Jones.
Report of workshop held August 1980 for the Fundamental Mechanical Behayvior Sub-Task of the Damage
Analysis and Fundamental Studies Task Group, DGE/ER-0046/4, Vol. 2, Feb. 1981, 49 pages.

"Fusion Environment Sensitive Flow ard Fracture Processes", organized and edited by R. H. Jones.
Report of workshop held August 1982 for the Fundamenta? Mechanical Behavior Sub-Task of the Damage
Analysis and Fundamental Studies Task Group, Quarterily Report, Jan.-March 1983, 53 pages.
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I. WORKSHOP AGENDA

Friday, April 18:

8:30 a.m. Flow Processes:
- Creep
- Hardening

10:30 a.m. Time Dependent Crack Growth:
- Creep-Rupture
- Fatigue
- Creep-Fatigue

12:30 p.m. Lunch

2:00 p.m. Time lndependent Fracture:
- Cleavage

- Ductile Fracture

4:00 p.m. Environment Assisted Crack Growth:

- Stress Corrosion
- Cerresion Fatigue
- Hydrogen Embrittiement

Leader - R. L. Simons
Westinghouse Hanford Co.

Leader - G. E. Lucas
University of Califcrnia,

Santa Barbara

Leader - G E. Lucas

Leader - R. H. Jones
Pattelle~Northwest
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IT. TITLES OF SHORT PRESENTATIONS

Hardening and/or Creep of Fusion Reactor Materials Naohiro Igata, Professor Materials Science,
University of Tokyo, Metals and Material Science, Japan.

High Temperature Tensile Properties of Copper-Chromium-Zirconium Alloys, G. Piatti, ISPRA,
Materials Science Division, [taly.

Effect of Helium on Fecharical Froperties, K. Schreecer, Inst. fur Festkorperforschung der
Kernfarschungsanlage Julich, Federal Republic of Germany.

Creep Behavior of Fusion Reactor Materials, R, Puigh, Westinghcuse, HEDL, Richland, WA.

Creep-Fatigue of Fusion Reactor Components, B. N. Singh, Riso National Laboratory, Denmark.

Helium Transport in Fusion Reactor Materials, N. M. Ghoniem, University of California at Los
Angeles, School of Engineering and Applied Science, CA.

Radiation Anneal Embrittlement in Molybdenum Single Crystals, Katsunori Abe, Research Institute
for Iron, Steel and Other Metals, Tuhoku University, Sendai, Japan.

Size Fffect on the Ductile-Brittle Transition of Notched specimen, K. Kitajima, Research
Institute fur Applied Mechanics, Yyushu University, Japan,

Fracture Sehavior of Manganese and Ferritic Steels Studied by the Instrumented Charpy Impact
Tests and Mecharnical Properties of Righ Mannanese Austenitic Steels, Dr. Wirayuki Yoshida,

Research Neactor Institute, Kyoto University, Osaka, Japarn.

Defurmation and Fracture of Hydrides in Vanadium, H, Matsui, Tohoku University, Research
Institute for Iroen, Steel and Other Metals, Japan.

Kydrogen Embrittlenent of Ferritic Steels, K. Kitajima, Kyushu University, Research Institute
for Applied Mechanics, Japan.
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TV. WORKSHOP SUMMARIES AND RECOMMENBATIONS

1. FLOW PROCESSES: R. L. Simens

A. Summary

Flow processes of fusion reactor materials will affect dimensional stability, stress, and fracture of
regctor components. Included in this discussion was creep and hardening processes. Discussion focused
on data base development, mechanism modeling, key experiments, and small specimen issues.

1. Data Bases

Austenitic stainless steels have received considerable attention in the last fifteen years, and
consequently, have accumulated a substential data base for material design life predictions. The
ferritic and vanadium alloys have had less time to accumulate neutron exposures, and consequently, the
neutron exposure and irradiation temperature data base is small. The irradiation temperature regime
iacking data for all alloy classes is between 100 and 350°C., This temperature regime is below minimum
Tiquid metal reacter temperature, and consequently, this portion of the irradiation temperature and
neutron exposure data base will have to be filled in by water reactor irradiations, such as in HFIR. A
near term damage fluence goal is in the range of 100-200 dpa which can be cbtained in four to six years
in high flux reactors such as FFTF and HFIR.

Two additicnal alloy classes were pointed out as needing data base development, These included
beryl1ium for neutron multiplier materials and various copper aT]oys for cofls, superconducting magnets,
diverters, and limiters. The data base for these classes of alloys is even sparser than for the struc-
tural and first wall materials.

2. Mechanisms of Hardening and Creep

Several hardening or creep mechanisms have been observed and were recommended for further study. The
first mechanism was solute hardening. This effect could arise from added solute or impurities and was
fourd to be variable enough in both ferritic and copper alleys thet undesirable scatter in hardening data
could result. The second mechanism, dislocation arrangement (cell structires versus homogeneous struc-
tures}, was found to impact hardening differently for the same material with similar prior thermal
mechanical treatment and irradiation history. The parameter affecting the evolution of cell and homogen-
eous disTocation structures is of interest. The size, spacing, locaticn and movement of helium bubbles
to grein boundaries received considerable discussion as to their impact or creep and hardening. There
appears much to be resolved in this area. Finally, it has been cbserved that at high fluences, creep may
cease. Cessation of creep may lead to & substantial desfgr problem because creep in reactor components
is necessary tc accommodate sweliing. The driving forces that cause cessation of creep needed to be
understood.
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3. Key Experiments

Two key experimerts wera encouraged for the purpose of understanding hardening and creep mechanisms.
These included a comparison of FFTF and HFIR irradiated specimens which have been irradiated in parallel
and/or in series in ilie two reactors. A second set of experiments were encouraged, involving isotopic
tailoring te onhance or suppress helium production, to be carried out in order to understand helium
effects on hardening and creep.

4, Small Specimens

Small irradiating volumes available for fusion reactor materials studies dictate the need for small
specimen development and use. Since the properties obtained with small specimens do not exactly
duplicate the properties obtained with bulk specimens, two issues on small specimens were discussed.

These included the need to continue the development of property- property correlations. Also, it was
proposed that the differences could be accounted for by using effective stress in the evaluation of small

specimens., This method could improve the utility of small specimens.
B. Recommendations
1. Assess the data base for irradiation creep and hardening in berylium neutron multiplier
materials and copper alloys, for coils, superconducting magnets, diverters and limiters.

Heip deveiop the needed data base.

2. Evaluete meéchanisms of helium bubble migration and the effect of helium bubble populations
and migration on creep and hardening of fusion reactor materials.

3. Study and model the mechanisms of irradiation creep saturation at high fluences,
4, Mndel the effects of impurities, solutes and disTocation structure on hardening processes.

5. Perform isotopic tailoring experiments to determine the role of helium in hardening and
creep.
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2. TIME DEPENDENT FRACTURE: G. E. Lucas

A. Summary
The time dependent fracture mechanisms -- creep rupture, fatigue and creep-fatigue interaction --

generally appear to be life limiting for the major structural components in the designs of high temper-
ature fusion reactor systems. A considerable data base has evelved, largely for the austenitic stainless
steels, to describe out-of-reactor, in-reactor, and post-irradiation creep rupture and fatigue behavior.
Nonetheless, there are still important issues to be resolved for the austenitics, and the data bases for
other candidate alloys are only just beginning to emerge.

James [1] has provided an extensive review of fatigue crack propagation data for austenitic stainiess
steels. The data largely suggest that irradiation has Tittle effect on stage-II crack growth rates.
Moreover, most specimen size/geometry differences are eliminated by considering crack growth rates da/dN
as a function of stress intensity range AK. The effects of R, where R is the ratio of minimum to maximum
applied stress, appear to be largely the result of near-threshold behavior differences at high frequen-
cies and creep-fatigue interaction at low frequencies. Hence, these latter phenomera must be considered
if data from one test type are being applied to a different situation. For instance, B. N. Singh mace
the point at the Workshep that most data relevant to the fusion materials program, especially on irradi-
ated materials, are being generated in tension-tension (R>0) tests, whereas for most fusion reactor
designs a significant compression cycle is included (R<0).

The mechanisms of fatigue crack growth and near-threshold phenomena have been reviewed comprehen-
sively by Ritchie [2], and Lucas and Odette [3] have discussed several petential effects of radiation on
fatigue crack growth for both long and short cracks. Unlike stace Il grewth, near-threshold crack growth
can be strongly influenced by microstructure and slip distribution. For instance, localized plastic flow
can lead te fatigue crack surface mismatch which can increase the threshold intensity level. Near-
threshold behavior is also strongly affected by environment, particularly when corrosion products effec-
tively created early closure of a fatigue crack. Jones and Wolfe [4] have discussed the importance of
considering chemical enviromment effects (particularly K) on both near-threshold and stage 11 fatigue
crack growth in steels of interest to the fusion program, However, there are no experimental data te
verify whether irradiation effects or irradiation-environment synergisms are important in the systems of
interest. Consequently, it remains an important research area to empirically investigate the effects of
irradiation on near-threshold fatigue crack growth behavior.

Finally, recent work by Stubbins and co-workers [5] has demonstrated the importance of considering
cyclic softening in bainitic steels in predicting component lifetimes under complex loading histories.
This could have important implications for the tempered martensitic steels which also derive much of
their strength from a Tath-type microstructure.
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Much of the fusior-relevant work on creep rupture has focused on understanding the failure mechanisms
and evaluating the effects of He and in-reactor creep on these mechanisms. Odette [6] and Trinkhaus and
co-workers [7] have developed modeling approaches based on a critical bubble size; that is, He-generation
leads to gas-fiiled grain boundary bubbles, and these above a critical size grow rapidly under a tensile
hydrostatic stress leading to intergranular fracture. However, alternate models have been suggested, and
in general advances in understanding in-reactor creep-rupture will require critical experiments, espe-
cially experiments at stresses and temperatures prototypic of anticipated operating conditiocns. In addi-
tion, it will be necessary to produce prototypic He concentrations during testing. Critical bubble
models suggest that both the level and generation rate of He can be important factors. Since the models
indicate an important role of microstructure and microstructure evolution, it will also be important that
critical experiments include a significant microstructural analysis component.

There is also recent work [8,9] which suggests a correlation between the onset of Laves phase forma-
tion in austenitics and creep rupture. There may be a causal relationship if the positive misfit of
Laves phase Teads to cavity nucleation at the precipitate grain boundary interface during the precipita-
tion process [10]. If such is the case, phase-stabiTity and control could be important approaches to
extending creep rupture life in the austenitics. Similar behavior might also occur in other alloys.
Further work appears to be warranted.

In both cases experiments based on pressurized tube data would be quite useful. This approach has
been successfully used in the Breeder reactor materials development program, and hence, the technology is
certainiy in place. Prototypic helium generation could be achieved by using various pressurized tube
designs. This has been suggested at previous Workshops, but alternate designs have never been pursued
vigorausly. Finally, the need to correlate microstructural evolution with creep rupture behavior would
require a periodic examination of unfailed tubes,

Creek crack growth and creep fatigue interaction are both important failure mechanisms which have not
received a great deal of attention in the fusion reactor materiais program. Much of the pertinent work
in creep fatigue interaction has been performed at Julich (cf. ref. 7). Again helium inventories might
play a significant role in affecting fatigue 11fe when the stress cycle freguency is Tow. More attention
needs to be focussed on this phenomena for the high temperature devices. Experimental work shouid be
performed with as large a specimen as possible to permit a range of stress cycles to be considered. In
particular, it will be desirable to vary R over a range of both positive and negative values, as the work
at Julich suggests that bubble growth during tension is not entirely compensated by shrinkage during
compression,

B. Recommendations

Based on the.discussion summarized above, the following recommendations were made:

1. The effects of both irradiation and fusion-relevant chemical environments on near-threshold
fatigue crack growth should be investigated.
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The questions of how the nature of cyclic stress application affects the fatigue behavior
of irradiated material needs to be addressed. This includes the following subissues:

(a) Does cyclic softening occur in irradiated ferritic/martensitic steels at elevated
temperatures of interest?

{b) What are the appropriate ways to interpret and compare the various methods of gerner-
ating fatigue data {e.g., rotating bend, push-pull, tension-tension, etc.)?

The issue of short cracks and fatigue crack tnitiation vs. propagation in irradiated fusion
reactor structures sheould be addressed. Critical tests should be identified and performed.

Critical experiments should be initiated in support of helium embrittlement/creep rupture
modeling. The most useful experiments appear to be pressurized tube tests using isotope

tailoring or inter-reactor exchanges (e.g. HFIR/FFTF} to obtain pertinent He/dpa levels.

Interim examination of microstructures and alternate pressurized tube designs to examine

different stress states would also be very useful.

Existing creep-fatigue interaction modeling suggests the importance of helium. Further
modeling would be greatly assisted by testing specimens large enough to examine tension-
compression cycling, and examination of materials with microstructures typical of neutron
irradiated materiai. Isotopically tailered specimens irradiated in mixed spectrum reactors
or specimens irradiated in reactor exchange experiments are recommended. While in situ
experiments are ultimately desirable and necessary, post-irradiation testing would be of
greatest assistance in the near term.
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3. TIME-INDEPENDENT FRACTURE: &. £, Lucas

A. Summar

Historically, there has been contiruing interest and corcern over time-independent, catastrophic
failure mechanisms in candidate structural materials for fusion reactors. Early work has largely focused
on characterizing the (ductile) fracture toughness of austenitic stainless steels, and it has now been
well-demonstrated {mostly through work in the Breeder reactor program) that irradiation can significantly
degrade the fracture toughness of these steels. This is largely attributed to a loss of ductility due *o
irradiation-induced flow localization processes. Predictive methodologies for assessing the degree of
degradation, however, have suffered from both the lack of an adequate data base and incomplete under-
stancing of the exact mechanisms of failure at the microscopic level. Physically-based models have been
considered for relating fracture toughness to microstructure and tensile property changes. For instance,
the critical strain model for ductile fracture has been applied with some success to the cold-worked 316
stainless steel {cf ref. 3 for review). In addition, the effect of irradiation-induced flow localization
on ductile fracture has been considered on this basis [11]. However, there are several material pera-
meters in these models which are not well known or easily characterized, and they often end up heing
adjustable fit parameters. Additional advances in understanding and predicting changes in ductile frac-
ture toughness will require a combination of critical experiments and more detailed analysis of the
stress and strain fields in characteristic irradiated microstructures,

More recently, the emphasis in the fusion materials program has shifted from ductile fracture to
brittie, cleavage fracture. This is largely due to the increasing emphasis on ferritic, tempered marten-
sitic, and duplex stainless steels. While these steels may also exhibit a joss of ductile fracture
toughness when irradiated, the more immediate concern is their tendency to change fracture modes from
ductile to brittle cleavage below a transition temperature {or range of temperatures), and for this tran-
sition temperature {range) to increase with irradiation.

Historically, irradiation-induced shifts in transition temperature in structural steels (such as
nuclear reactor pressure vessel steels) have been indexed to shifts in Charpy impact energy curves, ang
consequently the Charpy test has been used in the fusion materials program to-date as an indicétor of the
susceptibility of candidate steels to irradiation-induced shifts. A ductile-brittle trapsi*ior tenperd-
ture {DBTT} is specified at a certain absorbed energy level (usually 41J), and changes in this terpera-
ture with irradiation (2DBTT) have been used as the indicator. Ir addition there have been severz’
attempts to scale the Charpy specimen size down to permit greater irradiation volume utilizatior [12].
Simple phenomerological models suggest that sDBTT can be influenced by changas in both the yielc strength
and the cleavage fracture strength of a material [13], and this apprcach has beer, utilized tc ra*ionaiize
data in ferritic steels as well as other body- centered cubic systems (e.q., Mo [14] and V). Because
there are considerable data showing that yield strength change saturates with fluence ir irradiated
steels, initial studies con high Cr steels have been directed at determining whether a szturation ir
4DBTT occurs, and at developing correlaticns between changes in yield strength, DBTT, ard hardness |pre-
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vious Workshop recommendations). Recent data suggest that ADBTT may saturate at 25 dpa in HT-9 at high
temperatures (500°C), but the data do not show such a saturation at lower temperatures or in 9Cr-1Mo
steels [15]. Furthermore, there have been observations of an increase in DBTT without a commensurate
change in yield strength. Hence, the issues are still unresolved.

It has also been pointed out that aDBTT may be irrelevant if: 1) Tower shelf fracture toughness is
sufficiently large and radiation insensitive, and 2) if the structure is sufficiently thin [13]. When
(cleavage initiated) fracture toughness is high, plastic collapse can compete with crack propagation as a
fajlure mode in thin, partially-cracked structures, and various jnterpolation schemes have been proposed
to describe failure conditions when such a competition occurs. Recent experiments have demonstrated the
validity of a two-parameter interpolaticn scheme for unirradiated HT-9, and the resuits suggest plastic
collapse may predominate in fusion structure, even in irradiated HT-9 [15]. The results Took even more
promising if the cleavage initiated fracture toughness can be raised, but such an improvement requires
understanding the appropriate microstructure-property relations and adjusting the microstructure {and/or
composition) accordingly. Early work [17] has focussed on evaluating the validity of the Ritchie-Knott-
Rice medel [18] in HT-9, and more recent work has been directed at evaluating aiternate medels. Prelimi-
nary results suggest that large carbides at prior austenite grain boundaries serve as cleavage microcrack
precursors, and that unstable crack propagation requires a sufficiently high stress to propagate the
microcracks through high angie boundaries [19]. Considerably more work is needed to understand the
processes and identify the appropriate structure-property relations.

Since V-based alloys and low activation ferritics will alsc be susceptible to fracture mode transi-
tions, the same issues will apply to these alloy systems. An approach similar to the one taken for the
high Cr steel should certainly be applicable, and should therefore be pursued. There may however, be
differences among alloy systems {e.g., impurity effects in V-based alloys) which require special atten-
tion. In addition, work on HT-9 suggests that Toad limits may be precluded by ductility Timits [171, and
hence ductility Timits should be considered for both the ferritic and V-based systems.

B. Recommendations
Based on the content of the discussion described above, the following recommendations are made:

1. Failure criteria appropriate to irradiated, thin walled, ferritic/martensitic structures

need to be further developed. This includes the following subissues:

(a) Further rigorous testing of interpolation procedures for ferritic systems of interest
needs to be conducted.

(b) The issue of ductility and ductility limits in irradiated ferritics reeds to be
addressed both theoretically and experimentally.

{c) Expansion of interpolation techniques into an integrated structural analysis/failure
analysis should be considered.
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Modeling of cleavage fracture mechanisms should continue. This also inciudes the following
subissues.

(a} Demonstration that cleavage fracture is stress-controlled in ferritic systems of
interest should be made.

{b) Determination of appropriate microstructure-fracture parameter relations should be
pursued.

{c) The effects of irradiation (and particulariy He) on cleavage fracture and Tower shelf
toughness should be evaluated; this may require isotopically tailered specimen and/or
reactor exchange experiments.

{d) A data base should be deveToped for part through crack stability in ferritics of
interest; this should be done in conjunction with developing a sound theoretical

basis.

(e) The dependerce of DBTT an irradiation and metallurgical variabies should be compared
to cleavage fracture models to benchmark applicability of these models.

Specimen size effects need to be further addressed in fracture-pertinent testing of
ferritics. This includes:

{a) Size effects of CVN specimens for evaluating changes in cleavage fractue behavior.

(b) Size effects in specimens used tc evaluate lower shelf and near lower shelf fracture
behavior.

The effects of He on ductile fracture of austenitic stainless steels should be addressed in
experiments using isotopically- tailored, miniature compact tensieon specimens.

Consideration should be given to the foliowing issues regarding modeTing of ductile
fracture in highly irradiated materials containing a significant void fraction:

(a) What are the mechanics of plastic instability in dilating volumes, especially under
complex stress states and field gradients?

(b) What are the deformation-microstructure reiations that control the constitutive
behavior under conditions in {a)?

(c) How can {plasticity induced) void evoluticn be modeled when the structure contains a
high density of radfation-induced pre-existing voids and possibly void nuclei?

{(d} What is the appropriate way to link {a) - {c) in self-consistent fracture model?
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4. ENVIRONMENT ASSISTED CRACK GROWTH: R. H. dJones

A. Summar

Material-environment interactions can produce time-dependent suberitical crack growth of materials.
Time independent, critical crack growth can also occur but these effects are generally identified in
materials evaluation testing and eliminated as a possibility in design. Time dependent subcritical crack
growth processes are frequently not easily identified in materials evaluation testing because the crack
growth rates are slow relative to Taboratery testing times. Therefecre, it is imperative in fusion reac-
tor materials development that all prevailing knowledge about environmental effects on subcritical crack
growth be evaluated relative to their patential applicability to the fusion reactor enyironment.

Material-environment interactions will occur between all materials and coolants including Tiquid
lithium, helium and water. However, the extent and nature of these interactions will vary with each
environment. In particular, the effects of these interactions on subcritical crack growth are expected
to be limited to water and hydrogen environments. Liquid lithium has the potential to cause localized
corrosion and if the corrosion rate is sufficiently fast it could affect crack growth; however, there is
no evidence at this time that liquid Tithium will induce subcritical crack growth. Therefore, the empha-
sis of the following summary on environment assisted crack growth is on water coglants and hydrogen from
the plasma, {n,p) reactions, corrosion processes and tritium breeding.

1. Stress Corrosion and Corrosion Fatigue in Water Environments

Subcritical crack growth occurs in materials in water environments when the stress intensity exceeds
a critical value and when a specific localized corrosion process occurs. In austenitic stainiess steels,
localized corrosicn sccurs along chromium depleted grain boundaries when chromfum carbide precipitation
has occurred at the grain boundaries. In ferritic steels, localized corrosion may occur at sulfide
inclusions or along impurity segregated grain boundaries. There is sufficient information available from
the use of these materials in light water reactors, steam generators, steam turbines, etc. for fusion
reactor designers to select materials and water chemistry limits.

The effects of radiation on stress corrosion is a process for which there is insufficient data for
design considerations. Irradiation assisted stress-corrosion cracking {IASCC) of in-core components was
recognized as a concern for austenitic stainless stee]l cladding in the 1960's. Recently it has become a
concern for several in-core light water reactor components such as the upper guide structure, control
blade tubes, and fuel assembly handles irn BWR's and bolts and control rod tubes in PWR's. Both austen-
jtic stainless steels ancd nickel based alloys have shown susceptibility to IASCC. As these materijals are
not currently of high priority for fusion applications, a key question is whether there are processes
which are commen to materials such as ferritic steels, high manganese austenitic stainless steels, copper
alloys and vanadium alloys which are of concern.
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Some ¢f the pertinent observations of JASCC in gustenitic stainless steels are: 1) it occurs in non-
sensitized material, 2} the cracks appear intergranuiar, 3) some form of radiation damage is necessary,
4) gamma radiation accelerates cracking, and cracking will occur in irradiated material in high oxygen
water at 288°C without a gamma radiation source other than the irradiated sample, 5} cracking is stress
assisted, but will occur without applied loads, and 6) data on the effect of hydrogen are contradictory,
The radiation damage process associated with IASCC has a fluence threshold of about 102! n/cm? and tests
on unirradiated material or material irradiated to lower fluences i the presence of gamma radiaticn did
noet produce cracking. However, gamma radiaticn does accelerate cracking of thermally sensitized stain-
less steel which is thought to result from a shift in electrochemical potential or passive film stabil-
ity. Cracking has been observed in the absence of an applied Toad which must have resulted from residual
stresses within the material. However, as a crack grows in a material with residual stresses the stress
intensity decreases because the internal stress relaxes. Since these cracks propagated through the
component thickness, the stress intensity threshold for IASCC must be very small.

The potential radiation damage processes causing TASCC are: 1) radiation enhanced impurity segrega-
tien to grain boundaries, 2) radjation hardening resulting in a decrease in toughress, 3} radiation
erhanced creep, 4) radiation enhanced segregation altering the chromium profile around grain boundaries,
5) radiation enhanced precipitation at grain boundaries, 6) phase instabilities, 7) radiatior damage to
the passive film, and 8) transmutations @dltering the chemistry of the material.

An evaluation of the effect of radiation-enhanced corrosicn, creep, and segregation on IASCC has been
conducted and supports the conciusion that RES is probably the dominant process in IASCC while radiation-
enhanced creep could increase the crack nucleation rate and growth rate of short cracks in components at
low stresses. Radiation-enhanced corrosion may increase the crack growth rate by a factor of two to
three, but is not expected to be a major contributor to IASCC. These conclusions were based On an
assessment utilizing a combination of experimental data and crack growth rate models.

There are several outstanding issues with regard to IASCC in austenitic stainless steels and nickel
based alloys. These are: 1) What is the dominant SCC mechanism?, 2) Is there a relationship between
radiation hardening/ toughness of these materials and their SCC behavior?, and 3) Are there unusual crack
tip strain distributions in these materials which cause SCC? With regard to the first question, much of
the data points to the radiaticn enhanced segregation of impurities to grain boundaries. A key question
s whether there is a Timiting bulk concentration below which IASCC is eliminated. Alsg, is cracking
related to the corrosion of the impurity enriched grain boundary and if so, is the crack growth rate
controlled by a film rupture process and what is the stress dependence? Radiolysis of water increases
the hydrogen activity and could therefare centribute to the hydrogen embrittlement of these materials.
Radiation hardening and segregation would make the materials more susceptible to hydrogen induced sub-
critical crack growth. However, the data on hydrogen effects is contradictory with IASCE either being
enhanced or eliminated with ircreased hydrogen overpressure. Another possible radiation effect might be
the localized corrosion along shear bands which cccur in radiation hardened material. This process would
produce flat transgranular fracture surfaces which lock very similar to intergranular features. For this
process to be viable the planar sTip in radiaticn hardened materials must differ markedly from that which
occurs in annealed 304SS and gamma prime hardened nickel based alloys since these materials do not
exhibit IASCC without radiation damage.
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b. Hydrogen Induced Subcritical Crack Growth

Hydrogen induced crack growth of materials can result from both external gaseous or cathodic hydrogen
and from internal dissolved hydrogen. In a fusion reactor there are several potential sources of hydro-
gen or hydrogen isotopes including direct injection from the plasma, tritium gas in the breeding blanket,
nuclear {n,p) reactions within the material or, for water-cooled systems, cathodic reduction from an
electrochemical corrosion reaction.

Hydrogen has been shown to induce cracking in a wide variety of materials, including ferritic steels,
austenitic stainless steels, nickel-based alloys, and aluminum alloys. The mechanism by which hydrogen
causes cracking is generally thought to result from the collection of hydrogen at particle-matrix inter-
faces, grain boundaries or other defects ahead of the crack tip. The distance that the hydrogen concen-
trates ahead of the crack tip is not well established, but for external hydrogern it may be anywhere from
a few hundred angstroms to a few micrometers [20]. Earlier work by Williams and Nelson [21] and recent
analysis by Pasco, Sieradzki and Ficalera [22] considered the hydrogen effect to be primarily a surface
chemistry controlled process.

Temperature and hydrogen activity are two parameters on which the crack growth rate is strongly
dependent, Material parameters such as yield strength, hydrogen diffusivity, hydrogen trap demsities and
strength and grain boundary chemistry are alsc impertant.

Hydrogen induced crack growth rates of HT-9 have been estimated for three sources of hydrogen: the
plasma, nuclear reaction and aqueous corrosion. Estimates of crack growth rates were derived using
hydrogen embrittlement models which describe the temperature and hydregen activity depencence of crack-
ing. A crack growth rate of 1073 cm/s at a reactor operating temperature of 400°C was obtafned for a
steady-state hydrogen concentration of 0.5 appm resulting from (n,p) reactions, while & much slower crack
growth rate was predicted for the same steady-state hydrogen concentration with an alternate model.
These calculations have shown the need for further research to assess the effect of temperature on crack
growth. Other sources of hydrogen give very slow hydrogen induced crack grewth rates at reactor operat-
ing temperatures while significant hydrogen induced crack growth rates are pessible at lower temper-
atures. For instance, hydrogen from a cathodic corrosion reaction could produce a crack growth rate of
1077 cm/s at 25°C which could be significant during extended downtime. Also, a non-equilibrium hydrogen
uptake from the plasma could occur from surface reaction controlled effects, and a crack growth rate of
107! cm/s was estimated for this condition at a temperature of 75°C.

Some specific hydrogen embrittlement issues which should be addressed are an improved description of
the temperature dependence of crack growth for internal hydrogen, the contribution of tritium anrd hydro-
gen from radiolysis to crack growth and the effect.of cyclic Teading on hydrogen induced subcritical
crack growth, Also, of concern is the temperature dependence of hydrogen induced cracking in vanadium
alloys. The temperature at which the maximum crack growth rate occurs in iron is around 25°C which
results from the solubility and diffusivity cf hydrogen in iron. Since these parameters are different in
vanadium alloys, it is possible that the temperature of maximum crack growth rate is above room
temperature. Vanadium is also a strong hydride former so hydrogen embrittiement by a hydride formaticn
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mechanism is also possible in vanadium at high hydrogen fugacities. H. Matsui of Tohoku University pre-
sented results which showed a ductile to brittle transition temperature for vanadium hydride of 25G°C.
Therefore, vanadium alloys may not be embrittled by vamadium hydride at temperatures above 250°C. The

question remains however, as to whether vanadium is embrittled by atomic hydraogen similarly tc ferritic

steels and, if so, the temperature at which the maximum crack growth rate accurs.,

2. Recommendations

1)

3)

6)

7)

&)

Determine the irradiation enhanced segregation of P and Si in FeCrMn alloys for the purpose
of evaluating the potential for [ASCC in these Tow activation alioys.

Evaluate the effect of P and S1 segregaticn to grain boundaries on their stress corrosion

cracking behavior if there is evidence of radiation enhanced segregation.

Evaluate the effect of thermally and radiation enhanced segregation on the fracture and
stress corrosion of copper and vanadium based alloys. There is evidence for intergranular
fracture at 350°C in Cu-Cr-Zr alloys tested in air as shown by the results of G. Piatti
given in Figure 1.

Evaluate the effect of the fusion environment on IASCC. There are a number of processes
which differ in magnitude and which are not present in LWR environments. Exampies include
the helium generation rate with fusion energy neutrons, radiation induced microstructures,
irradiation creep, radiolysis and cyclic loading.

Evaluate the temperature dependence of crack growth in HT-9 with internal hydrogen concen-
trations ranging from 0.0005% tc 0.5 appm.

Assess the contribution of hydrogen from radiolysis and tritium breeding on crack growth of
ferritic steels.

Determine #f hydrogen in atomic solution causes crackina of vanadium alloys, and if so,

determine the temperature dependence of cracking.

Evaluate the effect of hydrogen on the fatigue crack growth of HT-9. Include vanadium
alloys in this assessnent if hydrogen is shown to induce subcritical crack growth with
static Toads.
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High Temperature Tensile Properties of Copper-Chromium-Zirconium Ailoys, G, PiaHi
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EFFECT OF INTERMAL BYGROGEN ON THE FATIGUE CRACK GROWTH OF HT-9 - G. F. Rodkey and R, H. Jones
{Pacific Northwest Labgratory)

0BJECTIVE

A previous (1} evaluation indicated that under certain circumstances hydrogen could cause subcritical
crack growth of HT-9 in & fusion reactor environment. This previous evaluation only examined static load
conditiors and it was noted that there is a lack of date on hydrogen effects on fatigue crack growth of
HT-9; however, the fatigue crack growth properties of steels are sensitive to hydrogen. Therefore, the
objective of this study was to determine the effects of hydrogen on the fatigue crack grawth of HT-9 and
to develop a data base which could be used for madeling these effects.

SUMMARY

Internal hydrogen concentrations of 4 appm were found to have a significant effect on the fatigue
crack growth rgte of HT-9 tested at room temperzture. This effect was most pronounced at 2K's less than
about 15 MPa-m* for tests conducted at a load ratio of 0.5. At a load ratio of 0.05 internal hydrogen had
very little effect on the fatigue crack growth rate. Hydragen incduced an intergranular fracture mode
which increased in percentage of the total fracture with decreasing crack velocities at decreasing zK's.
Hydrogen has been shown to induce intergranular fracture of HT-9 in precharged and dynamic tensile tests
and subcritical crack growth tests at cathodic potentials. The fatigue crack growth rate of both the
hydrogen charged and uncharged material was a function of the cyclic frequency between frequencies of 0.5
and 5 Hz with the fatigue crack growth rate increasing with decreasing freguency or increasing period.
There is some evidence that the as-received hydrogen concentration of 1 ppm affected the crack growth
rate. The crack velocity was also dependent on the Toad ratic with hydrogen having a large effect on the
fatigue crack growth rate at a load ratio of 0.5 and a small effect at a load ratic of 0.05. The observed
results could have significance to fusjon reactor design if they are shown to persist to reactor temper-
atures. A combination of modeling and experiment will be used to help answer this question.

PROGRESS AND STATUS
Introduction

Hydrogen induced crack growth of materials can result from both external gasecus or cathodic hydrogen
and from internal dissclved hydrogen. In a fusion reactor there are several potential sources of hydrogen
or hydrogen isotopes including direct injection from the plasma, tritium gas in the breeding blanket,
nuclear (n,p) reactions within the material ar, for water-cooled systems, cathodic reducticn from an
aqueous cerrasion reaction.

Hydrogen has been shown to induce cracking in a wide variety of materials, including ferritic steels,
austenitic stainless steels, nickel-based alloys and aluminum alloys. The mechanism by which hydrogen
causes cracking is gemerally thought to be the coliection of hydrogen at particle-matrix interfaces, grain
boundaries ahead of the crack tip or other defects. The distance that the hydrogen concentrates ahead of
the crack tip fs not well established, but for external hydrogen it may be anywhere from a few hundred
angstroms to a few micrometers (Z). Earlier work by Williars and Nelson {3) and recent analysis by Pasco,
Steradzki and Ficalora {4) considered the hydroger effect to be primarily a surface chemistry controlled
process.

Temperature, hydrogen activity, and fatigue loading conditiens are parameters on which the crack
growth rate is strongly dependent. Material parameters such as yield strength, hydrogen diffusivity,
hydrogen trap densities and strength, and grain boundary chemistry are also important. Esaklul and
Gerberich (5) and Paa, Wei, aid Wei [6) have observed that hydrogen can have a significant effect on the
fatigue crack growth threshold and stage I and stage IT crack growth regimes of ferritic steels. Because
Tokamak fusion reactor structural materfals will be subjected to cyclic Toads, it is important to know the
environmental effects on the fatigue crack growth of fusion reactor structural materials.

Material Descriptiar and Experimenta! Proceduras

Materijal

Compact-tension {0.47) specimens were machined in the transverse-longitudinal orientation from 13-mm-
thick plate of heat 9607 from the fusion reactor materials stockpile. The specimen dimensions shown in
Figure 1 are as follows: width (measured from the load 1ine), W = 25.6 mm, thickness, 5 = 10.2 mm, ma-
chined crack a(n) = 7.7 mm, and the hele radius, r = 2.5 mm. This materia] had beer austenitized at 1040°
€ for 30 minutes, air-cocied, tempered at 760° for 24 hours, air cooled, and then held at 540°C for 240
hours to induce grain boundary segregation. Previous work (7) on this alloy found grain boundary sulfur
and phosphorus concentrations to be 0,01 and 0.04 monolayers, respectively. The cverall corpesition,
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Fig. 1. Standard compact-type specimen for fatigue crack propagation testing.

the grain boundary composition after heat treatment, and the tensile properties at room temperature are
Tisted in Tables I, II and III, respectively.

Previous work {7) was done to characterize the microstructure by optical and transmission electron
microscopy (TEM). Technigues used for specimen preparation are described in previous work {7). The prior
austenite grain size was approximately 100 um. Transmission microscopy revealed a carbide-stabiiized
subgrain structure with carbides and dislocations concentrated at the lath and prior austenite grain boun-
daries. The microstructure was characterized by a high dislocation density. The average chemistry of the
carbides is 64 wt% Cr, 35 wt% Fe, 3 wt% Mo, and 1 wt% W (7).

Experimental Procedure

A1l tests were performed on a closed-loop Instron servo-hydraulic machine interfaced to a Digital PDP
11/23 computer, Software supplied by Instron was employed to precrack the specimens using a simple
fatigue program {SFP) and also to run the test using & fatigue crack propagation (FCP) program. Precrack-
ing of the specimens was monitored visually by a video camera set up for ease of crack observation. Pre-
cracking was performed until the crack length, measured at the outer surface, was approximately 1 mm, as
shown in Figure 2. Due to the difference in stress states between the center and sides of the specimens
the crack front was curved after the specimen was pulled apart following fatigue testing, as seen in
Figure 3. Therefore, the precrack length used in a program to correct the data based on the crack length
was taken as the average of five points equidistant from each other. After precracking, photographs were
taken at a low magnification to mere accurately measure the crack, as shown in Figure 3. After precrack-
ing the specimens were sealed in a vacuum dessicator for storage until fatigue tasting.

An Instron Mocel 1323 with a 25 kN dynamic testing capacity was used with an MTS strain gauge exten-
someter for specimens tested at 5 Hz and 1 Hz, while an Instron Model 1321 with a 10 kN dynamic testing
cepacity was used with an Instron strain gauge extensometer for specimens tested at 0.2 Hz. Specimens
were tested in the as-received condition at each frequency and load condition to establish baseline condi-
tions. The load ratios, or R-ratios, defined as P(min)/P{max), where P is the load, were chosen at R =
0.5 and R = 0.05. While most tests were performed at R = 0.5, several specimens were tested at R = 0.05
in order to determire 1f there was a crack closure effect. A1l tests were run under sinusoidally varying
axial loads.
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Table I. Chemical composition of fusion AOD-processed HT-9
(heat #9607), weight percent

C Si Mn P S Cr Mo Ni v W Fe

.20 0.24 0.57 0.018 0.007 11.64 1.01 0.52 0.30 0.57 bal.

Table II. Grain boundary compositien of HT-9, monolayers

P S Mo Cr C 0

0.04 0.01 0.03 0.73 0.14 02,10

Table I1I. Mechanical properties of HT-9 in afr, 25°C

0.2% Yield Ultimate Tensile Reduction of
Strength, Strength, Area, %
MPa (ksi) MPa ?ksi)

540 (78.3) 775 (112.3) 56

Fig. 2. Photegraph of specimen surfece used for cetermining precrack length.

The FCP program ran a load-shedding test according to:
ak = &K(i} exp[C(a-a(i))?
where AK and oK[i; are the current and initial stress intensity factor range values, respectively, C 1s
the stress intensity factor gradient constant, and a and a{i) are the current and initial crack lengths,
respectively, measurcd “rom the lcad 1ine. Values for AK{i) were chosen by the equation:

AK = (1-R) Ki{max)
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Fig. 3. Photograph of fracture surface. Note slight curve designating precracking.

K(max) was chosen as 40 MPy-m?, yielding 38 Mpa-mt as AK(i) for R = 0.05 and 20 MPa-m? for R = 0.5. In
order for AK to fall below 10 MPa-m*®, the stress intensity gradient factor constant was chosen as C =
-0.15 for R = 0.05 and C = -0,11 for R = 0.5. This constant allowed AK to decrement as the crack length
increased. The equation by which AK was determined follows the solution for standard compact-type speci-
mens (ASTM E-647) and is given by:

AP{2 + a)

LK = (0.886 + 4.64a - 13.32a% + 14.72u¢% - 5.6a")

Bwt (1-a)3/2

where AP is the change in applied load, B is the specimen thickness, W is the width of the specimen as
defired above, and « is the a/W ratio. This expression is valid for a/W = 0.2. The specimens were
fatigue tested until the crack reached an a/W ratio of 0.6,

Specimens were charged with hydrogen cathedically in 1IN H,S04 to which 200 mg/liter of As,U, had been
added to act as a hydrogen recombiration peison. Specimens were charged at a current density of 2 mA/cme
based or previous work by others (B) using an EG3G Princeton Applied Research Model 173 potentiostat/
galvenostat over a 48-nhour period at 20°C. After charging, a Bueller Edgemet kit was used to nickel-
plate the specimens by an electroless plating method to prevent hydrogen effusion. The specimens were
then placed into an oven and heated to 150°C for one hour to promete a homogeneous distribution of
hydrogen. After cooling, the specimens were fatigue tested by the aforementiorned procedure.

T¢ determine the hydrogen concentration in the specimens, samples 4 mm x 4 mm x 10 mm were cut from
uncharged material and charged ucing the same procedure and current density as with the fatigue specimens.
Inert gas fusion using a Leco analyzer was employed in perfurming a hydrogen analysis of the sampies.

This method irvolves dissolving the samples in a Sn flux in which the hydrcgen solubility is very low.
The gas 1s displaced and analyzed ac it is released Trom the mixture.

Hydrogen aralysis done on the specimen material revealed o hydrogen ccrtent of G.77 appm in the
uncharged specimens and of 4.5 appm in the charged specimens. The hydrogen content of the individual
samples as determined by the irert gas fusicn method are listed in Table IV, Based on the diffusion

Table IV. Inert gas fusion analysis of hydrogen content in charged
and as-received HT-G.

Sampie Condition Hydrogen Content, appm

Charged 4.5 + 0.3

+

fle-Received 0.77 + 0.1
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distance egquation, x = (4Dt)%, a time, t = 3600 s (1 hr), and a diffusivity of D = 5 x 107° cm2/s (at
150°C) a diffusion distance of about 1 cm results. Since hydrogen charging occurred from both sides of
the sample and some diffusion occurred during the 48-hr hydrogen charging process (x ~ 0.4 cm) it is
reasonable to assume that the hydrogen concentration was uniform through the i-cm-thick sampies.

After fatigue crack growth testing, a section of the specimen in front of and parallel to the crack
plane was cut, leaving a Jigament of material. The specimens were then reinserted into the servo-
hydraulic machine and pulled to fracture. Photagraphs were taken of the fracture surfaces at a low magni-
fication in order to measure the crack more accurately. From these photographs, as shown in Figure 3, the
actual precrack and crack lengths could be measured and compared against the lengths calculated by the
computer, which used the compliance method of crack length determination. The compliance method deter-
mines the crack length by using the change in sTope of consecutive Toad-displacement curves.

Scanning electron microscopy (SEM) was used to observe the fracture surfaces and determine the mode of
fracture. FPhotomicrographs were taken along the centerline in the crack direction of several specimens in
order to determine the percentage of intergranular fracture and any change in fracture mode 2s the crack
progressed. In addition, photomicrographs were taken at predetermined AK's across the thickness of sev-
eral specimens to check for a connection between aK and the percentage of intergranular fracture. The
percentage of intergranular fracture was determined using the line intercept method.

Results and Analysis

R=0.5, f=05Hz

The data points from specimens 1, 2, and 3 tested in the as-received condition at a R-ratio of 0.5 and
frequency of 5 Hz were contained in a narrow scatter band throughout the stage II region of the crack
growth rate versus AK curve, as show? in Figure 4. A comparison of the rates at the mid-stage II region
taken at approximately 4K = 14 MPa-m® revealed that the crack growth rate of all three specimens was 2 x
107% m/cycle, demonstrating fairly uniform behavior among the specimens. The threshold 4K values, esta-
blished for all specimens at da/dN = 8 x 107° m/cycle, ranged from 10.6 to 11.48 MPa-m 3 The threshold
values for 2K and the crack growth rates at a common 2K approximately egual to 14 MPa-m® are listed in
Table V for all of the sgecimens tested at R = 0.5. This information is alse Tisted at R 3 0.05 with a
threshold &K of 14 MPa-m®, and a crack growth rate of 5 x 1078 m/cycle at a 4K of 22 MPa-m®. Stopes of
da/dN versus &K curves determined from log-log plots are also listed in Table V. For uncharged specimens,
n is defined as the Paris slope.

Fracture surface observations revealed a transgranular quasi-cleavage mode exhibiting a river-like
fracture pattern in the direction of crack growth. No intergranular fracture surfaces were observed for
uncharged specimens tested at R = 0.5 and 0.05. Secondary cracking was observed as shown in Figure 5.
Evidence of s1ip bands is shown in Figure 6. Analysis of the stage II region yielded slopes in the range
of n = 3.34 to n = 3.98 which is in good agreemert with values reported by others (15) in which n = 2-4.

Specimens 4 and 6, tested at R = 0.5 and f = 5 Hz in the hydrogen-charged condition, exhibited more
scatter in da/aN at & given 2K than tge uncharged material. There was & 40% spread in the da/dN between
specimens 4 and 6 at a AK of 11 MPa-m* while the ba;e]ine data had a spread of only about 10%. The aver-
age crack growth rate values taken at 2K $ 14 MPa-m® ranged from 2 tc 3 x 107% m/cycle while thresheld
values of 4K rerged from 8.8 to 9.8 MPa-m*. Specimen 5 was charged with hydrogen and then given an out-
gassing treatment of 180°C. Its crack growth behavicr is similar to the baseline data suggesting the
hydrogen was totally removed; however, some intergranular fracture was observed. Fatigue crack growth
behavior for these specimens is shown in Figure 7.

SEM micrographs revealed intergranular fracture in addition to transgranular quasi-cleavage, secondary
cracking and inc?usions such as stringers. As shown in Figure 8a, 8b, and Oc taken at 4K = 17.8, 14.1,
and 8.4 MPa-m* from specimen 4, respectively the percentage of intergranular fracture increased as the
crack growth rate and K decreased. The ¢reatest amount of intergranular fracture occurred in the center
regfons of the specimens. Two explanations are thought to be possible for this behavigr. First, it is
pessible that hydrogen is Tost frum the regions of the specimen clase to the surface, leaving only the
center with hydrogen contributing te intergranular behavior. Second, and more probabTe, is the explana-
tion due to stress state changes throughout the specimen. Plane stress controls behavior in the auter
regiocns of the specinmen, changing tc plane strain in the center region., It was reported in other work {4)
that a plane strain condition promoted intergranular fracture. The behavior observed could be combination
cf these two effacts,

The most noticeable deviation in behavior of the charged specimens was the appearance of a shoulder at
which the slope of the stage Il data decreased. The slopes in this region ranged fromn = 1,24 to n =
2.89. The slope of the curve of the specimen outgassed at 180°C was n = 4.05 in agreement with that of
the uncharged specimens.
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Fig, 4, Fatigue crack growth (FCG) behavior of as-received specimens tested at R = 0.5, f = § Hz,
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TABLE V. Test conditions, threshold 4K values (taken at da/dN = 8 x 10 °m/cycle),
stage II sTopes, agd crack growth rates at commonistage IT &K values
{AK = 14 MPz-m* for R = 0.5 and 4X = 22 MPa-m* for R = 0.05).

R - Ratio, Specimen Frequency, Hydrogen Threshold Common Crack Stage 11

P.min Hz Charged Ax, Growth Rate, Slope,
Pymax r‘.l"a—m”2 m/cycle n
R =0.5 1 5 to 10.90 2 x 1078 3.34
? 5 Mo 11.48 2x108 3.98

3 5 Mo 10.60 2x10°8 3.78

4 5 Yes 9.84 3x 108 1.2

5 5 *Yes 10.88 2 x 1078 4.05

6 5 Yes 8.81 2 x 1078 2.89

7 1 No 9.65 4 x 1078 4.45

) Yes -- 1 x 0! 1.23

9 1 Yes 7.98 4 x 108 2.90

10 0.2 Mo 11.60 2 x 108 4.22

1 0.2 Ves 9.2 1 x 1077 5.1

R = 6.05 12 5 Ho 14.00 5 x 1078 4.21
13+ 5 Yes 14.80 5 x 1078 3.9

14 5 Yes 13.30 8 x 1078 4.13

15 5 Yes -- - --

16 5 Yes -- 121077 2.84

7 5 Yes -- 4 50077 10.85

+ Pin broke during testing o
* Charging was fnterupted twice. Sample was heated at 180°C, 2 hr. to allow hydrogen effusion.

Fig, 5. Scanning electron micrograph showing transgranular guasi-cleavage and secondary cracking.
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Fig. 8a. SEM micrographs depicting progression of intergranular fracture with decreasing 4K and da/dN
in charged specimen, (a) aK = 17.8 MPa-m’, da/dN = & x 1078 m/cyele, % intergranular fracture = 4%,

$e+
. ’ TN s :
Fig. 8b. SEM micrographs depicting progression of intergranular fracture with decreasing AK and da/dN

in_charged specimen, (b) AK = 14.1 MPa-m?, da/dN = 3 x 108 m/cycle, % intergranular fracture = 4%,
107 m/cycle, % intergranuiar fracture = 49.

3 ;

e 100 pm

Fig. Be. SEM micrographs depicting progression of intergrapular fracture with dacreasing 4K and da/dN
ir_charged specimen, {c) &4¥ = 8.4 MPz-m*, ca/eN = 4 x 10°? m/cycle, % intergranular fracture = 4%,
1078 m/cycle, % intergranular fracture = 8Y.
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R=0,5, f=1Hz

Specimen 7, tested in the as-received condition at R = 0.5 and f = 1 Hz, exhibited faster crack
growth, ranging from two to ten times faster over the total range of AK than the specimens testgd in the
same condition at f = 5 Hz, as shown in Figure 9. The threshold was reached at AK = 9.65 MPa-m*. Frac-
tography revealed no change in fracture behavior from the uncharged specimens tested at f = 5 Hz, again
being characterized by quasi-cleavage, inclusions, and micrevoid coalescence. The slope of the stage 11
regicn, n = 4.46, was also in close agreement with the previous specimens. The crack growth rate at 2K =
13,4 was 4 x 1078 m/cycle, twice the rate of the uncharged specimens tested at © Hz.

o 7. As Received
107} 08 Hydrogen-charged c

| A 9, Hydrogen-charged

R=0.5, f=5 Hz,
Charged

©
(&
>
& \
e /
i L.
=]
=
=]
R=0.5, f=5 Hz,
A.R.
10-8 —
- A
' | 1 | L | 1 |
7 9 11 13 15

AK, MPa-m1/2

Fig. 9. FCG behavior of charged and as-received specimens tested at R=20.5, f=1Hz.

Specimens 8 and 9, tested at f = 1 Hz and R = 0.5 ir the charged condition, displayed two types cf
behavior. The curve followed by the crack growth in specimen 9 resembled that of specimens 4 and 6 (R =
0.5, f = 5 Hz, charged) in that the curve separates from the curve of the as-receijved specimern and exhib-
its a shoulder in the stage Il region. The effect is net strong and, at the most, differs from the as-
received specimen's growth rates by a factor of twe. Specimen 8, however, exhibits the same type of
shoulder, converging with the as-received specimen curve at o higher aK value, but the crack growth rates
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are up to 5 times faster than the as-received specimen's rates. Growth rates taken at around AK = 13.4
MPa-m* were 1 x 1077 and 4 x 107% m/cycle for spgcimens 8 and 9, respectively. Fractography revealed
about 12% intergranular fracture at aAK = 9 MPa-m® for both specimens. The other fracture characteristics
1isted for the as-received specimens were also present.

The aK threshold value for specimen 9 was 7.98 MPa-mi, while specimen 8 did not reach the threshold
da/dN value. This value was slightly Tower than that of the as-received specimen. The slopes in the
stage 1I region were n = 1.23 and n = 2.90 for specimens 8 and 9, respectively.

R=10.5, f=10.2 Hz

Specimen 10, tested in the as-received condition at R = 0.5 and f = 0.2 Hz, yielded a crack growth%
rate s1ightly lower than that of specimen 2, tested at 5 Hz. The crack growth rate at Ak = 13.8 MPa-m
was 2 x 109 m/cycle, or approximately 25% lTower than the rate of specimen 2 at a similar aK value. The
threshold value was higher, at 11.6 MPa-m*®. SEM micrographs indicated & dominance of quasi-cleavage mode
with secordary cracking and a small amount of microvoid coalescence. Stringers were evident throughout
the specimen and a negligible amount (<1%) of intergranular fracture was observed. The stage IT slope was
n=4,.22.

Specimen 11, hydrogen-charged and tested at the same conditions as specimen &, displayed behavior dif-
ferent from that of previous specimens, based upon the slopes of the crack growth curve and the amount of
intergranular fractuve at the various stages of crack growth. The curve at the upper portion of the stage
IT regime had a slope similar to that of the uncharged specimen, although the growth rates were about an
order of magnitude higher. However, toward the middle range of this region the slope increased markedly,
whereas the slgpes for other charged specimens had decreased. The overall stage II slope was n = 5.31,
The crack growth rate at aK = 13.76 MPa-m® was 1 x 1077 m/cycle which, as noted earlier, was an order of
magnitude faster than the rate of the uncharged specimen at a similar value of aK. A comparison of
behavior may be made by observation of Figure 10.

SEM micrographs revealed that the mode of fracture was intergranular upon commencement of the test.
The trend followed by the fracture mode was opposite to the trend seen in previous charged specimens. The
greatgst amgsunt of irtergranular fracture was seen at the beginning of the test, 19.8% at 4K = 17.5
MPa-m*, decreasing as the test proceeded to 10.57% at 4K = 9.54 MPa-m?. The large percentage of inter-
granular fracture at the beginning of the test could be due to the time that hydrogen has to diffuse to
the crack tip, and the decrease in the intergranular fracture as the crack propagated could be due to the
less of hydrogen. The total test regquired about 13 weeks at a frequency of 0.2.

R=10.05, f=5Hz

Specimen 12, in the as-received conditiop, tested at R = €.05 and f = 5 Hz exhibited a crack growth
rate ef 5 x 1078 m/cycle at a aK of 22 MPa-m?. This 2K is roughly equivalent to a AK of 14 MPa-m* at R =
0.5. The observed crack growth rate was 2.5 times faster than that observed at R = 0.5 and 5 Hz as shown
in Figure 11. The Paris slope was determined as n = 4.21. SEM again revealed guasi-cleavage, secondary
cracking and inclusions in addition to a regligible (<1%) amount of intergranular fracture.

Gf the five charged specimens tested at R = 0.05, the cracks of specimens 14, 16, and 17 grew without
complications. One of the grip pins broke during the specimen 13 test, resulting in an asymmetrical crack
front. The crack growth rate curve coincidedéwith and was slightly Tower than those of tests that ran
properlv. The growth rate at aK = 22.7 MPa-m® was 5 x 1078 m/cycle. The stage II slope was n = 3.91.

SEM revealed the same features seen in uncharged specimens with ng intergrarular fracture,

Specimen 15 was started three separate times due to a Qrob]em in maintaining the AK level, A1l data
poinis were contained in & range from sK = 19 to 21 MPa-m* and da/dN = 2 to 6 x 1078 m/cycle. A stage II
slope could nct be taken because these data formed a cluster. Macroscopic examination of the fracture
surface revealed that the crack had jumped approximately 3 mm during the first twe starts of the test.
This area was highly uneven and pits and stringers cculd be seen clearly on low magnification {20X). Once
the crack front pacced this area the surface began to exhibit mixed guasi-cleavage and intergranular frac-
ture.

Specimen 14 exhibited behavicr similar to the charged specimens tested at R = 0.5 in that the crack
growth rete curve was higher then that of the uncharged cendition, although the effect was siight, and
the percentage of intergranular,fracture increased to about 16% at 4K = 14.3 MPa-m (K = 15.1} from
less than 2% at aK = 27.5 MPa-m? (K. . =78.9). At an intermediate value, &K = 20.4 MBdEm? (K . =21.5),
there was approximately,7% intergraﬁﬂfar fracture. The threshold was aK= 13.3 MPa-m® and the CPick growth
rete gt oK = 22.6 MPa-m® was 2 ¥ 1078 m/cycle, less tham 70% faster than the uncharged specimen. The

1

stage Il siope was n = 4.13, implying that the hydrogen did not change the shape of the aK-da/dN curve.
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Fig, 10, FCG behavior of charged and as-received specimens tested at R = 0,5, f = 0.2 Hz.
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Fig. 11. FCG behavior of charged and as-received specimens tested at R = 0.05, f = 5 Hz,
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Specimen 16 exhibited a higher arowth rate than the previous specimen, with da/dN = 1 x 10 7 mjcycle
at AK = 22.5 MPa-m*, or approximately twice the rate of the u?charged specimen. The slope of the stage II
region, n, was equal to 2.89. SEM results at 4K = 27.8 MPa-m® (X = ¢9.3) indicated a fracture mode of
shear ridges, shown in Figure 12, in addition to the secondary cr@%ﬁing, guasi—c1eavage, and stringers.
Less than 2% of the fracture surface was intergranular at AK = 20.8 MPa-m* (K, max = 21.9), the slower
crack growth region.

Fig. 12. SEM micregraph showing dimple rupture, quasi-cleavage and stringers in specimen 16 tested at
R =0.05, f =5 Hz.

Specimen 17 demonstrated z,higher crack growth rate than the other specimens but grew only from AK =
22 (K, max = 23.2) to 18 MPa-m* (K, max = 18.9). At &K = 21.4 MPa-m* (K, max = 22.5) the crack growth
rate was 4 x 1077 m/cycle, almost ar order of magnitude faster than the uncharged specimen. The percent-
age of intergranular fracture was neqligible. The stage II slope was n = 10.85 while SEM revealed quaci-
cleavage, inclusions, and secondary cracking but nc intergranular fracture. A comparison of the crack
growth rate curves for specimens tested at R = 0.5 with f = 5, 1, ane 0.2 Hz and for R = 0,05 at f = 5 Hz
in the uncharged and H charged conditions, respectively, is given in Figures 13 and 14.

Evaluation for Crack Closure

Aucer electron spectroscopy was performed on specimens 6, 12, 14, 15, and 16 based on the suspicion of
oxide-induced crack closure effects. Specimen 6, tested at R = 0.5, was analyzed in order toc compare
against specimens tested at R = (.05. Results of the znalysis indicated an oxide thickness from 150-250°A
on the fracture surface, but no trends were observed which indicated oxide-induced crack closure.

CISCUSSION

Fracture Mode

The presence of internal hydregen in the specimens had & definite impact on the mode of fracture. 1In
uricharged specimens, independent of the test frequency and load ratio, no significant amount of intergran-
ular fracture was present. Charged specimens exhibited up to 20% intergranular fracture, indicating that
hydrogen played a key role in determining the fracture mode, Impurities such as phosphorus in the
presence of hydrogen will alsc decrease the cohesive strength at the grain boundaries resulting in
increased intergrarular fracture {11,12). Work performed on this alioy by Jones (7) confirmed this effect
in static tests (external hydrogen}, revealing & concentration of phosphorus at the grain boundaries in
the same heat treated conditicn es in the present testing.

Traps such as dislocations, carbides, grain boundaries, and other interfaces found in the material may
be detrimental or beneficial. Hydrogen is attracted preferentially to these traps (13) and may assist in
the fracture process by decreasing the cohesive strength of the trap to the Tevel of Tocal stress,
allewing fracture to occur. Other traps may be beneficial by attracting enocugh hydrogen to prevent crit-
ical cencentrations from reaching the detrimental traps.
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Fig. 13. FCG behavior comparison of representative specimens in the as-received condition.

Angther factor to be considered in the mode of frecture is the stress state at the crack tip. As
noted earlier, the stress state charges from a plane stress te a plane strain condition from the surface
to the center of the specimen. According to Reevers {10}, the occurrence of fntergranular separation is
dependent upcn the stress state at the crack tip; i.e., the occurrence of intergranular faticue fracture
is enhanced by plane strain conditicns, The high principal stiresses meintained at the crack tip by these
conditions, combined with the presence ¢f internal hydrogen, enccurace an intergranular mode of fracture.

The percentage of intergranular fracture gererally increcsed with decreasing crack growth rates as
shown in Figure 15. This effect results from the greater time available at clower crack growth rates for
hydrogen to diffuse to the crack tip and to traps such as grain boundaries ahead of crack tip. An
opposite trend in the relaticnship of crack growth rate to percentage of intergranuiar fracture i dermon-
strated by specimen 11 tested at a freouency of 0.2 Hz,

Fractography of specimen 5, which was cutgassed at 180°C, revealed thet intergranular fraciure was
present even though the crack growth behavior was almest iderticel to the uncharged sprcimens tested at
the same conditions. Some of the reversible uamage was eliminated by heatine the specimen anc aliowing
hydrooen to effuse from traps with low bindino energies and from the lettice, while snough hydrogen wes
retained at the grain boundaries to cause intergranular fracture. It is pcssible that higher baking tem-
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Fig. 14. FCG behavior comparisen of representative specimens in the hydrogen-charged condition,

peratures could have reduced the percentage of intergranular fracture further. Similar results were found
by Esaklul and Gerberich {14) when a charged sample was baked at A50°C resulting in behavior not unlike
thet of the uncharged samples.

In the case for R = 0.05 there is an inconsistent trend of increasing percentage of intergranular
fracture with decreasing crack growth rates. The trend is followed by specimen 14 but not by any of the
others tested in this group as shown in Figure 16,

Crack Growth Rate

As seen in Figures 7, 9, 10, and 11, the presence of internal hydrogen accelerated crack growth rates
over the rates of specimens which were uncharged. This effect is mainly evident from the divergence of
crack growth rate curves at aK values below the upper stage II region. In this study the c¢rack growth
retes of the charged specimens ranged from 2-10 times those of the uncharged specimens. This corresponds
with work performed on HSLA steel in which crack propagation rates in specimens with internal hydrogen
increased 4-10 times cver those of uncharged specimens (14). These increased growth rates were generally
accompanied by a decrease in the stage 11 slope, indicating a more gradual change in crack growth rates of
the charged versus uncharged specimens. This is in cortrast te work performed on HSLA steel in which the
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Fig. 15. Relationship of da/dN to percentage of intergranuiar fracture for five specimens tested at
E = 0.5.

Paris slope increased approxinately 25% with internal hydrogen (14).

The convergence of the curves for the charced and uncharged cases irdicates that there exists a crack
growth rate, above which ihe hydrogen effect is overcome by the mechanica®l behavior. It is at this pcint
that intergranuiar fracture beginc tu appear with decreasing 2K, The point at which these curves merged
varied with test frequercy and R-ratio.

Comparing this study to previous work on the same alloy revealed that as the creck growth rete curve
reached its threshicld values the crack nrowth rates were 5-10 tipes greater than those of static tests
(7).

ok

Frecuency Effec

Decreasiviy the frequency from & Hz Lo 1 Hz resulted in an incrcase in the crack growth rates both in
the ciharged and urcharged conditions. The increase in crack grovth rate was greater by & factor of 3-6
tines cver the 2K range tested. Corrosion fetiyue work performed on AISI 4340 resulted ir the same type
of behavier, with an increase in creck growth rotes with decreasing freguency (6).
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Fig. 16. Relationship at da/dN to percentage of intergranular fracture for five specimens tested at R
= 0,05,

The increase in the crack growth rate with degreasing frequency is illustrated in Figure 15 where the
increase in crack growth rate at a AK of 14 MPa-m® for the hydrogen charged condition relative tc the
uncharged condition tested at the same frequency is plotted as a function of inverse frequency. It is
clear from these results that the crack growth rate increases with increasing time between cycles; how-
ever, the rate of increase appears to decrease at longer times. The increase in crack growth rate with
time can be related to the time available for hydrogen tc accumulate in the high stress region ahead cf
the crack tip.
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CONCLUSIONS

Internal hydregen was found to have a significant effect on the fatigue crack growth rate of HT-9
tested at room temperature. The effect of internal hydrogen was mest proncunced at aK's below 15 MPa-m?
for tests at a load ratio of G.5. At a load ratio of 0.05 internal hydregen had very little effect. The
effect of internal hydrogen on the fatigue crack growth of HT-9 can be summarized as follows:

1. Internal hydrogen affects the stage I and II crack growth regime of HT-9 causing an increase in
the crack growth rate and decrease in the threshold stress intensity.

2.  Hydrogen induces intergranular crack growth in HT-9 during fatigue crack growth with the
percentage of intergranular fracture increasing with decreasing crack velocities. The
observation that hydrogen induces intergranular fracture during the fatigue crack growth of HT-3
is consistent with observations of hydrogen induced intergranular fracture of this steel for both
precharged and dynamic tensile tests and for subcritical crack growth in cathodic hydrogen.

3. The effect of hydrogen on the fatigue crack growth rate can be partially correlated with the
extent of the intergranular fracture; however, there is some evidence that suggests that the
hydrogen effect may also be related to its effect on transgranular crack growth.

4, The fatigue crack growth rate of HT-9 of both the uncharged and hydrogen charged material was a
function of the e¢yclic frequency. The difference in the fatigue crack growth rate of the
uncharged and charged material showed an increase with increasing time per cycle. This effect
indicates that the hydrogen effect may be of concern at Tokamak cycle frequencies if the effect
persists to reactor temperatures. There is some evidence that a hydrogen concentration of Tess
than 1 appmn affects the fatigue crack growth rate of HT-9.

5. The hydrogen effect was more pronounced at a Toad ratio of 0.5 than at 0.05 where there was only
a small increase in the crack growth rate with hydrogen charging.

FUTURE WORK

Evaluation of the effect of hydrogen on the subcritical crack growth rate of HT-9 at reactor temper-
atures will be evaluated. Both static and cyclic loading effects will be considered using a combination
of experiment and modeling.
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MICROSTRUCTURE OF COPPER ALLOYS FOLLOWING 14-MeV NEUTRON IRRADIATION — S, J. Zinkle (Oak Ridge National
Laboratory)

OBJECTIVE

The objective of this study is to gain a hetter understanding of the evolution of the microstructure
of fcc metals during 14-MeV neutron irradiation. Results from this study may be utilized to develop fission/
fusion neutron correlations and to guide the development of theoretical models of the damage process.

SUMMARY

The microstructure of copper and three single-phase copper alloys (Cu—b%Al, Cu—5%Mn, Cu—5%4Ni) has been
examined following a room-temperature 14-MeV neutron irradiation up to a maximum fluence of 2 x 102! n/m2
(~10-3 dpa). The irradiation produced small defect clusters, many of which were resolvable as stacking
fault tetrahedra (SFT) or triangle loops. Alloying did not affect the overall cluster density or size
distribution, but it did cause a significant reduction in the density of SFT and triangle loops. The
overall defect cluster size was independent of fluence with a mean and most probable diameter of ~2.7 and
~1.7 nm, respectively. There was no evidence of cascade overlap in this study. Cascade overlap effects are
estimated to become significant for fluences ~1023 n/m2, The overall defect cluster density was found to
vary as N ~ /4t with a short incubation period for all four metals. Reexamination of published data indi-
cates that this relationship may be broadly applicable over the irradiation temperature range 80 to 400 K,
Logarithmic plots of the cluster density versus fluence produced anomalous curvature due to the influence of
the incubation periad.

PROGRESS AND STATUS

Introduction

An extensive radiation effects data base has been established based on fission reactor irradiation of
structural materials. However, successful prediction of radiation damage effects in D-T fusion reactors
requires that the differences and similarities between fission and fusion neutron damage microstructures he
fully understood. The prasent study is a continuation of a fission-fusion correlation program utilizing the
Rotating Target Neutron Source (RTNS-II) 14-MeV neutron source at Lawrence Livermore National Laboratory
that was initiated! in 1979. Copper was chosen for this program as a representative fcc metal with a rela-
tively low stacking fault energy. Three solid solution copper alloys were included in the irradiation
program in order to study solute effects.

Tnitial results from this program were reparted by Brager et al.? Several questions remain unanswered
following this initial study, so a followup investigation utilizing electrical resistivity, microhardness,
and electron microscopy measurements was performed. The resistivity and Vickers microhardness results from

this later study are described elsewhere.?>% The present report concentrates on the microstructural changes
observed in copper and the copper alloys as a result of irradiation.

Experimental Procedure

Foils of pure copper (99.99%*%) and copper alloyed with 5 at. % of either aluminum, nickel, or manganese
were used in this irradiation study. As shown in Table 1, this produces single-phase alloys containing
either undersized (Ni) or oversized solutes,5:% The addition of 5 at., % Al reduces the stacking fault
energy of copper by a factor of 2 (ref, 7). These three alloys remain single phase at room temperature for
solute concentrations up to at least 15 at. %, although there are some indications of short-range ordering
at lower solute levels.

Foils of 250 um thickness were obtained from Westinghouse Hanford Company,? and were subsequently cold
rolled to a thickness of 25 um, Transmission electron microscopy (TEM) disks were punched from the rolled
foils., The disks were then recrystallized by annealing in high-purity argon and allowed to air cool, The
four metals were irradiated at room temperature (25°C) with 14-MeV neutrons from the RTNS-II facility. The
TEM disks of each metal were positioned away from the neutron source along four different isoflux contours,
This produced four fluence levels of 1 x 1029, 4 x 1020, 1 x 102}, and 2 x 102! n/m2 at the end of the irra-
diation. Farlier studies had determined that variation in the 14-MeV neutron dose rate over three orders of
magnitude did not affect the details of cluster formation in copper irradiated at room temperature,Z,8
Further details of the specimen preparation and irradiation are described elsewhere,“s?

The TEM specimens were electropolished in a Tenupol twin-jet polishing unit using a solution of 33%
HNO, /67% CH30H cooled to =25°C with 100 mA current (6-V dc potential}. The foils were examined in a JEOL
2000FX electron microscope. Foil thicknesses were determined using either thickness fringes or convergent
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Table 1. FEffect of solute additions on the properties of copper

Property Copper Cuy—b at.% Al Cubh at. % Mn Cu—5 at., % Ni ref.
Lattice parameter, nm N.36150 0.36290 0.3339 0.36096 5
(Volume size factor of solute) - {+19.99%) (+34,19%) (—8.45%) h
Stacking fault energy, md/m? 50 25 50 52 7

beam techniques. Characterization of the micrastructure was performed on foils with thicknesses of 50 to
120 nm using a combhination of bright-field and weak beam dark-field technigues. The defect cluster size

and density measurements were made using a Zeiss particle analyzer on micrographs with a total print magni-
fication of about 1 x 10%, A total of 1000 to 4000 defect clusters from at least two different foil regions
were counted for each irradiation condition,

Results

The neutron irradiation produced a high density of small defect clusters in copper and the copper
alloys. All of the visible defect clusters were lass than 10 nm in diameter. There was no evidence of void
formation in any of the irradiated foils. Figure 1 shows the general microstructure of copper following
irradiation to a flueace of 2 » 102! n/m? {~7 x 10-% dpa). The irradiated microstructure of the three
copper alloys was very similar to that of pure copper. Figure 2 shows typical damage microstructures for
each of the four wmetals.

The mean free path between scattering events for a 14-MeV neutror in copper is 4 cm. Therefore, at low
fluences, defect clusters formed as a result of a displacement cascade are well separated from other cascades.
The 14-MeV neutron is sufficiently energetic to allow the cascade to develop into distinct subcascade
Tobes.1? The subcascade regians wmay then evolve into defect clusters which are visible by TEM, Figure 3
shows an example of these closely spaced subcascade clusters in a low-fluence specimen. The number of
visible defect clusters associated with each cascade region ranges from 1 to 7. The average spacing between
clusters in a given cascade is about 5 nm, The relation between the number of visible clusters and the
number of subcascade labes per cascade event js rather uncertain,!! Vacancy clusters can form directly from
the collapse of the vacancy-rich core of the subcascade, whereas interstitial clusters are presuymably formed
by classical nucleation and growth and may involve cooperative effects from adjacent subcascade lobes.

At sufficiently high fluences (high defect cluster density), the newly created cascades hegin to inter-
act with existing defect clusters and the cluster density approaches a saturation value. There is no evi-
dence of cascade overlap at the maximum fluence studied in this investigation, 2 x 102! n/mZ, Figure 4 shows
that the cascade regions are still well isolated from
each other at this fluence level. (The actual inter-
cascade spacings are even larger than is aoparent in
Fig. 4 due to foil thickness effects.) This conclu-
sion is important for determining the fluenca depen-
dence of the defect cluster density. Brager et al,2
have similarly determined that there are no cascade
overiap effects in tnese alloys far 14-Me¥ neutron
fluences approaching 1742 n/m?

THNL Fruiu oacWb-80
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Figure 5 shows a high magnification exazwple of
the hright-field =icrostructure of copper following
irradiation to 2 x 102! n/m2, Triangle-shaped defect
clusters, which are either stacking fault tetrahedra
{SFT} or triangular loops, are clearly visidle i1 this
orientation .3 = T119].. The use of other nrienta-
tions such as 3 = (0017 has shown that S°T and
triangle loops occur in roughly equal nu~bSers ovar the
fluence range investigated. According to the 5ilcox
and Hirsch model,-2 the SFT is formed from the dis-
sociation of a triangular vacancy laop.

Fiqure 5 shows one of the largest SFT that was
ohserved in this study, The defect cluster, which has
an adge length of 6,5 nm, appears as a sguare for thne
beam crientation that was used "8 = [001] . This §7T
wds present in a foi) that was irradiatad to the lowest

Fig. 1. Weak beam {g, 3q) microstructure of fluence studied in this investication — { « 1027 n/m2.
copper irradigted to a fluence of 2 x 102: n/m2, It is possible that the SFT may have formed directly
The foil normal is near [1107; 9 = 002 and s = N, from the vacancy-rich core aof *the displacement cascade
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MICROSTRUCTURE AFTER 2X102' n/m? IRRADIATION

Fig. 2. Weak beam (g, 3g), g = 002, microstructures of copper and copper alloys irradiated to a
fluence of 2 x 1021 n/m2. The foil normal is near [110] for the top two pictures, and B = [001] in the bot-
tom two pictures.
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Fig. 3. Isolated aroups of defect clusters Fig. 4. Groups of defect clusters ohserved in
abserved in Cu—5% Al after irradiation to Cu—5% Mn after irradiation to ? = 1021 n/m”. The foil
4 x 1020 p/m2, thickness is about 110 nm.
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Fig, 5., Bright-field (g = N04) microstructure
of copper irradiated to a fluence of 2 x 1021 n/m2,

region, as proposed by Matthai and Bacon.!? The
aobservations made im this study do not allow a
determination to he made of whether SFT formation
occurs directly {Matthai and Bacon} as opposed to
dissociation of a Frank vacancy loop (Silcox and
Hirch).

The effect of fluence on the damage micro-
structure is shown in Fig., 7. The average defect
cluster size was found to he constant over the
fluence range investigated, The only microstruc- Fig. 6. Large stacking fault tetrahedron
tural effect associated with increasing fluence was observed in copper following irradiation to a fluence
an increase in the defect cluster density. of 1 » 1029 n/m2,
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Fig., 7. Weak-heam (g, 2q), g = 002, microstructure of Cu-~5% Al at various fluence levels,

The size distribution of defect clusters in the four metals following irradiation to 7 x 1N?! n/m? is
given in Fig. B, The "total" size distribution includes all wvisible clusters. The "PDL + SFT" distribution
includes only partially dissociated Toops and triangle loops and SFT. The total size distributions for the
four materials are very similar, with a most probable cluster size of de = 1,7 nm and a3 mean size of
d ~ 2,7 nm. The size distributions are closely approximated by log-normal curves, as proposed elsewhere,?
Pure copper contains a larger fractinon of defect clusters that are resolvable as triangle loops or SFT com-
pared to the copper alloys (25 versus 12%). The peak in the size distribution of triangle loops and tetra-
hedra ranges from dny ~ 1.6 to 2.0 nm for copper, Cu=5% Mn, and Cu~b% Ni, Ihe corresponding peak 1n tne 5kl
stze distribution for the low stacking fault eneray alloy Cu—5% Al is dmp ~ 2.3 mm.

The total cluster density is plotted as a function of fluence in Fig, 9, Following an incubation
fluence of ~1 = 1027 n/mZ, the data for all four materials is linear with the square root of neutron fluence.
There is no significant Aifference in cluster density hetween the four metals over the fluence range studied
in this investigation. This implies that solute additions to copper do not have a measurahle effect on the
total number of point defects surviving a room-temperature 14-MeV neutron irradiation.

The density of SFT and trianqgle Toops in the irradiated foils is plotted as a function of fluence in
Fig. 10. Uncertainties associated with resclving distinct defect cluster _shapes at sizes on the order of
2 nm do not allow the fluence dependence of the cluster density (4t vs. /4t) to be accurately determined,
Jn1ike the total cluster density, the density of SFT and triangle lpops is significantly different for the
alloys compared to pure copper, The density of these types of clusters in the alloys is less than 40% of
the copper value at a fluence of 2 » 10Z: n/m2, The SFT [and triangle loops) are expected to be vacancy-type
defeact clusters for the irradiation conditions that were employed. 1f this assumption is correct, then it
is clear that substitutional solute additions {both oversized and undersized) greatly reduce the fraction of
vacancy clusters that survive the displacement cascade event and subsequent cooldown. This may be due to
preferential trappina of vacancies at sclute atoms.

Electrical resistivity foils were irradiated along with the TEM disks in this study. It was found?
that the resistivity change of pure copper was nroportional to the square root of neutron fluence with an
incubation fluence of ahout 1 x 102 n/mZ, in aareement with the TEM measurements of Fig. 9. The resistiv-
ity changes of the three copper alloys showed a fluence-dependent hehavior that was attributed to short-
rande ordering effects,® This hehavior is consistent with the observed low density of vacancy-type defect
clusters (SFT) in the alloys compared tn copper (Fig. 10), since the short-range ordering process will most
likely reduce the free vacancy concentration in the cascade due to vacancy-solute interactions.
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Size distribution of defect clusters in
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versus fluence.

Careful examination of the electron diffrac-
tion patterns of the irradiated alloys did not
reveal any indication of extra spots associated
with the proposed short-range ordering (SRO).
only fine structure that was visible in the
diffraction patterns obtained at exact zone axes
was faint streaks through the diffraction spots
and, in some intances, spot splitting. This behav-
ior was also observed in pure copper diffraction
patterns and is probably due to the presence of
stacking fault tetrahedra and small faulted Toops
in the foil.l%s1% The absence of additional dif-
fraction spots in the irradiated alloys indicates
that appreciable clustering has not occurred.

The observed results might be explained by assuming
that dispersed SR01%,17 which does not require
homogeneous ordering, has occurred,

The

Niscussion

There have heen several recent high resolution
TEM studies of copper and copper alloys following
neutron irradiation near room temperature,?,18-20
Muncie et al.l® found that only about 3% of the
defect clusters were in the form of SFT following a
fission reactor irradiation to 1,3 = 102! n/m2
(E > 1 Me¥). 0n the other hand, Yoshida et al,l9
reported that more than one half of the visible
defect clusters were SFT following 14-MeV neutron
jrradiation to fluences between 8 x 10!5% and 8.5 x
1021 n/m2, We have found in this study that 10 to
15% of the defect clusters are resolvable as SFT for
14-MeV fluences between 1 x 1020 and 2 x 102! n/m2,
in agreement with Muncie et al,l? An additional 10
to 15% of the defect clusters are visible as
triangle loops with their edges along (113> direc-
tions. Brager et al, and Shimomura et al,20 did
not report any details regarding SFT formation,
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Yoshida et al.l3 has reported that the average size of defect clusters in copper decreased slightly
with increasing fluence, whersas Shimomura et al. 0 reported that the defect size increased with fluence.
Brager et al.2 stated that the cluster size in copper and three copper alloys was independent of fluence up
to ¢t = 7 x 102! n/m2, This last observation is in agreement with the present results, where the mean
defect cluster density for each of the four materials was determined to be constant over the fluence range
of 1 x 1020 to 2 x 102! n/m2, A theoretical model developed by Ghoniem et al.2! predicts that the mean size
of clusters in copper should be essentially constant for fluences between 1019 and 1022 n/m2, It is
interesting to note that the cluster size may be independent of fluence up to very high damage levels, A
recent high-energy ion irradiation study of copper?? at 10 dpa reported SFT and total cluster size distribu-
tions that were essentially identical to those given in Fig. 8, which is fer copper irradiated to <10-3 dpa.
0f course, this direct comparison is not strictly valid since damage rate and primary recoil spectrum
effects may be playing a role in the development of the microstructure. Similar size distributions have
also been reported by English2? for copper irradiated with fission neutrons and 30 keV fons, In all
cases,2»19,20,22,23 the cluster size distribution appears to be well described by a log-normal?® distribution
function.

It appears that stacking fault energy by itself does not have a strong effect on the probability of
14-MeV neutron displacement cascades producing visible defect clusters in copper alloys. This conclusion
is based on the observation (Figs. 8 and 9) that the overall density and size distribution of defect
clusters in Cu=5% Al (y = 25 mJ/m2) was the same as for Cu=5% Mn and Cu—5% Ni (v = 50 md/m2), The Cu=b% Al
alloy did contain a slightly larger density of SFT and triangle loops compared to the other two alloys
(Fig. 10), indicating that there may be an effect of stacking fault energy on the formation of these types
of clusters. Low-energy (30 keV) ion irradiations of copper alloys have found that SFT formation is
strongly influenced by the stacking fault energy.?* The data from the present study and other researchers
on the influence of stacking fault energy,?* irradiation temperature,l®.2% and knock-on energyl8,19:2% on
SFT formation in copper may be summarized as follows: low-energy primary knock-on atoms {PKAs) do not pro-
duce SFT in copper at room temperature. Under these conditions, SFT formation occurs only in low-stacking-
fault energy alloys (y ~ 10 mJ/m?). The probability of SFT formation in copper increases with increasing
irradiation temperature up to 330°C., The formation of SFT at room temperature is enhanced when the mean
knnck.nn enerav is increased. At comparable doses {<10-3 dpa), the fraction of defect clusters resolvable
as SFT varies with knock-on energy in the following way: 0% (30 keV Cu jen), 8% .(fission neutron), 10%
{14-MeV neutron). There is a complex interdependence between knock-on energy and stacking fault energy
(alloying). For example, Stathopoulos et al.2?* found that copper did not form SFT while 26% of the defect
clusters in Cu=10 at. % Al were SFT followina 30 KeV Cu ion irradiation. On the other hand, we have found
significantly (factor of 2.0) more SFT in copper compared to Cu-5 at. % Al following 14-Me¥ neutron irra-
diation. The mean PKA energies for these two irradiation conditions .are ~1 keV and ~170 ke¥Y, respectively.

There is interest in determining at what fluence cascade overlap effects become significant for both
fundamental and practical reasons, particularly in relation to damage-rate experiments.25-28 Ghoniem et al.2l
have predicted that signfficant cascade overlap should occur in copper during room-temperature irradiation
for 14-MeV fluences greater than ~1023 n/m2, We have not observed any significant amount of cascade
overlapping for fluences up to 2 x 102} n/m2. B8rager et al.? reported that no cascade overlap effects were
observed in copper alloys for 14-MeV fluences approaching 1022 n/m2. A simple estimate of the maximum
passible cluster density may be made by assuming that the cluster spacing at saturation cannot be less than
the spacing between visible c¢lusters associated with a single cascade. The mean projection of this spacing
has been measured in low-fluence specimens {e.qg., Fig. 3} to be ~5 nm. The true distance between clusters
is 4/ times the projected spacing, assuming a random orientation between clusters, The maximum possible
cluster density (cubic ¢lose packing) is therefore N ~ 7 x 102%/m3, Appreciable cascade overlap effects
should be evidént when the cluster density fs 10% of the maximum value, N ~ 7 x 1023/m3, A corresponding
14-MeV neutror fluence can be estimated by extrapolating data for pure copper given by Yoshida et al.l? and
Fig. 9 to give {otlgat = 7 x 1023 n/m? (0.25 dpa).

There are conflicting results in the literature regarding the fluence dependence of defect cluster for-
mation in fcc metals such as copper. Low-temperature (<20 K) irradiation studies?5-27,23 have shown that
the production rate of point defects and defect clusters is directly proportional to the fluence for doses
up to 10-3 dpa {~1022 n/m2). Saturation effects due to cascade overlap become evident at higher fluences.
Electrical resistivity investigations30,3! have conclusively demonstrated that electron jrradiation of
copper at temperatures where the interstitial is mobile {>60 K} results in a square root dependence between
the surviving defect density and fluence, N ~ J¢t. The nonlinear behavior is due to recombination of the
Frenkel defects shortly after they are produced, The results from the present study, using both TEM (Fig. 9)
and electrical resistivity? methods, and those of Ipohorski and Brown3Z strongly indicate that the surviving
paint defect density continues to be proportional to Vot for irradiation temperatures as high as 40°C and
doses »1022 n/m? (E > 1 MeV). Most TEM studies of copper irradiated near room temperature have reported a
“nearly linear" dependence between the visible cluster concentration and the fluence.2,1%,33 Konstantinov
et al.2% described their defect cluster data using a fluence exponent of n = 0.7. Deviation from linear
behavior was often observed at moderate fluences; this was attributed to cascade overlap effects.l®
Examination of the published data {e.g., ref, 33} often indicates that it would better be described by a
square root dependence. Chaplin and foltman3S have recently reported high-dose damage resistivity data for
copper irradiated with fast neutrons at 60°C. When their data are replotted versus the sguare root of
fluence, a linear relatfonship exists up to ¢t ~ 1023 n/m2 (E » 1 MeV). Concave curvature in the N versus
JEF plot becomes evident at higher fluences, presumably because of cascade averlap effects.



Figure 11 shows the combined data on defect cluster density from Yoshida et al.!'% and the present study
as a function of fluence, When presented as a double logarithmic plot, the data are not linear but instead
exhibit an apparent change of slope from n = 1 to n = 12 for fluence levels around 1020 to 1021 p/mZ, This
nonlinear behavior cannot easily be attributed to cascade overlap since these effects are not expected to ba
large for fluences less than 1023 n/m? (see earlier discussion).

On the other hand, it can be easily shown that an incubation Fluence would produce a nonlinear curve in
the plot of log N versus log (¢t). As an example, consider the following expression:
N = A[/T + Fof — 17 . {1)

ke

This equation gives a good description of the chserved fluence dependence of the visible cluster density
(Fig., 9) and resistivity? results (i.e., an incubation perind followed by a square root dependence), For
small fluences [Bgt << 1), the logarithm of this expression reduces tn

log N = © + Tog (4t} , {2)
where C is a constant. At large fluences (Bt >> 1), the corresponding equation is
Tog N =D + 12 tog {ot) , (3)

where D is another censtant., The Timiting slopes given by Egs. {7} and (3) are in good agreement with the
behavior observed in Fig, 11.

Equation (1) is based on the unsaturable trap model,3%»3% which has been successfully used to describe
defect concentrations in copper for electron irradiation in the recovery Stage Il temperature range {70 to
220 K). Tnis model is probably a poor description of the actual physical processes that occur during fast
neutron (cascade-producing) irradiation at Stage 111 temperatures (~300 K), where vacancies are mobile along
with interstitials. Recombination, nucleation, and spontaneous in-cascade ciustering effects occur simultan-
eously under these conditions, and the overall process may not he described by such a simple analytical
expression, Nevertheless, the fluence dependence of the cluster data in all cases investigated3,.9,32-15
is functionally well described by an expression similar in form to Eq. (1) — namely, an incubation period
followed by a regime that is nearly proportional to the square root of fluence. Althouagh this agreement is
probably coincidental, it allows a simple empirical description of the cluster density to he ohtainad as a
function of fluence. Cascade overlap effects do not appear to become large until the dose approzches 1023
n/m2 (£ > 1 MeV), A logarithmic presentation of the cluster density data introduces confusicn due to the
effect of the incubation dose. In summary, lagarithmic plots should be used with caution since they may
give misleading results with regard to the functional dependence of measyred guantities,

ORNL—DWG 86—12092 A considerable amount of uncertainty exists in
the literature regarding the fluence dependence of
radiation hardening in fcc metals for irradiation

COPPER o temperatures of 80 to 400 K. The fluence exponent for
25 ¢ N 7 hardening was ariginally measured as n = 1/3 by Blewitt
_ and coworkers,?” and later reported to be n = 1/2 by

Diehl and coworkers.3® Subsequent studies have gen-
erally used either n = 1/3 or n = 1/2 to describe the
fluence dependence of the measured hardening /see refs.
3841 fur reviews). It has also been recently proposed

] that n = 1/4 is the appropriate fluence exporent for
,// radiation nardening,3,",42
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studies have established that the increase in

DEFECT CLUSTER DENSITY (m~3

107 = //’ = strength of copper due to neutron irradiation near
- = room temperature is given by Ag ~ /Nd, where M is the
- ¢ YOSHIDA et ol #985) ] cluster density and d is the mean defect size, The
L a PRESENT STuDY ] assumption N ~ st has commonly heer invoked to
L | explain that the yield strength increase should be
proportional to the square root of fluence with no
1029 Lol Ll C Ll incubation peried, 39-%1,45 Howaever, plots of s ver-
inl® 4020 e 1522 sus ¥t beqin to show curvature at doses well below
&1 (nim?) that where cascade overlap should be important,
Since the cluster size is essentially independent of
Fig. 11. Total visible cluster density fluence, this jmplies that the fluence exponent for
of pure copper as a function of fluence, including hardening is less than 0.5, The previous discussion ogn
data from Yoshida et al.l? Note the anomalous the fluence dependence of the visible cluster den-

change in siope that occurs around 5 x 1020 n/m2,  sity [N ~ (st)Y2] suagests that n = 1/4 will give the
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correct dependence, A reanalysis by this author of the hardening data given in refs. 2, 38, 39, 44-52 has
shown that the change in strength is consistently described by an incubation fluence followed by a one-
fourth root dependence on ftluence. (The data in the original papers had generally been fit ton = 1/2 or

n = 1/3 fluence exponents with varying success.) Deviation from the n = 1/4 curve occurs at relatively high
doses (3 x 1022 to >1 x 1023 n/m2, E > 1 MeV) and is presumably due to cascade overlap effects.

In addition to ambient temperature (20 to 80°C) neutron irradiation data on copper, the analyzed
hardening data included results from electron*”? and low-temperature (77 K) frradiations,“9 and fcc metals
other than copper.®9:52 Heinisch et al.*2 have recently found that yield strength changes in copper and
stainless steel following neutron irradiation near room temperature (25 and 90°C) were best fit by a curve
proportioqal to the fourth root of fluence. It therefore appears that the relationships N ~ /¢t and
aa ~ (¢t) /4 may be generally applicable to many fcc metals over the irradiation temperature range of 100 to
400 K.

CONCLUSIONS

Room-temperature irradiation of copper and the single-phase alloys Cu-5% Al, Cu—5% Mn, Cu-5% Ni with
14-MeV neutrons produces defect clusters that are less than 10 nm in size. There is no noticeable effect of
alloying on the overall cluster density or size distribution. However, the alloys contain a significantly
Tower density of stacking fault tetrazhedra and triangle dislocation loops compared to pure copper. The
lTower density of these two types of defect clusters on the alloys may be due to preferential binding of
vacancies to solute atoms. There was no TEM evidence of shart-range ordering in the irradiated alloys, in
contrast to previcusly reported electrical resistivity and microhardness results.

The overall defect cluster size was found to be constant over the fluence range of this investigation,
1 x 1020 to 2 x 102! pn/m2. The overall size distribution for all four metals was similar to a log-normal
distribution, with a peak at a diameter of ~1.7 nm. Comparison with high-dose neutron and ion-irradiation
size distributions indicates that the mean cluster size may be essentially constant for any damage level.

There was no visible evidence of cascade overlap occurring for 14-MeV fluences up to 2 x 1021 n/m2,
A simple calculation predicts that cascade overlap effects should start to become significant for damage
levels on the order of 1023 n/mZ.

The visible defect cluster density of all four metals was found to be proportional to the square root
of fluence following an incubation periad ~1 x 1020 n/m?, Examimation of published TEM and yield strength
da 1 for copper irradiated between 80 and 400 K indicates that this sguare root dependence between cluster
de. sity and fluence is valid over a wide range of experimental conditions. !louarithmic plots should not be
U :d to determine the fluence dependence of processes which may have an incubation dose.
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OWR/RTNS-TI LOW EXPGSURE SPECTRAL DFFECTS EXPERIMENT: #FFECTS OF IRRADIATION TEMPERATURE - H. L. Heinisch
(Westinghouse Haaford Compary:

OBJECTIVE

The objective of this experiment is to determire the effect of the neutron spectrum on radiation-
induced changes in mechanical properties for metals irradiated with fusion and fission neutrons.

SUMMARY

The status of the OWR/RTNS-II Low Exposure Spectral Effects Experiment is reviewed, The originally
planned irradiations in RINS-II and the Omega West Reactor at 90°C and 2%0°C have been completed, and
additional irradiations in RTNS-I1 at 700°C and 450°C have also been carried out. Tensile specimens fram
each of the irradiations have been tested. The effects of irradiation temperature on the change in yield
stress as a function of 14 MeV neutron fluence are reported here for annealed pure copper, annealad 316
stainless steel and HTS ferritic steel. In copper the effect of increasing the irradiation temperature is
ta increase the minimum fluence at which a measurable change in mechanical properties takes place. The
temperature effects are somewhat smaller in 316 stainless steel, and the incubation effects are less
obvious than in copper. In HT9 the 14 MeV irradiation effects are relatively small, and there is no effect
of temperature for fluences up to 2.5 x 1018 n/cml,

PROGRESS AND STATUS
Introduction

The purpose of the RTNS-II/0WR Low Exposure Spectral Effects Experiment is to determine any dif-
ferences in the effects of 14 MeV neutrons and fission reactor neutrons on the changes in tensile proper-
ties and microstructure of metals irradiated to exposures of < 0.1 displacements per atom (dpa). The
irradiations at 90°C and 290°C originally planned for RTNS-I1 and OWR have been carried out, and the
results of tensile tests were reported at the Secend Iaternational Confazrence on Fusion Reactor Materialsl,
Additional specimens from the same materials matrix have also been irradiated in the Japanese/lUS long-term
RTNS-IT irradiation, performed with the Japanese dual-temperature furnace at 200°C and 450°C. The test
results for these specimens now make it possible to investigate the temperature dependence of mechanical
properties changes over a wide range of irradiation temperatures in RTNS-II.

Experimental procedure

As in previous irradiatiens, flat miniature tensile specimens of AISI 316 stainless steel, A302B
pressure vessel steel, Marz-grade copper, and Marz-grade iron were irradiated to a range of fluences in
RTNS-II. TIrradiations were performed in the Jepancse dual-temperature, vacuum-insulated furnace at
temperatures of 200°C and 450°C. The peak fluence obtained was 8 x 1018 nfecm?y the maximum fluence
obtained by a US specimen was 6 x 1018 n/cm?,

Spectmens of copper and 316 stainless steel irradiated at 200°C were tested at room temperature in a
tensile frame made specifically for miniature specimens, which is described in earlier reportsl. Tensile
tests were also performed =n specimens of T3 Ferritic alloy that were irradiated at 90°C and 298°C.

Results

Figure 1 shows the change in yield stress of annealed copper as a function of displacements per atom
(dpa) for irradiations in PTNS-TT. Easch point is the result of a single test. The bars on selected points
indicate the estimated precision in the measurenent of the absnTute yield stress of the irradiated speci-
men.

Specimens at 90°C, 200°C and Z98°C were a'i exposad in long-term irradiations; thus, 211 specimens at
a given dose were irradiated at about the same damage rate. The few specimens irradiated at room tempera-
ture were exposed at a damage ratn about six times higner at each dose.

The fluence dependence of the yield stress change is qualitatively the same at each irradiation
temperature. The effect of increasing temperature s to delay the onset of significant strengthening. To
T1lustrate the fluence dependence in a systematic way, the following expression was fitted to the coppar
data at each temperature, exceplt for 290°C:

AYS = B o(d - AP (1)

where AYS is the yield stress change in MPa, d is the dose in dpa, and A, B and n are constants. The
resulting curves are plotted in Fig. 1. 0Only the data at higher doses were used in the fitting. The value
of the exponent n was taken to be 1/4 for copper. HNo attempt was made to fit other curves to data at ar
below the threshold regions. A rough messure of the threshald or incubation dose at each temperature is
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Fig. 1. Yield stress changes as a function of dpa for annealed copper irradiated at several tempera-
tures in RTNS=II. The curves are fits of Eg. 1 to the data. The bars on selected data points represent
the estimated precision of the measurement of the individual absolute yield stress measurements.

given by the value of the constant A in expression 1, Table 1 gives the values of A and B obtained in the
fitting. The spacimens irradiated at 290°C did not reach a discernable threshold fluence, but the
threshold is probably on the order of 5.3 x 1018 n/cm? (0.02 dpa), which is the highest fluence obtained at
that temperature.

Table 1. Parameter values obtained from fitting Eq. 1 to yield stress data.

Material Temperature A B
{("C) (n/cm2) {dna) {MPa)

Copper 25 2.7 x 1016 1.2 x 1079 70
90 1.1 x 1017 3.9 x 104 59

200 7.8 x 1017 2.9 x 1073 22

Figure 2 shows yield stress changes for solution annealed AISI 316 stainless steel irradiated under
the same conditions as the copper above. The estimated precision in the measurements is also indicated on
selected data points. The 316 stainless steel is less affected by temperature than copper in this range of
temperatures. The room temperature data cannot be distinguished from the 90°C data, and the 290°C data
show significant radiation-induced strengthening. As a result, the temperature-dependent incubation-type
behavior is less apparent in 316 stainless steel. Another interesting feature is that the data at 200°C
show especially large yield stress changes at the Tow fluences. As with copper, expression 1 was fitted to
the higher fluence data at each temperature. For stainless steel a better fit was obtained with the value
of n = 1/2, However, the resulting values of A are small or negative, indicating that an incubation model
may not be appropriate for stainless steel,

Figure 3 shows the yields stress change as a function of neutron fluence for HT9 irradiated in RTNS-TI
at 90°C and 290°C to fluences up to 2.5 X 1018 n/cmé, The estimated precision of the measurements is indi=
cated by a bar on one of the data points. There is no apparent effect of irradiation temperature in this
fluence and temperature range.
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Discussion

Equation 1 is a simple empirical expression; the only attempt at physical basis is the power Taw
behavior. According to theoretical modelsZ, strengthening is proportional to the factor (Nd)1/2, where N
is the number density of strengthening obstacles of size d. Depending on the mechanisms involved {clus-
ters, loops, voids, etc.) and how they are affected by increasing dose (direct production, nucleation,
growth, etc.) the thecretical models predict power law dose dependence having values of n ranging from 1/2
to 1/4. For example, if the distribution of obstacle sizes remains fixed, and the number density increases
directly with increasing fluence, then n = 1/2. Strengthening models are being developed that have
functional forms explicitly reflecting the physics of temperature and rate effects?Z. How well such models

fit the present data is being explored.

Copper clearly displays threshold or incubation type behavior. The best fit of Equation 1 to the data
is obtained with n = 1/4. Such behavior is consistent with a model in which strengthening centers
nucleate, reach a critical size, and then grow. The effect of increasing irradiation temperature is to
delay the_development of critical-size strengthening centers. Hardness measurements by Zinkle and
Kulcinski3 on copper and copper alloys irradiated in RTNS-II also display incubation behavior, and the
fluence dependence is also well-fit by a 1/4 power Taw. ATloying tends to shorten the incubation fluence,
perhaps because sclute atoms act as nucleation sites,

There is considerable disagreement as to the details of the microstructure of irradiated copper
observed by electron microscopy. A review by Zinkle and Kno114 points out that both clusters and Toops of
both interstitial and vacancy types have been reported far copper irradiated by both 14 MeY neutrons and
fission neutrons, with vacancy/interstitial ratios varying widely among the investigators. So far this
tangle of data has not been sorted out to form a comprehensive description of the microstructure. Thus, it
would be difficult at this time to try to relate the tensile behavior observed in the present work with the
observed microstructures,

Annealed 316 stainless steel displays temperature dependence in the effects of 14 MeV neutrons on the
tensile properties, however, the temperature effects are not as strong as in copper. This may be due to
the solute elements of the alloy acting as nucleation sites, as in copper alloys. Also, at higher tempera-
tures loops formed in stainless steel are less likely to shrink or dissolve by emission of defects than
Toops in copper. The dose dependence of the yield stress changes in 316 stainless steel is better fit by a
1/2 power law than the 1/4 power law found for copper. This may indicate a fundamental difference in the
nature of the strengthening mechanisms for the two materials in this fluence and temperature range.
However, the differences in fit between n = 1/2 and n = 1/4 were not definitively large for either mate-
rial.

When the specimen matrix for the original spectral effects experiment was determined, there was a
desire to include ferritic alloys such as HT9, However, it was felt that at the Tow doses obtainable in
RTNS-II, it might be difficult to see measurable effects in the tensile properties of HT9. Some specimens
of HT9 were Tlater included at intermediate fluence positions in the US/Japan Tlong term irradiation (R-2 of
Ref. 1). There is some strengthening observed in HT9 (Fig. 3), but the maximum change in yield stress
observed in this irradiation is only 16% of the unirradiated yield stress. Since there is no temperature
dependence in the 90-290°C range, it may have been of interest to irradiate HT9 in the 450°C Japan/Us
irradiation. However, the change in tensile properties would probably be even Tess than at the lower
temperatures.

CONCLUSIONS

Tensile data has been obtained for copper and stainless steel jrradiated at four temperatures in
RTNS-II. 1In copper the effect of increasing irradiation temperature is to increase the incubation dose for
strengthening as a function of dose. In annealed 316 stainless steel increased irradiation temperature
results in less strengthening at a given dose, but whether this results from effects on incubation is not
clear from the data.

The small amount of strengthening and the absence of temperature effects in HT9 irradiated at 90°C and
290°C 1in RTNS-II justify its being omitted from the original low-dose spectral effects experiment matrix.
REFERENCES

1. H. L. Helnisch, S. D, Atkin, and C. Martinez, “"Spectral Effects in Low-dose Fission and Fusion
Neutron Irradiated Metals and Alloys," Proceedings of the Second International Conference on Fusion Reactor
Materials, Chicaga, April 13-17, 1986, to be published in J. Nucl. Mat,

2. R. L. Simons, "Damage Rate and Spectrum Effects in Ferritic Steel NDTT Data," Proceedings of
ASTM Thirteenth International Symposium on Effects of Radiation on Materials, Seattle, June 23-25, 1986.



144
3. 5.4J, Iinkle and 6. C. Kulcinski, "14 MeV Meutron Irradiation of Copper Alloys," J. Nucl. Mat.,
122 & 123, 449-54 (1984).

4. 5. J. Iinkle and R. W. Knol1, "A Literature Review of Radiation Damage Data for Copper and Copper
Allgys,” MUniversity of Wisconsin Fusion Technology Institute Report UWFDM-578, June, 1984.




145

THE EFFECTS OF LOW DOSES OF 14 MeV NEUTRONS ON THE TENSILE PROPERTIES OF THREE BINARY COPPER ALLOYS - H., L.
Heinisch and J. S. Pintler (Westinghouse Hanford Company)

BBJECTIVE

The objective of this experiment is to determine the effect of 14 MeV neutrons on radiation-induced
changes in mechanical properties of three alloys of copper, Cu5%A1, Cu5%Mn and Cu5%Ni, and to compare the
effects of 14 MeV and fissian reactor neutrons.

SUMMARY

Miniature tensile specimens of high purity copper and copper alloyed respectively with five atom
percent of A1, Mn, and Ni were irradiated with D-T fusion neutrons in the RTNS-II to fluences up to 1.3 x
1018 n/eme at 90°C. To compare fission and fusion neutron effects, some specimens were also irradiated at
the same temperature to similar damage levels in the Omega West Reactor (OWR). Tensile tests were per-
formed at room temperature, and the radiation-induced changes in tensile properties were examined as
functions of displacements per atom (dpa). The irradiation-induced strengthening of Cus%Mn is greater than
that of Cu5%A1 and Cub%Ni, which behave about the same. However, all the alloys sustain less irradiation-
induced strengthening by 14 MeV neutrons than pure copper, which is in contrast to the reported results of
earlier work using hardness measurements. The effects of fission and fusion neutrons on the yield stress
of Cu5%A1 and Cu5%Ni correlate well on the basis of dpa, but the data for CuS%Mn suggest that dpa may not
be a good correlation parameter for this alloy in this fluence and temperature range.

PROGRESS AND STATUS
Introduction

The correlation of fission and fusion neutran effects for the development of fusion reactor materials
will be aided by developing an understanding of any differences in the fundamental production of damage by
low and high energy (14 MeV) neutrons. Toward this end, many metals and alloys have Deen irradiated with
the RTNS-II 14 MeV neutron source and in the Omega West Reactor. One means of investigating the funda-
mental damage state s through changes in mechanical properties as measured in tensile tests. Among the
materials irradiated as part of the Low Exposure Spectral Effects Experiment1 were a series of three binary
copper alloys in the form of flat miniature tensile specimens. Tensile tests were performed on_these
specimens, and the results are compared with hardness data obtained earlfer on the same aIToys.Z-

Brager, et a1.,2 {hereafter referred to as "Brager") produced three binary copper alloys, having,
respectively, five atom percent aluminum, manganese and nickel.l They irradiated 3 mm diameter by 0.25 mm
thick microscop¥ disks of these alToys and pure {99.99+%) copper at 25°C in RTNS-II to a maximum fluence of
7.5 x 1017 n/cmZ, Diamond pyramid hardness measurements were made on the specimens, and their microstruc-
tures were examined by TEM, with the objective of determining the visibility and survivability of defect
clusters. The same materials were supplied to Zinkle and Kuleinski3 (hereafter referred to as Zinkle), who
also irradiated them at 25°C in RTNS-II to 3 x 1017 n/cmZ, Zdinkle examined the irradiated materials using
resistivity and hardness measurements. The results were also analyzed to determine the survivability of
defects using simple hardening models.

In both the earlier studies the radiation-induced change in yield stress was examined as a function of
14 MeV neutron fluence. The yield stress changes were obtained from the measured change in diamond pyramid
hardness by applying a simple empirical correlation. 1In the present work the yield stress changes of these
alloys are determined directly from tensile tests on irradiated sheet-type miniature tensile specimens
punched from the same stock used in the earlier studies.

Experimental procedure

Annealed miniature tensile sgecimens of the alloys and pure copper were irradiated at 90°C in RTNS-II
to a maximum fluence of 1.3 x 1018 n/cm? and at 90°C in OWR to similar damage levels. The RTNS-II irradia-
tions were performed as part of the joint US/Japan long-term elevated temperature irradiation (R-2 in

Ref. 1, where details of the frradiations are given). The tensile tests were performed at room temperature
using a tensile frame made specifically for testing miniature specimens. Tensile tests were performed on
five or six specimens of each alloy from each neutron environment. Two specimens of each unirradiated
alloy were also tested. Some of the data on pure copper were reported in Ref. 1, but further testing of
pure copper from the R-2 run has been done, and the results are reported here,

Results and discussion

The value of the 0.2% offset yield stress was determined for each tensile test. Table 1 contains the
values of the yield stress for the unirradiated materials. The yield stress of CuS%Mn is about 33% larger
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than the value for the other materials, indicating a measurable effect of solute hardening for this alloy.
Brager reported about the same fraction of solute hardening of Cu5%Mn determined from hardness measure-
ments. Brager also reported a measurable solute hardening in CuS%A1, but no hardening in CuS%Ni. Zinkle
reported 1ittle effect of solute hardening in hardness tests of any of the alloys.

Table 1. The 0.2% offset yjeld stress of unirradiated binary copper alloys

Alloy Yield Stress, MPa
Cu (99.999%) 49 = 5
Cu-5% Al 48 + 8
Cu-5% Mn 66 * 2
Cu-5% Ni 51 £ 5

The radiation-induced yield stress changes for the alloys as a function of dpa in RTNS-II are shown in
Fig. 1, where they are compared to the yield stress changes in pure copper. The dpa values were calculated
for the alloys from the total neutron fluences using the spectral averaged displacement cross sections for
pure copper, 3396 b in RTNS-II and 293 b in OWR. Thus, in the same neutron spectrum, plotting with respect
to dpa is equivalent to plotting with respect to neutron fluence. Cu5%Mn strengthens more with increasing
neutron fluence than Cub%A) or CuS%Ni, but all three alloys experience less irradiation strengthening than
pure copper.

- -t
B &
T 1

YIELD STRESS CHANGE. MPa

HEDL M11-01L T

Fig. 1. Radiation induced yield stress changes as a function of dpa for pure copper and binary copper
alloys having 5 atom percent of aluminum, manganese or nickel. The data for Cu5%A1 and Cu5%Ni are repre-
sented by dashed Tlines. The bars on the data points represent the estimated precision of the measurement
of the individual absolute yield stress measurements. Irradiations were performed at 90°C, tests at 25°C.

The resylts can be compared with the earlier work in Brager and Zinkle, although the higher fluence
range of the present work overlaps the fluence range of the earlier work only slightly. The radiation
streagthening of pure copper as a function of fluence is about the same in 8rager, Iinkle and the present
work (Ehe data for pure copper tn Iinkle was taken from RTNS-1 irradiated copper examined by Mitchell,
et al.%). Brager, Zinkle and the present work also agree that Cub%Mn strengthens more with irradiatian
than the other binary alloys. However, all three disagree on the amount of strengthening of the alloys
relative to pure copper. Iinkle shows Cu5%Mn strengthening by about 25 MPa more than pure copper at any
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fiuence, while the present work shows Cub%Mn strengthening by about 20 MPa less than pure copper. Brager
shows Cu5%ZMn and pure copper strengthening by about the same amount.

Tt is interesting that the results for pure copper are the same in the three investigations, since
three different heats of copper having slightly different impurity levels were used, and one set of yield
stress data was determined by an empirical correlation of hardness data. Also, in the present work the
copper was irradiated at 90°C, while the other irradiations were performed at room temperature. The copper
binary alloy specimens in all three investigations were taken from the same material stock.

The Cu5%ZMn alloy exhibits measurably different behavior from the other two alloys. However, in the
only direct examination of the microstructures of these alloys, by Brager, it is the irradiated Cub%Al
alloy that is markedly different from the Cu5%Mn and Cu5%Ni alloys, exhibiting a higher density of smaller
defect clusters. It can be argued that the large mass difference between Al and Cu atoms has an effect on
the dynamics of displacement cascade productien. The difference in energy transfer in collisions due to
mass differences, resulting for example in the disruption of replacement collision sequences, would lead to
fewer large defect clusters. This would result in a more finely distributed defect cluster structure in
Cu5%A1 than in pure copper or the other alloys. There is nothing in the Timited information on the
microstructure to explain the behavior of CubiMn,

Figures 2, 3 and 4 show the increase in yield stress due to irradiation in RTNS-II and OWR for Cub%Al,
Cu5%Mn and CuS%Ni, respectively. Yield stress changes are plotted as a function of dpa determined with
displacement cross sections for pure copper. While the actual displacement cross sections for pure copper
and the three alloys may differ somewhat in the same spectrum, it is unlikely that the cross section in
RTNS-1I relative to that in OWR would be very different for any of them. The data points in Figs. 2, 3 an
4 are for single tensile tests. The error bars indicate the estimated precision in the measurement of the
absolute yield stress for each point. For Cu5%A1 and Cub%Ni there is no difference between RTNS-II and OWR
on the basis of dpa.

For CuS%Mn separate curves can be drawn through the RTNS-II and OWR data. Statistics applied to the
double points at the same fluences would result in error bars about half the size of those shown for the
overall estimated precision. According to the curves drawn in Fig. 3 about 1.7 times more dpa are needed
in OMR to produce the same yield stress change as at the highest fluence RTNS-II data. This is on the
order of the factors of 1.8 to 2.9 for pure copper reported in Ref. 1. More data are needed to provide
convincing evidence of a difference in behavior of Cu5%Mn in the two spectra, especially at higher fluences
in RTNS-II. Unfortunately, there are no specimens of this material that have been irradiated to higher
fluences.
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Fig. 2. Yield stress changes of CubZAl due to irradiatfon in RTNS-II and OWR as a function of dpa.
The bars on the data points represent the estimated precision of the measurement of the individual absolute
yield stress measurements. Irradiations were performed at 90°C, tests at 25°C.
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Fig. 3. Yield stress changes of Cu5%Mn due to irradiation in RTNS-II and OWR as a function of dpa.
The bars on the data points represent the estimated precision of the measurement of the individual absolute
yield stress measurements. Irradiations were performed at 90°C, tests at 25°C.
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Fig. 4, Yield stress changes of Cu5%Ni due to irradiation in RTNS-II and OWR as a functien of dpa.
The bars on the data points represent the estimated precision of the measurement of the individual absolute
yield stress measurements. Irradiations were performed at 90°C, tests at 25°C.

CONCLUSIONS

Irradiation strengthening of Cub%Mn is different from that of Cu5%A1 and CuS%Ni and pure copper, but
the present study and two earlier studies fail to agree on the magnitude and sign of the difference
relative to pure copper. Dpa appears to be a good correlation parameter for yield stress changes in
RTNS-II and OWR for Cub%ZA1 and Cub%Ni, but not for Cu5%Mn or pure copper.
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FUTURE WORK

Only a few irradiated tensile specimens of these alloys remain, and they will be used for TEM studies
of their microstructure. No further irradiations are planned. However, further analysis of the existing
tensile data will be dane, and explanations of the behavior of these alloys under low fluence irradiation
Wwill be pursued.
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EFFECTS OF SUBSTITUTIONAL ALLOYING ELEMENTS ON MICROSTRUCTURAL EVOLUTION IN NEUTRON IRRADIATED FE-1CCR -
D, S, Gelles (Westinghouse Hanford Company}

OBJECTIVE

The ohjective of this effort is to determine the effects of substitutional alloying elements in an Fe-
10Cr base composition on micrestructural development due toc neutron dirradiation. The alloying elements
selected are of interest in reduced activation applications and include a wide range of atom sizes.

SUMMARY

The effect of solute additions on microstructural development in the base alloy Fe-10Cr following
neutron irradfation at 426°C to 33.5 dpa has been examined. Additions of Si, V, Mn, W, Ta, and Ir were
considered at 0.1 and 1.0 wt. % Tlevels. It was found that solute additions affect the Tevel of swelling,
the void morphology and the dislocation evolution. The results are interpreted in terms of solute segrega-
tion to point defect sinks.

PROGRESS AND STATUS
Introduction

This report is intended to provide insights into the effects of solid soTution hardening elements on
microstructural evoluticn due to neutron irradiatien in a base compaosition, Fe-10Cr, similar to that of
commerc ial martensitic stainless steels. The purpose is to examine effects of substitutional alloying
elements covering a wide range of atomic misfits on radiation damage to a simple ferritic alloy and to
study those elements which would be most pertinent to low activation ferritic alloy design. The alloying
elements selected for study (in order of increasing atomic size) were $i, V, Mn, W, Ta and Ir at levels of
0.1 and 1.0 weight percent. The basis for alloy selection and description of alloy preparation are given
in Ref. 1. Table 1, taken from Ref. 1 gives a comparison of atomic sizes for the elements of interest,

The present effort examines the series of Fe-10Cr substitutional alloy specimens irradiated in the
FFTF to =30 dpa at 420°C. Identical specimens irradiated at 370°C to 11 dpa were removed from reactor but
have not yet been examined. Irradiation is continuing on anather set of specimens at each temperature
aiming for a 100 dpa goal. However, identical specimens irradiated at 520 and 600°C were removed from
reactor due to temperature instability difficulties and were replaced with new specimens. The present
examinations along with specimens irradiated at the same temperature to higher dose are expected to be of
greatest interest.

Table 1. Atomic size compariscn of alloying elements of interest

Element Atomic No. Atomic Wt. Atomic Radius Misfit*
Fe 26 55.8 1.24 ---
Cr 24 52.0 1.25 0.0081
Si 14 28.1 1.17 -0.0565
) 23 50.9 1.31 0.0565
Mn 25 h4.9 1.23-1.48 -0.0081-0.1935
W 74 183.9 1.37 0.1048
Ta 73 180.9 1.43 0.1532
Ir a0 91.2 1.58-1.61 0.2742-0.2984

*Misfit = (ry - rra)/rre

Only the work of Smidt and co-workersZ,3 previously considered the consequences of various solute
additions to neutron induced microstructural evolution in ferritic alloys. In those studies, additions of
0.3 at.% Cu, V, Ni, and P, and 0.1 at.% C were made to zone refined high purity iron in order to determine
the mechanism by which residual elements influenced the embrittlement of pressure vessel steels. The
corresponding misfits are Cu = 0.0323, V = 0.0565, Ni = 0, P = -0.1210 and C = -0.4274 to -0.3790.
Irradiations were Br1mar11y at 280-290°C to doses cons1derab1y below 1 dpa but included one run in EBR-II
at 596°C to 7.4x10¢1 n/cm?” (E > 0.1 MeV) or 5.5 dpa. They concluded, based on microstructural examinations
of neutran irradiated spec1mens and ion bombarded specimens, that sma11 solute additions can markedly
influence the damage produced. The major effect was a shift in the temperature at which voids formed and
the dislocation structure grew into a recovered structure. Vanadium had the greatest influence. A
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correlation between reduction of swelling in dilute solid solution alloy systems and the presence of
oversized solute atoms was found.

Experimental procedures

Alloy selection, specimen fabrication and irradiation condition goals are given in Ref. 1. Table 2
1ists the alloy compasitions and specimen engraving codes. The specimens examined in this study are from
TEM specimen packet K1 irradfated in MOTA 1C basket 2C4 during FFTE Cyc1es 5 and 6. The average tempera-
ture was 426°C and the accumulated fluence is estimated at 7.27x1022 n/em? (E > 0.1 MeV) or 33.5 dpa.d

Table 2, Alloy compositions and engraving codes

Alloy Composition Code
R117 Fe-10Cr-0.151 R9
R118 -1,081 AH
R119 -0.1Mn AU
R120 -1.0Mn AX
R121 -0.1v AZ
R122 -1.0v Al
R123 -0,1u A3
R124 -1.0W Ad
R125 -0.1Ta AS
R126 -1.0Ta A6
R127 -0.1Zr A7
R128 -1.0Ir A

Specimen handling, preparation and examination followed standard procedures. However, it was noted that
the addition of 1.0% Ta resulted in an eight-fold increase in specimen radioactivity.

Results and analysis

Microstructural examinations

The heat treatment given all specimens (1040°C/1 hr/AC + 760°C/2 hr/AC) resulted in a structure
resembling tempered martensite in all alleys except Fe-10Cr-1.0Si and Fe-10Cr-1.0V which had larger and
more equiaxed grain structures. In all cases the density of carbide particles on boundaries was Tow
indicating that carbon contamination was on the order of 0.03% or less.

Irradiation produced voids and dislocation Toops in all cases. However, significant differences were
found in accumulated void swelling, void shape, dislocation structure and distribution as a function of
compasition. Some of these differences can be shown in Fig. 1 which provides Tow magnification examples of
alloys containing 1.0% solute additions. Martensite lath structure is encountered in alloys containing Mn,
W, Ta and Ir. Voids were non-uniformly distributed only in alloys containing Si and Mn and voids appear
smaller in alloys containing Si an V. Alse, small voids indicative of recent nucleation, were only present
in alloys containing $i, V and Mn. Differences were less pronounced at solute levels of 0.1% as shown in
Fig. 2 which provides low magnification examples for comparison. All alloys showed evidence of martensite
formation and all contained small voids indicative of continuing void nucieation. However, differences can
be identified, For example, voids had grown largest in alloys containing Mn and Ir and void development
appeared to be delayed in alloys containing 51 and Ta. The non-uniform distribution of voids in alloys
containing Mn and Ta is expected to be due to the narrow subgrain structure retained from the martensite
transformation,

In order to examine the microstructural development in greater detail, higher magnification micro-
graphs are shown for all alloys with 1.0% solute additions. Fig. 3 shows a2 specimen of Fe-10Cr-1.0§i
fo11ow1ng frradiatjon at 426°C to 33.5 dpa. Figs, 3a and b compare an area in (001) orientation using
image contrast of g = 110 and 200, respectively. Fig. 3c provides an example of the same area in void
contrast and Fig. 3d shows an adjacent area at higher magnification under the same imaging conditions as
Fig. 3a. The area shown contains a non-uniform distribution ¢f small voids, The dislocation structure is
also non-uniform consisting predominantly of a<001> loops in regions where voids are not present, but in
regions containing voids, a disTocation network has evolved containing both a<001> and a/Z <111> loops and
line segments. (It should be noted that in § = 110 contrast, two of the four sets of dislocations with a/2
<111> Burgers vectors and two of the three sets of dislocations with a<001> Burgers vectors can be seen
whereas in § = 200 contrast, all with a/2 <i111> Burgers vectors and only one of the three with a<001>
Burgers vectors can be seen and the a[l100] dislocations are in much stronger contrast.} Therefore, it
appears 1ikely that in this alloy, dislocation network evolution is required prior to the onset of void
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Fig. 1. Examples of microstructures at low magnification in alloys with 1.0% solute additions
following irradiation at 426°C to 33.5 dpa.

Fig. 2. Examples of microstructures at Tow magnifications ia alloys with 0.1% solute addi-ions
following irradiation at 426°C tc 33.% dpa.
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swelling. The presence of a/2 <111> dislocations prior to irradiation may also be important. Fig. 3d
demonstrates more clearly that the voids appear as slightly truncated squaras in an (001) orientatian and
the void edges are parallel to <100>, Other examples confirm that voids in Fe-13Cr-J.0Si are slightly
truncated cubes with {001} faces. The truncation is probably on {011} planes!

Fig. 4 provides similar microstructural examples for Fe-10Cr~1.0V irradiated at 426°C to 33.5 dpa and
comparisons reveal several differences. Precipitation is evident consisting of rod shaped particles
oriented in <001> directions. The precipitates are expected {o be V4C3. Also, the void distribution is
more uniform and many of the voids are larger than these in the alloy containing S$i. The dislocation
structure consists predominantly of a<001> loops but several a/2 <111> line segments can be identified.
However, of greatest surprise is a change in void shape. The voids appea; as truncated squares with <011>
edges. The (001} orientation does not allow easy differentiation between octahedral and dodecahedral voids
but evidence of fringes on the void images indicates that these are in fact dodecahedral voids!

Fig. 5 shows similar views for a specimen of Fe-10Cr-1.0Mn. The structure again appears different.
Voids have grown much larger than in the V alloy case but several examples of sery small voids can be found
indicating that void nucleation is continuing. The dislocation density is considerably reduced and the
dislocation structure is a network containing a large fraction of a/?2 <111> line segments. The vaid shape
is again cuboidal with {011} truncations, Both Figs. 5a, ¢ and d were {aien some disiince from the (001)
pole and the cubic shape of the voids are clearly shown. Also of note is the distribution of small
equiaxed particles found in Fig. 5c. 1In general, these are identifiad 23 ='. the chromium rich body
centered cubic phase. However, this identification has not yet been verified in iLhe present work. Similar
particles are identifiable in each of the other alloys, although not as clearly,

The results obtained for Fe-10Cr-1.0W are summarized in Fig. 6. The voids are uniformly distributed
but are not quite as Targe as those in the Mn containing alloy. A few small veide rao he identified in
regions where swelling is not yet developed and o' precipitation is indicated. Uue disiocation structure
is a network containing both a<001l> and a/2 <111> Burgers vectors with some a<001> Toops still present.
Void shapes are dodecahedral with {001) truncations.

Fig. 7 shows micrestructural development in Fe-10Cr-1.0Ta follawing irradiation at 426°C to 33.5 dpa.
Behavior is similar to that found in the W containing alloy except that voids eppear to have grown larger.
The disiocatien structure is a network with both a<001> and &/2 <I111> Burgers vectors present but several
examples of both a<001> and a/2 <111> loops can be identified. Void shape is generally dodecahedral with
{001) truncation but several examples were found where equal {001) and (011} iruncation had developed.

Fig. 8 provides examples of microstructural development in Fe~1G0y-1.0fr fuiiowizg irradiation at
426°C ta 33.5 dpa. In this case, the specimen orientation is near (011). Voids are uniformly distributed
but a few small voids can be identified indicating that void nucleation is continuing. The dislocation
structure consists of dislocation 1ine segments and loops of predominantl; /2 <ill> character., Precipita-
tion present in the form of small equiaxed particles is expected to be w* phase. Void shape appears to be
intermedfate between cuboidal and dodecahedral. However, several exanples appasr to he almost spherical.

At solute levels of 0.1%, microstructural response can be summarized as feliows. Void shapes were
found to be generally truncated dedecahedra with {011} faces and {001} truncations.  “xceptions were in Fe-
10Cr-0.1Ta where smaller voids were cuboidal with {011} truncations and Yarger voids included equal amounts
of {011} and {001} truncaticn. In Fe-10Cr-0.154, a few examples of cuboidal voids were found. Therefcre,
thanges in void morphology occurred as Si, Hn and Ta solute additions were jucreased from 0.1 to i.0%.
Dislocation evolution was less sensitive to solute addition. 1In all cases, dislocation networks were found
containing about equal parts of a<00l> and a/2 <111> Burgers vectors. A1l conditions also contain loops of
both Burgers vectors, The only notable difference was the fact that in Fe-10Cr-0.157 the a<001> loops were
smaller that the a/2 <111> loops whereas in Fe-10Cr-0.1V, the a<001> loops were larger. Tharefore,
increases in solute concentration had the greatest effect on dislocation evolution in the cases of V and Ir
additions: further V additions promoted the formation of a<00i> loops and further Ir additions promoted the
formation of a/2 <111> loops.

In summary, additions of various solutes to an Fe-10Cr base composition leads to large changes in
swelling and dislocation evolution, Differences are evident with each change in solute addition. It is
apparent that radiation induced solute segregation must play an important role in controlling the micro-
structural development.

Microstructural measurements

Void swelling and dislocation density measurements have been made for cne grea of many of the allay
conditions examined. A Tisting of the conditions involved and the resulting measurements are given in
Table 3. From Table 3 it can be shown that swelling appears tc increase with inireasing solute atom misfit
but that this is not a straightforward variation with void density or mean void size. Reduction in the
level of solute additions of W from 1.0 to 0.1% results in a small diacrease in void swelling due to small
increases in void density and mean void size. The variations in swelling, .cid density and mean void size
as a function of solute atom misfit for solute levels of 1% are plotted in Fig. 9. Except for uncertainty
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in the misfit for Mn and the low swelling observed in the case of Ir, a Tinear trend in swelling as a
function of misfit is found, The trends are not as clear in the case of void density and mean void size,
however, because manganese proves to be an exception in each case. The reason for a linear swelling
response as a function of misfit is not yet understood and may be fortuitous. The dislocation density
measurements do not provide a simple explanation for variations in swelling. The measurements show high
a<001> dislocation densities for V and Ta additions and high a/2<111> densities for Si and Ta additions
with less variation in a/2<111> densities as a function of solute addition. Comparisan of the results
raises the concern that specimen A6K1 with 1 Ta has been evaluated with an incorrect specimen thickness,
If the specimen were twice as thick the void swelling would be halved, the void density halved and each of
the dislocation densities halved, all of which appear to follow reasonable trends.

Table 3. Quantitative microstructural measurements on selected specimens

Swelling Dislocation Density
I.D, Alloy Vivy Density d a<001> al2 <ill>
No. Composition (%) (1014 cm=3) (nm) (109 cm3) {109 em3)
AHK1 -10Cr-158i 0.19 1.24 29.3 6.5 3.1
AlK1 -10Cr-1V 0.44 2.86 3.4 20.8 7.1
AXK1 -10Cr-1Mn 0.88 1.23 49.1 3.8 4.8
A3K1 -10Cr-0.1W 1.29 3,10 43.3 4.5 7.4
AdK1 -10Cr-1w 1.05 2.41 42.0 5.7 6.5
A6K1 -10cr-1Ta 1.79 3.02 41.2 21.9 11.9
A9K1 -10Cr-11r 0.46 2.22 35.3 2.4 5.1

Discussion

This effort has raised several very interesting points for discussion. It is now apparent that void
swelling in ferritic alloys is very sensitive to solute additions particularly with regard to void shape
but also to dislocation evoluticn. A review of the 1iterature and classification of the respanse is called
for. The present work suggests that solute segregation plays an important role, a result shown by several
other experiments. A definition of that role in controlling response will be attempted.

Void shape in ferritic alloys

Horton has reviewed the Titerature on radiation damage in iron and Fe-Cr alloys through 19823 and
reports that cavity morphologies vary considerably. Truncated octahedra with {110} faces, cubes with {100}
faces and truncated octahedra with {111} faces have all been reported. Kulcinski, et al.,b incorrectly
reported truncated octahedra with {110} planes in 99,999% pure iron follewing irradiation in EBR-II at
450°C to 3x1021 n/em? (E > 0.1 MeV) or 1.5 dpa. If the voids were defined by {110} planes, a dodecahedral
void shape must have existed, Dodecahedral voids are the common morphology in bcc metals. However, for
neutron irradiated pure iron’ and Fe-Cr binary alloys9.8, truncated octahedra with {111} faces and {001}
truncations have been found. However, Ohnuki, et al., have reported cuboidal cavities with {001} faces 1in
iron irradiated at 525°C with 200 keV ¢* ions.9

The present observations extend these results to include truncated dodecahedral voids with {011} faces
and {001} truncations, and truncated cuboidal voids with [001} faces and {011} truncations both found in
fast neutron irradiated Fe-10Cr alloys with solute additions. The various void shapes found in ferritic
alloys are summarized in Fig. 10. The cube, octahedron and dodecahedron morphologies are shown with
labelled faces and examples of the pertinent truncations for these shapes are demonstrated. Therefore,
strong evidence now exists for all three void morphalegies in ferritic alloys.

Explanations for the existence of all three morphclogies are not yet clear. The properties which are
expected to control are the surface energies for the various close-packed planes, and it is now apparent
that the various surface energies are affected by alloy composition. It appears 1ikely that in irop and
Fe-Cr allaoys the lowest energy planes are {111} followed by {001}, (The Kulcinski, et al., resultsd were
probably affected by impurities because the voids found were not equiaxed. This {is probably a result of
the low dose achieved which would tend to concentrate available solute at void surfaces even in pure alloy
systems.) However, with the addition of many solutes, {111} planes are the least favored and either {011}
or {001} are the lowest energy planes,

Solute segregation

Because void shape is altered in Fe-10Cr al'loys by minor additions of several alloying elements of
interest, it is quite 1ikely that those solute additions are being concentrated at void surfaces by
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radfatfon driven solute segregation. If segregation is occcurring at veids, dislocations and grain bound-
aries are also likely to be affected. Solute atmosphere effects on dislocation climb are most likely
responsible for differences in dislocation evolution gs well. However, in simple Fe-Cr binary alloys it is
found that a' precipitation does not form near voidsl0 indicating that chromium depletion occurs at point
defect sinks and that chromium does not play a role in void shape or dislocation evolution control. In the
case of void stability, one can conclude that Si and Mn segregation causes {001} planes to be more stable
than {011} planes which are more stable than {111} planes. However, V, W, Ta and Ir segregation cause
{011} planes to be more stable than {001} planes which are more stable than {111} planes. To complicate
matters further, reduced amounts of Si, Mn or Ta (to 0.1% solute levels) reverse the behavior, altering the
relative stability of {001} and {011} planes. In the case of dislocation development, one can conclude
that V additions promote a<001> Burgers vectors, Ir additions promote a/2 <111> Burgers vectors and Si, Mn,
W and Ta additions allow both to form.

Much of the above discussion is based on the assumption that solute segregation contrels behavior.
This remains to be proven. Therefore, one of the major consequences of this effort is to encourage
experimental verification of radiation induced solute segregation in ferritic alloys. To date, this has
not been easily done. The most pertinent results have been provided by electron and C* ion irradiation
experiments11 where it is found that Cr and Mn are depleted on grain boundaries, Mo is depleted at voids,
Ti is unaffected and Ni rich precipitates were found adjacent to voids. Behavier at voids has not been
easy to identify because associated precipitation does not seem to occur.

CONCLUSIONS

The effect of various solute additions on microstructural development in the base alloy Fe-10Cr
following neutron irradiation at 426°C to 33.5 dpa has been examined. Additions of $i, ¥V, Mn, W, Ta, and
Ir were considered at 0.1 and 1.0 wt. % Tevels. It was found that solute additions affect the level of
swelling, the void morphology and the dislocation evolution.

Swelling was found to vary linearly with solute atom size misfit for solute levels of 1.0%. At solute
levels of 0.1%, swelling response was controlled by martensite lath size considerations.

Void morphology was found to vary in a complex manner with solute addition for hoth 0.1 and 1.0 wt. %
solute levels. Octahedra with {001} truncations, the normal void shape for Fe-Cr alloys, were not found.
Instead, the common shapes were dodecahedra with {011} faces and {001} truncations at corners. However,
with solute additions of 1.0 Si and Mn, the void shapes were shifted to cubes with {001} faces and {011}
truncations at corners.

In general, dislocation evolution created a dislocation network containing equal components of a<001>
and a/2 <111> Burgers vectors but including Toops of both type. However, additions of 1.0% V promoted the
formation of a<00l> loops and additions of 1.0% Ir promoted the formation of a netwark dominated by a/2
<111> Burgers vectars.

These results are interpreted to show that radiation induced solute segregation controls micrastruc-
tural development in ferritic alloys but the details of the segregation behavior remain to be demonstrated.
FUTURE WORK

This work will be continued. If funding is available, solute segregation measurements will be made.
Specimens will be examined at a higher dose and at other irradiation temperatures.
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SWELLING OF SOLUTE-MODIFIED Fe-Cr-Mn ALLOYS IN FFTF - F. A, Garner (Westinghouse Hanford Company)

OBJECTIVE

The object of this effort is to assess the suitability of austenitic Fe-Cr-Mn alloys as Tow
activation candidates for fusien reactor structural materials.

SUMMARY

Density change data continue to be accumulated on solute-modified and commercial Fe-Cr-Mn alloys
irradiated at 520°C and 50 dpa. The tendency toward saturation of density change observed in the simple
ternary alloys in the annealed condition is accentuated by cold-working and solute addition. Irradiation
at 420°C appears to further accelerate the tendency toward saturation.

PROGRESS AND STATUS
Introduction

The neutron-induced swelling of the annealed condition of simple Fe-Cr-Mn austenitic alloys at 9-14
dpa and 420-600°C has been described in previous reports.!-% Data on these same annealed alloys at 49.8
dpa and 520°C has also been presented.” As shown in Fig. 1, it appeared from these data that simple
Fe-Cr-Mn austenitic alloys in the range 420-520°C initially swell at a rate of ~1%/dpa after an incub%-
tion period of 10 dpa, consistent with the behavior gbserved in annealed Fe-Cr-Ni austenitic alloys.
At 520°C and 50 dpa, however, saturation of swelling appeared be deve]oping,(5 as shown in Fig. 2.

Swelling data continue to be accumulated, with the major emphasis directed toward the solute-modified
ternary alloys (See Table 1) and the commercial alloys {See Table 2) irradiated at 520°C. A limited
amount of data on simple ternary alloys at 420°C and 46 dpa is also available.

6 T T T T T
Fe-10Cr-20Mn
Fa-15Cr-15Mn
Fe-15Cr-20Mn /
L [ _
' Fe25Mn Fe-30Mn
Fe-10Cr-30Mn
i Fe-5Cr-30Mn ]
SWELLING [~—1%/dpa
% 2| / |

I | | | |
0 ] 10 16 20 25 30

DiSPLACEMENTS PER ATOM

Fig. 1. Swelling at 9-14 dpa of simple Fe-Mn and Fe-Cr-Mn alloys at (420°C,9 dpa) and (520°C, 14 dpa)
in FFTF-MOTA,3
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Fig. 2. Swelling of simple Fe-Mn and Fe-Cr-Mn alloys at 520°C.5 The swelling of commercial alloy
AMCR 003 is also shown for comparisan,

Table 1. Composition of phase IV solute-modified Fe-Cr-Mn alloys (wt.%)

Mn Cr C N L P 8 A W N9 S
X-75 30 2.0 0.1 0.15 - - - - - 0.5 0.4
R76 30 2.0 0.60 0.05 - 0.05 0.005 - - 0.5 0.4
R77 30 2.0 0.40 0.15 1.0 0.05 0.005 - 1.0 0.5 0.4
R78 30 5.0 0.05 Q.15 - - - - - 0.5 0.4
R79 30 10 0.05 0.1Q - - - - - 0.5 0.4
R8O o 10 0.5 0.10 2.0 - 0.005 1.0 2.0 0.5 0.4
RB1 20 15 0.05 0.10 - - - - - 0.5 0.4
R82 15 ] 0.40 Q.10 - - - - - 0.5 0.4
R83 15 5 0.60 0.05 - 0.05% 0.005 - - 0.5 1.0
R84 15 5 0.70 g.10 2.0 - - 1.0 - 0.5 0.4
RBS 15 15 0.05 0.15 - - - - - 0.5 0.4
R85 15 15 0.10 0.35 - - - - - 0.5 0.4
R87 15 15 0.10 .10 - 0.08 0.005 - - 0.5 1.0
R&8 s 15 0.30 Q.30 2.0 0.05 0.005 - 2.0 0.§ 0.4
R89 15 15 0.50 0.10 2.0 - - 1.0 2.0 0.5 0.4

Table 2. Composition of commercial Fe-Cr-Mn austenitic atloys

Designation Vendor Composition (wt.X)

KITRONIC ALLOY 32  ARMCO 18Cr-12Mn=1.581-0.65§-0.2Cu~0.2M0-0.4N=0. 1C~0. 02P
18/18 PLUS CARTECH 18Cr=18Mn-0,5K1=0.651=1.0Cu-1.1Mo~0.4N-0,1€-0.02P
AMCR 0033 CREUSOT-MARREL  Y0Cr-18Mn-0.7N{-0, 651-0.06N-0.2C

NMF 3 CREUSOT-MARREL 4Cr-19Mn-0,2N1-0.751-0.09N-0.02P-0.6¢

NONMAG 30 KOBE 2Cr-34Mn-2 . ON1-0,351-0.02N=-0,0ZP-0.6C
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Resulits

Fig. 3 shows that the tendency toward saturation in simple ternary Fe-Cr-Mn alloys occurs even faster
at 420°C than it does at 520°C. Fig. 4 shows the swelling of solute-modified alloys in the 15% manganese
range compared to that of the simple ternary alloys on which thay are based. At this peoint it is not pos-
sible to separate the various factors which contrcl the swelling, but one can see that aging after cold-
working appears to increase the sweiling and that varying the levels of various solutes also influences
the swelling.

Fig. 5 shows that at 30% manganese the addition of solute can also have a pronmounced effect on swell-
ing. Note in Fig. 5b that cold-working of Fe-10Cr-30Mn after addition of 0.05C, 0.IN, O.5Ni and 0.4551
causes a substantial reduction of swelling in alloy R79. An even greater reduction is realized in Alloy
R80 by increasing the carbon level to 0.5% and by adding precipitate-forming elements such as tungsten,
vanadium and aluminum.

In both Figs. 4 and % the tendency toward saturation is seen to be enhanced relative to that of the
base ternary alloys. A similar behavior is observed in the commercial alloys as shown in Table 3. In
general, the commercial alloys tend not to swell at 9-14 dpa, and most of them actually densify, as shown
in Table 3. At ~50 dpa and 520°C, most of these alloys have begun to swell, however. It appears that
the annealed and aged condition of commercial alloys is the most vulnerable to the earliest onset of
swelling.

Discussion
The discussion of these results will be deferred until more density change data are available and

microscopy has been performed to provide insight on the relative contribution of voidage and phase-related
strains.

FUTURE WORK

The accumulation of density change and microscopy data will continue.

Table 3 Swelling of commercial alloys

Swelling, %

Alloy Condition  9dpa,420°C 14dpa,520°C 14dpa,600°C 49.8dpa,520°C
Nitronic 32 CW* -0.11 -0.02 -0.19 3.5
18/18 Plus CW -0.10 -0.28 ~0.56 2.2
18/8 Plus CWA+ -0.05 --- -0.07 -—=
AMCR 0033 CW 0.42 0.62 -— 1.9
AMCR 0033 CWA -0.24 -0.02 -0.02 2.5
AMCR 0033 SAAX 0.03 0.861 0.22 4.4
NMF 3 CwW -0.24 -0,23 --- 0.1
NONMAG 30 SAA 0.07 0.17 -0.42 2.87
NONMAG 30 CW 0.42 0.62 -—- 1.0
NONMAG 30 CWA -0.24 -0.02 0.20 0.42

*CW = 1030°C/0.5 hr/air cool + 20% cold-work
+CWA = cold-worked condition + 650°C/1 hr/fair cool
XSAA = 1030°C/1 hr/air cool + 760°C/2 hr/air cool
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Fig. 3. Comparison of swelling of two simple Fe-Cr-Mn alloys at 420°C and 520°C.
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Fig. 4. Swelling of both simple and solute-modified alloys with 15% manganese at -50 dpa and
520°C. See Table 1 for definition of alloys codes and conditions.



165

T I T | T I J I ! | ! I
20 4 —
Fe-10Cr-30Mn
a b ANNEALED
Fa-5Cr-30Mn
18 T —
ASSUMED
ANNEALED s———p ~ BEHAVIOR OF
+ ’ 7/  Fa-2Cr-30Mn ]
’
12 b Fe-30Mn | .
SWELLING,

. J
B + —
L | R7T9-CW ]

X75-CW
i A78-CW
X76-CWA 7
RIS-CW
o = T RRTew —8 RB0-CWA
| RTI-CWA L
E PR
1 1 i I 1 I i I 1 l 1 l
0 20 40 60 O 20 40 80
DISPLACEMENTS PER ATOM
HED\ 8506-097.4

Fig. 5. Swelling of both simple and solute-modified alloys with 30% manganese at ~50 dpa and
520°C. With the exception of R78 all sulute-modified alloys in Fig. 5b have 2% chromium; R78 has 5%
chromium.
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CESSATION OF IRRADIATION CREEP IN AISI 316 CONCURRENT WITH HIGH LEVELS OF SWELLING - D. L. Porter (EBR-II
Project, Argonne National Laboratory) and F. A. Garner {Westinghouse Hanford Company)

OBJECTIVE

The object of this effort is to study the relationship between radiation-induced microstructural
alterations in metals and the associated macroscopic consequences of swelling, creep, mechanical
properties and fracture modes.

SUMMARY

At high neutron exposures where the swelling of AISI 316 exceeds ~5% the irradiation creep rate at
550°C begins to decline and eventually disappear. Swelling continues to proceed, however, leading to a
maximum deformation rate dictated only by that of the steady-state swelling rate or 0.33%/dpa. It is
not clear at this point whether large levels of voidage are directly responsible for the decrease in creep
rate, There is some evidence to support the possible role of intermetallic precipitate formation, although
the mechanism of creep suppression by such precipitates is not known.

PROGRESS AND STATUS
Introduction

In a series of recently published studies it was shown that the relationship of creep to concurrent
void swelling is more complex than previously envisioned.!'-3 Whereas it has been commonly accepted that
the irradiation-induced creep rate accelerates with the onset of swelling and would continue at a rate
proportional to that of the swelling, it now appears that the creep rate in AISI 316 stainless steel
subsequently declines as swelling approaches levels in excess of ~5%. Creep alsa appears to be coupled
to swelling in a manner such that the total rate of diametral deformation in pressurized tubes does not
exceed ~0.33%/dpa, regardless of how the swelling and creep strains are partitioned. Since 0.33%/dpa
represents the anticipated steady-state swelling rate4, this fmplies that the creep rate must eventually
vanish.

These somewhat perplexing developments first were brought to Tight when the measured creep strains of
fuel pin cladding at high neutren fluence often fell subst?ngia11y below that predicted by creep correla-
tions developed at lower fluence but higher stress levels.!s3 The tendency toward underprediction
appears to increase as the fluence to burn-up ratio is increased. (Burn-up refers to the percentage of
fissile atoms which have undergone fission). This ratio is controlled primarily by the fissile enrichment
of the fuel and governs the rate of increase of fission gas pressure. Since fuel cladding usually has
very low initial stress levels which then increase primarily due to fission gas pressure as burn-up
proceeds, the fluence to burn-up ratioc determines the relative amounts of creep and swelling strain.
Although the onset of swelling is somewhat sensitive to the stress level, swelling does not require stress
to proceed in AISI 316,56

At this point it is relevant to note that there is a fundamental difference in the conditions under
which stress-driven creep data are collected and the mamner in which stresses arise in most reactor compo-
nents. On the whole, creep data are very expensive to obtain compared to swelling data. This cost and the
space constraints in available reactors necessitates several compromises in the experimental derivation of
a comprehensive creep data base. First, creep experiments usually proceed on small creep cansules in order
to cover the range of fluence and temperature desired. While the use of short tubes has been shown to
yield results representative of longer tubes with minimum end effects, the gas pressures are chosen to max-
imize the creep strain, using constant stress Tevels that usually exceed the time-dependent levels encoun-
tered in fuel pin cladding and other reactor components.7 This approach guarantees that creep strains
develop in pressurized tubes prior to the onset of swelling. The opposite situation where swelling
develops before much creep occurs would never happen in a typical highly-pressurized tube, However,
swelling can start prior to substantial creep in fuel pins which have a high fluence to burn-up ratio.

The second compromise involves the method of calculating the creep strain. The usual practice s to
calculate the creep strain by subtracting from the diametral change of the stressed tube the diametral
change of a companion tube without stress. After measurement of both tubes, they are returned to the
reactor for further irradiation and subseguent measurements. The alternative approach would be much more
expensive and require the destructive examination of a stressed tube at every fluence and stress level.

One consequence of the current approach is the inclusion of some non-creep components of deformation
in the calculated creep rate. These non-creep strains are the stress-affected component of swelling and
the texture and stress-dependent anisotropies associated with the formation of various precipitate
phases.B:9  As Tong as these non-creep components are small relative to that of creep and providing that
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these non-creep strains saturate with continued exposure, the errors associated with the trade-off between
cost and necessity are small and can be compensated partially by using an appropriately coupled set of
creep, swelling and densification equations. However, this approach also requires that the creep rate
continue to develop in a manner which is proportional to the swelling rate. Otherwise, the potential
exists for a misprediction of creep strains subject either to large levels of void swelling or phase-
related volume changes. The Tatter consideration has been demonstrated to have a large effect on creep
strains and creep predictions in AISI 316.% It may also be involved in the decrease of creep rates at
high fluence, as discussed later.

In this paper we examine the relationship between strains arising from precipitation, jrradiation
creep and swelling in AISI 316 using rather long creep tubes irradiated to higher fluence levels than
currently probed by most short creep tube experiments. One can also make use of the length of the tube to
study at one stress level the influence of both fluence and displacement rate on the various components of
strain, using the neutron flux and energy gradients along the tube axis.

Experimental details

Another way to assess the interrelationships between swelling and creep strains is to employ dif-
ferent thermal-mechanical starting conditions that affect the duration of the transient regime of swell-
ing. The steel employed was the V87210 reference heat of AISI 316 used in the U.S. Breeder Reactor
Program. Its composition in wt% was Fe-13.57Ni-16.36Cr-2.88Mo-1.42Mn-0.4751-0.07C-0.02P-0.015 with
<0,005 B, This steel was irradiated in five metallurgical conditions: solution annealed, 10% cold-
worked, 20% cold-worked, 20% cold-worked followed by aging for 24 hr at 482°C (designated Heat Treat ()},
and Heat Treat C followed by another aging for 216 hr at 704°C to cause extensive carbide precipitation.
This latter heat treatment is hereafter designated as Heat Treat D but is often called the Garafalo
treatment. ATl conditions were prepared using vendor-produced 20% cold-worked steel as the starting
condition. Thus the 10% cold-worked condition was prepared by working the annealed condition prepared in
the laboratory from the 20% cold-worked condition.

The creep capsules have been described in detail elsewhere, 13,11 1p brief, the capsules are 1.02 m
long and have an outer diameter of 0.584 cm and a wall thickness of 0.038 cm, but only the top 0.28 m
length of the capsules is pressurized with helium to yield hoop stresses varying from of 0 to 200 MPa
(0-30 ksi). The pressurized portion is welded to the lower portion of the capsule which contains a
tantalum rod to heat the sodium to ~550°C +10°C as it flows upward. The irradiations proceeded in Row 7
of the Experimental Breeder Reactor EBR-II in Idaho Falls, Idaho. Approximately 5 dpa {+10%) are produced
in this reactor for each 1.0 x 10¢2 n cm=2 (E > 0.1 MeV). The dpa levels cited for each datum are
derived from the neutron spectrum and flux for the reactor position examined.

Diameter measurements were made with a contact profilometer on a spiral trace along the entire length
of the capsule after each irradiation period. Some tubes had obviously failed during a given irradiation
period and were withdrawn. Those that did not fail were returned for reirradiation until a decision was
made to terminate the irradiation of that particular pin. At that point the tube was punctured and the
gas volume measured to confirm that the design stress level had been maintained throughout the irradiation.
Some pins, particularly those that were in the annealed condition, were found not to have gas pressure and
thus to have failed by some not quite so obvious mode such as a pin-hole failure. The stress history of
these pins was therefore unknown and they were not used in this analysis.

Some pins were sectioned into one inch axial increments and immersion density measurements performed
on them in order to determine the contribution of the various strain components.

Results

Fig. 1 shows typical strain profiles for both an unstressed and a stressed pin, as well as a
photograph of a typical pin in the unirradiated condition. The discontinuity in each profile shows the
location of the weld at the bottom of the pressurized section. The oscillations in the spiral trace
reflect a slight ovality that often develops in the pin during irradiation.

The swelling of the five metallurgical conditions of this steel in general has been found to be Heat
Treat D >annealed> 20% cold-worked> Heat Treat C >10% cold-worked.10,11 "The lesser swelling of the 10%
cold worked condition probably reflects the different annealing conditions it received in the laboratory
compared to that of the mill-prepared 20% cold-worked condition. Normally, the swelling decreases as the
cold-worked level increases, providing that the intermediate annealing conditions hetween cold-worked
passes does not change. The onset of swelling for AISI 316 is known to be sensitive to many production
variables including the rate of feed of the tube through the annealing furnace.® Laboratory anneals are
in general conducted for times that exceed the residence time of mill-prepared steels.

Since the creep rate is thought to increase as swelling accumulates, one would expect that the total
deformation would exhibit the same dependence on starting condition as seen in the swelling behavior.
Fig. 2 shows that the total deformaticn behavior of a typical series of pins follows the trend cbserved in
the swelling behavior of earlier studies.
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Fig. 1. Picture of creep capsule and typical profilometer traces of stressed and unstressed cansules.

Fig. 3a shows the total diametral strains measured at the position of maximum displacement -ate for
three high fluence capsules in the Heat Treat O condition. Note that while the transient regime of dia-
metral deformation decreases in duration with increasing stress, the post-transient deformation rate doss
not appear to change. Even more significantly, the total deformation rate does not exceed the D.33%/dna
expected from steady-state swelling alone., Instead it appears that the wall-known linear stress depen-
dence of creep rate has disappeared somewhere hetween hoop stress levels of 0 and 100 MPa {1551}, Based
on the current conception of irradiation creep where the largest compaonent of the Creep rate is oropor-
tional to the swelling rate? one would expect at 200 MPa a creep rate at high fluence that aporoacnas
the swelling-induced deformation rate, The swelling of these three pins was not measured so we cannot at
this time separate the swelling and creep strains.
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Fig. 2. Typical deformation behavior at core centerline of creep capsules with different stress
levels and siarting metallurgical conditions,

Fig. 3b shows three pins which were removed from reactor at a lTower fluence level when the 200 MPa
(30 ksi) pin {(designated EA-223) failed. The creep rates for the two pressurized pins were calculated two
ways as shown in Fig. 4. First, the swelling-induced change in diameter of the stress-free tube was sub-
tracted from the total diametral change of the pressurized tubes. Note, however, that the total deforma-
tion data was taken as a function of time at one position while the swelling-induced deformation data was
taken as a function of position, all at one time in-reactor, representing the time of removal of the cap-
sule. This approach assumes that there is no dependence of swelling on displacement rate. In the second
calculation, the swelling-induced deformation of the pressurized tube was used, once again assuming that
there is no effect of displacement rate. The swelling-induced strain of the pressurized tube is obviously
a better choice than that of the unpressurized tube, but as explained previously, such data are very
expensive to obtain and are usually not available.

Fig. 4 shows that the inclusion of the stress-affected portion of swelling in the creep rate camou-
flages a trend toward saturation in the creep rate. While the high fluence portion of these data obviously
have no influence of flux differences, one can question whether the low fluence (and therefore low flux)
results reflect some interference from flux effects, Since capsule EA-223 failed it was not used to answer
this question but we can address it using a pin that did not fail.
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Fig. 3. (a) Diametral strains observed at core centerline position of EAR-II for three creep capsules
irradiated at 550°C in the Heat Treat D condition, (b) Comparison of the strains above with those of
another set of Heat Treat D capsules removed at lower fluence.

fig. 5 shows the total deformation measured for another Heat Treat D pin. One trace is that recorded
for the core center position as a function of time, the other is that determined as a function of positiaon
along the pin upon its removal. There obviously is a small but discernibie influence of displacement rate
on the total deformation of the Heat Treat D pin at lower flux levels. It is important to note, however,
that the trend shown in Fig. 5 would tend to further accentuate the tendency toward saturation when applied
to Fig., 4 in that it should steepen the slope of the 15 ksi {100 MPa) curve at Tower fluence while not
affecting the higher fluence portion of the curve.

We can see the trend toward saturation of the creep rate even more clearly in the data derived from
the 20% cold-worked condition. As shown in Fig. 6 there is once again a strain rate that approaches but
does not exceed 0.33%/dpa. Capsule EA-38 at 30 ksi (200 MPa) also failed after the last examination shown
in Fig, 6 but once again we calculate for the 30 ksi capsule an irradiation creep behavior that exhibits
saturation. In this case, however, the actual stress-affected swelling of EA-38 was measured below the
region where failure occurred and was included in the calculation of creep rate.
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Fig. 4. Calculated creep strains for the two pressurized pins shown in Fig. 3b, showing how the use
of stress-free swelling camouflages the onset of the saturation stage of creep.
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Fig. 6. a) Deformation observed in pressurized tubes of 20% cold-worked AISI 316 irradiated in
EBR-IT at 550°C. Note that the total strain rate does not exceed 0.33%/dpa, even at very high stress
levels, b) Density measurements on the 30 ksi pressurized tube show that stress accelerates the rate of
swelling and its approach to 1%/dpa, but aiso causes the creep rate to approach zero at high swelling
levels.

A similar behavior is seen in the Heat Treat C condition at 15 kst (100 MPa) as shown fn Fig. 7b. In
the Heat Treat C case the trend toward saturation is not obscured by flux effects. Note that the axial
and core center determinations of total deformation are nearly identical, indicating that flux effects do
not operate on the Heat Treat C condition.

Fig. 7a shows an apparent flux effect on the stress-free swelling portion of the deformation, how-
ever. While the swelling and swelling-induced deformation agree at core center, they do not agree as the
dpa level decreases. HNote, however, that the difference quickly becomes constant at ~1%. It has earlier
been shown that intermetallic phase formation at relatively high temperatures can lead to increases in
lattice parameter and an apparent swelling that is on the order of several percent.” Most 1mportant5y,
this volume increase is distributed anfsotropically, with the diameter absorbing most of the strain.
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Fig. 7. Analtysis of strains developed in capsules constructed of AISI 316 irradiated in the Heat
Treat C condition.

The difference seen in Fig. 7a probably represents not only the anisotropy of intermetallic-induced volume
changes but also the fact that intermetallic formation requires thousands of hours to occur. At a given
low displacement level the axial data represent much longer times than that of the core center data.

The total deformation data for annealed and 10% cold-worked material have been presented in a
previous paper2 and will not be reproduced here. The annealed tubes had all failed in a manner which
rendered their stress history to be indeterminate. The 10¥ cold-worked tubes were not subjected to
sufficient tests to separate the creep and swelling components of strain.

Discussion

There are two ways in which to characterize the major findings of this study. One is to assume that
the emergence of voids at relatively large volumes is directly responsible for the decline in creep rate.
This would be a natural extension of the current creep model which states that the creep rate has a small
athermal component unrelated to swelling and a much larger second component which is proportional to
swelling.* This second component is often interpreted to imply a direct coupling of swelling and creep.

Another interpretation would be that creep and swelling both respond to the same dﬁve1opments in
microstructure and microchemistry and therefore are not directly coupled to each other.® In this
viewpoint creep might respond to late-term changes in microchemistry or microstructure that do not affect
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swelling. Post-transient swelling has recently been shown to be a phenomenom which is dictated only by
the crystal structure. This occurs after the completion of a transient regime in which only void nuclea-
tion has been found to be sensitive to all swelling-relevant variables.? Post-transient swelling of fcc
metals does not seem to be affected by the softness or hardness of the alloy?-% while one would expect
the irradiation creep rate to be related to the yield_strength of the alloy.'2 The increase in hardness
due to swelling at higher levels has heen determined,!3 however, and is insufficient in itself ta

account for the near cessation of creep.

There are other direct-coupled types of mechanisms which might be invoked to partially explain the
observed results. First of all, at these swelling levels the overwhelming majority of dislocations ter-
minate at void surfaces, a situation in which the climb rate of dislocatians can be strongly affected by
pipe diffusion of defects into the voids. This might tend to change the bias of the dislocation network.
Second, the glide distance of dislocations will be decreased as the voids become the dominant abstacle.
This will make dislacatfon climb the dominant creep mechanism and reduce the amount of creep that can occur
for a given level of irradiation. Third, if the creep process is now restricted primarily to jrradiation-
induced climb of dislocations, one can envision a situation in which the SIPA creep mechanism!4 may no
longer operate effectively. This mechanism requires that the climb of dislocations Tying on some planes
be enhanced by the applied stress state while other less favorably oriented dislocations are inhibited in
their climb rate. In shart, this mechanism requires that dislocations 1ie on different planes and have
different Burgers vectors. Gelles and coworkers have recently shown that large applied stresses lead to a
strong anisotropy of dislocations such that unfavorably orijented dis]ocation? exgst at substantially
reduced densities while favorably oriented dislocations increase in densigy. 3,1 Similar stress-
induced anisotropies have been observed in the Frank loop popu]ation.77=1 Hence, the SIPA creaep
mechanism may not function very effectively after the stress state has substantially altered the disloca-
tion and Toop microstructure.

There is one indication in the data presented in this paper that suggests that the near-cessation of
creep may be only ceincident with large swelling levels and not directly related to void growth. This is
the suggestion that intermetallic formation may be occurring and affecting the creep rate, while not
affecting the swelling rate. In an earlier paper it was shown that intermetallic formation during thermal
anneaiing of AISI 3167 leads to an abrupt decrease in the thermal creep rate at 649, 705 and 760°C as
shown in Fig. 8. While the thermal creep experiment did not proceed for a sufficient time at 594°C to
cause a convincing down-turn in creep rate it is reasonable to assume that longer times might cause a
similar effect to occur at 594°C and that the additional influence of irradiation-enhanced diffusion might
cause precipitation to occur at the 550°C temperature of this experiment.

Whatever the cause or causes of creep cessation it appears to be a reproducible phenomenon. Attempts
to confirm this observation using current short tube experiments were unsuccessful, however. These
experiments have diametral deformation rates that have currently reached only ~0.2%/dpa.

Since the diametral creep rate does saturate at approximately one-third of 1%/dpa, the )atter being
the steady-state swelling rate, this implies that stress-affected swelling itself is isotropic. Increases
in volume obviously recuire dislocation motion but the apparent disappearance of creep implies a greatly
reduced mobility of dislocations, or at least a reduction in thair ability to sense and react to the
stress state. This apparent paradox awaits the acquisition of more data before it can be resglved.

It is difficult to imagine, however, how the applied and swelling-generated stresses are being
relieved on a microscopic Jevel when the macroscopic creep rate seems to have disappeared.

CONCLUSIONS

At displacement leveis of 550 dpa, the creep rate at 550°C of AISI 316 in a variety of metallurgical
starting conditions begins tc decline and eventually disappear, Once consequence of this is that the
total diametral deformation rate of pressurized tubes cannot exceed that dictated by steady-state swelling
(0.33%/dpa). It is not yet clear whether the cessation of creep arises as a direct consequences of large
swelling levels or whether other late-term microstructural developments are responsible.

FUTURE WORK

This effort is complete, although the investigation may be reopened when short-tubes from other
studies reaches fluence levels that approach those of this study.
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Fig. 8. Thermal creep strains observed in the diameter of gas-pressurized tubes constructed from
AISI 316 heat KB1581.9 The stresses shown are midwall hoop stress levels.
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ANALYSIS OF HIGH DOSE SWELLING DATA FROM THE RS-1 EXPERIMENT — R, E, Stoller {Oak Ridge National Laboratory)

OBJECTIVE

The objective of this work is to compile and analyze the avaitable swelling data base for austenitic
stainless steels to help provide direction for alloy development and support for theoretical modeling
efforts,

SUMMARY

A Targe amount of swelling data from several irradiation experiments has been entered into a com-
puterized data base to facilitate the analysis of the data, This data includes that from the RS-1 experi-
ment in the EBR-II in which several heats of 20% cold-worked type 316 stainless steel were irradiated to a
maximum dose of about 85 dpa in the temperature range of 370 to 600°C. The actual irradiation temperatures
in this experiment deviated from the design values by up to 100°C and the present report provides corrected
average values. Contrary to some pubTished reports, preliminary analysis of the RS-1 swelling data indi-
cates that a significant temperature dependence of the steady-state swelling rate appears to persist at
fairly high swelling levels,

PROGRESS AND STATUS
Introduction

As part of the effort by the U,S, fast breeder and fusion reactor programs to develop structural mate-
rials for use in these reactors, a number of irradiation experiments have been carried out to investigate
the swelling behavior of austenitic stainless steels. A large amount of this swelling data has been col-
lected and entered into a computerized data base to facilitate its analysis in suppert of the complementary
goals of improving our fundamental understanding of the phenomenon of void swelling and the development of
alloys that are swelling resistant. The swelling data from one particularly comprehensive experiment have
been analyzed to determine whether or not the steady-state swelling rate exhibits any temperature dependence.

An overview of the swelling behavior of AISI type 316 stainless steel in the RS-1 experiment in the
EBR-1I has been given by other workers.l!=-3  This experiment was designed to irradiate a number of heats of
20% cold-worked type 316 stainless steel to doses up to 85 dpa in the temperature range of 370 to 650°C.
These conditions exceeded the requirements of temperature and dose for service as cladding material in the
first core of the Fast Flux Test Facility (FFTF). Several of the heats incTuded in the RS-1 experiment were
melted and formed in accordance with the specification for FFTF first core cladding.,! These heats were
designated BB, CN-13, CN-17, X and 81615C and will be collectively referred to below as the first core
heats. The RS-1 experiment also included several other heats which did not meet first core specifications
because of deviations in either composition or fabrication history. When included in the analysis with the
first core heats, these heats increased the amount of scatter in the swelling data at any one temperature or
fluence condition.

Analysis of the RS-1 Swelling Data

The swelling of the first core heats is shown as a function of irradiation dose in Fig, 1{a) and (b).
The irradiation dose in dpa was obtained by multiplying the reported fast fluence by a conversion factor
which is dependent upon the neutron flux and hence upon the axial position in the core.? This is reflected
in different fluence-to-dpa conversion factors for different irradiation temperatures. A typical conversion
factor for fast-reactor irradiations is 5 dpa per 1026 n/m2 (E > 0,1 MeV). The actual values in the RS-1
experiment range from 4.6 to 5.2 (ref. 3). 1In Fig. 1 the data have been shown as three trend bands for the
temperature ranges indicated. These temperatures do not correspond to the design temperatures mentioned
above since analysis subseguent to the experiment has indicated that the actual irradiation temperatures
deviated from the design values.* Most earlier analysis of this data has not taken this information inte
account,i=3,5,6 Not only were the irradiation temperatures generally lower than the design values, but the
deviations from the design temperatures also increased with exposure due to unpredicted declines in the
gamma heating.“ Hence, the experiment was not completely isothermal — the largest decrease was 30°C for
the specimens designed to be at 650°C. This is potentially significant to the analysis of these results
because of the reported sensitivity of swelling to temperature changes.?.7,8 The temperatures used in the
present work are averages of the recalculated temperatures for the four discharges of the RS-1 experiment,
These values are compared to the design values in Table 1. The actual temperatures shown in Table 1 reflect
a significant compression of the temperature range when compared to the design values.

The data in Fig. 1 show the typical, approximately bilinear swelling behavior. There is a temperature-
dependent incubation time followed by a transition to "steady state" swelling. The width of the data band
is not solely due to the range of temperatures. The representative data points at each of the three tem-
peratures in Fig, 1{b} give an indication of the scatter at any one temperature. In addition, there are
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Fig. 1. Fluence dependence of swelling of 20% cold-worked type 316 stainless steel in three tem-
perature ranges, FFTF first core heats from the RS-1 experiment. Data from Bates and Korenko, ref. 1,
Yang and Garner, ref, 2, and Garner, ref, 3,

. ORNL-OWG a8C-14080
Table 1. Revised average and design

irradiation temperatures in the 40.0 T 1 T T
RS-1 experiment
Temperature, °C
T = 509-562°C
Average Actual Design 30.0 =
377 370 S
396 400 E;
419 433 =
444 467 3 200 - 7]
465 500 o
485 533 =
509 567 w
530 600 .
562 650 10.0 |
heat-to-heat variations in swelling. This is 0.0 i
i1lustrated by comparing Fig. 1 with Fig. 2, ’
where all of the U.S. heats of 20%-cold-worked 0 20 40 80 80 100
316 stainless steel from the RS-1 experiment DOSE (dpa)
have been inctuded. In the latter figure, the
scatter in the data at 80 dpa has almost doubled. Fig. 2. Fluence dependence of swelling at 509 to
562°C for all U.S. heats in the RS-1 experiment. Data from
From an engineering standpoint, data Bates and Korenko, ref. 1, Yang and Garner, ref. 2, and
such as shown in Figs. 1 and 2 can be usefu) Garner, ref, 3,

in spite of the scatter. For any reactor

design, it is unlikely that the actual oper-

ating temperature of a component will be known with much greater certainty than the temperature ranges

shown in these figures, and some temperature fluctuations may be anticipated. One can make conservative use
of such data by using the upper bound of the data trend curves. It is more difficult to use these data for
fundamental studies of the behavior of fast-neutron-irradiated materials. Nonetheless, in a sufficiently
large data base, valid trends may be ohserved.
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An attempt has been made to determine the temperature dependence of the swelling rate in the materials
irradiated in the RS-1 experiment. Garner has pointed out the hazard of looking at the swelling rate when
the irradiation dose is too low.2+2 The approach here was to calculate the swelling rate assuming linear
swelling between the values measured at the two highest doses. This dose increment was 50 to 59 dpa at
396°C, 62 to 72 dpa at 419°C, 51 to 60 dpa at 445°C, 69 to 82 dpa at 466°C, 62 to 74 dpa at 485°C, 74 to 87
dpa at 509°C, 70 to 81 dpa at 530°C, and 73 to 85 dpa at 562°C. Reference to Fig. 1 indicates that, except
for the lowest temperatures, such swelling measurements would be well beyond the incubation and transition
regimes.,

The average linear swelling rate has been plotted as a function of swelling in Fig. 3. The swelling
values on the abscissa of Fig. 3 are the average of the two values over which the swelling rate was calcu-
tated. Figure 3{a) shows all the data broken into two rough temperature bands with most of the data
approaching a value of about 0.8%/dpa at the highest swellings. The trend with swelling is more clear in
Fig. 3(b) where only the lowest four temperatures are plotted. Here the influence of the transition regime
is clearly seen at the lowest swellings, as Garner indicated. No clear influence of temperature can be
determined for these four temperatures at these low doses,
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However, Fig., 3(c) indicates that there may be some temperature dependence at the higher temperatures.
This figure shows a region of considerable data scatter around 0.6%/dpa for all four temperatures., This
scatter is to be expected given the scatter in the swelling data in Figs. 1 and 2, However, there is also a
clear separation of three groups of data at 509, 530 and 562°C, Data are available over the largest dose
range at 509°C and the calculated swelling rates indicate that at this temperature the swelling rate is
fairly constant between swellings of 12 and 25%. This supports the assumption that the calculated swelling
rate of ~0.7%/dpa at 25% swelling represents a steady-state value. Therefore, the data at 562°C is par-
ticularly significant because the swelling rate is almost a factor of 2 greater than at 530°C at the same
swelling and 50% higher than the 509°C data which is at an even higher swelling., Heat-to-heat variations
cannot be responsible for this grouping because each temperature set has all five first-core heats included.
The observed scatter at the three highest temperatures in Fig. 3(c) do reflect specimen-to-specimen varia-
tions at any one dose and temperature condition. These variations have been neqlected in the data which
were highlighted, Examining all the data indicates some overlap of the calculated swelling rates at the
extremes, but this does not atter the conclusion of an apparent marked temperature dependence,

CONCLUSTIONS

Garner ard Woifer'® have used a simple rate theory expression for the steady-state swelling rate to show
that ror specitic vaiues oT Tne vacancy migration energy and the total system sink strength this rate is

essentially temperature independent., Specifically, they note that a vacancy migration energy [E?] on the

order of 1.1 eV and a sink strength greater than about 5 x 10!% m=2 is required. They citeils12 recent
measurements of the vacancy formation emergy in pure nickel to suggest that such a Tow value of the vacancy

migration energy is appropriate for austenitic stainless steel, However, recent measurements of ET in both
high-purity austenitic Fe-Cr-Ni alloys and in type 316 stainless steel indicate that E? = 1.3 to 1.4 ev, 13,14
Garner and Wolfer's results for Ec = 1.3 eV predict that the swelling rate would be somewhat temperature

dependent even with a temperature-independent total system sink strength of 5 x 101% m-2, 1In addition, the
sink strength would exhibit a fairly strong temperature dependence above about 600°C and the value of

5 x 101* m=2 would be too high. The impartance of using appropriate temperature dependent sink strengths in
the rate theory has been pointed out elsewhere. Using values for the material and microstructural parame-
ters characteristic of fast-neutron-irradiated austenitic stainless stee!, the results of the simple theory!?®
would be in agreement with the present analysis of the RS-1 data. A more comprehensive microstructural
modeT!> also predicts that the peak swelling rate would exhibit such temperature dependence.

The contention that the steady-state swelling rate is independent of temperature has been advanced by
Garner and coworkers.?»?s10 The present analysis of the RS-1 irradiation experiment does not support this
interpretation of the data, Certainly this analysis was simple, but it was consistently applied at all tem-
peratures so that any errors should be systematic. 0Other factors may be affecting the swelling at 562°C:
for example, the 30°C temperature decrease which these specimens experienced in the course of the experi-
ment., But the fairly ltarge variations in the swelling rate observed for swellings between 15 and 25%
swelling indicate that the temperature dependence of the swelling rate does persist until cuite high doses.
The deqree to which the swelling rate will remain dependent on temperature at higher dases cannot be deter-
mined from this data set. Only the data at 509°C is extensive enough to verify that the material is exhib-
iting Tinear swelling behavior. The fact that the swelling rate at 562°C is a third greater at a similar
fluence and at a lower swelling suggests that some temperature dependence is likely to persist,

FUTURE WORK

This work will continue as more data are entered into the data base and further analysis will be carried
out in support of the objectives stated above. The swelling data from the MFE-IV spectral tailoring experi-
ment will be included to permit a comparison of the swelling behavior of similar heats of austenitic
stainless steel when they are exposed at different He/dpa ratios.
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SPINODAL-LIKE DECOMPOSITION OF Fe-Ni AND Fe-Ni-Cr INVAR ALLOYS IN BOTH RADIATION AND NON-RADIATION
ENVIRONMENTS - F. A, Garner and J. M. McCarthy (Westinghouse Hanford Company), R. A, Dodd {University of
Wisconsin), and K. C. Russell (Massachusetts Institute of Technology)

OBJECTIVE

The objectives of this effort are to determine the mechanisms by which alloys evolve during irradia-
tion and to use this information to develop a low swelling austenitic alloy in the invar compositional
range,

SUMMARY

The radiation-induced development of spinodal-Tlike compositional fluctuations in Fe-Ni-Cr invar alloys
leads to several fortuitous methods of visualizing the three-dimensicnal nature of the decomposition
process. In Tow dose neutron-irradiated Fe-Ni-Cr specimens, the use of high electropolishing rates during
preparation of microscopy foils leads to a preferential attack of those regions which are low in nickel.

In high dose ion-bombarded specimens of Fe-35Ni, the absence of chromium leads to formation of cellular
martensite in the nickel-poor regions upon cooling to room temperature.

The scale of the fluctuations at temperatures >600°C is comparable to that found in the Santa
Catharina meteorite, which is roughly Fe-35kNi in compeosition. This and other non-radiation data support
the proposal that the Fe-Ni system in the absence of irradiation tends to spinodally decompose in the invar
regime but at a very sluggish rate. Thus it appears that radiation accelerates rather than induces the
decomposition of Fe-Ni and Fe-Ni-Cr invar alloys.

PROGRESS AND STATUS

Introduction

In recent reports it has been shown that Fe-Ni-Cr alloys in the invar compositional range
(30-40% nickel) decompose in a spinodal-like manner above -500°C when irradiated with either neutrons or
Ni* jons.1-%> The nature of the compositional fluctuations can be assessed in terms of their impact on
mechanical properties or by the use of EDX micro-analysis. The fluctuations cannot be observed directly by
electron microscopy since Fe, Cr, and Ni are indistinguishable using conventional diffracticn or absorption
contrast.

An opportunity to image these fluctuations on a global scale was shown to arise in an earlier report5
when Fe-35Ni irradiated at 625°C to 117 dpa with 5 MeV Ni* ions developed cellular martensite in the
nickel-poor regions upon cooling. Since increases in nickel or additicns of chromium both raise the Mg
temperature, it was not surprising to find the absence of martensite in irradiated Fe-45Ni, Fe-7Cr-XNi, or
Fe-15Cr-XNi where X = 30, 35, 40.

A preliminary survey of Fe-35Ni specimens irradiated at 675 and 725°C did find martensite formation,
however.® This report details the further examination of these two specimens as well as the examination of
several neutron-irradiated specimens.

lon-irradjated specimensg

Since earlier studies!=3 have shown that the average wavelength of the compositional fluctuations
tends to increase with temperature, the martensitic regifons of Fe-35Ni irradiated to 675 and 725°'C were
compared to those produced at 625°C, As shown in Fig, 1, both the size and spacing of the martensitic
domains increase with temperature between 625 and 675°C. While the micrographs shawn in Fig. 1 are
representative of the entire foil, the microstructure of the specimen irradiated at 725°C is much more
heterogenecus, with typical micrographs shown in Figs. 2-4,

Even more importantly, the martensitic regions of Fig. 2 were found to average =21% nickel, and the
non-martensitic regions were measured at -33% nickel. This leads to the conclusion that the average local
nickel concentration has dropped well below the 35% level of the original homogeneocus alloy. At 625°C the
average postirradiation nickel level was found to be 32-34%.2,5

The increasing level of helterogeneity and decreasing average nickel content signal that another
process s superimpesed on the spinodal-1ike decomposition and subsequent formation of cellular martensite.
Figure 5 shows that although the jon irradiations proceeded entirely within the austenite regime, the
spinodal-Tike decomposition causes some microvolumes of material to fall under the Mg 1ine upor cooling to
room temperature. The martensitic transformation may also be assisted by the internal stresses inherent in
jon-bombarded foils® and their relief when the constrained low-nickel volumes find themselves near the as-
polished surface of the thin fail,
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Fig. 1. Cellular martensite formed in Fe-35Ni after 5 MeV Ni* bombardment to 117 dpa. The upper
micrograph is taken from the 625°C irradiation and the Tower micrograph from the 675°C irradiation.
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Fig. 2. Micrograph showing relatively small martensitic cells produced in one area of Fe-35Ni
irradiated at 725°C tc 117 dpa with 5 MeV Ni* fons.
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Fig. 3. Another area of the Fa-35Ni specimen shown in Fig. 2, with much larger martensite domains and
a larger local fraction of martensite.
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Fig. 4. Ancther illustration of the non-uniformity of martensite formation after irradia“ion of
Fe-35Ni at 725°C with nickel fons. MNote the unusual distorted internal appearance of the martensits and
the high density of smell loops formed in the retained austenits matrix.



187

1200 T T T
y AUSTENITE
1000 | O -]
O y——T— ION IRRADIATION
) CONDITIONS
800 -\

TEMPERATURE
°K

\
\
600 \
!
1
|
}
)

400 I~ — POST-IRRADIATION
} CONDITION
200 — ,’ MARTENSITE
,l
/
0 / 1 | 1
0 10 p.1} 30 40 50

ATOMIC PERCENT NICKEL

Fig. 5. Schematic diagram showing both the initial irradiation conditions and the final state of ion-
irradiated Fe-35Ni after decomposing in a spinodal-like manner toward Fe-25Ni and Fe-50Ni. This diagram
does not fnclude the shift of the mean composition to lower nickel content that was observed at the higher
irradiation temperatures.

This scenario assumes that during irradiation the average composition of the alloy does not change in
the volume to be examined. It is known, however, that nickel flows down displacement gradients and also
accumulates at the specimen surface via the inverse-Kirkendall effect and possibly as a result of nickel-
interstitial binding.7-9

There are several consequences of the out-migration of nickel from the volume examined in this study.
First, the higher nickel levels produced outside the peak damage region {especially near the front surface)
lead to earlier swelling than in the peak damage region and to a very unusual swelling vs., depth profile,
as shown in Fig. 6 for an ion irracdiation of Fe-235Ni-15Cr. Second, the composition of the peak damage
region of the foil has moved toward the Mg line, predisposing that velume to martensitic transformation
even before the spinodal-like decomposition begins. Given the nature of the inverse-Kirkendall effect and
its dependence an temperature, it is not surprising that the degree of out-migration of nickel will
increase with increasing temperature. Unfortunately, this phenomenon interferes with our efforts to
determine the upper 1imit of the temperature regime of the spinodal-like decomposition,

Neutron-irradiated specimens

During neutron irradiation of typical TEM disks, there are no significant gradients in temperature or
displacement rate, and the influence of grain boundaries and surfaces is very small, Therefore, one would
expect to see the martensite transformation without the complication of changes in average composition.
Unfortunately, this promise has not been realized to date due to the unavailability of Fe-35Ni alloys at
high dose and high temperature, although this praoblem is now being resolved.10 The few chromium-free
specimens that are currently available exist at much lower doses (12-15 dpa) than available for the ion
studies (>100 dpa} and also exist only for temperatures <600°C. Therefore, it is not surprising that
martensitic transformations have yet to be observed in neutron-irradiated specimens. Another fortuitous
development allows us to visualize the compositional fluctuations at these Tower temperatures and doses,
however, even in the presence of chromium,

Two methods of specimen preparation have been employed in this study. One involves a low temperature
electropolish using dry ice to cool the electrolyte and to produce a more uniform polish. Another method
fnvolves the use of an electrolyte maintained at room temperature which produces a faster and sometimes
less uniform foil. As shown in Figs. 7 and 8, this faster polishing condition leads to a highly irregular
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Fig. 6. Swelling profile for Fe-15Cr-35Ni after irradiation with 5 MeV Ni* ions, as published in
Ref. 19. The displacement profile is shown for comparison.

foil surface in Fe-7.5Cr-35.8N7 irradiated to 12.5 dpa in FFTF-MOTA at 550°C. The foil exhibits thickness
variations that appear to be uniformly spaced along crystallographic directions. At the edge of the foil
this leads te very irregular boundaries. EDX analysis shows that the Tow nickel areas are being preferen-
tially attacked by the electropolishing. One consequence of this selectivity is that grain boundaries are
praserved due to their tendency to segregate nickel via the inverse-Kirkendall effect. O0ften these grain
boundaries are found to extend far beyond the edge of the foil.

When there is no chromium in the alloy the preferential attack becomes even more prorounced, leading
to perforation and tunneling of the electrolyte through the foil, as shown in Figs. 9 and 10 for Fe-35Ni
irradiated to 14 dpa at 520°C in EBR-II. Figure 10 illustrates the crystallographic regularity of the
spinodal-like process in several grains and also illustrates the resistance to electropolishing of the
nickel-rich grain boundaries that separate the grains. WNote in Figs. 7-10 that the mean distance between
low nickei regjons is smalier than that seen in Fig, 1, reflecting the Tower jrradiation temperature. As
noted ear11er,3 the wavelength does not appear to be very sensitive to displacement rate, which varies four
orders of magnitude between the neutron and ion irradiations.

Nature of the decompgsition process

The relative insensitivity of the wavelength to displacement rate suggests that radiatisn-induced
segregation is not the sole cause of the decomposition and that the Fe-Ni system may have a tendency toward
spinodal decomposition. Based on studies of ma?netic behavior, elastic moduli, thermoelectric power and
interdiffusion coefficients of Fe-Ni a]]oys,ll‘ 4 Tanji and co-workers have stated that there is cause to
suspect that a very sluggish spinodal decomposition occurs in the absence of radiation, with a critical
temperature of -1000°C at Fe-35Ni.

The best test of Tanji's proposal would be to compare the fluctuations developed during irradiatien
with those produced by long-term thermal aging. Unfortunately, the Fe-Ni system is so sluggish in its
diffusion that hundreds or thousands of years would be required for the thermal aging in order to reproduce
the total amount of diffusion that occurs during irradiation at 500-650°C. There is another way to
approach this problem, however, using Fe-Ni alloys subjected to millions of years of slow cooling in the
cores of meteorites.
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Fe-7.5Cr-35.5Ni IN EBR-II
12.6 dpa, 550°C

Fig. 7. Thickness differences near the edge of an electropolished foil of Fe-7.5Cr-35.5N1 irradiated
in EBR-TI to 12.5 dpa at 550°C. The micrograph on the left employs diffraction contrast to image the Frank
Toops and dislocations and interference thickness contours to image the variations in thickness. The
micrograph on the right employs a stronger interference condition in order to maximize the contrast.

The Santa Catharina metecrite has been exhaustively studied since its fingding in 1875, having an
average comgosition of Fe-35Ni-0.2P and a possible original mass of 25,000 Kg.19 "In more recent
studies,lﬁ’ ! Mosshauer and electron microprobe techniques on the non-weathered portion of the meteorite
have been used ta show that on the average 50% of the meteorite is ordered FeNi (50-51 wt,% Ni) with a size
and spacing on the micron scale. These ordered demains are embedded in a matrix of -27 wt.% nickel. This
corresponds closely to the compositional boundaries of Fe3Ni and FeNi observed in the fon and neutron-

irradiated specimens.

The investigators of the metecorite note that the microstructure is consistent with that of a late
stage of spinodal decomposition, exhibiting a modulated microstructure along well-defined crystallographic
directions.l7 Figures 11 and 12 show some of the spinodal-like features observed in this meteorite.

Large meteorites coel at very slow rates, -1°C per million years.18 This would allow sufficient time
for large wavelength decomposition and aging of the spincdal at temperatures in the range 500-1000°C and
also for the even slawer reaction required to produce the ordered FeNi, whose critical ordering temperature
ig 320°C. Therefore, it appears plausible that Fe-Ni alloys in the invar compositional regime have a
tendency toward spinodal decompesition that is accelerated by irradiation. 1In additicn, the decomposition
may be further accelerated at lower temperatures by radiation-induced segregation of nickel at Frank loops
which form at high densities at lower temperatures. Some of these Toops are visible in Fig. 7. At higher
neutron irradiation temperatures, however, there did not appear to be loops or other microstructural sinks
which could serve as segregation sites.
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Fe-7.5Cr-35.5Ni IN EBR-II
12.5 dpa, 550°C
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Fig. 8. Same specimen as that of Fig. 7, showing the irregular polished edge of the foil and the
preservation of a nickel-rich zone containing a grain boundary.

An analysis is now in progress of the compositicnal dependence of free energy and strain energy. It
shows that the latter forces the alloy to undergso spinodal decomposition in a compesitional range which is
very narrow, except at low temperatures where thermal diffusion is very slow. Radiation-enhanced diffusion
at these low temperatures allows the spinodal decomposition to proceed at rates much faster than that
relevant to thermal evoiution of meteorites. This analysis will be presented in the next report.

FUTURE WORK

Examination of both ion and neutron irradiated specimens will continue, along with the development of
a theoretical treatment of the spinodal process.
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14 dpa; 520°C
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Fig. 11. Back-scatter electron image from electron microprobe analysis of a polished surface of a
Santa Catharina sampTe.15 It was found that the dark areas correspond to the Fe-50Ni ordered phase whereas
the Tight areas correspond to the Fe-rich paramagnetic phase. (Micrograph courtesy of R. B. Scorzelld).
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Fig. 12. 0ptical photomicrograph of Santa Catharina meteorite after etching,17 showing finer

structure, with plate-1ike precipitates in low-nickel matrix exhibiting well-defined crystallographic habit
planes.
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EFFECT OF NICKEL CONTENT ON THE MINIMUM CRITICAL RADIUS OF Fe-Cr-Ni ALLOYS - W. A. Coghlan (Arizona State
University) and F. A, Garner {Westinghouse Hanford Company)

OBJECTIVE

The object of this effort is to determine the mechanisms by which materials evolve under irradiation
and to predict the changes that will occur in fusion neutron environments.

SUMMARY

Swelling data from both ion and neutron irradiations of Fe-Cr-Ni alloys are analyzed in terms of the
critical radius concept for bubble-to-void conversion. It is shown that while the dependence of critical
radius on temperature, displacement rate and helium can explain many features of the data, one must also
consider the dependence of vacancy diffusion on nickel content in order to be able to expliain the composi-
tional dependence of void nucleation.

PROGRESS AND STATUS
Introduction

In a series of recent papers it has been shown that much of the compositional dependence of radiation-
induced swelling in austenitic alloys can be exp1?i?§d in terms of the effects on vacancy diffusivity that
arise from increases in solutes and solvent atoms '~ or from spatial heterogeneities which develop in
composition during jrradiation.t=9 Additional changes in matrix composition can arise from precipitation
and precipitates may also contribute in other ways to void nucleation, but these effects are not addressed
in this paper.

There are two major conclusions of these earlier studies. First, the compositional dependence of
swelling is most significant in that temperature regime where nucleation of voids becomes increasingly more
difficult with temperature. In the temperature-insensitive regime, the influence of composition on swell-
ing is much smaller, Second, the nucleation rate in the temperature-sensitive regime can be affected
strongly by minor changes in dispTacement rate, gas availability or vacancy diffusivity. The latter fs
sufficiently sensitive to nickel, chromium and silicon to account for the majority of the observed effects
of these elements on void nucleation.

Figs. 1 and 2 show the influence of these three variables on void nucieation in ion-irradiated
Fe-15Cr-XNi alloys.9.10 Note that the effect of nickel on void nucleation is still visible but becomes
less pronounced at higher displacement rates and higher levels of helium. This is particularly evident in
the preinjection experiment of Fig. 2 when compared to the dual ion experiment in that same figure.

It is generally accepted that in order for voids to grow they must first nucleate as small defect
clusters and grow to a critical size. During this early stage the cavities are not stable and will spon-
taneously shrink unless they are stabilized by gas atoms or by some other mechanism. Theoretical analyses
of this process have been recently summarized_and extended to include the influence of assuming a van der
Waals gas!l and variations in microstructure.lZ These reports have shown that the critiral radius is
strongly dependent ?n the microstructure, temperature, defect bias, surface energy and helium level. Based
on previoys studies -5 we would add the composition dependence of vacancy diffusivity to the Tist of
variables which strongly affect the critical radius.

Evidence to support this proposal is available from experiments which attempt to measure the critical
radius directly. The technique was first employed by Mazey and Nelson!3 who injected 1000 appm of helium
at high temperatures into two high nickel alloys in order to produce a distribution of bubble sizes which
spanned the presumed value of critical radius. Subsequent irradiation then caused those hubbles with radii
greater than the critical value to grow into voids. Those below the critical radius were left behind and
provided a microstructural record of the critical radius.

This technique has also been employed by others to study the critical radius in the simple ferritic
alloy Fe-10Cr!4 and the simple austenitic alloys Fe-15Cr-15Ni and Fe-15Cr-35N1.10  This latter experiment
is one of the two shown in Fig. 2, namely the preinjection series. FEach alloy was preinjected with
400 appm helium at 675°C and then aged at that temperature for an additional hour to coarsen the bubble
distribution. The helium bubble distributions were found to be relatively uniform but the average bubble
diameter in the 15% nickel alloy was ~7.5 nm, about 50% larger than the 4.9 nn diameter found in the 35%
nickel alloy.

Subsequent irradiation with 4 MeV Ni* ions yielded a bimodal cavity distribution in the 35% nicke)
alloy with a critical radius at ~5 nm. In the 15% nickel alloy a unimodal rather than a bimodal distri-
bution of cavities was found. Fig. 3 shows the cavity distributions for these two alloys at ~40 dpa.
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Fig. 1. Void Nucleation in two ion bombardment experimentsJs10 on Fe-15Cr-XNi allays at 675°C
showing effect of nickel content for different helium introduction methods, ion energies and displacement
rates.

10'8 T T T T T T
16 Ni
o=
! S———400 appm
! / HELIUM
% NI'S’ PREINJECTION
/
1014 = ! ——
0.4 appm/dpa
DUAL ION
voID HELIUM
DENSITY INJECTION
cm-™

for - 7 .
s

1012
0

DISPLACEMENTS PER ATOM

Fig. 2. Void densities observed in two experiments conducted by Lee and Mansur with 4 MeV Ni* dons
at 675°C and 3 x 10-3 dpa/sec, showing effect of composition and helium injection.10



10

CAVITY
DISTRIBUTION,
%

w0 —

1] 10 20 30
CAVITY RADIUS, nm

Fig. 3. Histograms of cavity size distributions observed in Fe-15Cr-15N1 and Fe-15Cr-35Ni after
~40 dpa ion irradiation following preinjection of 400 appm helium and aging to coarsen the bubble
distribution.1® The arrows denote the mean bubble size prior to irradiation.

From these results Lee and Mansur concluded that the critical radius at 15% nickel lay below the micro-
scopy resolution Timit of ~0.5 nm. This conclusion in turn implies a factor of ten reduction or more in
critical radius when the nickel content drops from 35% to 15%.

As we will show later an equally plausible interpretation is available that will produce the same
results with only a factor of two reduction in critical radius. This factor of two can easily arise from
the difference in effective vacancy diffusion coefficient of the two alloys.? This reductien in critical
radius means there has been almost an order of magnitude reduction in the amount of gas needed to stabilize
the cavities. Under conditions where the gas is generated during the irradiation this could lead to large
differences in the duration of the transient regime of swelling.

Under neutron irradiation conditions the critical radius argument should be equaily effective. 1In
fact, the same alloys used by Johnston and coworkers, and also by Lee and Mansur, have been studied using
neutron irradiation.!® For neutron irradiation conditions the boundary between the temperature-insensitive
and the temperature-sensitive regimes of void nucleation is at much lower temperatures compared to that of
typical ion irradiation conditions. This difference is primarily due to the much lower displacement rate
of neutron irradiations and the fact that helium must first be produced by transmutation rather than be
preinjected. In some instances the high nickel alloys have been observed during neutron irradiation to
resist swelling while exhibiting high densities of {+1010 cm=3) of small cavities which are assumed to be
helium bubbles.B These appear to be waiting for some signal before growing, while alloys with lesser
nickel content have already bequn to swell. This is particularly significant when you consider that the
helium level is actually higher in the high nickel alloy, since nickel is the major source of
transmutation-induced helium in Fe-Ni-Cr alloys.

In the following sections we first describe the calculational procedure used to provide estimates of
the critical radius and explore the sensitivity of the model to relevant environmental variables and
material parameters. Then we choose the necessary adjustable parameters to reproduce the 5.0 nm critical
radius of the Fe-15Cr-35Ni alloy and calculate the change in critical radius that occurs when the nickel
level drops to 15%. We also apply the results of this study to describe various features of two neutron
irradiation studies.
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Description of the critical radius calcutation

Critical radii for void nucleation from bubbles containing helium gas (as described by the van der
Waals equation) have been presented recently!1s12 and only a summary of the equations used for these
calculations will be presented. A much more compact form for the equations will be given here than appears
in the cited references. This equivalent form was derived by Trinkhaus and Mansur!® and greatly simpli-
fies their use.

Prior to irradiation a material is assumed to contain thermal equilibrium concentration of vacancies

and no interstitials. The formation energy of the latter is too high to allow an appreciable equilibrium
concentration. The equilibrium concentration of vacancies is

0.0 =g} exp {Svf/k) exp(-Evf/kT). {1}

The terms S f, k, and T are the vacancy formation entropy, Boltzmann's constant, and the temperature,
respective]&. The remaining expressions are given in Table 1 aleng with the values used for the calcula-
tions to follow. We have assumed a value of zero for the entropy which simplifies Eq. {1) and does not
change the general results calculated.

The model will be used to compare neutron and ion irradiations; and in order to make this comparison,
we have included the injected interstitials which are implanted during ion irradiation. The generation
rates of vacancies and interstitials are

Gy = fcG + Gr, and (2)
Gi = fe& + By, {3)

where G is the generation rate of Frenkel pairs, Gr is the thermal production of vacancies, f; is the
fraction that survive immediate recombination, and E; is the fraction of injected interstitials.

The defects that are produced accumulate in the sample or annihilate by recombination or diffuse to
dislocations. The recombination coefficient is

R = 4r ro (Dy + Di)/a, (4)

and the loss rate of defects to dislocations is

L (5)

where the v,i subscript implies either vacancy or interstitial. A1l other parameters are defined in
Table 1.

With the above definitions, the vacancy and interstitial concentrations can be found algebraically
and are given in Egs. (6) and (7).

KK +R{G, -G I
C = [ v 2; 1 V)] 1+ dRGVKTKV 172 1 (6)
v K i -
v {KiKv+R(Gi—GV)}
K +R(G_-G,) [ .. .
¢ - [K1 v E;GV 61,] . 4RG1<1KV 172 1 (7)
v K, Z i
i (KK R(G -6, )]
- -

If the dominant sink is the dislocation network, the bulk of the thermally produced defects will be
emitted by dislocations and the thermal vacancy production will be

_ Ay 3 1+¢
CF 2 7 (9)



199

Table 1. Parameters used for calculations

m
Vacancy motion energy, E 1.1 eV
v
.F
Yacancy formation energy, E 1.7 eV
v

0 -6 2
Interstitial pre-exponential, D Tx10 m/s

i

m
Interstitial motion enthalpy, E 0.15 eV

i
Recombination radius, r 0.4 nm

0
Cascade efficiency, f 0.3
¢
-10
Lattice parameter, a 3.5 x 10 m
0

Atomic volume, @ 1.07 x 10-29 m3
fon Implantation:
Defect production, G 3 x 10-3 dpa/s
Fraction of injected interstitials, Ej 5 x 10-4
Dislocation density, L 5 x 1013 /ml
Neutron Irradiation:
Defect production, G 1 x 10-5 dpa/s
Dislocation density, L 5x 1014 /mé

where: 8 =\J1 + 3Bf /kT,

£ = kT In [(i-z)cv/cvf’ +2]/a

_ € d ¢ .d
L= Zi Zv / ZV Zi’

and the van der Waals constant, B, according to reference 17 is

B = 6.65 x 1027[4.5 x 10°% + 5.42/(1890 + T)].
d
.I‘

In our calcutation all the sink efficiencies are chosen to be equal to 1 except for 7, which we use

as a parameter to fit the observed results.

Calcutlated critical radii

As can be seen from the previous section, calculation of the critical radius requires a knowledge of
the microstructure and of the diffusion properties of the material, Some of the microstructural param-
eters have been determined for the experiment being considered, and several of the physical parameters of
the materials are known for the iron-based alloys being studied. Other parameters such as the energy of
bubble and void surfaces, the sink efficiency factor for dislocations, and the pre-exponential constant
for vacancy diffusion are less well known for these alloys. Each of these parameters may also depend on
the alloy composition. Table 1 shows the values chosen for the material and diffusion parameters. Several
calculations were performed for sets of values chosen for the surface energy and the dislocation sink
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efficiency for interstitials. In each case Dv0 was adjusted to obtain the experimental value of 5 nm for

the minimum critical radius, at 675°C reported by Lee and Mansur for Fe-15Cr-35Ni. 10 A lower value of

5 x 1013 m~2 was chosen for the dislocation density for the ion irradiation because this is the density
observed in dual ion irradiations and the value that preirradiated specimens approach at high dose. For
our calculations an increase in the dislocation densi&y would cause a corresponding decrease in the
required diffusion pre-exponential. The values of DV required to fit the ion data are summarized in
Table 2.

*

Table 2. DVD required for r_ =5 nm at 675°C

Cascade Efficiency Z1.d Y, J/m2 DVO, mZ/s
8% 1.05 0.5 4.80 x 10-4
8% 1.05 1.0 z.15 x 10-4
8% 1.1 0.5 2.78 x 10-3
8% 1.1 1.0 1.23 x 10-3
30% 1.05 4.5 5.35 x 10-3
30% 1.05 1.0 2.41 x 10-3
30% 1.1 0.5 1.04 x 10-2
30% 1.1 1.0 4,72 x 10-3

After the critical radius for Fe-15Cr-35Ni was calculated, the parameters were modified to simulate
the ion irradiation of Fe-]SCr-&SNi and then to simulate in turn the neutron irradjation of the

Fe-15Cr-15Ni. The value for DV used for Fe-15Cr-35Ni was that of Fe-15Cr-15Ni divided by two to take

into account the effect of nickel on diffusion.® The neutron-irradiation conditions are summarized in
Table 1 and reflect a large decrease in the damage rate, an increase in dislocation density, relative to
the lower values found in ion experiments, and the absence of injected interstitials. It has recently
been suggested that a higher sink efficiency may pertain for dislocations under neutron irradiation than
under fon irradiation because at high dislocation velocity the defects are less influenced by the disloca-
tion stress field,!8 but this insight will not be used in this analysis.

The resulting calculated critical radii for Bwo sets of assumed values of surface energy and sink
efficiency are shown in Fig. 4, The values of D ~ used for eagh case s given in Table 2. The general
shape of the curves are the same and all the curfes labeled D pass through the observed critical radius
of 5 nm at 675°C. Very little difference is seen in the two dases shown. However, the decrease in the
surface energy results in a decrease in the values found at low temperature. It should be noted, however,
that even including a decrease of a factor of two in D - and also in v, the calculated minimum critical
radius is larger thgn the <0.5 nm value assumed by Leeiand Mansur for Fe-15Cr-15Ni. For the factor of
two reduction in DV , the magnitude of the change in ro can be more easily seen in Fig. 5.

In Fig. 5 the.absolute and the fractional changes in the minimum critical radius arg plotted versus
temperature for Z 21,1 {a 10% bias) for two different surface energies, 0.5 and 1.0 J/m”. 1In Fig. 5a
the absolute chanae in eritical radius is found to be independent of surface energy, but strongly depen-
dent on temperature. In Fig. 5b, a difference in the fractional change is seen for the two values of
surface energy. For both values a change of almost 50% in the radius is seen with a small change in the
temperature dependence resulting from the difference in the surface energy. This calculation was performed
using values of g% and 30% for the cascade efficiency, f_, and the results were exactly the same. The
change in the D - regquired to match the measured critical radii completely removed any dependence on
cascade efficiech.

The parameters that have the strongest effect on the minimum critical radius are temperature, defect
production rate, surface energy, dislocation density, bias, and the pra-exponential constant for vacancy
diffusion. The activation energies for vacancy formation and motion can also have strong effects if they
are changed independently from each other, If the sum of the activation enthalpies for motion and forma-
tion is held constant almost no effect is predicted. Figs. 6 and 7 i¥lustrate all the above strong depen-
degcies. In each case we have p1q§te% the minimum critical radius versus temperature for y =1.0 J/m,
Z,'=1.1, f =8%, and D "=1.23 x 10 " m"/s. We have then repeated the calculation by varying each parameter
1“ turn over a range 5 values. Analysis of the plots shows that change in every parameter is effective
in changing the temperature where the minimum critical radius rises very quickly but only the surface
energy is effective in significantly changing the minimum critical radius in the temperature-insensitive
regime,
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Fig. 4. Dependence of minimum critical radius on temperature, displacement rate, DVQ and Z for two
values of surface energy.

Discussion

In another paper it is demonstrated that an increase in D ° is comparable to an increase in tempera-
ture and can be characterized by a temperature shift comparablg to that used to characterize the effect of
changes in displacement rate. If we select values of irradiation and material parameters to match the
5 nm radius of Fe-15Cr-35Ni found at 675°C by Lee and Mansur, !0 we predict a factor of two reduction in
critical radius based only on a factor of two change 18 the preexponential for vacancy diffusion. It is
important to note that this factor of two change in D - arises from measurements of nickel's influence on
diffusivity and not from arbitrary assumptions. v

This apparent shift in temperature leads to a critical radius of 2.5 nm, which is well below the mean
of the original bubble distribution, namely 7.5 nm. This means that the overwhelming majority of the bub-
bles would be promoted to voids by bias-driven growth, leaving only a few bubbles behind. It is assumed
that many of these remaining bubbles would also be swept up by the considerable dislocation activity that
accompanies the swelling. Thus it is not necessary to assume that the critical radius of the Fe-15Ni-15Cr
alloy lies below the resolution limit of electron microscopy.

Support for the preceding interpretation arises from the results of Mazey and Nelson.!3 In that
study two related but different alioys were used which developed significantly different distributions of
bubbles in the preimplantation stage. In one case the distribution peaked at a diameter of 4.8 nm and the
other peaked at 11.3 nm. In both alloys a critical radius of about 4 nm {critical diameter of ~8& nm)
was predicted. In the case where the critical radius lay well within the initial distribution, a bimodal
cavity distribution developed. 1In the case where the ¢ritical radius lay well below the mean, a unimodal
distribution developed. These results are thus in agreement with our interpretation of the experiment of
Lee and Mansur such that it is not necessary to invoke the assumption that the critical radius 1ies below
the resolution limit of microscopy.
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Fig. 5. Change in critical radius for a factor of two reduction in DVO.

There is another result of the experiment of Lee and Mansur that is useful for the present study.
Note in Fig. 2 that the saturation density of voids for the preinjection case appears to be unaffected by
the difference in early void nucleation rates. The swelling at 40 dpa is also not very different (1.7
vs 1.2%), whereas in the dual-ion case there are substantial differences in both void density and swelling.
Thus we find support for our contention that compositieonal effects on void nucleation are only important
in that temperature regime where void nucteation becomes increasingly more difficult.? In the presence
of large amounts of helium the difficulty of nucleation is reduced substantially and the effect of
composition is reduced.

This paper has focused only on the compositional influence on vacancy diffusion. There are certainly
other material parameters dependent on nickel content. There is a strong compositional dependence of
stacking fault energy on nickel for instance. Lee and Mansur note that Frank loops in the 35% Ni
alloy appear to be more stable than those at 15% Ni in the dual-ion experiment. In fact Frank loops are
very hard to find in the 15% Ni alloy at any fluence examined, as shown in Fig. 8h. This implies that
loops either grow stower at 35% Ni or are more stable against unfaulting. Since the higher nickel alloy
possesses the higher stacking fault energy, one would expect that this would promote earlier unfaulting.
The opposite is ohserved, however,

It is important to realize that Frank loops are known to segregate nickel around themselves.Z0-23
Taerefore the Toops exist at higher nickel levels than that of the matrix. For Fe-15Cr-35Ni this would
probably place the toops at the >50% level where a substantial amount of short-range order occurs, even
at temperature in the range of 600-700°C.2% This is also the regime where this alloy has been shown to
develop spinodal-Tike micro-oscillations, density changes, and hardness increases characteristic of
irradiated alloys in the Invar composition regime. -9 Perhaps these and other mechanisms contribute %o
the stability of the Toops at the 35% Ni level.
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Fig. 6. Dependence of minimum critical radius on displacement rate G, surface energy vy and
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Lee and Mansuyr attribute the stability of the loops at 35% Ni to the assumption of an increased
difficulty of interstitial absorption at Frank loops. They assert that this difficulty would lead to a
Tower system bias, a parameter which has a strong effect on void nucleation as shown in Fig. 7. As
evidence for this they point out that in Fe-15Cr-35N1, unfaulted loops in doublet or triplet clusters are
frequently observed with each loop lying on a different {110} plane. The implication is that the
interstitials are drawn to and collect near the loops because of their interaction with the stress field,
but they have difficulty in joining the Toop and therefare nucleate new Toops instead.
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Fig. 7. Dependence of minimum critical radius on bias Z and pre-exponential coefficient DV0 for
vacancy diffusion.

The validity of this proposal cannot be assessed in this paper without evidence that laops in
Fe-15Cr-15N1 did not also exhibit doublet or triplet behavior. As shown in Fig. 8, however, loops in
Fe-15Cr-15N1{ unfaulted in the irradiation interval before the first examination, Perhaps multiple loons
were prasent in the lower nickel alloy during that interval. If so, this would tend to discount a strong
dependence of Toop bias on nickel content.

It appears, however, that multiple loops 1nd§§d do form in Tow nickel alloys as observed by Boulanger
in Ni* ion irradiations of Fe-19Cr-13Ni at 650°C. As summarized by Chen and Ardell multiple layer

Toops have been observed in many systems.Z26 They cite a number of factors which encourage multinle laoop
formation, primarily gaseous impurities such as nitrogen and oxygen; but even more importantly, high
displacement rates favor formation of multiple loops. Both Kenik27 and Das and Mitchel128 have shown

that high dose rates and hence high vacancy supersaturations are necessary for multiple loop formation
during high voltage electron irradiation. Remember that we cited earlier that Rauh and Bullough

predict that the bias will decrease strongly at high displacement rates but composition is not the
important factor, We therefore consider it unlikely that the abservations of Lee and Mansur support a
strong dependence of the bias on nickel content.

Figs. 3 and 8 show another facet of this experiment coupling the short transients in void nucleation
with equally short transients in dislocation evolution, Before void swelling begins the dislocation
density provides the dominant sink and the critical radius increases as the dislocation density increases.
After swelling begins the vacancy concentration decreases and bubble-to-void conversion ceases. One con-
sequence of this turn of events is that late-forming bubbles might never be promoted into voids if the
microstructural evolution is already well in progress and substantial swelling and dislocation levels have
been reached.
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Fig. 8. Dislocation and Too? evolution observed by Lee and Mansur in preinjection and dual-ion
irradiation experiments at 675°C.10

Support for this contention can be seen in Fig. 9, where annealed AISI 316 stainless steel has been
irradiated in the High Flux Isotope Reactor (HFIR) at Oak Ridge, TN.29 In this case the helium pro-
duction 1s very large and is also non-linear. A factor of two increase fn the helium production rate
occurs after the onset of swelling. After irradiation to ~45 dpa at 480°C there is about 9% swelling
with voids of mean diameter of ~40 nm and denaity of ~1.4 x 1015 cm=3, The disTocation density is ~6 x
1010 cm=2. However, there are also 1.7 x 1017 cm=3 small helium bubbles (~2 nm) between the vaids.

Most of these bubbles probably developed as a consequence of the high helium generation rate but formed

after the micro-structural sink strength had reached levels where the critical radius was too Targe to
allow promotion of these bubbles to voids.

In the HFIR specimen just discussed it is important to note that the displacement rate was much lower
{21 x 106 dpa/sec) than that at which the ion irradiation experiments were conducted. As shown in
Figs. 10 and 11, the void densities in Fe-15Cr-XNi alloys irradfated in EBR-II exhibits their temperature-

sensitive and composition-sensitive regime at much lower temperatures, reflecting the very large influence
of displacement rate on void nucleation.

Often during neutron irradiation helium bubbles are observed to form in higher nickel and/or lower

chromium alloys but appear to be waiting to accumulate enough helium and vacancies to begin bubble-to-void
conversion, while lTower nickel and higher chromium alloys irradiated side-by-side have begun to swell sub-
stantially. Since these lower nickel alloys have proportionately lower helium transmutation rates, the

strong role of composition on bubble-to-void conversion is particularly evident, An example of this

tendency for bubbles to resist promotion is shown in FTq. 12 for neutron-irradiated Fe-7.5Cr-35.5N7 at
593°C and 38 dpa where bubbles of size <5 nm and 1 x 1016 cm=3 density are found along with a low density

of dislocations.® The helium level at This point is »30 appm_but alloys with lower nickel and helium
levels are already swelling at this exposure and temperature, 15

If we refer to Fig. 6 we can see that the critical radius at 1 x 10-6 dpa/sec is very large at 593°C.
In fact it is so large compared to the observed 5 nm radius shown in Fig. 12 that we might never expect
bubble-to-void conversion to occur until more helium is collected or till the critical radius is changed
by some other factor. That factor appears to have been identified in that fairly large scale micro-
oscillations in composition have been found to be developing in this specimen due to irradiation.5-8
This procesg eventually Teads to volumes poor in nickel and rich in chromium, two conditions which both
decrease Dy, and encourage bubble-to-void conversion.?
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Fig, 9. Voids and late-term bubbles observed in HFIR irradiation of annealed AISI at 480°C and
~45 dpa.29 The bubbles between the larger voids exist at a density of 1.7 x 1017 e 3,
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Fig. 10. Dependence ?f swelling and void density on nickel content cbserved in Fe-15Cr-XNi alloys at
510°C to 10 dpa in EBR-II.15
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Fig. 11. Dependence of microstructural evolution in Fe-Ni-Cr alloys as a function of nickel and
chromium content at 450°C and 12.5 dpa in E8r-11.30

Fig. 12. Micrographs of Fe-35.5Ni-7.5Cr after irradiation to 7.6 x 1022 n/em2 {(E > 0.1 MeV) at 593°C,
showing a gery low density of dislocations, an absence of Frgnk dislocatfon loops and a high density
(1016 cnm3) of small cavities assumed to be helium bubbles.
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CONCLUSIONS

There are two temperature regimes of void nucleation which can be explained in terms of the critical
radius concept. In the first regime re* is relatively insensitive to temperature and is relatively
small, At higher temperatures the minimum critical radius becomes exceptionally sensitive to temperature
and increases rapidly. Two variables which affect the transitien point between regimes of different
temperature sensitivity are tge displacement rate and the effective vacancy diffusion coefficient. The
preexponential coefficient D~ for vacancy self-diffusion is known to be moderately dependent on nickel
content. This dependence on nickel content appears to be sufficient to explain the major features of the
differences in void nucleation rate and minimum critical radius observed in Fe-15Cr-15Ni and Fe-15Cr-35Ni
during ion irradiation at 675°C. It also appears to explain the observation of subcritical bubbles in
neutron irradiated Fe-7.5Cr-35.5N1 which fail to grow at a lower temperature {593°C) and a much Tlower
displacement rate.

FUTURE WORK

This effort will continue with the primary effort directed toward the effect of phosphorus and other
minor elements on the critical radius of both austenitic and ferritic alloys.
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THE INFLUENCE OF PHOSPHORUS ON THE NEUTRON OR ION-INDUCED SWELLING OF Fe-Cr-Ni ALLOYS - F. A, Garner
{Westinghouse Hanford Company)

0BJECTIVE

The object of this effort is to 1) determine the effect of phosphorus on radiation-induced swelling,
creep and microstructural development and 2) explore the interaction of phosphorus with other important
factors such as the displacement rate, the helium/dpa ratio, the concentration of other minor solute
elements and the identity of the damage-producing particle.

SUMMARY

A recent ion bombardment study has called into question a fundamental assumption used to design a
Nid isotopic tailoring experiment. This assumption involves the synergistic roles of phosphorus and
helium in void nucleation and therefore the assumption was tested by analysis of the results of an earlier
irradiation experiment. Neutron-irradiation of Fe-25Ni-15Cr with three different phosphorus levels was
found to yield density changes which support the design assumption. Based on the role propased for phos-
phorus an alternative explanation is also offered to describe the results of the fon bombardment experi-
ment. It appears that ion bombardment experiments may not be suitable for the simulation of the influence
of phosphorus on neutron-induced microstructural development.

PROGRESS AND STATUS
Introduction

Phosphorus has been shown to be much more effective per atom tham other solutes in suppressing th
onset of radiation-induced creep and swelling of AISI 316 stainless steel, both when increased alone!-
or when phosphorus and silicon are simultaneously increased.® As shown in Figs. 1 and 2 recent neutron-
induced swelling studies on phosphorus effects have proceeded primarily on AISI 316 steels which contain
significant levels of silicon, titanium and zirconium.

I I I I T I I I I
VI looac o020Ti -
0.80 Si 16.2 Cr
25 Mo 0.10 Zr
2.0 Mn 13.7 Ni
30 |- _
SWELLING
%
20 |- -
10 |~ -
0 ] ] ]
0 20 100

DISPLACEMENTS PER ATOM
HEDL 8410-208.1

Fig. 1. Effect of phosghorus and irradiation temperature on swelling of annealed AIST 315 with
0.80 wt.X silicon in EBR-II.9 The compositions shown are in welight percent.
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Fig. 2. Effect of phosphorus, titanium, zirconium and cold work on swelling of AISI 316 with

1.5 wt.% silicon after irradiation at 540°C in EBR-1I.

that produced the data in Fig. 1, but have not been previously published.

These data were derived from the same experiment
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However, a recent study by Lee and Mansur using 4.0 MeV Nit* ion bombardment at 675°C showed that the
single addition of 0.05 wt.% phosphorus to the ternary alloy Fe-15Ni-13Cr did not significantly affect
swelling at 86-95 dpa.® This study alse concluded that the suppression usually attributed to phospho-
rus was only observed when othar phosphide precipitate-forming elements such as titanium (0.18 wt.%) or
silicon (0.84 wt.%) were added. (Carbon at 0.04 wt.% was also added in the alloys containing titanjumj.
The studies cited eartier!=% all involved alloys which contained moderate-to-high levels of silicon and
carbon and some contained titanium levels in the range exnlored in the ion bombardment study of Lee and
Mansur. If we accept these ion bombardment results as being representative of neutron-induced behavior,
then our previous perception3 of the role of phosphorus would be incorrect. Such a misperception would
also strongly influence the interpretation of the results of other on-going irradiation experiments,

There is doubt in the mind of this author, however, that one can dismiss the action of phosphorus
when operating alone based solely on the results of Lee and Mansur. First of all, there are neutron data
which support the previous perception and as will be discussed later, there are a number of reasons to
suspect the ion results to be unrepresentative of neutron-induced swelling.

The best test of the role of phosphorus and its interactions with other variables would be to conduct
the irradiation using a uniform neutron irradiation field and bulk material. This would avoid the
influence of both displacement gradients and free surfaces and the additional influence of the injected
interstitial associated with self-ion bombardment. However, it would not address the potentially
synergistic effects of phosphides and helium that were also explored by Lee and Mansur, since the helium/
dpa ratio is usually fixed by the composition of the alloy and the neutron spectrum.

There is an experiment now in progress in FFTF-MOTA, however, which can be used to address the role
of phosphorus in the absence of these other solutes and also address the synergistic effect of helium.
However, this experiment {described in Table 1) employs a higher nickel level (Fe-25Ni-15Cr) than explored
in previous experiments on phosphorus effects. In this experiment each of Fe-25Ni-15Cr and Fe-25Ni-15Cr-
0.04P have been prepared in two conditions. The first utilizes the natural isotapic distribution of
nickel and the second employs the addition of the radiosotope Ni99 to enhance the helium/dpa ratio.

This experiment also investigates the separate and synergistic effects of increasing both the nickel Tevel
(Fe-45N1-15Cr) and the helium/dpa ratio, but does not explore the role of phosphorous at the 45% nickel
Tevel. The Fe-45Ni-15Cr alloy is expected to develop a spinodal-like decomposition observed in other
experimentss‘]o and thought to be related to the break-down of swelling resistance of Fe-Ni binary and
Fe-Cr-Ni ternary alloys at higher nickel levels.9:10 The interaction of the decomposition and helium
influence is of particular interest for development of Tow swelling alloys for fusion applications.

Table 1. Irradiation parameters for the 5INi enriched ternary alloys’

MOTA Initial
MOTA Irrad. Temp. Dose hpa/dpa hpa* hpa/dpa
Lavel Cycles {°C) {dpa) (appm/dpa) (appm) Enhancément**
6E2 1 490 2.2 11 24 150
2 4.4 48
4 8.8 97
501 1 600 8.8 8 70 22
2 18 144
4 35 280
Below 1 360 5.2 11 57 113
Core 2 10 110
Canister 4 21 231
8E1 1 450 0.19 33 6 50
0.38 13
4 0.76 25

*hpa = helium per atom.
**This column describes the enhancement of helium expected between the three alloys enriched in
Ni59 compared to the three allays without the isotope.
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While the first exposure level of this experiment has been attained and the specimens removed from
reactor, it will be about a year before these alloys can be examined. However, we can address the issue
of whether simple addition of phosphorus is sufficient in itself to depress swelling in Fe-25Ni-15Cr,
using another previously unpublished irradiation experiment conducted in 1976-1977,

Experimental details

In an experiment designated AA-IX and described in Table 2, Fe-258i-15Cr was irradiated in Row 2 of
EBR-II with three separate phosphorus levels (0,013, 0.055 and 0.10 wt.%}. These alloys were part of an
experiment designed to explore the influence of residual solute elements and contained negligible levels
of 51, Ti, Zr, Mo and other important solutes. The neutron exposures ranged from 1.63 to 2.86 x
1022 nfeme (E> 0.1 MeV}, causing damage levels of 8.2 to 14.3 dpa. There were eight nominal irradiation
temperatures which varied from 399 to 649°C. The alloys were irradiated as small microscopy disks {3 mm
diameter, 0.25 mm thick} in the annealed condition {1030°C/0.5 hr/air cool) in sodium-filled subcapsules.
The temperatures drifted somewhat during irradiation, varying +5°C at 400°C and +15°C at 650°C. The
swelling was measured by an immersion density technique accurate to +0.16%.

Table 2. Description of the phosphorus alloy series irradiated
in the AA-IX experiment in EBR-II

ATToy Code Composition, wt.%
£103 Fe-24.65N1-14,34Cr-0.01Mn-0.005C-0.0027N»-0.012902-0.013P
E104 Fe-25,20N1-15.05Cr-0.01Mn-0.004C-0.0025N>-0.013602-0,055P
E105 Fe-25.35NT-]5.00Cr-0.02Mn-0.0070-0.0021N2—0.015702-0.1OP

Condition: Annealed (1030°C/0.5 hr/air cool)
Irradiation Conditions

Design Temperatures, °C  Fluence (1022 n/em2, E > 0.1 MeV) dpa*

399 1.63 8.2
427 2.23 11.2
454 1.89 9.5
482 2.37 11,9
510 2.63 13.2
538 2.73 13.6
593 2.86 14.3
649 2.86 14.3

*Calculated assuming 5.0 dpa per 1022 n cm=2 (E > 0.1 MeV).

Results

As shown in Fig. 3 phosphorus additions to Fe-25Ni-15Cr suppress swelling at 399 and 427°C at expo-
sures of 8.2 and 11.2 dpa, respectively, At temperatures above 427°C the swelling f%11s quickTy and the
effect of phosphorus on the net density change is more complex. Doan and Goldstein!!l have investigated
the Fe-Ni-P phase equilibrium to temperatures as low as 550°C and show that both the « and phosphide
phases form in this composition and temperature regime. Unfortunately, we have no previous experience
with phosphide or a-phase formation at these nickel and chromium levels to allow us to separate the
volume changes associated with phase instabilities from those due to voids. Microscepy is required for
this purpose.

The uniformity of the six curves at temperatures >454°C leads us to suspect that the observed density
changes reflect the following contributions. First, swelling decreases with temperature and increases with
fluence, trends well established at all three phosphorus levels. Second, there is a decrease in void swell-
ing with phosphorus additions that is offset by phase-related density changes which appear tg Jead to a net
increase in volume. Third, the solubility limit for phosphorus increases with temperature,!2s13 such that
fewer a or phosphide precipitates form. Thus, the net density change at higher temperatures is relatively
independent of the phosphorus level and approaches zero.
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Discussion

The data at 399 and 427°C clearly show that phosphorus additions can suppress swelling in Fe-25Ni-15Cr
in the absence of other solutes such as Ti, Si and Zr. Thus the conclusion of Lee and Mansur on the role of
phosphorus cannot be taken to apply in general to all material and irradiation conditions. Until we perform
microscopy on the specimens irradiated at higher temperatures, however, we cannot on the basis of these data
alone exclude the possibility that their conclusion may apply at higher temperatures, such as the 675°C used
in their experiment.

Bafore addressing the disparity between the results of the neutron irradiation and those of the ion
study of Lee and Mansur, we should examine the roles played by phosphorus in microstructural evelution during
irradiation. We have earlier shown that very small amounts of phosphorus have a pronounced effect on the
migration and equilibrium concentration of yacancies, leading to a strong suppression of void nucleation via
a reduction in the vacancY supersaturation.® This suppression is partjally the consequence of the higher
diffusivity of phosphorus!4 but primarily represents the very large binding energy (0.4 eV) of phosphorus
with vacancies, as measured in Fe-14Ni-18Cr by positron annihilaton.19:167 This primary influence of phos-
phorus is thus directed toward its role while in solution. The action of phosphide precipitates is con-
sidered to be secondary, with the exception that phosphorug additions have been found to delay the removal
of nickel and silicon from solution and into precipitates.3 These elements (especially silicon) are
also known to have a large effect on void nucleation while in solution. !/~

In a recent paper Itoh and coworkers2® have shown in a variety of neutron-irradiated 316 stainless
steels that phosphorus exerts its major influence while in solution and not after precipitation. Phos-
phorus in solution was found by Itoh to retard the recovery of dislocations in cold-worked steels and the
development of ¥ and G-phase precipitates. These precipitates form by concentrating nickel and silicon
from the matrix. This delay in microchemical evolution of the matrix occurs despite the f%%t that the
phosphidezphase is in itself rich in nickel and silicon as observed by Itoh and coworkers,<Y Lee and
coworkersZ! and Yang.22 However, the amount of phosphide formed and its associated removal of nickel and
gilicon is limited by the small amount of phosphorus available. Itoh and coworkers did not address the
nature of the interaction of phosphorus and vacancies but cited the work of Garner and Brager- as a
possible explanation.

The studies and theories of Lee and coworkers4s9,21,23,24 4o not recognize a role for phosphorus
while in solution but are directed primarily toward its role as a precipitate-former. The precipitates
are postulated to increase the sink density for point defects and serve as nucleation sites for stable
helium bubbies which are too small tc easily grow into voids.

In & more recent study19 Garner and Kumar have expanded on the role of phosphorus while in solution.
They show that phosphorus affects the vacancy supersaturation that provides the driving force for void
nucleation, but does so in a manner which is fundamentally different from the action of nickel and silicon.
As we shall see later, this difference may also account for the disparity of results obtained from neutron
and ion irradiation studies.

Whereas nickel and silicon affect the pre-exponential term Dy of the vacancy diffusion coefficient
and thereby reduce the concentration C, of vacancies during irradiation, phosphorus primarily affects
Cyos the equilibrium concentration of thermally-preduced vacancies.3» !9 A change in nickel level thus
exerts roughly the same percentage increase in vacancy diffusivity and decrease in vacancy super-saturation
(Cy/Cyq) at all temperatures and displacement rates. Silicen behaves in a similar manner, but is more
effective than nickel on a per-atom basis. Phosphorus, however, exerts an even stronger influence per
atom, but operates primarily on the thermal vacancy concentration. Its influence increases only until its
solubility Timit 1s reached, however, and the solubility 1imit falls strongly as a function of declining
temperature. Below the solubility limit the effect is roughly proportional to the percentage of solubflity
and not the total phosphorus level. Therefore, a given level of phosphorus can exert different effects on
the vacancy supersaturation at different temperatures. The maximum effect of phosphorus at any temperature
is to reduce the supersaturation by almost exactly an order of magnitude.

Fig. 4 illustrates the impact of the temperature and solubility dependence of phospharus on the neu-
tron and ion studies discussed in this report. (We must assume in this analysis that the solubility of
phosphorus is not strongly affected by the presence of 15% chromium, since data are available only for the
Fe-Ni-P system). In the neutron study the Fe-15Cr-25Ni-0.013P alloy is undersaturated at all irradfation
temperatures, the Fe-15Cr-25Ni-0.055P alloy is undersaturated only above ~500°C and the Fe-15-25N1-0.10P
alloy is under-saturated only above ~600°C, Thus the maximum effect of phosphorus on vacancy supersatur-
ation ¥s maintained throughout much of the experimental matrix of the neutron study as shown in Fig. 4b.
At1th1? point we cannot factor into the analysis the possible effects of radiation-induced segregration on
solubility.

The ion experiment of Lee and Mansur was conducted at 675°C and 0.055 wt.% phosphorus. As shown in
Fig. 4a this is a condition which represents only 25% of the solubility limit, illustrating a possible
short-coming of charged particle studies which are traditionally conducted at very high displacement
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Fig. 3. Effect of phosphorus and temperature on the swelling of Fe-26Ni-15Cr during irradiation in
the AA-IX experiment in EBR-II.
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Fig. 4. Solubility-based analysis of phosphorus effects on vacancy concentrations in Fe-Ni-P
alloys. The solubility vs. temperature curve is plotted from the points where the four phase fields meet
{y, vy + &, v + o + phosphide, y + phosphide) as described by Doan and Goldstein. 1 The nickel level
for each four-phase point is shown, but the solubility of phosphorus in the y phase does not change very
much with increasing nickel level.
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rates. This requires irradiation temperatures which must be higher by 100-150°C to account for the well-
known "temperature-shift" effect. In effect the temperature shift guarantees that the role of phosphorus
in ion irradiations will be strongly reduced relative to that of typical neutron irradiations.

It is doubtfui, however, that this is the only shortcoming of such an experiment. The combined
action of the higher diffusivity of phosphorus and its strong binding with vacancies will most Tikely
cause it to couple with the large gradients in vacancy concentration associated with the use of 4.0 MeV
Nit* jons as well as the additional strong influence of the surface at 675°C. The latter effect has been
shown analytically to be very 1ar%e at >625°C by Bullough and Haynes€5 and by the analysis of denunded
zone data by Garner and Laidler.?

There is a large amount of evidence that shows that such coupling will lead to rapid depletion of
elements which bind with vacancies or interstitiais.Z7-30 Due to the particularly strong binding of
phosphorus with vacancies, much of the phosphorus in the ion-bombarded Fe-15Ni-13Cr-0.055P allocy may have
been depleted in the peak damage region before it could exert its full influence on void nucleation. This
would give the erroneous impression that phosphorus had very little effect, even less than anticipated at
the 25% solubility level.

If this assessment of the jon experiment is correct, one must address the issue of why phosphorus,
when combined with either silicon and/or titanium, appeared to lead to void suppression in the ion hombard-
ment experiment. Whereas Lee and Mansur attribute this directly to the present of phosphides, it must be
peinted out that they did not demonstrate the separate influence of silicon and titanium in the absence of

hosphorus. Both of these elements are known to strongly affect swelling in neutron irradiation
experiments.

Based on this one short-coming alone, the ion experiment of Lee and Mansur must be considered inconclusive
with respect to its conclusion about the single role of phosphorus. Using the same bombardment facility,
Gessel and Rowcliffe have shown large effects of both silicon and titanium on the swelling of Fe-7.5Cr-
20Ni-0.002P at 170 dpa in the range 500-730°C.31 Jonnston and coworkers have also shown that the separ-
ate and synergistic effects of silicon and titanium are very large on the swelling of Fe-15Cr-20Ni at

116 dpa using 5 MeV Ni* fons.32 Interestingly, they also found that addition of 0.05 wt. % phosphorus
did not reduce swelling at 675°C. In fact, the step height produced by swelling was actually somewhat
larger in the ailoy containing phosphorus.

There are other factors which may be operating in ion-bombarded specimens containing silicon and
titanium. First, Marwick and co-workers have shown th%t silicon and titanium additions impede the redis-
tribution process that occurs during ion bombardment. 33:34 This is accomplished via their own inter-
actions with point defects, reducing the defect concentrations available for redistribution of other
solutes. Second, silicon and titanium probably change the solubility of phosphorus, the consequences of
which are unknown in this experiment. (The 0.4% carbon added with the titanium probably also affects the
solubility of phosphorus). Third, the enhanced formation of phosphide precipitates by silicon, titanium
and carbon will interpose a high density of alternate sinks for phosphorus and impede its migration down
the vacancy gradients and to the surface.

The net effect of these and the preceding considerations is to cast considerable doubt on the validity
of ion bombardment experiments directed toward the study of the role of phosphorus on microstructural
evolution. The neutron-induced swelling data clearly show a response to phosphorus not found in the ion
studies of Lee and Mansur or that of Johnston and coworkers.

Returning to our original purpose of this investigation, remember that the Ni39 experiment was
designed in part on the assumpticn that phosphorus plays a role in swelling suppression without requiring
the assistance of other solutes. Based on the results of the EBR-II study (and the higher displacement rate
of FFYF compared with that of EBR-IL) it appears safe to predict that the two low temperature MOTA canisters
(360, 450°C) will yield results which reflect the validity of this assumption. At this point, however, we
cannot on the basis of the data in Fig. 3 alone make a similar fully confident statement about the two high
temperature canisters (490, 600°C). Data at higher fluence are required before such a statement can be made.

CONCLUSTON

Phosphaorus plays a strong role in void nucleation and swelling of neutron-irradiated Fe-Cr-Ni alloys
even when unaccompanied by other solute elements such as silicon or titanium. Based on the proposed role of
binding with vacancies it is anticipated that the influence of phosphorus during neutron irradiation cannot
be realistically simulated using ion bombardment studies which employ ions of shallow penetration and thus
praoceed at higher displacement rates and subseguently higher "shifted" temperatures. The influence of
phosphide precipitates as nucleation sites for helium bubbles has not been addressed in this report and
awaits the examination of the isotopic tailoring experiment using the Ni°% isotope.



217

FUTURE WORK

The specimens discussed in this report will be retrieved from storage and microscopy performed on
them, A search for specimens irradiated to higher fluence will also be pursued and if successful, the
specimens will be measured using immersion density. The first discharge of the Ni%9 experiment from
MOTA-FFTF has occurred and the synergistic effects of phosphorus, helium and nickel will be examined as
the specimens become available. The effect of phosphorus on thermal creep and radiation creep will also
be analyzed.
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THE SWELLING OF NICKEL AND NICKEL-CHROMIUM ALLOYS DURING NETURON OR ION IRRADIATION - F. A. Garner
{Westinghouse Hanford Company)

DBJECTIVE

The object of this effort is to determine those factors which control the swelling, creep and
mechanical properties of irradiated metals.

SUMMARY

Data on the neutron and ion-induced swelling of pure nickel and nickel-chromium alloys are reviewed
to test the hypothesis that long or short range ordering will reduce swelling. The concept of order-
induced swelling suppress1on appears to be valid, but the influence of chromium on ordering and swelling
of nickel-chromium alloys is complicated by the act1on of at least one other as-yet-undetermined mechanism.
The swelling rate of pure nickel depends on temperature and metal purity, reaching ~1%/dpa at low tem-
peratures and high purity. Nickel also saturates in swelling at a pace dictated by purity, cold-work
level and temperature, while Ni-Cr alloys do not appear to be subject to saturation.

PROGRESS AND STATUS
Introduction

In a series of earlier reports it was shown that the parametric dependence of neutron-induced swell-
ing in Fe-Ni-Cr and Fe-Mn-Cr austenitic alloys lies primarily in the effect of material and environmental
parameters on the duration of the transient regime of swelling.!-3 It was also shown that the post-
transient rate of swelling in both of these alloy systems and that of pure nickel was ~1%/dpa, essen-
tially independent of composition. The dependence of the transient duration on nickel content in Fe-Ni-Cr
alloys was explained in terms of the competition between the increase in the effective vacancy diffusion
coefficent {which lowers the vacancy supersaturation and decreases the void nucleation rate) and the
increasing tendency of Fe-Ni alloys to form short-range and long-range order with increasing nickel
content.3” One manifestation of this tendency toward ordering is the generation of compositional micro-
oscillations found in both ion and neutron-irradiated Invar alloys.4s® These micro-oscillations tend to
destroy the swelling resistance of high nickel alloys by generating relatively Targe volumes which are
enriched in chromium and depleted in nickel, both of which favor void nucleation.® Prior to the onset
of swelling, however, these micro-oscillations also Tead to significant changes in lattice parameter,
causing such alloys to densify. Demsification is also known to be a general consequence of disorder-order
transitions in the Fe-Ni/ and Ni-Cr systems.3

As discussed later, ordered allays are predicted to resist swelling and irradiation creep. In order
1o study the possible correlation between swelling resistance and the tendency toward ordering, the
isothermal swelling of 85Ni-15Cr in EBR-II was investigated at eight temperatures. {The actual composi-
tion in weight percent is 84.9% Ni, 15.1% Cr, 0.002% C, 0.0064% 0, and 0.001% N and the temperatures are
subject to +15°C uncertainty.) This model a]]oy was 1rrad1ated as small microscopy disks in the same
experiment Tn the EBR-II fast reactor which contained the Fe-Ni-Cr alloys descr1bed earlier.
Approximately 5 dpa occur in this a1loy in EBR-II for an exposure of 1.0 x 1026 n m-2 {E > 0.1 MeV¥}. The
swelling levels were determined using an immersion density technique accurate to_iO.TG%. No microscopy
data are available for these specimens since each specimen was returned to the reactor for further
irradiation.

Unfortunately, pure nickel was not included in that study for comparison. However, there are pub-
1ished data on the swelling of nickel available from both thermal and other fast reactor irradiations., In
addition, there are a number of published ion bombardment studies involving nickel and nickel-chromium
alloys. The results of one previously unpublished ion study, and another unpublished neutron study are
also available; both are presented in this report.

Results

Fig. 1 shows that the neutron-induced swelling of 85Ni-15Cr in EBR-II is remarkably insensitive to
temperature in the range 400-538°C and that the rate of %$e111n% is initially rather Tow but increases
continually with accumulated exposure. Even at 2.0 x 10 {E > 0.1 MeV} or ~100 dpa, however, this
alloy has not yet reached the swelling rate of ~1%/dpa which is characteristic of pure nickel and
Fe-Ni-Cr austenitic alloys.! Above 538°C the transients are longer, but a reversal occurs, with the
transient at 650°C shorter than that at 593°C. ANote also that prior to the onset of significant swelling,
the density of the alloy at 593 and 650°C increases by ~0.15%, suggesting that some micro-segregation
has probably occurred.
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Fig. 1. Swelling of 85Ni-15Cr irradiated in EBR-II, measured by immersion density. Note that
1 x 1086 nm2 (E > 0.1 MeV) yields A5 dpa in this alloy in EBR-II.

Discussion

There are only limited neutron irradiation data availtable on the dose dependence of swelling for pure
nickel at high displacement levels. Fig. 2 shows that at very low exposure and temperatures in the range
380-450°C the swelling of 99.99% nickel is linear with exposure at m]%/dpa.g A similar linearity was
observed by Holmes!0 in EBR-1I, but he found the swelling rate to be dependent on the purity of the
nickel, as shown in Fig. 3. Fig. 4 shows that for irradiation temperatures in the rangé of 400-460°C11-15
nickel of purity >99.9% initially swells at ~1%/dpa but tends to saturate in swelling shortly thereafter.
At 500°C saturation sets in much more quickly, however, as shown in Fig. 5, depicting data on 99.8% nickel
from the Russian BR-10 reactor.!® Harbottle has also obgserved a decreasing rate of swelling in 99,995%
nickel during irradiation in the SILOE reactor at 350°C.

Recent data from the Russian BOR-60 reactor shows that in the_range 450-550°C the swelling of 99,99%
pure nickel reaches only 8 to 9% at 59-65 dpa, as shown in Fig. 6.18 This suggests that the saturation
level is relatively insensitive to temperature. In an unpublished study by Brager and Straalsund?
relatively impure (99.6%) annealed nickel was found to reach swelling levels in EBR-II at 15-25 dpa and
420-700°C that are consistent with those of pure nickel at comparable temperatures in Figs. 3 and 4. As
shown fn Fig. 7, there is a slight decline in swelling with temperature in these data suggesting once
again that the tencdency toward saturation increases with temperature. In contrast to the data of Holmes!0
in Fig. 3 there appears to be an effect of cold work on the swelling behavior in the data of Brager and
Straalsund.

The tendency toward saturation at levels below 10% has also been observed in ion and electron irradia-
tion experiments conducted on nickel.19-24 The reTative insensitivity of the saturation Tevel to tem-
perature can he seen in the nickel ion irradiations conducted by several groups. As shown in Fig. 8,
Hudson and Ashby, using 45 MeV Ni* jons, found that 1-2% swelling was reached in the range 525-700°C at
9 dpa but only 5-7% was reached by 60 dpa.2% Whereas Pinizzotto and coworkers?5 reached 5-6% swell-
ing with 3.5 MeV Ni* fons at 18-20 dpa and 550-600°C, Jehnston and cowarkersZd reached only 8-12% with
5 MeV Ni* ions in the range 565-675°C.

Since the neutron-induced swelling rate of 85Ni-15Cr is continuously increasing and that of nickel is
decreasing, one would expect that pure nickel would swell more at low displacement levels but that
85Ni-15Cr would eventually swell more at higher displacement levels. (This assumes that Ni-Cr alloys do
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Fig. 2. Swelling observed in thermal reactor irradiation of 99.995% pure nickel at 380-450°C by
Harbottle and Dickerson-? The estimated swelling rate shown was determined in the current study from
knowledge of reactors with comparable spectra.
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Fig. 3. Swelling observed by Holmes in nickel of varying purity and cold-work levels at 399-455°C in
EBR-I1.10 Each datum was derived from a specimen which had the same residence time in reactor but which
was irradiated at a different displacement rate.
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Fig. 5. Neutron induced swelling of 99.8% pure nickel at 500°C in the BOR-10 Reactor.!®

not saturate in swelling, an observation yet to be made in either neutron or charged particle experiments.)
Er chromium level by Hudson
4 The ion-induced

As shown in Fig. 8, a reversal in swelling has actually been observed at a high
and Ashby in comparative 46,5 MeV Ni* fon irradiations of nickel and Ni-27.5Cr.
Remember that there was a

swelling of Ni-27.5Cr only exceeded that of nickel above 650°C, however.
reversal in the neutron-induced swelling of Ni-15Cr somewhere between 600 and 650°C such that the swelling
at 650°C proceeded at a faster rate than that below 650°C. Is it possible that the two observations are
related to each other and to the densification observed prior to the onset of neutron-induced swelling?
While we cannot answer this question at the moment, we can independently confirm that the influence
In a previously unpublished

of chromium above ~650°C is different from that at lower temperatures,
the swelling of nickel at 675°C and 116 dpa was found to increase

experiment by Johnston and coworkers
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Fig. 6. Neutron-induced swelling in 99.99% nickel irradiated in BOR-60 fast reactor.18 The
authors indicate that 5.6 dpa results from 1.0 x 1026 n m=2 (£ > 0.1 MeV).
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Fig. 7. Neutron-induced swelling in 99.6% nickel irradiated in EBR-II ip both the annealed and 50%
cold-worked conditions (previously unpublished). A fluence of 1 x 1022 n cm™2 (E > 0.1 MeV)
produces ~5 dpa in this reactor.
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Fig. 8. Swelling SRserved in comparative irradiations of pure nickel and Ni-27.5Cr at 8 and 60 dpa
with 46.5 MeV¥ Ni* fons.
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with chromium additions of 5 and 15%, as shown in Fig. 9. The void density was non-monotonic but not
strongly affected by the chromium level. This is in contrast to the results of jon studies conducted at
lower temperstgges where chromium additions were found to delay swelling and to strongly suppress void
nucleation.24

Figs. 10a and 10b show the dependence of ion-induced swelling in Ni-27.5Cr on both temperature and
displacement level. Note that below «550°C there is very little swelling while above this temperature
swelling increases sharply. There also does not appear to be ang tendency for swelling to saturate.
Hudson and Ashby also performed irradiations on Ni-9Cr at 525°C.2%4 Fig. 11 shows that the onset of
swelling is progressively delayed with increasing chromium content at 525°C, and Fig. 12 indicates that
the effect of chromium additions is to progressively depress the void nucleation rate in niﬁk%1. This is
opposite to the effect of chromium additions on the swelling of Fe-Ni-Cr austenitic alloys.'” 6 There
is another interesting difference in behavior, however, between the Ni-9Cr and Ni-27.5Cr alloys at 525°C.
Both pure nickel and the Ni-27.5Cr alloy were observed to cease nucleation by ~2 dpa but the nucleation
in Ni-9Cr at 525°C was relatively continuous.?? However, the eventual density of voids in the two Ni-Cr
alloys at 525°C was essentially identical.

In another study using 3.5 MeV Ni* ions Pinizzotto and coworkers found that chromium additions of
2, 4, 6 and 8% progressively suppressed the swelling of nickel at 550°C.25 The void sizes found at
9 and 18 dpa were identical and the primary influence of adding chromium was to suppress the rate of void
nucleation. These same researchers also found the swelling of nickel to be increasingly suppressed by
chromium at levels of 2, 4, 6, B and 16% when irradiated by 0.4 MeV N§ jons to 10 dpa at 500°C. In
this case, however, nitrogen's role in the void nucleation process somewhat obscured that of chromium,
particularly at the lower chromium Tevels.

If the depression of void nucleation by chromium additions is to be explained in_terms of the pre-
viously advanced mode],3:6 then either the effective vacancy diffusion coefficient Dﬁff of Ni-Cr alloys
must be higher than that of pure nickel or the tendency of Ni-Cr alloys to order must be very large., As
can be seen from Fig. 13, however, the addition of chromium to nickel at 1100°C tends to depress rather
than to enhance the diffusion of both nickel and chromium.28 Another researcher has found that additions
of 0-14% chromium to nickel at 1250°C have essentially no effect on the diffusion of either chromium or
nickel.

There is, however, ample evidence that both_Jlong and short-range order exist in the Ni-Cr system.
Short-range order has been found in Ni-11.4Cr30,31 and Ni-19.4 Cr.32 A review of numerous papers
describing ordering in a wide range of Ni-Cr alloys is alse contained in ref. 33. Although short-range
order has been observed by many investigators, long-range order has also been obsegzed in Ni-25.0Cr,
Ni-29.2Cr and Ni-33.3Cr with critical ordering temperatures of 550, 580 and 590°C. Thus the Ni-27.5Cr
alloy, whose ion-induced swelling was described earlier, was irradiated in the temperature regime encom-
passing the critical temperature. Note in Fig. 10 that at ~550°C there is an abrupt transition from low
swelling to high swelling behavior as the alloy probably becomes disordered. Interpolation of the
estimated critical ordering temperatures of Ni-11.4Cr and Ni-25Cr yields a critical temperature in the
range 520°C-540°C for the 85Ni-15Cr alloy, which is close to the transition temperature observed in its
neutren-induced swelling behavior.

10 T T T T

SWELLING
%

VOID DENSITY -

/ 10" em?

0 1 1 i ]
0 5 10 15 20

WEIGHT PERCENT CHROMIUM

Fig. 9. Ion-induced swelling observed at 675°C and 116 dpa in a previously unpublished study by
Johnston and coworkers. Preinjection of 15 appm helium was used in this study.
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Fig._10. Temperature and dose dependence of swelling observed in Ni-27.5Cr irradiated with 46.5 MeV
Nit ions.24 Note the abrupt transition in swelling at ~550°C and the absence of a tendency toward
saturation of swelling.

Ordering has been invoked by several theoreticians as a mechanism that influences swelling. Schulson
proposed that ordering impedes the mobility %f irradiation-produced vacancies and thus increases the direct
recombination of vacancies and interstitials39»36 Akhiezer and Davydov note that alloys which tend to
order (but which are not long-range ordered) are characterized by a greater vacancy formation 3nergy and,
therefore, by a smaller thermal vacancy concentration compared with the disordered pure metal.37 This
would Tead to larger vacancy supersaturations and greater rates of void nucleation. Alternatively, how-
ever, they note that in alloys that do not order at any temperature, the nucleation of voids is impeded
compared with that of the corresponding pure metal. Several experimental studies on long-range ordered

alloys, (Co,F3g3¥ and (Fe,Ni)3V, have shown a low swelling rate below their order-disorder transformation
temperatures, 38,39,

Nickel is not the only fcc metal to exhibit a tendency toward void saturation and an initial neutron-
induced swelling rate of ~1%/dpa. Copper and various copper alloys have shown this behavior during
neutron40 and charged particie irradiations.41,42 It is hoped that a study of neutron-irradiated copper
and copper alioys will provide some insight on the causes of the saturation phenomena, the onset of which
appears to be sensitive to variables such as cold-work, temperature and metal purity.
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Fig. 11. Comparison of ion-induced swelling of nickel and two nickel-chromium alloys at 525°C.27,24
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Fe-Ni-Cr system at T100°C.

CONCLUSIONS

VYoid formation in either relatively pure or impure nicke] tends teo saturate at moderately low swell-
ing leveis during ion or neutren irradiation, but nickel-chromium alloys do not exhibit this tendency, It
is postulated that chromium additions to nickel lead to some form of radiation-enhanced micro-segregation
above 650°C and an order-disorder transformation below ~550°C. This may account for the unusual swell-
ing behavior of the alloy compared to that of pure nickel or Fe-Ni-Cr alloys. Void nucleation appears to
be impeded by chromium additions below 550°C, and induces a swelling behavior that is remarkably insen-
sitive to irradiation temperature below that corresponding to the order-disorder transformation tempera-
ture. These observations lend support to the concept that ordered alloys can be developed which will
exhibit low swelling and creep rates in fusion neutron environments, providing that they are employed
below their order-disorder transformation temperature.

FUTURE WORK

This effort will continue, concentrating on data analysis and microscopy for both nickel and copper
alloys.

REFERENCES
1.  F. A. Garner, J. Nucl. Mater., 122/123, 459 {1984}.

2. F, A. Garner and H. R. Brager, p. 187-20%1 in Effects of Radiation on Materials: Twelfth
International Symposium, ASTM STP 870, F. A, Garner and J, 5. Perrin, Eds., American Society for Testing
and Materials, Philadelphia, 1985.

3. F. A. Garner and H, R, Brager, p. 87-110 in Optimizing Materials for Nuclear Applications,
F. A. Garner, D. S. Gelles, F., W, Wiffen, Eds., The Metallurgical Society of AIME, Warrendale, PA, 1985.

4, H. R. Brager and F. A, Garner, in Ref. 2, pp. 139-150 and in Ref. 3, pp. 141-1686.



228

5. F. A. Garner, H. R, Brager, R. A. Dodd, and T. Lauritzen, Nuclear Instruments and Methods in
Physics Research, B16, 244 (1986},

6. F. A. Garner and A. S. Kumar, this report.

7. A. Chamberod, J. Laugier and J,M, Pennison, J. Magnetism and Magnetic Materials, 10, 139 {1979),

8. A. Marucco, E. Metcalfe and 8. Nath, p. 237 in Solid-State Phase Transformations, H.I. Aaronson,
et al. Eds., The Metallurgical Society of AIME, 1982,

9, J. E. Harbottle and S. M. Dickerson, J. Nucl. Mater., 44, 313 (1972).

10. J. J. Helmes, Trans. ANS, 12, 701 (1969).

11. Y. Adda, p. 31 in Proc. Inter. Conf. on Radiation-Induced Voids in Metals, CONF-710601, Albany,

12, G. Silvestre, A. Silvent, C. Regnard and G. Sainfort, J. Nucl. Mater., 57, 125 (1975).

13. N. P. Agapova, et al., Atomnaya Energiya, 45 (6}, 433 (1978).

14. X. B, Roarty, J. A, Sprague, R. A. Johnson and F. A. Smidt, J. Nucl. Mater,, 97, 67 {1981},

15. H. R. Brager and J. L. Straalsund, "Irradiation Swelling Resistance of Inconel 600,"
HEDL-SA-322 S, (Oral Presentation Only), Westinghouse Hanford Company, Richland, WA, 1972,

16. V. I. Scherbak, Fiz. Metal. Metalloved., 50, No. 6, 1314 (1980).

17. J. E. Harbottle, J. Nucl. Mater., 66, 258 (1977).

18. N. K. Vasina, I. P. Kursevich, 0. A. Kozheymikov, V. K. Shamardin and V. N, Golovanov, Atomnaya
Energiya, 59, 265 (1985).

19. J. B. Whitley, G. L. Kulcinsky, P. Wilkes and J. Billen, J. Nucl. Mater., 85/86, 701 (1979).

20. G. L. Kulcinsky, J. L. Brimhall and H.E. Kissinger, p. 449 in Proc. Inter, Conf. on Radiation-
Induced Voids in Metals, CONF-710601, Albany, N.Y., 1971.

21. R. S. Nelson, J. A, Hudson, D. J. Mazey, G. P. Walters and T. M. Williams, ibid., 430,

22. J. A, Hudson, S. Francis, 0. J. Mazey and R. S. Nelsan, p. 326 in Effects of Radiation on
Substructure and Mechanical Properties of Metals and Alloys, ASTM STP 529, 1973.

23. D. I, R, Norris, J. Nucl. Mater., 40, 66 {1971).

24. J. A, Hudson and S. J. Ashby, o. 140 in The Physics of Irradiation Produced Voids, R. S. Nelson,
Ed., AERE-R-7934, Harwell U.K., September 9-11, 1974,

25. R. F. Pinizzotto, Jr., L. J. Chen and A. J. Ardell, Met, Trans. A, 9A, 1715 (1978},

26. W. G. Johnston, T. Lauritzen, J. H. Rosclowski and A. M. Turkalo, p, 227 in Radiation Damage in
Metals, American Society for Metals, Metals Park, Ohio, 1976,

27. Unpublished data supplied by T. Lauritzen and W. G. Johnston of General Flectric Company.

28. J. Ruzickova and 8. Million, Mat, Sci. and Engr., 50, 59 (1981).

29. G. R. Johnston, High Temperatures - High Pressures, 14, 695 {1982).

30, H. Heidsiek, R. Scheffel and K, Liicke, Journal de Physique, Collague C7, n® 12, 38, C7-174
(1977).

31. H. Heidsiek, K. Liicke, and R. Scheffel, J. Phys, Chem, Solids, 43, 825 {1982},

32. B. S5chonfeld, F. Klaiber, G. Kostorz, U. Zaune and G. McIntyre, Scripta Met,, 20, 385 (1986).

33. R, L. Xlueh, Mat. Sci. and Engr., 54, 65 (1982).

34. ¥, Z, Vintaykin and G. G, Urshadze, Fiz. Met. Metalloved,, 27 (5), 895 [1969).




229

35. E. M. Schulson, J. Nucl. Mater., 66, 322 (1977),

36, E. M. Schulson, J. Nucl. Mater., 83, 239 (1979}.

37. 1. A. Akhiezer and L. N. Davydov, J. Nucl. Mater., 96, 155 (1981).

38. D. N, Braski, J. Nucl. Mater., 122/123, 676 (1984),

39, D, N, Braski and K. Farrell, J. Nucl. Mater., 136, 48 (1985},

40. F. A. Garner and H. R. Brager, Damage Analysis and Fundamental Studies Quarterly Progress

Reports, DOE/ER-0046/24 {p. 89) and DOE/ER-0045725 (p. 110}, U.S. Depariment of Energy, Office of Fusion
Energy, 1986.

41. M. K. Makin p. 269 in Voids Formed by Irradiation of Reactor Materials, S. F. Pugh, Ed., British
Nuclear Energy Society, 1971.

42, X. H. Leister, Kernforschungzentrum Karlsruhe Report, KFK 3499, (in German) May 1983,




230

TEM CROSS-SECTION OBSERVATION OF GAS EFFECT ON VOID FORMATION IN ION IRRADIATEl} NICKEL - LM, Wang,
R.A. Dodd and G.L. XKulcinski (University of Wisconsin)

OBJECTIVE

To better understand the role of helium and oxygen atoms in void nucleation and growth in irradiated
materials,

SUMMARY

Nickel samples with varioui helium and oxygen concentrations have heen irradiated with 14 MeV Ni ions
at 500°C to a fluence of 8 x 1019 fons/m® (2 dpa at a l-pm depth). Helium atoms with energy varying from
200 to 700 keV were pre-injected at room temperature. The samples with low oxygen content were obtained hy
a hydrogen reduction treatment and high vacuum outgassing. The density and the average diameter of voids
were determined by TEM examination of cross-section specimens,

The residual oxygen piays an important role in promoting void formation. Lowering the oxygen content
from 180 appm to 75 appm reduces void density and increases void size remarkably,

5mall amounts of helium (10 appm} enhanced the void nucleation remarkably in both high {180 appm) and
Tow (75 appm) oxygen content samples, while larger amounts of helium {30 appm) reduced the observahle void
density in the high oxygen content sample.

PROGRESS AND STATUS
Introduction

Nickel has long been selected as a model material ZT E?diation—induced void swelling studies to avoid
the complex analysis problems imposed by phase changes,'*™>/ and thereby to hetter understand the void
formation mechanism(s). The effect of helium, produced sither by the transmutation reaction in neutron
irradiated Ni or by pre- or co-implantion in ion irradiations of pure Nj, has been studied extensive]y.(4—5)
However, the effect of oxygen on void formation in irradiated pure Ni has been neglected. Oxygen s the
most congnasesidua1 gas in metals and has hbeen shown to ?BOTQSE void formation hoth hy theoretical
analysis:’» and by some experiments on other materials.‘”" Therefore, it seems that any quantitative
approach of gas effects on void formation would be incomplete withont considering the effect of residual
oxygen in the material. In the present experiments, we have investigated the effects cof both helium and
oxygen on void formation in ion irradiated pure Ni.

Experimental Procedure

The Ni used in this study was Marz grade (99.995 wt.% pure) foil from the Materials Research
Corporation. Foil samples with 1 ¢m x 0.5 cm dimensions were mechanically polished with 0,3 um a%gmina
abrasive. Seven samples with different pre-irradiation treatments wera irradiated with ld4-MeV Ni ions at
the University of Wisconsin Heavy-Ion Irradiation Facility. One samgTe was irradiated in the gs—received
state (cold werked), while three were annealed at 800°C for 3.6 x 10° < 9n a vacuum of 4 x 10~ Pa to remove
the cold-worked structure. Two of the annealed samples were then injected with either 10 appm or 30 appm
helium before Ni-ion irradiation. The remaining three samples {with a thickness of about 0,25 mm) were
first heated at 1000°C in flowing dry hydr9gen for 4.3 x 10, s to reduce the oxygen content, and then
annealed at 150°C in a vacuum of 6,6 x 107" Pa for 1.8 x 10° s to remove residual hydrogen, Analyses
performed by Los Alamos Naticnal lLaboratory, using a vacuum fusion technique, indicated that the oxygen
content in the Ni foil was reduced from the original 180 appm to 75 appm after such treatment. Two fails
with reduced axygen content were then pre-injected with either 10 or 50 appm helium before Ni-ion irradi-
ation,

The helium atoms with energy varying from 200 to 700 keV were pre-injected in the N3 samples at room
temperature using the University of Wisconsin 700 kY Accelerator. This produced a zone with relatively
uniform helium concentration extending from the sample surface to a depth of about 1 um, which is separated
from the injected interstitials introduced during the 14 MeV Ni self-ion irradiation,

Al ths samples were finally irradiated at 500°C with a flux of 3 x 1016 Ni3+/m2/s to a fluence nf 3 x
1019 Ni +/m . The d2%3¥acement damage as a function of depth for 14 MeV Ni igns on pure N was calculated
using the Brice code and is plotted in Fig. 1. According to this calculation, Ni-ion irradiatior in our
study would produce a displacement level of 2 dpa at 1 um or. ahout B3 dpa at the damage peak. It should be
noted that a displacement efficiency factor of k = 0.8 was used in the displacement damage calculation to be
consistent with previous ion bom?ngTg?t studies, even though k = 0.3 s probahly a more appropriate factor
for neutron or ion irradiations. ’
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Figure 1, Displacement damage amd implanted ian concentration versus depth from the irradiated surface
for 14 MeV Ni-ion irradiated pure Ni calculated using the Brice code. The damage efficiency (k) used is
0.8,

After irradiation, the specimens were prepared in cross-section(3) for chservation by Transmission
ETectron Microscopy (TEM), which allows the entire damage region to be studied in one single foil. TEM
analysis was performed on a JEGL 100BR and a JEOL TEMSCAN-200CX electron microscope.

Results and Discussion

After irradiation, a heterogeneous void distribution was observed in the cold-worked (as-received} Ni
containing 180 appm oxyger, as can be seen from Figs, 2 and 3. In Fig. 3 (a), it can be seen that voids
farmed preferentially around a very occasional impurity particle. An Energy Dispersive X-ray Spectroscopy
(EDXS) analysis on the particle showed only the presence of Ni (elements with Z < 10 can not he detected by
EDXS). It is believed that the particle was an oxide. If that is the case, then the high void density
around the particle might be attributed to the higher local free oxygen content because of the re-solution
of Ni oxide during irradiation. Voids were also found to form preferentially on dislocations and along
grain boundarfes as shown in Figs. 3 (b) and {c}, where the oxygen concentrTaion could also be higher than
in the Bu1k material. The average void density was determined to be 6 x 10'7 m™2 at the depth of 1 um and
2 x 10°Y 73 ¢ the damage peak. The corresponding average void diameter was 35 nm at the l-um depth and
30 nm at the damage peak.,

Figure 4 shows the entire damage regicn of the three annealed specimens which contain 180 appm oxygen
and varying levels of helium in the first micrometer region. The varfation of void density and average di-
ameter with depth is shown in Fig. 5. It is clear from Fig. 4 (a) that the heterogeneous void distribution
in the irradiated, cold-worked Ni (Figs. 2 and 3) is not a feature of irradiated, annealed Ni specimens.
Also, compared to the cold-worked specimen, the void density is much higher, and voids are much smaller in
diameter in the annealed material. This change might be explained by homogeneous distribution of oxygen
atoms due to thermal diffusion during annealing.

The effect of pre-injected helium in the annealed, high oxygen content (180 appm) Ni is shown by com-
parison of the micrographs and curves presented in Figs. 4 and 5, respectively. Pre-injection of 10 appm
helium enhanced the void nucleation remarkably, while pre-injection of 30 appm helium reduced the void
density. Compared to the sample without helium pre-injection, pre-injection of 10 appm helium increased the
vaid density at 1 um (2 dpa) by about three times, but pre-injection of 30 appm helium reduced the void den-
sity by a factor of 2.6, The suppression of void g?rmatfon by pre-injected helium was previously reported
for higher helium Tevels than used in this study,( and the suppression was considered to be the result of
copious nucleation of sub-microscopic cavities in the imolanted region. To verify this explanation, the
region pre-injected with 30 appm helium was observed very carefully at a magnification of 200,000X for sub-
microscopic cavities in addition to the voids. Sub-microscopic cavities were not resolved. Another possi-
bility is that large levels of pre-injected helium tend to suppress void nucleation by increasing th?17)
vacancy-interstitial recombination rate, because helium has a high possihility of trapping a vacancy
and these trapped vacancies function as recombination sites when their density is high.
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Depth from irradiated surface ( pm )

Figure 2. TEM micrograph which shows the crnss-sactinn of 14 MeV Ki-inn irradiated, cold-worked Ni
(the first half micron was tost during sample preparatian}. The oxygen content is 120 appm in the sample.

Figure 3. Heterogeneous void distribution in 14 MV Ni-ion irradiated cold-worked Ni containing 180
appm oxygen. Voids formed preferentially around an imnurity particle {a), on dislocations (b), and along
the grain boundary {c].
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frradiated surface

Figure 4, Cross-section TEM micrographs which span the entire damage region of 14 MeV Ni-ign
irradiated Nf containing 180 appm oxygen. The samples were annealed at 300°C, 4 1075 Pa foar one hour
before helium pre-injection and Ni dirradiation.

{a) without hetium pre-injection;
(b} with 10 appm helium pre-injected in the first micrometer;
(¢) with 30 appm helium pre-iniected in the first micrometer.
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Figure 5. Number density of voids (a) and average diameter of voias (b} versus depth for the
irradiatad high oxygen content (180 appm) samplies as shown n Fioure 3,

The variation of thne void distribution and the dependence or the void parameters along the depth in two
irradiated low-oxygen content (7% appm) specimens are shown in Fig. A and Fin, 7, respectively. The samnle
shown in Fig. 6 (b} had 10 appm helium injected in the first micrometer region., For the purpose of compari-
son, the void parameter curves for the sample with high ouygen rontent (181 appm) and zern helium is also
oresented in Fig. 7. Alsg, it should be noted that the void density is drawn on a Tagarithmic scale in
Fig, 7 {a) because the void density in the low oxygen cnntent sarples is at lea<t one arder of rmagritude
lower than that in the high oxygen sample except in the helius pre-injected region. On the other hand, the
average void size in the low oxycen content samples is much Targer. In the heliom pre-injected region we
have a high density of small diameter voids, hut, coipared to =he 1% appm helium region in the sample with
high gxygen content {[Fig., 5), the void density in the same reqisn of the lTow oxygen content sample 15 much
lower and the average void size is larger. Another nutanle difference is that toward the end of the helium
range {1 um) in the low axygen sample, the voids get proyr=ssiveiy larger and the vnid density bhecomes
progressively lower. There is a void denuded zone in Zhe range of 1-2 um bhecaise fewer gas atoms are
available for void nucleaticn. This phensmenon was rot seen in the high oxvgen content sample that was pre-
injected with the same amount of helium because there were axygen atnms available to stabilize the void
embryos.

Figure 3 and 9 show the void distribution and the variatien of void parameters along the depth in the
Tow-oxygen content 175 appm) sample pre-injected with 50 anpr heliurn  Instead of a suppression of void
formation in the haliua injected regian as secn in tne nigh nayorn content sample pre-injected witn 30 appm
helium, a relatively high void donsity was chserved, This innicates that the void suppression ar "gver
nucleation” observed previously 15 the collective effect of nisk nxvgen and helium contents.,

In addition to the results shown above, Ni samplec witn Jdifferent intrinsic oxygen contents and with
pre-injected oxygen have aiso been irradiated to higher fW“$T5?a. The resyits, which confirmed tne
observations of this study, arc being presented separately.’

CONCLUSTONS

The effects of residual oxygen and pre-irjected nelinm oo voia formation in pure Ni have heen studied
by cross-sectinn technique foliowing 14 MaV %i don dirradiation to a tluence of B x 107 dons/m® at 509°C,
The following conclusians can he drawn:

{a) The residual oxygen plays an important role in promating yoid farmetion in den irradiated Ni.  Lowering
the oxygen content fram 130 appm to 75 appe reduces the void density and increases void size remark-
ably.

(b)Y VYoids tend to form in regions with high cissolved oxvaen conterts, The heterogeneity in void
distrihution observed in cold-worked %1 cosld be attrihuted mainly to the hetaerogeneous oxygen
distributian.
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irradiated surface

Figure 6. Cross-section TEM micrographs of 14 MaV Ni-ion irradiated Tow oxyqen content (75 appm) Ni

samples without {a) or with (b) 10 appm relium pre-injected in the first micrometer region,

{c)

Pre-injection of a small amount (10 appm} of halium enhances the void nicleation significantly in hoth
high (180 appm) and Tow (75 appm) oxygen content Ni, but the void density in the low oxygen content
sample 1s sti11 much Tower compared to that in the high oxygen content sample after the same amount of
helium pre-injection.

Pre-injection of a relatively Tarce amnunt (30 appm) of heiium rediced the observable void density in
the Ni foil containing 180 appm oxygen. The void suppression or "nvar nucleation' is the collectiva
effect of high oxygen and helium contents,

The experimental results in this sFHd¥g?upport the thearetical model which predicts that gas is
necessary for voids to form in Ni,'"»
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Irradiated Surface

{75 appm) Ni



237

tap

_
%

G |-

ao |-

H
q,

70 ) i Y

T

a0 |-
50 |-

40 [ o

T T
o~
[ ]

—
(=}
H

i
§ ——

Number Density of Voids N, ™)
-
i
Arerage Diameter of Voids d {arm)
L ]
H
L ]
—

i
i
I
H

o
=R
-

i
i
L i i I L 0 1 i 1 1 L L "
10 15 Z0 23 a.0 386 4} DU 1 16 2 26 3 35
Depth { pm ) Depth { pm )

{a) {b)

o
a
o
@

Figure 9. Number density of voids (a} and average diameter of voids (b) versus depth for the
irradiated low oxygen content (75 appm) Ni with 50 appm helium pre-injected.

ACKNOWLEDGMENTS

The authors wish to thank L.E. Seitzman for some valuable discussions, D,J, Pertzborn for performing
the helium pre-injection, and Pat Caliva for preparing the manuscript. This work was supported by the U,S,
Department of Energy, Office of Fusion Energy.

REFERENCES

l. B. Mastel and J.L. Brimhall, "Voids Produced in High Purity Nickel by Neutron Irradiation,"
J» Nucl. Mater. 28 (1968) 115,

2. J.L. Brimhall, H.E. Kissinger and G.L. Kulcinski, "The Effect of Temperature on Void Formation in
Irradiated Pure and Impure Metals," Proceedings of Int. Conf. on Radiation-Induced Voide in Metale, ed. J.W.
Corbett and L.C. lannielio, Albany, NY, 1971, CONF-710601, p. 338 (1972).

3. J.B. Whitley, “Depth-Dependent Damage in Heavy-lon Irradiated Mickel," Ph.D. Thesis, University of
Wisconsin-Madison (1978).

4, W.N. McElroy and H. Farrar, "Helium Production in Stainless Steel and Its Constituents as Related
to LMFBR Development Programs,"” Praceedings of Int. Conf. on Hadiation-Induced Voide in Metals, ed., J.W.
Corbett and L.C, lanniello, Albany, NY, 1971, CONF-710601, p. 187 {1972}.

5. K, Farrell, N,H, Packan and J.T. Houston, "Depth Prafiles of Nickel Ion Damage in Helium-Implanted
Nickel," Rad. Effacts 82 (1982) 39-52,

6. D.B. Bullen, "The Effects of Implanted Hydrogen and Helium an Cavity Formation in Self-Ion
Irradiated Nickel," Ph.D., Thesis, University of Wisconsin-Madison (1984},

7. MW.G, Wolfer, "Advances in Void Swelling and Helium Bubble Physics," J. Nuel. Mater., 122 3 123
(1984) 367,

8. S.J. Zinkle, W.G. Wolfer, G.L. Kulcinski and L,E. Seitzman, "Stability of Vacancy Clusters in
Metals [I, Effect of Oxygen and Helium on Vaid Formation in Metals," to he puhblished,

9, L.D, Glowinski and C. Fishe, "Etude de la Formation des Cavites D'irradiation Dans le Cuivre Il -
Irradiation Aux lons Cuivre de 500 keV - Effet des Gaz Implantes," J. Nuel. Mater. 61 (1976) 29,

10, M,J, Makin, J.A. Hudsan, D.J. Mazey, R.S. Nelson, G.P. Walters and T.M. Williams, "UKAEA Void
Simulation in Fast Reactor Structural Materials," in Radiarion Effects in Breeder Reactor Structural
Materiale, M.L, Bleiberg and J.W. Bennett {Eds.), TMS-AIME, 1977, 645-665,



238

11, S.C, Agaswal, D.I. Potter and A, Taylor, "Effects of Oxyger Addition on the Void Swelling Behavior
of Vanadium," Met. Trars. A 98 (1978) 569,

12. B.A. Loomis and 5.B. Gerber, "Similar Dependence on Dilute C Concentration of Void Formation in
Ion-Irradiated Nb and Some Properties of Unirradiated Nh," J. Vuel. Mater. 97 [1981) 113-125,

13, R.L. Sindelar, "A Comparison of the Response of 316 SS and the P7 Alloy to Heavy-Ion Irradiation,”
Ph.D. Thesis, University of Wisconsin-Madison {198%),

14, D.K. Brice, "lon Implantation Range and Enerqgy Deposition Codes COREL, RASEA, and DAMGZ," SAND77-
0622, Sandia National Lahb. (1977).

15, J.H, Kinney, M.W. Guinan, 7.,A. Munir, "Defect Production Efficiencies in Thermal Neutron
Irradiated Copper and Molyhdenum," <. Jucl. Mater. 127 & 123 (1984) 1028-103Z,

16, S.d. Zinkle, "Effects of Thermal Annealing and lon Irradiation on the Properties and
Microstructures of Copper Alloys," Ph.D., Thesis, University of Wisconsin-Madison (1985),

17. A. Kumar and F.A. Garner, "Dual-lon Irradiation: Impact of the Conflicting Roles of Helium on
Void Nucleation,” Proceedings of 12th Inter. Symposium on Effects of Radiation om Materials, Williamsburg,
June 18-29, 1984, p. 493,

18, L.E. Seitzman, L.M. Wang, G.L. Kulcinski and R.A, Dodd, "The Effect of Oxygen on Void Stability In
Nickel and Austentic Steel," Proceedings of 2nd Intl. Conf. on Fusion Reactor Materials, 14-17 April 1986,
Chicago, IL.

FUTURE WORK

The oxygen content in nickel is to bhe reduced tec much lower level and small controllied amounts of
oxygen will then be injected into the samples almast free of oxygen for more detailed study.
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THE EFFECT OF OXYGEN ON VQID STABILITY IN NICKEL - L.E. Seitzman, L.M. Wang, G.L. Kulcinski and R.A. Dodd
(University of Wisconsin)

OBJECTIVE

The object of this study is to calculate the minimum oxygen concentration capable of stabilizing voids
in irradiated nickel.

SUMMARY

Surface energy valtues Tower than those determined experimentally are often utilized in theories of void
nucleation and growth in metals. Utilization of established surface energy values generally predicts no
swelling in the absence of helium. However, swelling occurs in many metals even in the absence of helium.
Surface active impurities, such as oxygen, can readily account for this discrepancy by reducing the surface
energy of metals. This investigation shows that very low concentrations of oxygen in nickel can achieve the
necessary decrease in surface energy.

A model has been developed to calculate the reguisite quantity of oxygen in solution to stabilize
voids, The criterion for void stability is that the void be the most energetically stable vacancy cluster
in the metal. Knowing the fraction of oxygen which chemisorbs and the surface coverage required permits the
determination of initial oxygen concentration needed to promote void stability. Calculations have been
performed for nickel.

The model has been tested by irradiating nickel with 14-MeV Ni ions at 500°C. Oxygen ¥as preinjegted
into one sample to a concentration of 75 appm. The irradiation reached a fluence of 3 x 10°° Ni-jon/m“ (28
dpa at the damage peak). The frradiated foils were examined in cross section in the electron microscope,

PROGRESS AND STATUS
Introduction

Void nucleation and growth have been extensively studied for the last two decades. Several authors
have attempted to model the physics of vaid farmation in metals. Unfortunately, most of these theories
assume a metal surface energy of 1,0 J/m*, which is 10w?F than the experimental_values for most metals,
Two notable exceptions to this are Mayer and co-workers® and Wehner and Wolfer,2 Using the appropriate
surface erergy, Mayer concludes that gas is required for void formation. Wehner and Wolfer predict that
small void embryos will nucleate at very low doses without gas assistance; however, they suggest that gas
may be_necessary to prevent the collapse of these unstable embryos to dislocation loops. Si-Ahmed and
Wolfer” point out that in the absence of gas, exceedingly low concentrations of stable voids result from
utilizing estahlished surface energies.

Some experlmgnta1 evidence alsc lends support to the notion that gas is necessary for void stability
in some metals, For neutron irradiated materials, the (n,a) nuclear reaction produces helium to aid
void formation. However, in electron- and jon-irradiated metals, helium is absent gn%eii introduced by
implantation; yet voids exist in helium-free metals bombarded by charged particles,”*”” Therefore, the
possibility of void stability promoted by residual gas atoms must be considered., Oxygen, a common fmpurity
in metals, is a likely candidate because of its reactive nature.

This paper focuses on the role of oxygen in void stabilization in nickﬁ%. A model introduced to
calculate the required levels of oxygen needed for void formation in copper “ after ion irradiation is
extended to this metal. This model is then tested experimentally for nickel.

Theory

Elastic continuum theory applied to vacancy clusters in metals allows the determination of the most
stable vacancy cluster type. In nickel, four defect clusters are found: the stacking fauit tetrahedron
{SFT), the faulted dislocation Toop, the perfect dislocation Toop, and the void. Recent calculations, using
the best known values of the relevantlgateria1s parameters, indicate that the void is thermodynamically
unstable at all sizes in both metals. However, the void can be stabilized [y surface energy reductions,
The effect of a reduction in the surface energy of mickel from 2.1 to 1.5 J/m“ on void stability is depicted
in Fig. 1. The void becomes the energetically favorable vacancy cluster type, These reductions can be
achieved by chemisorption of oxygen onto the metal surface,



240

N
g \'rxtszn‘u-,w

N A, GLERS YOID NICKEL
o8 \\ SRR STACKING FALILY -

NS

NICKIL

STAKINC EALLL G50 w0

FURFACE ENEROY

SSEROGY PER VACANUY (V)
o JEREY

1
a o =

(o
T

100060 1 re

an 1300
MUMHER OF VAUANCIES

0 1504 LO0aD
NUMBFRE OF YACANCIES

Figure 1. The effect of surface energy on void stability: (a) I = 2.1 J/mz, (b) r = 1.5 J/mz.

Bernard and Lupis14 discussed the reduction in metal surface energy by surface reactive species. The
Bernard-Lupis isotherm can be expressed as:

_ RT 1 z
rie) =1 - oE 0 (j—j—ﬁg) + mge~, (1)

where T(8) is the surface energy at a coverage of &, I is the clean surface energy, 6 is the fractional
degree of surface covered by the impurity, m is an integer that depends on the stoichiometry of the impurity
surface lattice, A is the metal molar surface area, and g is the magnitude of the interaction between
impurity atoms,

For oxygen, metal surface contamination is a complex process. At relevant temperatures, free matrix
oxygen is in atomic form on surfaces and in the bulk. Oxygen 3s distributed on the surfaces in a lattice
configurati?g such as MO or M30. A comprehensive review of oxygen-metal interactions can be found in the
literature, The value of m™in Eq. (1) is determined by the oxygen-saturated lattice type, M. 10. DOnce
this lattice is fully formed, the lattice is saturated in oxygen. The introduction of additiona+ oxygen
results in the penetration of oxygen into the ?glﬁ?and, ultimately, the formation of an oxide. This oxide
can lead to an increase in the surface energy. °:

A disagreement exists in the 1i%§r?§ure regarding the saturation c0¥8rs?e, at s of nickel by oxygen.
Some researchers belijeve @ at = 0.25°7*°7 and others support Biat = N.5.77*"% This paper uses a value of
Bcar = 0.5 (m = 3) for nicEeE.

In viewzaf the uncertainty in m and because the interaction energy between oxygen atoms is unknown, but
often small,“® the last term in Eq. {1} is assumed to be zero. The resultant equation for nickel is

T(e) =T —3_A n (-1—}—38) N (2)

Knowledge of the surface energy needed for void stabilization permits the calculaticn of the
cerresponding surface coverage by Eq. (2)2 To relate this coverage to the mole fraction, X, of oxygen
in salution, the Langmuir-McLean isotherm®” may be used:

G, - Gs(e)

[ 3 3 (3)

LI
Tog = Fexp RT I

where GB is the Gibbs free energy of atomic oxygen in the bulk and Gs(e) is the Gibbs free energy of atomic
oxygen on the covered surface. Assuming no change in fig as a functigﬂ of coverage up to 8 = 0,5, Gc(8) is
GS(O), the initial free energy of chemisorption. Brennan and Graham®" find that the heat of adsorp%ion of
oXygen an nickel remains unchanged up tn a coverage of one monolayer at 273°K,

Finally, to determine the fraction of oxygen in snlution and on surfaces, a simple gas atom balance is
employed, Before irradiation, some conmcentration of free nxygen egists in solutian in the metal, When the
irradiation commences, a terminal veid density is rapidly reached.” The existing oxygen may now remain in
solution, partition to the newly formed void surfaces, or re-associate in the interior of the embryos. The
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sum of the gas atoms at these three locations must balance with the number of gas atoms originally in solu-
tion. Thus,
2

dn R
v

A

nkQ + NO( ) n,6a + 2 NOnVngﬂ = nXOQ, (4)

where n 1$ the matrix atom number density, Q@ is the atomic volume, N0 is Avogadro's number, RV is the aver-
age void embryo radius, n, fs the terminal void density, Xgp, is the molar fraction of diatomic gas molecules
inside the void, and X, is the initial free oxygen mole fraction. Calculations using Eg. {4} reveal that
the last term on the left-hand side of Eq. {4) is negligible compared to the other terms, Thus Eq. (4)
can be reduced to
2
4n RV N0 8 nV
o m X (%)

Equation (5) in conjunction with Egs. (2) and (3) determines the initial free matrix oxygen concentration
that will stabilize void formation by sufficient surface energy reduction.

Calculations

The Gibbs free energies of oxygen in the bulk, Gy, and on the surface, Gg, are not well known. These
terms can be approximated by Gp = - (H + E5)/2 and Gg = - Heg * ED)/Z, where H and H__ are the Egats of
solution and adsorption of molecuiar oxygen and Ejy is the dissdociation energy of molecu?ar oxygen. TE%S
aﬁqroximation assymes entﬁ?py terms cance%7 The values used in this calculation are Ep = 498.4 kd/mol,

Hu = 195 kd/mo1l, and Hcs = 420 kd/mel.

The void densities and radii used are taken from Wehner anggwolfer‘s data for a damage rate of 10‘3

dpa/s.” The molar surface area is calculated according to Tysan® using his "average" population density
factor. Table 1 Tists all the parameters used in the calculations,

Table 1. Materials Parameters

Parameter Nickel
I (J/m) 2.1
! F(B)Z(J/mz) 1,5
i A (me/mol) 4.84 x 10"
Gy (kJ/mol ) - 347
Gg (kJ/ma1 0) - 455 28
n {m™ ) 1 9.1 x 10
\

The calculated minimum free oxygen concentration needed for void stability is plotted versus
temperature in Fig. 2. At Tow temperatures a greater oxygen concentration is needed due to the higher void
density. At 650 to 700°C a minimum of about 1 appm is reached. Calculations, not shown in Fig. 2, reveal
that the required oxygen levels increase above 700°C because of increasing oxygen solubility,

Experimantal Procedure

A Marz-grade nickel (99,995% pure) was used in this experiment. The initial oxygen concentration,
determined by inert-gas fusion analysis, was 180 appm., Samples were cut into 1 cm x 0.5 ¢m foils and
mechanically polished to a thichness of approximately 0.25 mm. The foils were then treated in flowing dry
hydrogen at 1000°C for 4.3 x 102 s hours to reduce the oxygen levels from 1§0 to 75 appm. The decxidation
step was followed by a 1.8 x 103 s anneal at 150°C in a vacuum of 6.6 x 10 Pa to remove any hydrogen that
may have diffused into the metal.

The degassed foils were mechanically polished with 0,3 um alumina abrasive in order ta clean the
surfaces. Electrochemical polishing was avoided hecauae this procedurs can introdice gas. One degassed
nickel sample was pre-injected with 75 appm of 5-MeV 0°* jons at room temperature to give a total of 150
appm oxyger at the peak depth of 2 pm using the University of Wisconsin Heavy-lon Irradiation facility.
The first micrometer of the surface of this specimen was removed by sputtering with 3,5-kV Art dons,
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Figure 2. The minimum oxygen concentration needed for void stability.

Profitometer measurements indicate a surface removal of (.8 to 1.0 pm, This procedure resulted in a
specimen with 150 appm oxygen at the L um depth and 75 appm oxygen at the peak nickel-ion damage depth

(2 um).
3

A total of three foils were irradiated with 14 MeV Ni®" jons: the oxygen pre1n3§£ted foil, a degassed
foil, ng an as =received foil. The 5pec1gsns were irradiated at 500°C with 14-MeV Ni ions at a flux of
3 x 10 1§ns/m /s to a fluence of 3 x 10 1ons/m . These values correspond to a peak dose rate and dose
of 3 x 107" dpa/s and 28 dpa, respectively, The damage at 1 um is approximately ane-fourth that of the peak
damage. The oxygen-implanted foil received half this dose. After irradiation, the foils were prepared for
analysis using a cross-section technique described elsewhere. The microscopy was performed on a JEOL
TEMSCAN-200CX electron microscope.

Results and Discussion

Figure 3 shows the irradiation damage throughout the damage region for the three foils. Each of the
foils showed evidence of some void formation. This was expected because all samples contained oxygen
concentrations exceeding the minimum for void stability, Table 2 lists the average void densities and
diameters at the l-um depth and at the damage peak. In all cases the swelling at the damage peak resulted
from a relatively low density of voids with diameter of 40-60 nm. The void density at the peak damage depth
in the as-received nickel is approximately an order of magnitude greater than in the degassed or oxygen-
implanted foils. In the first micrometer of the as-received and degassed nickel, a sparse, heterogeneous
pepulation of large voids exists. The void size at the l-um depth is smaller and the void density is two
orders of magnitude high in the oxygen implanted foil in comparison to the as-received or degassed nickel
foils.

Table 2. Void Paramters

Peak Average

Irradiation Oxygen Nose Vo1d?B §ity Average Void

Sample Temperature Location Level {dpa} (10 Diameter (nm)
As-Received Nickel 500°C 1 um 180 appm 7 0.3 50
Peak 180 appm 28 1.0 5%
Degassed Nickel 500°C 1 um 75 appm 7 n.1 50
Peak 75 appm 28 n.07 60

|

Oxygen Implanted 500°C 1 um 150 appm 3.5 20.0 14
Nickel Peak 75 appm 14 n,2 40
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This last result is important in the following respect. It should be noted that the oxygen level at
the l-um deoth in the oxygen implanted nickel is twice the axygen level in the peak damage reqgion, hut there
is a hundred-fold increase in void density at the l-um depth for approximately one-fourth the damage level.
The void density at the l-um depth in the oxygen implanted nickel was alsn substantially higher than in the
as-received and degassed samples. This difference can be explained by assuming that the implanted oxygen is
bound differently from the initial matrix oxygen. At room temperature, the injected oxygen is immohile and
probably remains in solution. Once the irradiation starts, this free oxygen is able to partition to embryo
surfaces. The heterogeneous nature of the voids in the peak damage zone indicates that most of the oxygen
origfnally in the bulk is tied up at grain boundaries, dislocaticns, internal oxides, or other binding
sites, Bombarding or knock-on atoms may free some of these hound oxygen atoms but it is not expected that
the density of these liberated axygen atoms will ke high enough to stahilize maaé emhryos, The chance of
such an event is greater near large oxide particles or other oxygen-rich areas, Thus, it seems likely
that the injection of oxygen increases the free oxygen levels from a very low value to 75 appm.

It should also be noted that the void den@}ty ngZ X 1021 m'3 does not exceed the theoretical pre-
dicticn of the terminal void density of 2_x 10%¢ m™72, A major uncertainty in the model is the heat of
chemisorption of oxygen, Hees ON nickel, 3 a7 change in H ¢ €an alter X by two orders of magnitude.
This carries an uncertainty in the calculation of the oxygen ?éve? for void stabilization. The model also
assumes that a1l embryos obtain at least a minimum coverage, A free oxygen concentration below the cal-
culated minimum can stil1 stabilize some fraction of the void embryos. 1In fact nine oxygen atoms can
stabilize a 1.3 nm diameter embryn,

The maximum void density also may not be reached due to the kinetics of the pracess, This mode}
examines enly tnermodynamic potential., The physics of oxygen partitioning to sinks may prevent the
stabilization of all void embryos, Finally, the model presented here considers void stabilization and
not growth, Stabilized void embryos may grow and coalesce according to classical growth mechanisms. The
difficulties mentioned ahove preclude uneguivocable proof that gas is needed to stabilize voids in many
metals. The trends, however, support this conclusion for nickel. Reduction of the starting oxygen levels
and the re-injection of oxygen atoms should be a valuable technique in testing the limits of this model.
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CONCLUSIONS

. Voids are calculated to be thermodynamically unstable in extremely pure Ni.

2. In ion-irradiated nickel, unbound residuat oxygen can stabilize voids by reducing the metal surface
energy.

3. Pre-injection of Ni with 75 appm oxygen dramatically increases the void nucleation rate at 500°C.

4. DOxygen implanted in the nickel prior to ion irradiation is mostly unbound and able to partition readily

to void embryos.

FUTURE WORK

This model is being extended to type 316 Stainless Steel., Also, efforts are being made to decrease the
starting oxygen content in order to completely eliminate void formation.






6. DEVELOPMENT OF STRUCTURAL ALLOYS







6.1 Ferritic Stainless Steels
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RADIATION EMBRITTLEMENT OF MANGANESE-STABILIZED MARTENSITIC STAINLESS STEEL - D. S. Gelles and W. L. Hu
{Westinghouse Hanford Company)

OBJECTIVE

The object of this work is to evaluate the irradiation embrittlement hehavior of manganese stabilized
martensitic stainless steels in support of low activation ferritic alloy design.

SUMMARY

Fractographic examination has been performed on selected Charpy specimens of manganese stabilized
martensitic stainless steels in order to identify the cause of irradiation embrittlement. Embrittlement
was found to be partly due to enhanced failure at grain houndaries artsing from precipitation. Microstruc-
tural examination of a specimen irradiated at higher temperature has demonstrated the presence of Fe-Cr-Mn
chi phase, a body centered cubic intermetallic phase known to cause embrittlement. This work indicated
that manganese stabilized martensitic stainless steels are prone to intermetallic phase formation which is
detrimental to mechanical properties.

PROGRESS AND STATUS
Introduction

In & previous report, it was shown that manganese stabilized martensitic stafnless stesls underwent a
large shift in ductile-to-brittle transition temperature (DBTT) as a result of irradiation at 365°C to 5.4
dpa and a further shift following irradiation to 11.3 dpa.l Higher manganese content increased the
degradation. Although equivalent tests on HT-9 have not heen performed, it is likely that this represents
behavior that is worse than that found in HT-9. As the alley design concepts used in manganese stabilized
mariensitic steels were used in 12% Cr Tow activation ferritic alloys, it was necessary to determine the
cause of the embrittlement. The present effort is intended to determine the cause of embritt]ement. The
work includes fractographic examination of the Charpy test specimens and microstructural examination of TEM
specimens irradiated at somewhat higher temperatures, 420 and 520°C, to 9.8 and 14.4 dpa, respectively,

The alloys of interest, coded F2 and F4 are Fe-12Cr-0.1C-1.0Mo-0.20Y-0.15Nb with 3.33 and 6.57% Mn,
respectively, The 1/3 size Charpy specimen test results! are provided in Fig. 1 with F2 as closed symbols
and F4 as open symbols. From Fig. 1 it can be shown that the two alloys behaved similarTy in the unirradi-
ated stafe but F4 had a sTightly Tower upper shelf energy (USE). Following $rradiation to 5.4 dpa, both
alloys showed a shift in DBTT: for F2 115°C, comparable to HT-9 irradiated at 400°C and for F4 approxi-
mately 150°C. However, a further shift was found following irradiation to 11.3 dpa, to 130°C for F2 and o
225°C for F4. HT-9 does not show a further shift with irradiation. Also of note were recorded increases
in USE such that for F4 following irradiation to 11.3 dpa, the USE had almost doubled. Therefore it was
apparent that manganese additions to martensitic steels resulted in degradation of the DBTT but improvement
in USE response due to irradiation.

The present effort is intended to provide an explanation for the above results. The work concentrates
on fractographic examination of selected Charpy specimens but also includes companior transmission electron
microscopy (TEM) specimens which were irradiated at somewhat higher temperatures, 420 and 520°C.

Experimental procedures

Details of the alloy design, composition, fabrication, Charpy testing and test results are given in
Ref. 1. As noted, the results are shown graphically in Fig. 1. Fig. 1 also fdentifies specimens selected
far fractographic examination by specimen identification number. The specimens were chosen to show
transition temperature behavior {tested at the transition temperature) so that both brittle and ductile
response could he cbserved in a single specimen. However, hecause unusual response was observed in USE as
a function of dose, several specimens showing upper shelf response were chosen as well. The test condi-
tions and results for these specimens are given in Table 1 along with the alloy compositions,

TEM specimens of these alloys were included in MOTA fusion canisters operating at 420, 520 and 600°C.
Specimens of F4 (coded PZ for MOTA TEM tests) were therefore examined following irradiatfon in MOTA 18
irradiated in Cycie 4. The irradiation conditions for these specimens were: 407°C to a fluence of
2.23x1022 n/emé, which is equivalent to 9.8 dpa, and 518°C to a fluence of 3.12x1022 n/cm2, which is
equivalent to 14.4 dpa.2Z Specimen preparation and examination followed routine procedures.
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Fig. 1. Charpy impact fracture energy as a function of test temperature for manganese stabilized

martensitic steels with specimens selected for examination indicated by identification number.

Table 1. Charpy specimens selected for fractographic examination
Total Normalized
Test Fracture Fracture
Specimen Temperature Energy Energ¥
1.0, ("C) (Joules) (J/cmé)
UNIRRADIATED
F2la* 0 2.452 14,56
F218 60 6.095 41.29
F425%* 0 2.283 15.21
IRRADIATED AT 365°C TO 5.4 DPA
F203 110 3.496 23,73
F202 150 7.665 52.67
F403 150 2,869 19.66
IRRADIATED AT 365°C TO 11.3 DPA
F223 125 2.395 16.53
Fe2l 150 6.963 47.36
F422 200 2.807 19.31
Faz4 300 10.626 73.04

*Composition of F2: Fe-11.8Cr-3.33Mn-0,96M0-0.21V-0.16Nb-0.12C

(wt. percent)

**Composition of Fa: Fe-12.0Cr-6.57Mn-0,96Ma-0,20V-0.15Nb-0.11C
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Results

Fractography

The results of fractographic examination will be presented hy alloy, first showing results for alloy
F2 with 3.3% Mn and then showing results for F4 with 6.5% Mn.

Specimens containing 3.3% Mn in the unirradiated condition showed behavior typical of a martensitic
stainless steel. Examples of fracture surfaces at the transition temperature and on the upper shelf are
shown in Figs. 2 and 3, respectively. In each case, part (2) provides a stereo pair at Tow magnification
with the fatigue precrack on the left and the fracture surface created during the Charpy test adjacent to
it. Therefore, crack propagation proceeded from left to right. Part (b) gives a higher magnificatian
stereo pair example of the central region of the fracture surface immediately adjacent to the fatigue
surface with the fatigue surface again shown on the left. The stretch zone adjacent to the fatigue surface
at the transition temperature is on the order of 15 um whereas on the upper shelf it is closer to 50 um.
Brittle failure consists of plateau regions of brittle failure connected by steeply inclined transitions
which have been typically identified as prior austenite grain boundaries. Therefore, the prior austenite
grain size is on the order of 350 um. Failure on the upper shelf is by dimple rupture, with a fine dimple
size on the order of 10 pm.

Following irradiation to 5.4 dpa at 365°C, the fracture behavior far specimens containing 3.3% Mn was
similar to unirradiated specimens, but transition regions corresponding to martensite lath baundaries were
in greater evidence. Examples of behavior at the transition temperature and on the upper shelf are given
in Figs. 4 and 5. Examination of Fig. 4 in stereo reveals that the brittle plateaus have become rougher,
and vertical transition regions can be found more frequently within prior austenite grains as seen at
higher magnification. Upper shelf response appears to have generated a finer dimple size near the fatigue
surface . Both ohservations suggest precipitation is accurring during irradiation, weakening lath bound-
aries and providing more cavity nucleation sites. The stretch zone at the transition temperature remains
at about 15 um whereas for the upper shelf it increases to about 100 um based on the lower part of Fig. 5b.

Similar response is found following irradiation to 11.3 dpa at 365°C except that the dimple size for
upper shelf behavior appears intermediate between unirradiated and low dose irradiation response. Examples
are given in Figs. 6 and 7 for behavior at the transition temperature and on the upper shelf, respectively.
Note that the stretch zone at the transition temperature is generally about 15 um hut a region at the lower
part of Figure 6b shows a stretch zone closer to 30 um. The stretch zone for upper shelf response varies
between 35 and 60 um. It can therefore be concluded that a straightforward relationship hetween fracture
energy and stretch zone size does not exist. The variation of upper shelf energy with fluence is more
Tikely a result of crack propagation than crack initiation.

The fracture surface of unirradiated alloy F4 with 6.5% Mn tested at the transition temperature is
shown in Fig. 8. This specimen alsc shows normal response with a prior austenite grain poorly defined but
on the order of 300 um and a stretch zone on the order of 10 wm. Based an the appearance of the brittle
fracture appearance, it is 1ikely that the martensite lath structure is finer in alloy F4 than in F2.

Irradiation of alloy F4 at 365°C to 5.4 dpa altered the fracture appearance significantly. This can
be shown in Fig. 9 which provides an example of failure at the transition temparature. Brittle cleavage
plateaus are no longer apparent. Instead, smaller facets appear which is typical of grain boundary
failure. Alsoc of note is the presence of several deep fissures in the center of the specimen as shown in
Fig. 9a. Both features indicate grain boundary and subgrain boundary embrittlement. An apparent change in
fracture appearance can be seen creating a narrow band of fine structure separating two facetted regions.
Such structure results when fracture goes from brittle to ductile and then back to brittle again.

The fracture surfaces of alloy F4 irradiated at 365°C to 11.3 dpa are shown in Figs, 10 and 11 for
tests at the transition temperature and on the upper shelf, respectively. The brittle failure shown in
Fig, 10 is more typical than in Fig. 9 but examples aof some very deep fissures can be seen. Grain boundary
embrittlement is evident. As in Fig. 9, there is an apparent change in fracture appearance creating a
narrow band of fine structure separating two brittle regions and indicating a return to brittle failure
after ductile failure begins. Fig. 11 shows the characteristic dimple rupture failure of upper shelf
response but it too 1is unusual in that only a small triangular region adjacent to the fatigue crack is
parallel to the fatigue surface. The rest is steeply inclined. Such response is common in miniature
compact tension specimens where surface effects dominate most of the fracture process but is unusual in
minfature Charpy specimens. This fracture morphology suggested that a great degree of plane stress state
existed at the crack front and extensive plastic deformation occurred prior to failure initiation.

The cause of grain boundary embrittlement could be traced to precipitate development at grain
boundaries. This 1s shown in Fig. 12 which provides higher magnification examples of structure on prior
austenite grain boundaries in specimens F403 and F422, Fig. 12a shaws a boundary region in alloy F4
irradiated to 5.4 dpa, and Fig. 12b shows a similar region in alloy F4 irradiated to 11.3 dpa. Precipitate
particles can be clearly seen decorating the boundaries and many small cavities and fissures can be
identified. However, failure is either by brittle fracture or shear because the cavities are not typical
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Stereo fractograms of alloy F4 specimen F403 irradiated

at 365°C to 5.4 dpa and tested at 150°C near the transition tempera-

ture a) at low magnification and b) higher magnification,

Fig. 9.

diated alloy F4 specimen
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of dimple rupture. More 1likely, they are impressions of particles which remained attached to the other
half of the fractured specimen.

Microscopy

£xamples of prior austenite grain boundary structure in alley F4 are given in Fig. 13. Fig. 13a shows
a grain boundary regicn in the unirradiated ailoy. The boundary is poorly defined by precipitate particles
but an example of a larger carbide particle can be seen. Fig. 13b shows the structure following irradi-
ation at 40/°C to 9.8 dpa and includes a ferrite grain at the lower left. Precipitates are Targer and more
clearly defined in this structure, but grain boundary precipitates do not form a continuous coating. As is
usually the case, precipitation an ferrite boundaries is more extensive than on boundaries between grains
containing only martensite. Also of note is the observation of void swelling in the ferrite grain. Void
swelling was not found in martensite grains. Fig. 13c provides an example of the microstructure at a prior
austenite grain boundary in alloy F4 following irradiation at 518°C to 14.4 dpa. Tn this case, the
precipitate structure forms in two distinctly different size distributions, a size characteristic of the
starting structure and & much large size. Analysis demonstrated that the smaller particles were Mz3Cg but
the larger particles were a body centered cubic phase identified as chi. Fig. 14 has been prepared to show
this identification. The large precipitate particle shown was tilted tc several major orientaticns of
interest and microbeam diffraction patterns were taken as shown. The phase is clearly body centered cubic
with a lattice parameter approximately three times that of the matrix. Attempts to define the composition
of this phase in the foil indicated a composition of Fe~16.2Cr-10.2Mn-3.CMo-0.751 where the silicon peak
prabably represented tungsten. Therefore, the composition is similar to Fe-30Cr-30Mo chi phase except that
manganese appears to be substituting for molybdenum and iron may also be occupying molybdenum sites.
Extraction replicas to isolate this phase were not completely successful. Compositions similar to that
above were obtained, but the particles being analyzed were not clean and were coated with debris which may
have been rust. FExtraction of chi phase is generally a difficult process.

Discussion

When the concept of manganese stabilized martensitic stainless steels was applied to alloy design for
fusion reactor applications, it was assumed that_manganese additions would be innocuous with regard to
phase instability. The published phase diagrams3-4 gave no indications that intermetallic phase instabili-
ties would occur in Fe-Cr-Mn phase space to manganese levels as high as 30%. Therefore, the possibility of
substituting manganese for nickel and carbon to reduce nicke! and carbon contents but still retain a fully
martensitic structure appeared promising. No adverse effects on mechanical properties due to phase
instabilities were anticipated.

Experiments on the present series of manganese stabilized martensitic stainless steels proves
otherwise. DBTT properties are degraded by irradiation to the point where properties are expected to be
significantly worse than those of HT-9. The degradation appears to be a result of precipitate formation on
grain houndaries. Examination of a TEM specimen irradiated at higher temperature demonstrates the exis-
tence of significant quantities of chi phase, an intermetallic phase rich in ircn and containing signifi-
cant quantities of chromium and manganese. The volume fraction of the phase may be as high as 10%. Chi
ohase may not in fact be the precipitate causing embrittlement at lower temperatures but its existeace
certainly demonstrates that phase instabilities can occur in these steels.

It is interesting to note that chi phase 1is generally referred to as having the a-manganese crystal
structure. Yet the a-manganese phase field is clearly defined and does not extend across the phase diagram
to the composition found in the present study. Instead, the presence of manganese tends ta stabilize the
more common Fe-Cr-Mo form, It is not yet known whether Fe-Cr-Mn chi phase forms thermally or whether the
presence of molybdenum, tungsten and/or carbon is required. Evidence for it has not been Tocated in the
literature. Therefore, further study of the phase appears warranted.

The implications of this work to alloy design are significant. Manganase stabilization of martensitic
stainless steels is 1ikely to lead to embrittlement. Low activation martensitic alfoy design will probably
not be worthwhile in the Fe-12Cr composition range unless manganese is laow and carbon levels are set above
0.2% which will probably be too high. Therefore the most promising composition range for low activation
steel development is Fe-10Cr-W with possibly minor additions of vanadium and tantalum. Key guestions which
remain to be answered concern the levels of carbon, tungsten, vanadium and tantalum.

CONCLUSTONS

Fractographic examination has been performed on selected Charpy specimens of manganese stabilized
martensitic stainless steels in order to identify the cause of idrradiation-induced embrittlement.
Embrittlement was found to be partly due to enhanced failure at grain boundaries arising from precipita-
tion. Microstructural examination of a specimen irradiated at higher temperature has demonstrated the
presence of Fe-Cr-Mn chi phase, a body centered cubic intermetallic phase known to cause embrittlement,
This work indicated that manganese stabilized martensitic stainless steels are prone to intermetallic phase
formation which is detrimental to mechanical properties.
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i\
»
Fig. 12. E&xamples of precipitate structure on prior austenite boundaries in a) specimen F303 and b}
specimen F422.

-

Fig. 13. Prior austenite grain boundaries in alloy F4 at Tow magnification é) Jﬂfffdd;ﬂt?d,
irradiated at 407°C to 9.8 dpa and c) irradiated at 518°C to 14.4 dpa.

()

Fig. 14, A chi phase precipitate particle in alloy F4 following irradiation at 5187C to 14.4 dpa with
several major pole microbeam diffraction patteras.
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FUTURE WORK

This work will be concluded after it is established whether phase instability is thermally induced.
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TENSILE PROPERTIES OF HFIR-IRRADIATED AUSTENITIC STAINLESS STEELS AT 250 TO 400°C FROM THE EUROPEAN
COMMUNITY/U.S./JAPAN FUSION MATERIALS COLLABORATION — M. L. Grossheck (Oak Ridge National Laboratory)

OBJECTIVE

Austenitic steels are being irradiated in different experimental reactors to achieve a variation in
He:dpa ratio. Mechanical properties at temperatures relevant to INTOR are being determined; in the present
report, only tensile property results are presented.

Four alloys were setected for studv: European Community (ECY. tvpe 316 stainltess steel (EC316Y:; U.S.
type 316 stainless steel (US316); Japanese PCA (JPCA); and USPCA. A1) four alloys are being irradiated in
the HFIR at Oak Ridge, the HFR at Petten, the BR-2 at Mol, Belgium, and the R2 at Studsvik, Sweden.
Furthermore, the 11.S. alloys are being irradiated in the ORR at Oak Ridge. The present report details the
tensile property experiment using the HFIR.

SUMMARY

In the collaborative experiments, four austenitic stainless steels (EC316, US316, USPCA, JPCA) are
being irradiated in four reactors to exploit the variation in neutron energy spectrum. In this way the
effect of He:dpa ratio can be investigated. Tensila properties were determined for all four alloys irra-
diated to a maximum of 10 dpa and containing a maximum of 550 appm He, depending upon the nickel con-
centration in the alloy and pesiticn in the reactor. Irradiation temperatures of 250 to 400°C were chosen
because of their particular reltevance to INTOR. The U.S. alloys were prepared in the cold-worked condition,
the EC and Japanese alloys in the annealed condition,

The tensile behavior more nearly reflected the differences in initial condition than the differences
between irradiation properties of the alloys, the cold-worked material remaining stronger even after irra-
diation. In general, irradiation in this temperature range clearly produced hardening with accompanying
reduction in ductility. Al four altoys, with the possible exception of JPCA, exhibited rather low uniform
elongation. There was no evidence for helium embrittTement.

PROGRESS AND STATUS

Introduction

Canada, the European Community, Japan, the Unfted States, and Switzerland have signed an IEA
Implementing Agreement for a program of research and development on radiation damage in fusion materials.
The working group on the IEA Implementing Agreement, Annex I, arranged a workshep in Oak Ridge in August
1982 which developed an irradiation test plan. A total of five experimental reactors were chasen for the
study: the HFIR in the United States, the HFR in Patten, the BR-2 in Belgium, the %2 in Sweden, and to a
limited extent, the ORR in the United States. The purpose in using such a variety of reactors was to
achieve a range of He:dpa values from the fusion reactor level of about 12 to ahout 50 appm/dpa. A broad
range of properties is being investigated: inm situ and postirradiation fatigue, irradiation creep, and
postirradiation tensile properties. A test matrix appears in Table 1. Four alloys were chosen for the
investigatfon: European Community type 316 stainless steel (EC316), U.S. Fusion Program type 316 stainless
stee? (HT X15893) {US316), Japanese PCA (JPCA), and U,S. fusion PCA (USPCA). The compositions of the
alloys appear in Table 2.

In this report, only the tensile properties from the HFIR are discussed. These data will be combined
with corresponding data from the MFR and published as a single report.!

Experimental Procedure

HFIR Irradiation Two irradiation capsules designated HFIR-CTR-44 and -45 were employed in which
eleven specimens were arranged linearly along the capsule axes. The specimens were positioned in holders
(Fig. 1) which provided a gas gap between the specimen and the aluminum holder ta impede heat transfer and
thus provide passive control of the irradiation temperature. The specimens were held in place by end spurs
with the result that the axial temperature was very uniform along the specimen gage section but rather steep
along the spurs {which were of no consequence to suhsequent tests). The gas gaps were adjusted to compen-
sate for the flux gradient aleong the capsule,

The capsules were filled with heljum and irradiated with reactor coolant water, at an average of 55°C,
in contact with the capsule outer wall. The capsules were positioned on the periphery of the target region
adjacent to the inner fuel element in order to achieve a high fast flux as well as a high thermal flux.
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Table 2. Chemical composition of the four alloys

Composition, wt %

Heat Cr Mn Ni Mo Co Cu Si Nb Ta Ti B C k) P
JRC-Tspra tyve 316 17,5 1,4 12,3 2.4 0,18 0.21 0.23 -- ¢0.15 -- 0.0023 0,021 <0.009 <0,029
DRNL (HT X15893) 17.3 1.7 12,4 2.1 0.3 0,3 0,87 <0.05 <0.05 <0,05 0.0004 0,061 0.081 0.037

type 316
ORNL PCA 14,5 1.8 15.6 2.3 0.003 0,005 0,42 0,001 -- 0.24 0,00003 «- <(,001 0.008
JAERI PCA 4.6 1.8 16.2 2.4 - -- 053 - - 0.24 - -- -- -

Tahle 3 shows the specimen loading, alloys, and jrradiation parameters for the HFIR specimens, The
values for displacement damage were computed from dosimetry measurements made by L. R, Greenwood.2 The
helium levels were calculated from relations developed by Greenwood from a series of HFIR experiments.?
Helium produced from (n,a) reactions by fast neutrons in nickel, hy thermal neutrons by the series of reac-

tions S®Ni{n,v), 5°Ni(n,«), and by (n,a) reactions in
boron present in the alloys are all included in the
reported values,
ORNL — OWG 76~ 11166

Temperatures are values calculated using a two-
dimensional heat transfer code {HEATING III)}" and
nuciear heating values determined by previous experi-
ments using melt-wire monitors.

CENTERING HUB The HFIR specimens were tested on an Instron
screw-driven tensile test system equipped with a
resistance furnace and an ultrahigh vacuum system,

The system is in a radiation hot cell and operates
remotely. The Toad measuring system has a maximum
Toad capability of 0.22 kN. Calibration following the
testing showed that the accuracy was within 0.35% on
all ranges,

RETAINING CAP

A1l specimens were tested in vacuum at a pressure
not exceeding 1.5 x 10-% Pa. A strain rate of
4,6 x 10-% s-1 was used for all tests.

/ SPECIMEN

N
y
§ Tensile results have been tabulated in Table 4,
N

NN

Results

GAS GAP Both the annealed and cold-worked alloys exhibit simi-
P lar tensile behavior {Figs., 2 and 3). The annealed,
unirradiated material work hardens gradually until the
onset of necking; the Toad then decreases rapidly

until fracture occurs by transgranular ductile rupture.

SPECIMEN HOLDER
%t""’P__ In cold-worked materials, the ability to work harden
N
N

o e
N NN

becomes exhausted at lower elongations thanm in the
annealed material, resulting in relatively rapid
onset of necking and tower total elongation. The irra-
lut———— CONTAINMENT TUBE diated material exhibits irradiation hardening and
0.5in. DIAM irradiation embrittlement, both of which are illu-
12.7 mm DIAM strated in Figs. 2 and 3.

The 0.2% yield and ultimate strengths are plotted
in Figs. 4 through 7. The early onset of necking is
manifest in the similarity of the yield and ultimate
tensile strengths, The differences between annealed
and cold-worked materials are apparent after irradia-
tion, but to a much lesser degree than prior to irra-
diation. There is 1ittle dependence on irradiation
temperature within the range investigated, 250 to 400°C.

Fig. 1. Tensile specimens positioned Tensile elongation follows trends corresponding
in irradiation fixture for the HFIR, to strength. As shown in Figs. 8 through 11, total
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Table 3. HFIR irradiation parameters and capsule layout

Fast
Temperature Fluence He
Position Specimen  Alloy { ¥) {n/m2 x 1026) dpa  (appm)
HFIR-CTR-44
Top
1 E135 EC316 523 0.64 5.1 140
2 E139 EC316 543 0.85 6.8 220
3 E142 EC316 563 1.02 8.2 290
2 Jal JPCA 583 1.14 9.4 489
5 £143 EC316 673 1.21 9.7 380
6 E147 EC316 613 1.23 9.9 390
7 AA31 Us3leé 673 1.21 9,7 380
B8 E150 EC316 583 1,14 9.1 349
9 E159 EC316 563 1.02 8.2 294
10 J42 JPCA 543 0.85 7.0 319
11 J44 JPCA 523 0,64 5.3 210
HFIR-CTR-45
1 El161 EC316 250 0.64 5.1 139
2 EK11 USPCA 270 0.85 7.0 270
3 EK12 USPCA 290 1.02 B.4 370
4 EX13 USPCA 310 1.14 9.3 434
5 EK14 USPCA 400 1.21 9.9 480
6 J4s JPCA 340 1.23 10.2 550
7 J4s JPCA 400 1.21 10,0 530
8 J470 JPCA 310 1.14 9.4 489
9 E163 EC316 290 1.02 8.2 294
10 AA41 Usile 270 0.85 6.8 220
11 AALND Usiieé 250 0,64 5.1 140
Table 4. Irradiation and Tensile Properties
Fluence Ultimate Elongation, %
Test (£ > 0.1 MeV) Total Yield Tensile Fracture ——0-0--w--—- Pressure
Speci- Temperature  [(x 1022 dpa Kelium Stress Stremgth  Stress Uniform Total (Pa}
men AtToy fec) nfcm?) {appm) [MPa) {MPa) {MPa)
134 EC316 250 3} 249 481 261 28.7 6.5 5.9 x 10-°
135 EC3lE 0,640 5.1 140 724 724 391 0,31  20.4 5,5 x 10-%
ARB0O  US318 n 73R 765 466 2.2 9.7 1.0 » 10-4
AAIOO  US314 0,640 5.1 140 972 972 617 0.28 5.4 1.0 = 10-%
Ja3l JPCA 0 207 474 205 30.7 8.5 7.3 x 10-%
Jad JPCA 0.640 5.3 210 703 124 432 2.6 15,6 9.3 x 10-%
172 EC316 270 0 212 12 294 25,3 31.9 5.5 x 10-%
139 EC31% 0.450 6.8 220 807 an? 466 0.31 14.6 1.2 = 10-4
AATS  US316 1] 724 752 450 2.0 8.7 1.2 = 10-%
AAAY 115831A 0,850 6.8 220 979 986 623 0,32 6.2 1.1 = 10-*
J430  JPCA 0 215 479 281 30.8 8.0 4.0 x 10-3
EXK151 USPCA 0 131 Ex)) 415 0.28 6.5 1.2 x 10-*
Ek11 IISPCA 0,850 7.0 270 974 g24 548 0,21 5.5 1.5 x 10-%4
160 £C316 290 i} 292 523 241 21.7 35.7 9.3 x 10-5
142 ECIL6 1.02 a,2 290 827 827 690 0.23 9.4 1,3 x 10-%
EK1A  USPCA 0 703 n3 403 0.22 6.5 1.1 = 10-+
EK12 YUSPCA 1.02 a.4 370 1062 1089 658 0.34 5.7 .8 x 10-%
166 EC316 340 0 274 523 254 25.5 32.8 1.1 = 10-t
147 EC31h 1.23 8.9 390 821 g2l 485 0,33 9.3 1.1 = 10-%
J48 JPCA o 175 453 208 31.5 38,4 9.3 x 10-S
J45 JPCA 1.73 10,2 550 807 Bo? 485 0.38 8.1 1.2 x l0-%
169 EC316 400 0 237 488 01 26.4 n.4 9.2 x 10-5
143 EC316 1.21 9.7 380 765 172 419 0.95 1.0 1.3 x 10-%
&A73  1S316 sl 103 7i0 413 1.0 7.3 1.3 » 10-%
AA3L YS316 1.721 9,7 380 1000 1007 690 0,35 4.7 1.3 x 10=8
J49 JPCA 0 169 44] 7261 30,7 37,4 9.3 x 10-9
Jas JPCA 1.21 10.0 530 400 807 512 1.4 7.2 B.4 x 105
EXK15  {ISPCA n 676 676 608 g.18 6,2 1.5 x 10-%
EK14  JSPCA 1.21 9.9 430 945 952 A05 0,31 4.8 1,5 x l0-*

US31h — 207 (M, EC 316 — Annealed. JPCA — Apnealed. IUSPCA — 25% CW,
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Fig. 2. Load as a function of engineering strain for 20% cold-worked U.S. type 316 stainless steel. The
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Fig. 4. Ultimate tensile strength (UTS) and 0.2% yield strength (Ys) as a function of temperature
(irradiation temperature = test temperature) of annealed European Community type 316 stainless steel. The
irradiated material was irradiated in the HFIR up to damage levels of about 10 dpa.
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Fig.. 5. Ultimate tensile strength {UTS) and 0.2% yield strength {YS) as a function of temperature
(irradiation temperature = test temperature) of 20% cold-worked US type 315 stainless steel,
The irradiated material was irradiated in the HFIR up to damage levels of about 10 dpa.
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Fig. 6. Ultimate tensile strength (UTS) and 0.2% yield strength (YS) as a function of temperature
(irradiation temperature = test temperature) of annealed Japanese PCA. The irradiated material was irra—
diated in the HFIR to a damage level of about 10 dpa.
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Fig. 7. Ultimate tensile strength (UTS) and 0.2% vield strength (YS) as a function of temperature
(irradiation temperature = test temperature) of 25% cold-worked USPCA. The irradiated material was irra-
diated in the HFIR up to damage levels of about 10 dpa.
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Fig. 8.

in HFIR up to damage levels of about 10 dpa.

Uniform and total elongation as a function of temperature (irradiation temperature
temperature) or annealed European Community type 316 stainless steel.
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Fig. 9.

temperature) of 20% cold-worked U.S. type 31é stainless steel,

HFIR up to damage levels of about 10 dpa.

Uniform and total elongation as a function of temperature {irradiation temperature = test

The irradiated material was irradiated in

The irradiated material was irradiated
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Fig. 10. Uniform and tota) elongation as a function of temperature (irradiation temperature = test tem-
perature) of annealed Japanese PCA. The irradiated material was irradiated in HFIR up to damage levels of
about 10 dpa.
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Fig. 11, Uniform and total elongation as a function of temperature [irradiation temperature = test tem-
perature) of 25% cold-worked 11.S. PCA. The irradiated material was irradiated in HFIR up to damage levels of
about 10 dpa.



274

elongation decreases by about 60% upon irradiation in the annealed alloys. The total elongations of the
cold-worked material are decreased slightly by irradiation over the entire temperature range. Total elonga-
tion remains above about 5% in the cold-worked alloys and about 10 ta 20% in the annealed alloys following
jrradiation. Uniform elongation following irradiation is below 0.5% in the cold-worked alloys and even in
EC316 in the annealed condition. The uniform elongation of JPCA reaches almost 9%, but only at the lowest
temperature where the damage level is only about 5 dpa.

Niscussion

This report describes-only one phase of a rather large cooperative experimental program: tensile
properties following HFIR irradiation. Assessment of the differences in the He:dpa value between the dif-
ferent reactors must await tests from the other reactors. Even then, helium effects might not he observed in
mechanical properties at temperatures below 500°C, However, microstructural observations might provide data
valuable in understanding heltium effects.

The temperature and fluence ranges selected are relevant to the design of INTOR, Since the experiment
pvaluates candidate alloys for the next generation of experimental fusion devices, the irradiation data being
produced will serve as gquidance to the designers. The nearly constant values of streagth and ductility with
respect to temperature will facilitate design and operation of such devices.

The effects observed upon irradiation  increase in strength, reduction in ductility, and reduction in
work hardening coefficient as measured by uniform elongation — are all established effects of low temperature
neutron irradiation of austenitic stainless steels. No unexpected behavior was observed., In comparing the
four alloys, the differences can be interpreted mostly in terms of cold work level prior to irradiation.
Dther differences between the alloys appear to be minor. The PCA alloys were designed on the basis of
swelling and high-temperature embrittlement. It is, therefore, not unexpected that significant differences
were not observed.

It is believed that the observed tensile properties are adequate for fusion reactor application in a
device with an end-of-1ife exposure level of 10 dpa. Although total elongation was high, the Tow values of
uniform elongation require further consideration. If a structural member is stressed under constant load at
a value above the ultimate tensile strength (an elongation equal to the uniform elongation), necking will
begin and failure will result. 1f, however, the stress that produces the strain is relieved by it, as in the
case of swelling stresses or thermal stresses, the low uniform elongation will not be detrimental. It is
then concluded that as Tong as the desian stresses are well below the yield stress of the material (which
increases during irradiation), the structure will not fail. O0f course, the total elongation must not be
exceeded no matter what the source of the deformation.

CONCLUSTONS

1. Upon irradiation, little difference between cold-worked US316 and USPCA was observed., Also, Tittle
difference between annealed EC316 and JPCA was observed. The cold-worked alloys remained about 20% stronger
than the annealed alloys, even after irradiation.

?. The tatal elongations of all four alloys remained above 5% throughout the range of 250 to 400°C.

3, lniform elongation remained below 0.5% with the possible expection of JPCA at 250°C.

FUTURE WORK

The HFR tensile data are now available.! The report will be issued by JPC, Petten, the Netherlands, in
the near future., Tensile and fatique specimens will soon be availahle for testing at Mgl, Belgium. The
schedule in Table 1 remains current, but will be updated in 1987,
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IRRADIATION-ENHANCED PRECIPITATES IN TYPE 316 STAINLESS STEEL IRRADIATED IN HFIR — S, Hamada, M. P. Tanaka
{Japan Atomic Energy Research Imstitute, assigned to ORNL), and P, J. Maziasz {0ak Ridge National
Laboratory}

OBJECTIVE

The objective of this work is to determine the precipitation behavior of Japanese type 316 stainless
steel during irradiation in the HFIR.
SUMMARY

Solution-annealed (SA) type 316 stainless steel was irradiated to 36 dpa at 600°C in HFIR., Large
irradiation-produced (100 to 270 nm) precipitates were observed in irradiated specimens and many voids (3 to
30 nm in diameter) were attached to these precipitates. In addition, many fine helium bubbles {1 to 5 nm in
diameter) and additicnal defects (~5 nm) were observed fnside these precipitates. Most of these precipitates
were identified as MgC (eta) phase, enriched in Ni, Cr, Mo, and Si.

PROGRESS AND STATUS

Experimental Procedure

The chemical composition of specimens used in the experiment is given in Table 1. Solution-annealed
(SA) specimens were irradiated in the JP-6 capsule at 600°C to ~36 dpa (exposure time 8800 h) and 2250 appm
He in HFIR. Carbon-extraction replica films were prepared to analyze the composition of precipitates prior
to thinning the specimens using the Tenupol electropolishing technique. Replicas and thin foils were exa-
mined in a JEM 2000FX transmission electron microscope. Precipitate compositions were analyzed using EDX
and operating the microscope in the 5 mode to get a strong beam current as well as a small spot size; nor-
mally the 35S spot size (~65 nm) was used.

Jable 1. Chemical composition of type 316 stainless steel

Composition, wt %

Cr Ni Mo Mn c Ti St P 5 N B Co Fe

16.75 13.52 2,50 1,80 0,058 0,005 0,61 0,028 0,013 --- --- <0.01 bal

Results and Discussion

Under irradiation, especially at elevated temperature, it is well known that precipitates appear to be
different from those formed by normal thermal aging, and these precipitates affect the swelling behavior of
materials. 1In the present work, many precipitates were observed throughout the matrix in specimens irra-
diated at 500°C and above up to 36 dpa, as shown in Fig. 1. At 500°C, medium sized precipitates formed with
voids at the particle/matrix interface. The average diameter and number density of precipitates were 37 nm
{range 15 to 65 nm) and 2,4 x 1021 m-3, respectively. At 600°C, precipitates were coarser (average diameter
160 nm, range 100 to 270 nm} and their number density decreased {2.3 x 1019 m-3).

The size of most of the voids associated with precipitates showed little difference between 500 and
600°C, in spite of coarsening of the precipitates at 600°C. At 600°C, however, it is interesting that many
fine cavities were observed inside these large precipitates (we did not observe stereomicrographs, but the
fact that the fine cavities could be observed on replicas as well as in thin foils indicates that they are
inside the particles). Figure 2 shows typical extracted precipitates from irradiated material., This figure
includes an electron diffraction pattern, an x-ray EDS spectrum, and & histogram of metallic element com-
position [Fig. 2(b,c,d}]. This precipitate has an fcc structure and a lattice parameter of a, = 1.10 nm,
which agrees with that of eta phase (MgC) (refs. 1,2). It contains nearly 30 wt % each of {r and Ni and
about 17¢ Mo and 7% Si. This phase is identified as eta phase (M;C). The eta phase is considerably
depleted in iron relative to the matrix. This result is in very good agreement with results reported by
others.l-3 Most of the precipitates observed were identified as eta phase. vy~, G, Laves, and tau phases,
which have been reported elsewhere,*-® were not found in the present work. The possibility of microsegrega-
tion of elements within the large precipitates was examined. The result given in Fig. 3 indicates uniform
distribution of elements within the large precipitates for the size of electron beam used,.
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Fig., 1. Precipitates observed in SA type 316 stain) i i e
and (5) 5005 it yp ainless steel irradiated to 36 dpa at {a) 500°C
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Fig. 2. Typical precipitate extracted on a replica produced from SA type 316 stainless steel irra-
diated in HFIR to 36 dpa at 60C°C. (a) Bright-field image, (b} electron diffraction pattern, (c) charac-
teristic x-ray EDS spectra, and (d) histogram of metallic element composition.
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POSITION COMPOSlTIDN, wt %

ANALYZED Fe Ni Cr Mn Ti Si P Mo v
A 10.26 28.71 27.95 0.00 0.18 858 1.44 2056 2.31
B 10.91 29.80 3154 0.00 0.19 785 1.24 16.48 1.79
C 10.28 28.77 29.39 0.00 0.00 878 1.44 1851 2.31
D 10.94 2587 26.66 0.00 0.05 791 141 24.32 263
AVERAGE | 10.60 28.29 28.89 0.00 0.09 8.28 1.38 19.97 2.26

Fig. 3. Dependence of chemical composition on analyzed area in eta phase observed in SA 316 irradiated
to 36 dpa at 600°C in HFIR,

Figure 4 shows the same precipitate particle analyzed in Fig. 3. Some arcs along the edge of the pre-
cipitate appear tc be the remaining impressions of voids that were attached to the surface of the precipi-
tate as illustrated schematically by the circles drawn in Fig. 3{a). The fine (0.8 to 4.9 nmn) white dots in
Fig. 4{a) appear to exist cn the inside of the blocky precipitate particles because they were not removed by
thé extraction process as were the interfacial voids. A through-focus series shows the tiny features to be
white in the underfocused condition [Fig., 4(a}] and dark in the overfocused condition [Fig. 4({b}], further
demonstrating that these fine internal defects are cavities or helium bubbles. However, there may be other
internal defects in addition tc the fine cavities. Figure 5 shows fringe images that are larger than and
adjacent to the fine cavities within the precipitate under dynamical contrast conditions which rotate with
g. This rotation behavior indicates that the second type of small defect is not a loop, but is some three-
dimensional defect, possibly a tiny precipitate within the larger precipitate. In this case the fringes
would preobably be Moiré fringes