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FOREWORD

This report is the fifth in a series of Quarterly Technical Progress
Reports on "Damage Analysis and Fundamental Studies'" (DAFS) which is one
element of the Fusion Reactor Materials Program, conducted in support of the
Magnetic Fusion Energy Program of the U S. Department of Energy. Other
elements of the Materials Program are:

. Alloy Development for Irradiation Performance (ADIP)
Plasma-Materials Interaction (PMI)
n Special Purpose Materials (sPM).

The DAFS program element is a national effort composed of contributions
from a number of National Laboratories and other government laboratories,
universities, and industrial laboratories. 1t was organized by the Materi-
als and Radiation Effects Branch, Office of Fusion Energy, DOE, and a Task
Group on Damage Analysis and Fundamental Studies which operates under the
auspices of that Branch. The purpose of this series of reports is to pro-
vide a working technical record of that effort for the use of the program
participants, for the fusion energy program in general, and for the Depart-
ment of Energy.

This report is organized along topical lines in parallel to a Program
Plan of the same title (to be published) so that activities and accomplish-
ments may be followed readily relative to that Program Plan. Thus, the work
of a given laboratory may appear throughout the report. Chapters 1 and 2
report topics which are generic to all of the DAFS Program: DAFS Task Group
Activities and Irradiation Test Facilities, respectively. Chapters 3, 4,
and 5 report the work that is specific to each of the subtasks around which
the program is structured: A Environmental Characterization, B. Damage
Production, and C. Damage Microstructure Evolution and Mechanical Behavior.
The Table of Contents is annotated for the convenience of the reader.

This report has been compiled and edited under the guidance of the
Chairman of the Task Group on Damage Analysis and Fundamental Studies,
D. G. Doran, Hanford Engineering Development Laboratory, and his efforts,
those of the supporting staff of HEDL and the many persons who made tech-
nical contributions are gratefully acknowledged. T. C. Reuther, Materials
and Radiation Effects Branch, is the Department of Energy counterpart to the
Task Group Chairman and has responsibility for the DAFS Program within DOE.

Klaus M. Zwilsky, Chief

Materials and Radiation
Effects Branch

Office of Fusion Energy
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DAFS TASK GROUP ACTIVITIES

l. DAFS Task Group (D. G. Doran, Chairman)

A.  Workshop

A Workshop on Techniques for Radiation Damage Analysis, sponsored
by the Materials and Radiation Effects Branch of the Office of Fusion Energy,
was held at the Oak Brook Hyatt House, Oak Brook, Illinois, on March 8-9,
1979. Speakers and their subjects were:

[

Hayns (Harwell) - Current Understanding of the Primary Defect
Microstructure

. Wiedersich (Argonne) - Current Understanding of the Secondary

Damage Microstructure
W. Siegel (Argonne) - Positron Annihilation

Joy (Bell Labs) - Energy Dispersive X-ray Analysis, and Energy
Loss Spectroscopy

Sinclair (Stanford) - Ultra High Resolution TEM and Microdiffrac-
tion

Picraux (Sandia) - Channelling Techniques

W. Hendricks (Oak Ridge) - Diffuse Scattering of Neutrons and
X-rays

N. Seidman (Cornell) - Field lon Microscopy

A. Sprague (Naval Research Lab) - Data Handling for Transmission

Electron Microscopy



F. Fradin (Argonne) - Hyperfine Interactions

M. G. Lagally (U. Wisc.) - Surface Techniques

Documentation of the Workshop is currently in preparation by the
Workshop committee: P. Wilkes (U. of Wisc.), J. A. Spitznage! (Westing-

house R & 3 Center), and F. V. Nolfi (Argonne National Lab).

B. Chairmen's Meeting

A meeting of DAFS Subtask Group Chairinen was held at Oak Brook,
[llinois, on March 8, 1979.

II. Subtask Group A - Environmental Characterization (L. R. Greenwood,
ANL, Chairinan)

A. Nuclear Data Needs

A meeting chaired by F. G. Perey (Oak Ridge), was held at Duke
University on March 5-6, 1979, to review the Office of Basic Energy Sciences
(OBES) Fusion Data Measurement Program. C. Head (DOE), L. Greenwood {Ar-
gonne), and H. Farrar IV (Rockwell) presented the nuclear data needs and
prograins of the Magnetic Fusion Program. |1t appears that very little
work is now in progress by OBES of immediate interest to the Fusion Mater-
ials Program. Specifically, some total cross sections are being measured
up to 50 MeV by D. Larson {Dak Ridge), some H and He production measure-
ments are being done below 15 MeV, and a few cross section calculations
are planned. However, several OBES participants at the meeting were not
aware of some of our requests. Hence, an official request by C. Head is
now being revised for presentation at a DOE-Nuclear Data Conimittee meeting
inApril 1979.



B. RTNS-II Characterization

A formal dosimetry plan for the initial characterization of RTNS-
IT has now been completed by Rockwell, LLL, and Argonne. It is expected
that the irradiation will take place in about 4-6 months, depending on the
status of the large targets at RTNS-II.

I11. Subtask Group B - Damage Production (M. W. Guinan, Chairman)

A meeting of this subtask group will be held at Livermore on June 7-8,
1979, to discuss the current status of displacement production calculations
and to recommend directions for future studies.

V. Subtask Group C - Damage Microstructure Evolution and Mechanical Be-
havior (G. R. Odette, Chairman)

A.  OAFS Experiment in the ORR MFE-2 Test - G. R. Odette (UCSS),
R. W Powell (HEDL), and F. V. Nolfi (ANL)

1. Introduction

Experiments are being conducted at Oak Ridge National Labora-
tory (ORNL) in the Oak Ridge Research Reactor (ORR) to assess the effects

of mixed spectrum neutron irradiations on the. properties of metals. The

OAFS Task Group is participating in these irradiations to determine the
combined effects of helium generation and displacement damage on mechanisms
of microstructure evolution and mechanical behavior.

The basic approach of the experiment was to vary the concen-
tration, initial distribution and schedule of introduction of helium, while
maintaining an approximately constant dpa level. This was accomplished by
variations in nickel content {i.e., "pure 316 SS" versus E-19), or dif-
ferent pre-irradiation levels of helium implantation using a cyclotron.

The initial distribution of helium was varied by post-irradiation heat



treatments and cold-working (CW)

Itis now recognized that the schedule (e.g., pre-implantation
versus simultaneous production) and conditions of introduction of helium
(e.g., hot versus cold implantation) can have a strong effect on micro-
structural evolution. Hence, it would have been desirable to include some
hot implantation specimens in this experiment; however, no facilities for
hot implantation existed at the time the test was developed. Therefore, a
major recommendation of the subtask group was that hot implantation capa-
bilities be developed as part of the DAFS program. Argonne National Lab-
oratory (ANL) agreed to assume this responsibility in conjunction with
their cyclotron facility. 1t is anticipated that such capabilities will
exist by September 1, 1979.

The experimental design was guided by model calculations and
analysis of existing data. The experimental matrix is summarized in Tables
la and 1b. The objective is to study some of the potentially important
mechanisms governing the influence of helium on microstructural evolution,
including: resolutioning helium from bubbles; helium diffusivity; void
nucleation on bubbles and critical bubble size for void formation; and
dislocation-bubble interactions. Clearly, to optimize the information de-
rived from these experiments it will be necessary to analyze the resulting
data using detailed computer models of microstructural development; such

models are now under development.

2. Status

The second of a series of fusion materials experiments in ORR,
designated MFE-2, began irradiation in September 1978. The DAFS test ma-
trix for this experiment was reviewed by the Microstructural Evolution and
Mechanical Behavior Subtask Group. Materials in the form of heat treated
TEM disks were provided by ORNL. Implantations and heat treatments were
carried out at ANL and specimens engraved and encapsulated at Hanford
Engineering Development Laboratory (HEDL).



TABLE |a

BASIC HELIUM MATRIX

He(appm)/ . :
Heat Treatment 316 Pure* E-19**  V-20Ti Y-15Cr-5T1 Nb-1Zr
SA  20CH SA SA SA SA
0 X X X X X X
10 X X X X X X
10a X X X
10b X
loc X
30 X X X X X X
30a X X X
30b X
30c X
Tirr = 450, 550 and 650°C 4 TEM disks each
Exposure = 10 dpa
* Fel7Cri6.7Ni2.5Mo
** Fel5Cr20Ni, supplied by the Breeder Reactor Program
TABLE | b
HEAT TREATMENT MATRIX
He 316 SA E-19 V-20Ti
T,,=450 550 650 450 550 650 450 550 650
10a 600 700 700 700 700 700 800 800 800
10b 700 750 800
10c 400 800 900
30a 600 700 700 700 700 700 800 800 800
30b 700 750 800
30c 800 800 900




3. Future Wok

The MFE-2 experiment is expected to be discharged froin the
reactor in December 1979. Postirradiation examination of selected speci-
mens will be initiated shortly after the test disassembly. Other comple-
mentary experiments in ORR and EBR-II are currently being planned.



CHAPTER 2

IRRADIATION TEST FACILITIES






STATUS OF IRRADIATION TEST FACILITIES
I. Rotating Target Neutron Source-11 (RTNS-II)
Irradiations were begun this quarter on an interim basis using a re-

duced beam current and small (23 am diameter) target. Maximum flux is
2-3 x 1012 nfcm2-s.

11






CHAPTER 3

SUBTASK A:  ENVIRONMENTAL CHARACTERIZATION
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. PROGRAM

Title: Dosimetry and Damage Analysis
Principal Investigator: L. R. Greenwood
Affiliation: Argonne National Laboratory

II. OBJECTIVE
To establish the best practicable dosimetry for mixed-spectrum
reactors and to provide dosimetry and damage analysis for MFE experi-

menters.

III. RELEVANT DAFS PROGRAM TASK/SUBTASK

SUBTASK II. A. 1.1 Flux-spectral definition in a tailored fission
reactor.

V.  SUMMARY

A low-power spectral measurement was conducted in the Oak Ridge

Research Reactor in (ORR) during January. Dosimetry capsules from ORR-
MFE-1 were also disassembled at this time. Analysis is currently in
progress for both irradiations.

V. ACCOMPLISHMENTS AND STATUS

A Experiments at the Oak Ridge Research Reactor - - L. R. Green-
wood and R. R. Heinrich (ANL)

After considerable delays, the low power {1 M) spectral
measurement was conducted in ORR on January 12-14, 1979. The dosimetry
capsule was irradiated in position E7, the same as ORR-WE-2 which was

15



removed from the reactor due to a helium leak. A dummy graphite cylinder
was placed in position 0C2 to simulate a graphite experiment during most
of the lifetime of the MFE-Z experiment.

The dosimetry capsules for the low power run and for MFE-1 were
disassembled at ORNL during the week of January 15. Dosimetry samples
were returned to Argonne and helium samples to H. Farrar (Rockwell Inter-
national). Most of the dosimetry samples have now been gamma counted for
both runs and the data is now being analyzed prior to a flux-spectral
unfolding.

VI REFERENCES

None
VIl. FUTURE WORK

A complete flux-spectral unfolding and fluence mapping should be
completed for both experiments (spectral and MFE-1) during the next
quarter. The helium analysis may take much longer; however, we plan to

integrate all of the results in order to improve our flux-spectral
analysis and to test helium generation cross sections.

16



IT.

PROGRAM

Title: Dosimetry and Damage Analysis
Principal Investigator: L. R. Greenwood
Affiliation: Argonne National Laboratory

OBJECTIVE

To establish the best practicable dosimetry for Be(d,n) facilities

and to provide dosimetry and damage analysis for OFE experimenters.

I11.

RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11. A.2.1  Flux-spectral definition in a Be(d,n) field.

SUBTASK II. A.3.1 Evaluate damage parameter sensitivity to flux/
spectra uncertainties.

SUMMARY

Flux and spectral mapping has been completed for the irradiation

of tensile specimens by PNL at UC. Davis {Be{d,n), Eq = 40 MeV) during
September 1973. The dosimetry foils were cut into 12 subsections to

determine flux-spectral contours on the smallest scale yet attempted.

Radial flux and damage energy maps indicate steep gradients near the

source.

V.

ACCOMPLISHMENTS AND STATUS

A. Flux-Spectral Mapping at UC. Davis - = L. R. Greenwood and
R. R. Heinrich (ANL)

17



Dosimetry and damage analysis has been completed for PNL at U.C.
Davis (Be(d,n), Ed = 40 MeV). Tensile specimens were irradiated at two
locations, about 6 and 26 mm from the center of the neutron source
volume. The dosimetry foils included Co, Nb, Fe, Zr, Au, Al, and Hi; the
last two were gamma counted at LLL. Identical nickel foils were placed
at the front and rear of each dosimeter packet to measure geometric,
scattering, and absorption effects; these effects were typically less
than T10%., Selected nickel tensile wires were also counted to check the
foil-to-wire correction.

All of the dosimetry foils were cut into 12 subsections, each

measuring about 2 mm square. A complete spectral unfolding was then
performed at each position to generate the most detailed spectral map
ever attempted at a Be{d,n) source. The total fluence contours are
shown in Figure 1. The scatter seen in close peonietry {6 mm’
indicates that the flux field deviated slightly from cylindrical
symmetry. The beam spot was probably elliptical with the long axis in
the horizontal plane.

Complete damage calculations were then performed at each of the 24
locations where spectral analysis was performed. Figure 2 shows
damage energy maps for nickel at the 6 and 26 mm positions. As can be
seen, at close geometry (6 mm) the damage energy gradients are quite
steep. In fact, the damage gradients are steeper than the flux gradients
since the spectrum changes markedly with radial displacement from the beam
axis. This is in contrast to calculations done for FMIT which show the
damage gradients to be not so steep near the source. The difference
can be easily explained by the difference in the beam profiles. Whereas
the FMIT beam profile is roughly a square 1 Cm by 4 - 10 cm, at U.C.
Davis the beam spot is only 3 = 5 mm in diamater! Hence, spectral
effects are greatly surpresscd at FMIT relative to U.C. Davis. Since
the PNL tensile wires were about 1 cm in length, each wire saw an

18
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Figure 1. Fluence gradients as determined from unfolded spectra at 6 mm
(top) and 26 mm (bottom) from the center of the neutron
source. The scatter indicates some assymetry in the beam.
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average damage rate which can be computed from the damage map and
variations between wires are much smaller than the gradient maps would
suggest.

VI. REFERENCES

None
VII. FUTURE WORK

The Eq = 30 MY characterization work at U.C. Davis with RI and
LLL is nearly ready for spectral unfolding. Flux/spectral mapping will

then be completed.

VITI.PUBLICATIONS

Previous results with PNL were presented at the First Topical
Meeting on Fusion Reactor Materials, January 29-31, 1979, in Miami
Beach, Florida.

High energy neutron activation cross sections have been published
as an ANL report:

L. R. Greenwood, Extrapolated Neutron Activation
Cross Sections for Dosimetry t0 44 MeV,
ANL/FPP/TM-115 (1978)
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|.  PROGRAM

Title: H1lium GeneratiOn in Fusion Beactor Materials
Principal Investigators: D. W. Kneff, Harry Farrar IV
Affiliation: Rockwell International , Energy Systems Group

[1. OBJECTIVE

The objectives of this work are to measure helium generation rates
of materials for Magnetic Fusion Reactor applications in the Be{d,n} and
T(d,n) neutron environment:,, to characterire the Be(d,n) neutron fluence
and neutron energy distributions as a function of position relative to
the neutron source, particularly in the high-flux region, and to devetop
helium accumulation fluence monitors for neutron fluence and energy spec-
trum dosimetry for the various fusien-pregram neutron test environments.

IT1. RELEVANT. DAFS PROGRAM. PLAN TASK/SUETASK

SUBTASK 11.A.2.1 Flux-Spectral Definition in the Beld,n} Field
SUBTASK T1.A.4.2 T{d,n) Helium Gas Production Data

SUBTASK TT1.A.4.
SUBTASK TT.A.5.

Be(d,n) Heliun Gas Pruduction Data

—

Hedium Accumulaticon Monitor Dovelopment

V.  SUMMARY

Helium analyses have been completed for 26 pure element specirans of
€, Ti, ¥, Cr, Nb. and Mo irradiated in Be{d,n) and T{d,n) peutron fields.
Approximate values ¢f their relative hoiium gencration rates have been
obtained for FMIT design application. the toixi helium generaticn cross
section for chromium in a T{(d,n) neutron envivonment has heen ostivaled
to be ~36 mb. Finai data reduction is in procress for an additional 44
AT, Fe, and Ni pure element helium accumulation dosimetry segments fror

the Be(d,n) irradiation.
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V. ACCOMPLISHVENTS AND STATUS

Helium Analyses of Be(d,n)- and T(d,n)-Irradiated Pure Elements --
D. W. Kneff, Harry Farrar IV, and M. M. Nakata (Rockwell International,
Energy Systems Group)

Helium analyses are continuing of the materials irradiated in two
joint Rockwell International-Argonne National Laboratory (ANL}-Lawrence
Livermore Laboratory (LLL) Be(d,n) and T(d,n) irradiation experiments.
The objectives of these experiments were to measure the spectrum-
integrated helium generation cross sections of a large number of pure
elements and other materials of potential fusion reactor design interest,
characterize these neutron environments, and develop the use of helium
accumulation materials as neutron dosimeters. The Be(d,n) irradiation(1)
was conducted with 30dMeV deuterons using the isochronous cyclotron at the
University of California, Davis. The T(d,n) irradiation') was conducted
with the Rotating Target Neutron Source-1 (RTNS-I) at LLL. Previous

analyses for these ex?eriments have been reported in earlier Quarterly
Progress Reports. (2,3

The emphasis during the present reporting period was 0n obtaining
estimates for the relative helium generation rates in pure elements impor-
tant to the design of the Fusion Materials Irradiation Test Facility
(FMIT). The helium analysis results for 26 pure element specimens of C,
Ti, V, Cr, Nb, and Mo irradiated in the Be(d,n) and T{d,n) neutron fields
are presented in Table 1. These results were obtained by first etching
the specimens (with the exception of carbon) to remove the effects of
helium recoil into or out of their surface layers, weighing them against
standards traceable to the National Bureau of Standards, and analyzing
them for helium by high-sensitivity gas mass spectrometry. The amount of
etching was based on calculations of helium recoil ranges, and on esti-
mated neutron spectrum shapes. The variation in the helium concentration
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TABLE 1

MEASURED HELIUM CONCENTRATIONS IN Be{d,n)- AND
T(d,n)- IRRADIATED PURE ELEMENTS

*Helium concentrations
The variation in the results for each
fluence variation with neutron source

in atemic parts

24

per billion {107
element reflects the neutron
angle and distance.

Mass Mea s ured Helium
Spectrum Element Specimen (ing) Number of Concentration
' 4He Atoms (appb)*
Be(d,n) C GC-7 1502 1.20 X ..15 159

(diamond)  GC-8 1301 4.04 x 1017 61.6

Ti GTI-3A  0.623 4.611 x 1099 589
GTI-38 1621 1.180 x 1911 5.79
GTI-3C 1.058 7.696 X 1910 5.7%

v GY-2A 5233  8.02 x 10%? 1.20

GY-7B 3.938 6.9 x 10 1.50

cr GOR-2 2,023 7.19 X 10}? 3.0

GCR-6 2.860 2.42 x 10' 7.3:

Nb GWR-2A  3.106 5.28 x 1019 1.54

Mo GMO- A 1592  1.41 X 1050 1.41

GMO- 2B 1.351 9.49 x 10 1.12

) C FC-4 1.907 1.22 x 10%? 128

(diamond) FC-5 2.022 6.78 x 10 66.%

v V=28 5872 1.62 X 1of§ 2.33

FV-28 2355 5.95 x 10 14

Cr FCR-1A 3787  2.55 x 1of% 5.82

FCR-1B i.682 1.06 X 10, 5.4

FOR-2A 5232 2.29 x 10 5.7

FCR-28 4.721 2.6 » 1041 3. 14

FCR-4 21125 1055 10} 5 24

FCR-6 4.353  1.47 » 10! 2.5

Nb FNB-A 15111 92,80 10%? 0,59

FNB- [ 13.067 9.7%9 x 16~ N.65

Mo FMO- 1A 4228 69 % 1038 1.77

FMO- 13 2327  1.7% x 10 1.22

5

atom fraction



results for each element is due primarily to the large neutron fluence
gradients over the sample volumes of the two irradiation assemblies.

Although cross sections will not be derived from these final helium
generation results until the neutron dosimetry mapping for these experi-
ments is complete (a joint effort with ANL and LLL), the results were
nevertheless used to estimate the relative helium generation rates for
these materials. The objective is to provide timely input on helium
generation for the final design of FMIT. The relative helium generation
rates are given in Table 2, where they are normalized to the helium
generation for copper. The Be{d,n) results are given in Column 2, where
they have been corrected approximately for the steep fluence gradient.

(4) o

The corrections were based on the measurement by Meulders, et al.
the Be(d,n) neutron flux gradient as a function of source angle, and on
an estimate of the fluence change with distance from the Be(d,n) source
5JEIF\fc_*(ln,p)MIVh and

Nb dosimetry reactions.(s) The Be{(d,n) results reported

using ANL's radiometric counting results for the
93Nb(n,2n)92m
earlier(?’) for Al, Fe, and Ni are also included here, where they have

been renormalized to copper and include some additional geometric correc-

tions. The copper normalization was chosen to permit direct correlation
with copper damage calculations previously made for FMIT. {6)

Column 3 of Table 2 gives the T{d,n} cross section ratios determined
from a previous RTNS-I irradiation experiment,(7) and includes an esti-
mate for chromium based on the present results. The measured chromium
helium generation rate was normalized to the helium generation rates

(2)

wires included in this experiment, and includes estimated fluence gradient

reported previously for the pure element helium accumulation dosimetry
corrections. This normalization gives an estimated T{d,n) total helium
generation cross section for chromium of- 36 mb,

Column 4 of Table 2 summarizes the cross section ratios measured by

this laboratory some years ago for an EBR-II core neutron spectrum, (8) for

comparison with the present results.
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TABLE 2
APPROXIMATE RELATIVE HELIUM-GENERATION RATES OF PURE ELEMENTS

Helium Generation Fate Relative to Copper

Element Be{d,n) T{d,n) EBR- 11
Geome try- RTNS- | Core
Corrected (Incl. Ref. 7) (Peference &)
cu 1 ! 1
C 13 17.6 ---
Al 2.9 2.80 1.87
Ti 0.8 0.75 0.73
Vv 0.3 0.35 50.97
Cr 0.6 0.7 - 0.40
Fe 1.0 0.94 0.99
Ni 2.4 1.92 13.2
Nb 0.1 0.33 0.35
Mo 0.1 0.29 0.29

It must be emphasized that the Be{d,n) results and the chromium
T(d,n) results are presented only as initial estimates, intended for FMIT
design guidance. The results are based on very few helium analyses for
C, Ti, V, Cr, Nb, and Mo, and treat several iinportant factors in a very
approximate manner. The factors include effects of distance from the
neutron source, capsule axis offset, helium generation cross section
variations with neutron source angle, finite dimensions of the neutron
source spot, and sample geometries. These factors are particularly impor-
tant for the Be(d,n) irradiation, because of the steep neutron fluence
and energy spectrum changes with neutron source angle. The results will
be reevaluated, arid total helium production cross sections will be deter-
mined, when additional helium analyses of these materials are completed,
and the neutron fluence/energy spectra are mapped out in detail for these
irradiations.
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Other progress on the Be(d,n) experiment during the report period
included the mass spectrometric analysis of 44 additional pure element
helium accumulation wire segments. These analyses included segments of
iron and nickel wire aligned along radial lines from the capsule axis in
the plane of the helium generation materials. The results will provide
information on the variation in the helium generation rate as a function
of the changing Be{d,n) neutron energy spectrum, associated with changes
in the neutron source angle. The weighing of the radiometric dosimetry
foil segments from the Be(d,n) irradiation experiment was completed
during this report period.

VI. REFERENCES

1. p. W Kneff and H. Farrar IV, "Helium Generation in Fusion
Reactor Materials," Technical Progress Report for Period
Apri 1-September 1977, AI-DOE-13219, Atomics International,
Canoga Park, CA, January 1978.

2. D. W Kneff, H. Farrar IV, and M. M. Nakata, "Helium Genera-
tion in Fusion Reactor Materials," in Damage Analysis and
Fundamental Studies Quarterly Progress Reports, DOE/ET-0065/2
and DOE/ET-0065/3, U.S. Department of Energy.

3. D. W Kneff, H. Farrar IV, and M. M. Nakata, "Helium Analyses
of Be{d,n)-Irradiated Pure Elements,” in Damage Analysis and
Fundamental Studies, Quarterly Proqress Report October-December
1978, DOE/ET-0065/4, U.S. Department of Energy.

4. J. P. Meulders, P. Leleux, P. C. Macg, and C. Pirart, "Fast
Neutron Yields and Spectra from Targets of Varying Atomic
Number Bombarded with Deuterons from 16 to 50 MeV!" Phys.
Med. Biol. 20, 235 (1975).

5. L. R. Greenwood and R. R. Heinrich, "Experiments at the U.C.
Davis Cyclotron, Be(d,n}, E4 = 30-40 MeV," in Damage Analysis
and Fundamental Studies Quarterly Progress Report October-
December 1973, DOE/ET-0065/4, U.S. Department of Enerqy.
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J. Go Sohiffgens, R, L. Simons, Fo M, Mann, and L. L.

famage Faramet=rs oin FMET and
fplicstizns,” in Uaiage Anglysis ond Pundamential Dt
Guarierly Progress Repﬂr+ Jotober-Docenher 19748, DOE/ET-L005/0

U.5. Department of Energy.

.-‘

"Snaviat variations of

7. H. Farrar IV and D. W. Kneft, "Heiium Senevation in Twelve
£

Pure Elements by 14.8-MeV Neutrons,” Trans. fm. Wuol . Sco.
28, 197 (1978).

. . P. Lippincott, W. N. McE1roy, and H. Farrvar IV, ”He‘iw
Production tn Reactor Materials,' 1in ﬂub1ear Cross Sections

and Technology, Vol I, R. A. Schrack and C.” 0. Bewman, eds.
pp. 375-377, National Bureau of ctandar‘ds Special Pub11ch1Pn
425, .S, Department of Commerce (19/5).

VIl. FUTURE WORK

The helium analyses of the Be(d,n)-irradiated pure elements wil]
continue, with initial emphasis on expanding the data base of the elements
reported above. The measurements wWill be extended to Zr and Sn, and the
gold dosimetry wires will be analyzed more fully to examine their enerrv

sensitivity with neutron source angle. The Be(d,r) neutron fluence ard

energy profiles will be mapped as a function of position in the irrzdia-
lion capsule using the ANL and LLL counting results, and the nearly..

complete helium accumulation dosiiiietry measurements. The results wiil be
used to determine the helium-generation cross sections for the irvadiated

vcure elements.
VITL PUBLICATIONS

1. L opaper eptitled "Helijum Accumulazion F‘urnae Dosimetry f1
Fusion Reactor Materials ITrradiation: by D. W. Kneff anc
Harry Farrar 1V, was presented at the First Topical Mes=irg
on Fusion Reactor Materials at Miami Coach, Florida, on
January 30, 1979, and the final manuzcript was submitted -
publication in J. Nucl. Materials.
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A paper entitled "The Production Rate of Helium During Irradi-
ation of Nickel in Thermal Spectrum Fission Reactors,” by

F. W Wiffen, E. J. Allen (ORNL), Harry Farrar M (Rockwell),
E. E. Bloom, T. A Gabriel, H T. Kerr, and F. G. Perey (ORNL),
was presented at the First Topical Meeting on Fusion Reactor
Materials, Miami Beach, Florida,on January 30, 1979.

A paper entitled "Experimental and Theoretical Determination of
Helium Production in Copper and Aluminum by 14.8-MeV Neutrons,”

by D. W. Kneff, Harry Farrar M (Rockwell), F. M. Mann, and
R. E. Schenter (HEDL) is in preparation.

29



1. PROGRAM

Title: Nuclear Data for FMIT (wHC25/EDK)
Principal Investigator: R. E. Schenter
Affiliation: Hanforcl Engineering Development Laboratory (HEDL]

I1. OBJECTIVE

The objective of this work is to supply immediate nuclear data
needs for the design and operation of the Fusion Materials Irradiation
Test (FMIT) facility.

[11. RELEVANT DAFS PROGRAM_PLAN TASK/SUBTASK

All tasks that are relevant to FMIT use, with emphasis upon:

SUBTASK I1.A.2.3 Flux-spectra definition in FMIT
SUBTASK 11.B.1.2 Acnuisition of Nuclear Data

IV, SUMMARY

o

Measurements and caiculations have heen wade of neutran speot
i

a
from 35 MeV deuterons on thick Tithium. These v=cults are not descrinsd

here but may be found in the section on damage wroduntion,

Measurements of the total and nonelastic vrnss seclions have been
made for neutrons on iron, calcium, oxyoen, and carbon for energies of
35, 40, and 50 MeV. The data were ohtained ab fhe University of Califor-
nia at Davis cyclotron laboratory fovr the purpass of dmproving the
accuracy of nuclear data Tor FMIT neutron trencoart calculations [e.g.

shielding and calculational dosimetry) ond {or dowage analysis.
Calculations of deuteron and neutron induced activation of FMIT

I
structural iiiaterials have been initiated in order to determine the hest

designs from the standpoint of maintenance.
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V. ACCOMPLISHVENTS AND STATUS

A.  High Energy Neutron Cross Sections for Transport and Damage
Calculations -- F. P. Brady, C. Zanelli, J. L. Romero, J. L. Ullmann,
P. 0. Urone (UuC. Davis) D. L. Johnson (HEDL)

Neutron transport calculations require extensive nuclear data for
neutrons as a function of energy including differential elastic scatter-
ing cross sections, differential neutron emission spectra, and nonelas-
tic cross sections for all important materials. Damage calculations
also require elastic scattering and neutron emission data.

For FMIT, these data are required for neutron energies up to about
50 MeV. For transport calculations in the AMIT test cell (calculational
dosimetry) and for damage calculations in similar spectra, data will be
required to about 35 MV for important structural materials such as iron,
nickel, and chromium. For transport calculations of FMIT shielding
through thick concrete, the dose is dominated by neutrons near the high-
est energies in the spectrum (up to ~50 MeV). Important elements for
shielding are oxygen, iron, silicon, calcium, and carbon.

Measurements of the nonelastic and removal cross-sections were
made for neutrons of 40.4 and 50.4 MY incident on targets of carbon,
oxygen, calcium and iron. The removal cross-section is defined as the
am of the nonelastic plus that part of the elastic scattering which

scatters neutrons to angles of 25° or more in the laboratory. These
data were obtained using the technique used by Voss and Wilson{1).

Preliminary results of these measurements are shown in Table I.
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Table |

EXPERIMENTAL NONELASTIC AND REMOVAL CROSS-SECTIONS (barns)

40.4 MV 50.4 MeV

"non  rem __non _rerm

Carbon .360+. 0580 .560+.036 .352+.036 LL687.029
Oxygen 419+, 042 630,033 .382+.047 5147, 040
Calcium 1.013z. 072 1.264=.058 .86/%.109 1.0772.092
lron .966%.068 1.2842.053 L9152, 051 1.158-.04%

In the analysis using the method of Voss and Wilson, an accurate
value for the neutron total cross-section at the same energy is required.
Such values were not available for calcium and iron, hence measurements
were made at 35.3, 40.3 and 50.4 MeV. |In addition, one measurement c*t
the total cross-section of aeutrons On carbon at 50.4 MeV was made to

coinpare with previous measurements(z). The results of these measure-
ments are shown in Table II.

Table I

EXPERIMENTAL TOTAL CROSS-SECTIONS {barns)

ADa3 Med AB.3 Mey 004 Med

Carbon = - S
Calcium 2.107+.032 2,448,044 4. il 8 YT
Tron - 2.37 =077 2 362 21028
The value for carbon 75 in excellent agreoceonnt with expectziions

trom previous resuitstg).
B. Ueuteror and Neutron-Induced Activatton of MMIT Accolarater
and Bean fransport siructurai Materials -- ro " Maan, v FL Head,

R. E. Schenter (HEDL!

Intense activation of structural materials in and arcund cne

i

acceierator and beam Lransport system are expected 45 a resuli of gl

()
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losses of the deuteron beam along i1ts path. Activation can occur direct-
ly from deuteron induced nuclear reactions and also from the secondary
neutrons that are produced by the deuterons.

An important goal in the design of the FMIT facility will be to
achieve "hands on" maintenance as much as possible in order to minimize
costs. This goal will be challenging. Important ingredients in deter-
mining the levels of activation that can occur are the cross-sections
for deuteron and neutron induced activation reactions. At the high
energies associated with FMIT, these data are often poorly known or
totally unavailable, especially for deuteron induced activation.

Initial calculations of deuteron induced activation have been made
for cu, Au, 6o, and a2, Results indicate very large activities with
AL being least troublesome.

VI.  REFERENCES

1. R. G. P. Voss and R. Wilson, Proc. Royal soc. of London A236
(1956) 41. ”

2. M. Auman, F. P. Brady, J. A. Jungerman, W. J. Knox, M. R. McGie,
and T. C. Montgomery, Phys. Rev. c5 (1972) 1.

vil  FUTURE WORK

Evaluation of high energy neutron total, elastic, and nonelastic
cross-sections for O, f=, Ca, Si, and C will be performed using avail-
able data for energies above £NDF/8-Y data (20 - 50 MeV).

Evaluation of deuteron and neutron induced activation cross sec-

tions for FMIT structural materials will be continued. Measurements
are being considered to fill in gaps and check calculation.
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l. PROGRAM

Title: Nuclear Data for Damage Studies and FMIT (WHO25/EDK)
Principal Investigator: R. E. Schenter
Affiliation: Hanford Engineering Development Laboratory (HEDL)

I1.  OBJECTIVE
The objective of this work is to supply nuclear data needed for
damage studies and in the design and operation of the Fusion Material

Irradiation Testing (FMIT) facility.

100, RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11.A.2.3 Flux Spectra Definition in FMIT

TASK 11.A.4 Gas Generation Rates

SUBTASK 11.A.5.1 Helium Accumulation Monitor Development
SUBTASK 1r.8.1.2 Acquisition of Nuclear Data

IV.  SUMMARY

The computer code HAUSER*S, which predicts nuclear cross sections,
has been used to calculate helium production for A¢ and Cu, achieving

excel lent agreement with Rockwell International results.

Results of measurements of the yield of neutrons with energies
greater than 1 MeV produced by 35 MeV deuterons on thick lithium are
presented.

A least-squares analysis of the available experimental thick tar-
get neutron yield fromd + Li for £, > 14.5 MeV yields a non-constant
deuteron energy dependence.

d
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V. ACCOMPLISHMENTS AND STATUS

A. Cross Section Prediction — F. M. Mann (HEDL) and C. Yalbach
(Triangle Urniversities Nuclear Labcratory)

The helium production from neutron bombardment of Al and Cu has
been calculated for En = 5 to 40 MeV using the cross section prediction
code HAUSER*5, {n,=x), (n,nx) and {n,2n) reactions were explicitly zal-
culated, while other reactions such as (n,2n:}, {n,pa) and {n,2.; were
estimated from explicitly calculated cross sections. The agreement be-

(1)

tween the calculations and the 14.8 MeV data of Farrar and Kneff* 15

excellent.

Angular distributions of outgoing particles are needed for damage
energy calculations, yet there exists very limited data. A simple two
parameter function of the outgoing particle energy has been found for
each coefficient b1. where bi is defined by

5
b, P
d; = 5 'I + __L,,L
dui Z 2% +1
L=1

These coefficients are nearly independent of target mass, incoming pro-
jectile energy and type, dnd outgoing projectile type.

B. Neutron Yield Experiments -- D. L. Johnson and F. M. Mann {(HEDL'
J. W. Watson, J. Ullman, and W. G. Wyckoff (University of California at
Davis)

Time-of-flight measurements of the neutron yields and spectra from
35 MV deuterons on thick (2 cm) lithium for the FMIT facility were de-
scribed in the last DAFS quarterly report. The yield of neutrons having
energies greater than 1 MeV has been obtained for each of the measure-
ment angles (#) between 0" and 150". The results dre shown in Figure 1.
Also shown for each angle & is the product of the yield and 2= sin
The dashed curve through these data indicates the relative impcrtance
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of neutrons emitted at any angle e to the total yield of neutrons emitted
with energies greater than 1 M.

The total neutron yield obtained by integrating the data in Figure
1 over all angles from 0" to 180° is found to be 2.66 (1011) neutrons/uc
or 4.26 neutrons/100 deuterons. Only neutrons emitted forward of ¢ ~80°
can contribute significantly to the useful flux in the PMIT test cell.
About 75% of the neutrons above 1 MY are emitted in the forward direc-
tion. The forward yield is 1.99 (1011) neutrons/uc Or 3.19 neutrons/100
deuterons.

Additional preliminary measurements aimed specifically at the very
low energy portion (<2 MeV) of the spectra were performed in Dec. 1978.
Spectra were obtained at 12°, 45°, and 70". A comparison of the new
results to previous data at 45° is shown in Figure 2. In the new (Dec.
78) data we were able to observe neutrons as low as ~0.4 MeV, with fairly
good accuracy down to ~0.75 MeV. In the previous data (Mar 78) we were
only able to observe neutrons down to ~G.9 MV, with fairly good accu-
racy only to ~1.5 MeV. The March 1978 data is shown without uncertain-
ties, to minimize confusion. Although we see a slight rise as the en-
ergy decreases, we do not see a dramatic rise or fall at very low ener-
gies in the neutron spectra.

C. Microscopic Neutron Yield Model -- F. M. Mann and F. Schmittroth
(HEDL)

All experimental data for thick-target neutron yield from deuterons
on lithium (Ed > 14.5 MeV) have been used to infer total neutron yield
(En > 0 M&V) for any angle from 0 to 90° and any deuteron energy from
15 to 40 MBV. The experimental data were corrected for non-zero energy
neutron detectron thresholds using the previously developed microscopic
yield model and the latest HEDL-UDC low neutron energy results. The
analysis which is based on generalized least squares 2) techniques shows
that the data of Goland, et al.(3) are inconsistent with all other data
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which are consistent with each other {<30% discrepant). The deuteron
energy dependence is not constant with energy but varies in different
ways depending on which of the six angular functions used in the fit

is examined. This dependence has important consequences near the lithium
target.

VI. REFERENCES

1. H. Farrar and D. W. Kneff, Symposium of Neutron Cross Sections
from 10 to 40 MeV, BPIL (1977).

2. F. Schmittroth, "Generalized l-east-Square For Data Analysis," HEDL-
TME 77-51 (1978).

3. A. N. Goland, C. L. Snead, D. M. Parkin, and R. B. Theus, IEEE
Transactions on Nuclear Science, N5-22, (1975) 1776.

VIlI. FUTURE WORK

The computer code HAUSER*S will be used to calculate helium nro-
duction and reactions needed for damage cross sections for selected ma-
terials. These materials will be selected after consultation with
H. Farrar of Rockwell International and D. Doran of HEDL.

Final measurements of the very low energy portion (-2 MeV) of the
d-Li neutron spectra are planned for May. Measurements of the yield
from 35 MeV deuterons on thick 6L1' will also be performed for comparison
to the yield from natural lithium.

The microscopic yield model will be updated using the deuteron
energy dependence found using the least squares technique as well as the
new HEDL-UCD experimental data.

VIIT. PUBLICATIONS

A paper entitled, “Measurements and Calculations of Neutron Spectra
from 35 MeV Deuterons on Thick Lithium for the FMIT Facility" by
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D. L. Johnson, F. M. Mann, J. Watson, J. Ullmann, and W. G. Woyckoff
was presented at the First Topical Meeting on Fusion Reactor Materials,
Miami Beach, Florida (January 1979). The paper will be published in
the Journal of Nuclear Materials, {HEDL-FP-1608).

A report entitled, "HAUSER*5, A Computer Code to Calculate Nuclear
Cross Sections,” is being prepared.

A paper entitled, "Experimental and Theoretical Determination of

Helium Production in Cepper and Aluminium by 14.8 MY Neutrons,” by
D. W. Kneff, H. Farrar, F. M. Mann, and R. E. Schenter is being prepared.
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VITL. PUBLICATIONS

P. P. Urone, C. I. Zanelli, F. P. Brady, C. L. Castencda,
#. Johnson, G. A. Needham, J. L. Romero, J. UHmanniZand D. L‘.QOJohnson,
Neutron Nonelastic Cross-Section Measurements for "°C, "0, "“Ca, 56;,

at E = 40 and 50 MeV, Bulletin A.P.S. 24, 657 (1979).
C. I. Zanelli, F. P. Brady, J. L. Romero, €. Id. Castensda, ?no

D. L. Johnson, Neutron _Total Crocs-Sections in fe and Ca ai 33.3, .40 3,
and 50.4 MeV, Bulietin A.P.S. 24, 658 (1979).
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1. PROGRAM

Title: Damage Analvsis and Dosimetry Radiation Damage Analvsis
Principal Investigator: A. N, Goland
Affiliation: Brookhaven National Laboratory

IT. OBJECIIVE

Radiation damage analysis studies associated with the use of elec-

trical insulators in fusion reactors.

111. RELEVANT DAFS PROGRAMS PLAN TASK/SUBTASK

SUBTASK IT1.A.2.4 Flux Spectral Definition in FMIT

SUBTASK IL.B.1 Calculation of Displacement Cross Sections

IV.  SUMMARY

An effort is being made to perform a substantial portion of our
calculations on tlie computer at the National Magnetic Fusion Energy Com-
puter Center. The MORSE-L version of the MORSE transport code will he
used for this work. Several [problems have been set up and meaningful runs
are anticipated when the cross section file is converted to the fornmat

required for use at the MIECC.

The neutron flux has been characterized for four different test
assembly geometries when 35 MeV deuterons are incident upon A 2 % 10 ~ 1
cm® lithium target. A beam profile has been used that is linear along the
10 an width of the target and which has a Guaussian profile across the 1 anm
height of the target. The He/dpa ratio for Si and Cu are computed for
neutron fluxes from tlie various geometries as well as for a Benchmark

spectrum.
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Gas generation in eleven materials of interest for use as insula-
tors iIn fusion reactors has been calculated for the neutron flux spectrum
from the lithium source as well as for a Benchmark spectrum.

V. ACCOMPLISHMENTS AND STATUS

Neutron Flux Characterizations and Damage Analysis Studies--
A. N. Goland, H. C. Berry, G. F. Dell and O. W. Lazareth (B¥L).

Use of the MFE Computer

An effort has been made to use the computer at the National
Magnetic Fusion Energy Computer Center for damage analysis calculations.
The MORSE-L version of MORSE, available at the MFECC, has been used to
transport neutrons for a problem having the FMIT geometry. The cross
section file available at the MFECC extends only to 20 MeV. As only the
absolute binary form of MORSE-L has been available for general use, it
has not been possible to include a routine for generating source neutrons.
Instead, an experimental spectrum at & = 0° has been used, and a cos9
distribution has been used to approximate the angular dependence of the
neutron flux. Thus, due to these limitations, the results obtained so
far are not really meaningful.

A request has been made to have the source version of MORSE-L be
made available to outside users. This request is being processed. In

the meantime, the cross section file containing the high energy cross
sections of Alsmiller and Barish® is being converted to a file that has
the format required for use on the MFE computer. 0Once the source version
of MORSE-L becomes available and conversion of the cross section file is
completed, meaningful runs at the MFECC will be possible.

Flux Characterization

In order to facilitate comparison of simulation results obtained at
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HEDL and at BNL, the MORSE ti-ansport code, as it exists at BNL, has heen
used tu recharacterize the neutron flux in an FMIT facility when 35 MeV
deuterons, instead of 30 MeV deuterons, are incident upon a 2 an thick
lithium target. The fluxes obtained from MORSE have been converted to
conventional units by multiplying them by the neutron yield per Coulomb
of incident deuterons. As in the past the yicld at energy E(MeV) was
obtained by fitting the yields at lower energies' with the yield of

Saltmarsh et al. at 40 MeV.?
YIELD = (-2.84 + 0.557E * 0.00831E%) = 10'® neutrons/Coulomb

Neutrons are generated by a Monte Carlo source routine that in-

cludes both stripping and evaporation processes. The spectrum thus
generated is arbitrarily truncated for neutrons having energy less than
0.9 MeV. This truncation results in a harder spectrum than that used at
HEDL. (The HEDL spectrum is based on recent U.C.-Davis measurements. ")
The differences in the source spectra do not affect the conclusions of

this report.

The role that material in the test assembly has in varying the
nature of the neutron flux spectrum has been determined by characterizing

the flux for the following geometries:

1) a test assembly consisting of a 30 x 20 x 20 cm® block of

iron having a density of 7.7 g/em®,

2) a test assembly consisting of a 30 * 20 x 20 em® block of

iron having a density of 1.925 g/cm’,

3) a test assembly consisting of sub-assemblies having

densities of 0.5, 0.25 and 0.1 times the density of iron,

4) an empty test assembly (vacuum).



Geometry #1 is the geometry used for past flux characterizations at
BNL. Geometry #2 has a uniform density of 0.25 times the density of iron,
geometry #3 is the traditional HEDL geometry® with iron instead of stain-
less steel, and geometry #4 gives the "‘pristine’ flux from the lithium

source.

The dependence upon depth within the test assembly of the uncollided,
collided, and total fluxes for geometries #1 to #3 are shown, along with
the pristine flux, in Figs. 1 to 3, respectively. The relative importance
of the uncollided and collided fluxes changes as the average density of the
test assembly increases. Since the collided flux results from scattering
(which is frequently downscattering), the average neutron energy decreases
as the number of scatterings increases. The dependence of the average
neutron energy upon depth within the test assembly is shown in Fig. 4 for
the four geometries listed above. For the dense test assembly of geometry
#1, the average neutron energy decreases by a factor of three from the
front to the rear of the test assembly. For the "pristine' spectrum the
average neutron energy increases from the front to the rear of the test
assembly. These results are consistent with the previous results of both
BNL and HEDL.®*7

As yet the final structure of the test assembly iIs undetermined.
The necessity for cooling as well as the desirability for remote manipu-
lation of sample subassemblies will result in an overall density that is
less than that used iIn geometry #1. However, efficient use of the FMIT
facility will probably dictate a high packing efficiency of samples in
the highest flux volume near the lithium target. Within this reduced
volume the density could approach that used in geometry #1, and should
be expected to alter appreciably the nature of the neutron flux spectrum.

The He/dpa ratios for silicon and copper samples exposed to fluxes
determined for the four geometries mentioned above as well as for a
Benchmark spectrum have been determined using the damage program DON with
a displacement energy of 30 ev. The dependence of the He/dpa ratio upon
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depth within the test assembly is shown in Fig. 5 for silicon and in
Fig. 6 for copper. For copper the He/dpa ratios for geometries #2 to =%
are within 10 to 15%of the He/dpa ratio obtained for a Benchmark spec-
trum. For silicon samples the He/dpa ratio fur geometries #2 to #4 art
over 50% greater than that obtained when using a Benchmark spectrum. This
difference results from the (n,n')x reaction in silicon heing important
for the FMIT spectrum but not for the Benchmark spectrum. In evaluating
materials, consideraticn should be given to Lne differeat patures ol 7=
MIT and the Benchmark spectra; some reactions that are important with

FMIT neutrons will not be important in a fusion reactor.

Application to Insulators

Computation of gas production in several insulator materials of
interest for applicationsin fusionreactors® has been performed for both
the pristine flux determined at a point 0.5 an from the lithium targect in
an FMIT facility and lor a Benchmark spectrum. The value used for the
pristine flux was 2.51 + 10" n/(cmz'A's), and a value of 3.81+ 10"
n/(em®+s) (1 MW/m? wall loading) was used for the Benchmark filux. Hydro-
gen and helium production were summed to yield the total gas production.
The gas production for these materials is shown in Fig. 7 for the FMIT
spectrum and in Fig. 8 for the Benchmark spectrum. The apparent gradual
increase in gas production from Li,0 to SisN4 in Figs. 7 and 8 may not be
as pronounced as it appears; the ENDF/B cross section files are incom-
plete lor some elements. For lithium only the (n,d) reaction is included,
and for carbon only the (n,a) reaction is included. Hence, gas proouctizn

for Liz0 and for graphite are to be considered as lower limits.

The recoil energy not expended in producing recoil atom damage is
dissipated in electronic processes. These processes are unimportant in
producing displacements in metals but are expected to be important in pro-
ducing displacements in insulators. Due to the higher efficiency for
energy transfer between neutrons and light atoms and to the lower effi-

ciency for light atoms 1IN producing recoil atom damage, displacements
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resulting from electronic processes should be particularly important for

insulators composed of light elements.

VI. REFERENCES

1.

R. G. Alsmiller, Jr. and J. Barish, Neutron-Photon Multigroup
Cross Sections for Neutron Energies = 60 MeV, ORNL/TM-6486,

August 1978.
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May 3-5, 1977, BNL-NCS-50681, p. 151,

M. 7. Saltmarsh, C. A. Ludemann, C. B. Fulmer and R. C. Styles,
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D. L. Johnson, F. M. Mann, 3. Watson, J. Ullman and W. C. Wyckoff,
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J. O. Schiffgens, R. L. Simons, F. M. Mann and L. L. Carter,
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Damage Analysis and Fundamental Studies Quarterly Technical
Progress Report, October-December 1978, p. 26, DOE/ET-0065/4.

J. O. Schiffgens,R. L. Simons, F. M. Mann and L. L. Carter,
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Progress Report, October-December 1978, p. 48, DOE/ET-0065/4.
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VII. FUTURE WORK

Future work will include: 1) using the computer at the MFECC to

perform more definitive determination of neutron and gamma ray Flux

spectra, and 2) use of the present flux spectra as well as the more

definitive flux spectra to evaluate gas generation in insulators and to

evaluate displacements arising from recoil atom damage, displacements

induced by gamma rays, and displacements produced by ionization processes.
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.  PROGRAM

Title: Irradiation Effects Analysis (WHO11/EDA)
Principal Investigator: D. G. Doran
Affiliation: Hanford Engineering Development Laboratory

11. OBJECTIVE

The objective of this work i s to predict the spatial variations of
radiation damage parameters within the test volume of the Fusion Materials
Irradiation Test (FMLT) facility, and the sensitivity of these parameters
to cross section and spectrum uncertainties.

|| # RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK I1.A.2.4  Flux Spectrum Definition in FMIT
SUBTASK I1I.B.1.5 Calculation of Displacement Cross Sections

V. SUMMARY

Concern about accounting accurately for the effects of the highest
energy neutrons in FMIT spectra produced by 35 MeV deuterons led to the
design requirement of a second operating energy near 20 MeV. It is recog-
nized that the softer neutron spectra are purchased at a cost of a signifi-
cant decrease in neutron source strength. Calculations show that, for the
same beam current (0.1 amp) but a thinner lithium target, the displacement
rate is decreased by 30 to 80%throughout the irradiation volume of in-
terest. consequently, the volume in which the displacement rate exceeds
that in a D-T fusion reactor first wall at a loading of 1 MW/m2 is only
20 c¢cm?®, compared with 140 cm3 at a deuteron energy of 35 MeV. The spec-
tral-averaged displacement and helium cross sections both decrease such
that the helium-to-displacement ratio is lowered by about a factor of two.
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V. ACCOMPLISHMENTS AND STATUS

A.  FMIT Damage Parameter Sensitivity Study - J. 0. Schiffgens, R. L.

Simons, F. M. Mann, and L. L. Carter.
1. Introduction

A damage parameter sensitivity study for FMIT has been in pro-
gress for the past year. (') The highest priority objective of the study
was the development of codes for modeling the neutron source and calculating
the flux-spectrum in the test cell with and without a test module present.
Such codes were developed and used to explore the effect of neutron source
model parameter variations on the neutron field within the test ceII.(Z_q}
The calculated neutron fields were characterized in terms of damage para-
meters. We have concentrated on calculations of displacement and helium
production rates, with emphasis on the assessment of the variations antici-
pated under likely operating conditions at locations of most interest for
irradiation testing, i.e., where the displacement rate in stainless steel

is greater than about 6 dpa/yr (half of a first wall value at 1 MW/m?}.

Neutron fluxes provided by FMIT increase with increasing deu-
teron beam energy or current. For an accelerator limited beam current of
0.1 amp, a beam energy of 35 MeV was chosen to yield acceptably high fluxes

(4)

tron spectra with large components of high energy neutrons. For example,

and irradiation test volumes. Such high energy deuterons produce neu-

at the center of the source face, 23 percent of the neutrons have energies
greater than 15 MeV. Due to concern over accounting accurately for the
effects of these high energy neutrons, a secondary set of beam-target spec-
ifications is a requirement for FMIT. At present, the secondary specifica-
tions call for a 0.1 amp beam of 20 MeV deuterons to strike a lithium tar-
get 1.5 om thick. As for the 35 MeV deuterons, which require a lithium
target thickness of 2 cm, the beam density is assumed to peak at the center
of the target area and be Gaussian in the vertical and horizontal direc-
tions with full-widths-at-half-maximum (FWHM) of 1 cn and 3 c¢cm, respectively.
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This report deals with the comparison of damage parameters in neutron
fields generated by 20 and 35 MeV deuterons.

2. Results

Figures 1-3 show neutron fluxes and spectra from 20 and 35 MeV
deuterons at three positions within the test cell. These curves show a
large decrease in flux and mean neutron energy {i.e., considerable soften-
ing of spectra) in going from 35 to 20 MeV deuterons. Note that at the
center of the source face (the position: 0, 0, 0), for 20 MeV deuterons,
only 3.6 percent of the neutrons have energies greater than 15 MeV, com-
pared with 23 percent for 35 MeV deuterons. Figures 4 and 5 reveal the ef-
fect that such a change in neutron field has on damage parameters. Dis-
placement rates versus distance normal to the source, at two heights rela-
tive to the source mid-plane, are presented for 35 and 20 MeV deuterons in
Figure 4. Similar plots for helium production rates are shown in Figure 5.
The fractional rates of change in the displacement rate and helium produc-
tion rate with distance normal to the source for 20 and 35 MeV deuterons
differ by less than 30 percent at any point. However, the displacement and
helium production rates at 20 MeV are as low as 20% and 12%, respectively,
of those at 35 MeV.

Spectral-averaged displacement and helium production cross
sections at eleven positions are presented in Table 1. Throughout the re-
gion of most interest in the test cell. the flux varies by a factor of
about 20 for 35 MeV deuterons and by a factor of about 10 for 20 MeV deu-
terons, while the spectral-averaged displacement and helium production cross
sections for copper vary by less than factors of two and four, respectively,
for either deuteron energy. Note that the corresponding helium-to-displace-
ment ratio for 35 MeV deuterons ranges from 5 to 11 appm He/dpa, bracketing
a fusion reactor first wall value for copper of 7.7 appm He/dpa, while for
20 MeV deuterons the helium-to-displacement ratio ranges from 2.5 to 6 appm
He/dpa. At this time, however, the effects of factors-of-two differences

in the helium-to-displacement ratio are not known.
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Figures ¢ and 7 show, for copper, the percent response {i.e,
the percentage of the reactions which occur within a given neutron energy
range) versus energy for displacements and helium production, respectively.
The figures show, for example, that for 35 MeV deuterons, 95 percent of the
displacements are produced by neutrons with energies less than 31 Mev, while
for 20 MeV deuterons, 95 percent are produced by neutrons with energies 'ess
than 17 MeV. Similarly, for 35 MeV deuterons, 95 percent of the helium
atoins are produced by neutrons with energies less than 34 MeV, while for
20 MeV deuterons, 95 percent are produced by neutrons with energies less
than 25 MeV. The fraction of displacements produced above 15 MeV is 50: at
35 MeV and only 81 at 20 MeV.

It is instructive to coinpare primary knock-on atom (PKA) spec-
produced by neutron spectra froni a variety of test facilities with

(5)

that produced by a D-T fusion reactor first wall neutron spectrum. Table

tra

2 shows the percentage of recoil atoms in each of several recoil energy
groups due to irradiation in various neutron spectra. The table illustrates
quite clearly that none of the test facilities produce PKA spectra which
are exactly like a D-T fusion reactor first wall PKA spectrum. However,
comparing only the dominant displacement producing regions of the PKA spec-

tra"" ){i.e., those for which EPKA >10 keV) shows that the Rotating Target

Neutron Source-11 {RTNS-11), FMIT, and D-T fusion reactor first wall spec-

tra are similar (see Table 3); the 20 MeV deuteron FMIT spectruni being most
like the first wall spectruiii.

Table 4 contains irradiation volumes for which the displace-
ment rates in copper are greater than the stated values. Note the dramatic
decrease in volume at each displacement rate when the deuteron energy is
decreased from 35 to 20 MeV.

The reader should keep in mind that, while calculated PKA spec-
tra and displacement and heliurii production rates are convenient for compar-
ing the neutron fields produced in a variety of neutron irradiation

G2
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facilities, they contain too little information to permit accurate compari-
son of damage {i.e., property change) rates. Effects of changes in cascade
configurations on defect production efficiencies and damage microstructure
evolution are not included; nor are the effects of differences in the pro-
duction rates of solid transmutants.

Ongoing work will enable predictions of damage rates in softer
neutron spectra, esp. a D-T fusion reactor first wall spectrum, to be made
from data obtained with the 35 Mev deuteron spectra. It is essential, how-
ever, that corroborative data be obtained. Operating FMIT at an energy
near 20 MeV, while less desirable because of lower specimen throughput,
(without a substantial increase in current), would provide neutron test
spectra that a) produce PKA spectra which are significantly more like that
produced in a first wall, b) are hard enough to produce significant helium,
and c) provide displacement rates sufficiently high to make such tests
practicable.

TABLE 4
DISPLACEMENT RATE - VOLUME DATA

Volume*
Displacement {cm)

Rate Ed = 35 MeV Ed = 20 MeV
(dpa/yr) (cm) (cm)

17 139 20

30 54 4.7

50 20 0.3

83 6.0 0.0

The design beam current (0.1 amp) was used for both
deuteron energies.
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FUTURE WORK

Spatial variations in PKA spectra will be analyzed and calculations

to better define the effects of possible cross section uncertainties will

be made.
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IT.

PROGRAM

Title: Synergistic Helium Production by Boron Doping of Splat
Cooled Alloys
Principal Investigator: O. K. Harling
Affiliation: Nuclear Reactor Laboratory, Massachusetts Institute
of Technology

OBJECTIVE

This work is directed toward the development of better simulation

techniques for the synergistic production of helium and displacement

damage in first wall structural materials.

ITI.

RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

A number of tasks are relevant since adequate experimental simulat-

ion of fusion reactor irradiation effects is a major reason for the DAFS

program. Some of the tasks/subtasks which are significantly affected are:

TASK IL.A.4 Gas Generation Rates
11.C.2 Effects of Helium on Microstructure
11.C.8 Effects of Helium and Displacement on Fracture
11.C.13 Effects of Helium and Displacement on Crack

Initiation and Propagation.

SUMMARY

10

The amount of B which should be added to stainless steel In order

to simulate CTR helium production rates in fast reactors has been esti-

mated for various fast test reactor irradiation positions. The amount of

loB required depends largely on the irradiation position chosen.

5000 appm 10B has been chosen as a representative goal and will be used

for further alloy doping studies «n this project.
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This amount of boron can only e distributed homogencously through-
out stainless steel by rapid quenching techniques. In addition, initial
calculations have indicated that to keep this amount of horon from
segregating during reasonable test times and temperaturcs, It will he
necessary to tic the boron up in a fine dispersion of a stable boride.

v, ACCOMPLISIIMENTS AND STATUS —

A. Boron Doping of Stainless Steel by Rapid OQuenching - S. Best,

G. Dansfield, H. Frost, 7. Megusar, ©. Harling, and K. Russel!
. 1. TD)

1. Introduction

It is generally understood that existing irradiation
facilities, i.=., accelerators and fission reactors, will have to be used
for the initial irradiation testing of controlled thzrmonuclear reactor
(CTR) structural materials. Damage rates and helium production rates
should simulate the expected rates in CTR's. Only fission reactors offer
the required large testing volumes with fast neutron {iuxes which produce
damage rates which equal or exceed those expected for near term CTR's.
Helium production rates, with the exception of nickel alloys iIn nixed
spectrum reactors, cannot be reproduced by direct nuclear reaction on the
alloy constituents. The present studies are directed toward the develop-

ment of techniques for the production of helium during fission reactor
irradiations. Current efforts emphasize the doping of structural alloys

with boron. To assure the uniform distribution of boron, the alloy is
>~ 10°°c/
sec offer the possibility of uniform boron concentrations which sre much

produced by rapid quenching from tiie melt. Cooling rates of 10

higher than those which can be maintained without segregation during
normal solidification rates. The usefulness of this approach to boron
doping will also depend upon the msintenance OF a uniform boron distribu-
tion during thermo-mechanical consolidation, and during the use of the
consolidated material iIn the temperature, stress and radiation environnent
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of the fission reactor. Furthermore, the effect of boron on the physical

properties of the boron doped alloys, whether segregated to grain boundar-
ies or uniformly distributed, must be understood.

2. Initial Calculations of the Concentration of lOB Required

for CTR Helium Embrittlement Simulations Conducted in Fast

Test Reactors

The amount of helium which will be generated in a boron
doping experiment to simulate CTR helium production will depend on the
amount of boron added to the material, the total neutron flux in the

irradiation position of interest, and the cross section for the
10

10

B(n,a)7Li reactionaveraged over the neutron spectrum. The amount of

B burned up will depend only on the spectrum averaged 10B Ccross section,
the total flux and the irradiation time. Thus for a given irradiation
period, the amount of helium produced can most easily be adjusted by
tailoring the initial amount of lOB added to the alloy to be tested.

In fusion reactor simulation experiments, it is generally
felt that helium should be produced at a rate such that the ratio of
helium produced (in appm) to dpa produced is approximately 20:1 in

stainless steel and 3-5:1 for some of the refractory alloys. To determine
the amount of helium desired, it is thus necessary to know the magnitude

of the displacement rate. Given all of the factors mentioned above, it

is then straightforward to calculate the initial amount of 104 required
in any experiment. Table 1 shows total fluxes and spectrum averaged

displacement and loB cross sections for three fast test reactor irradi-
ation positions. (It should be noted that the fluxes and spectrum
averaged cross sections quoted in Table 1 for a given irradiation position
are those currently available in the literature and do not always corre-
spond exactly to that position. When possible, the exact locations for
which the cross sections and fluxes were initially cited are listed
directly beneath the table. These calculations will be updated as more
data become available.) Also shown in this table are the percentage of
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10 . 3 10
B burned up in one full power vear and the initial amount of ~ 'R

required for an irradiation lasting onc Full power year. As expeccted,
the initial concentration of 1OB required to simulate the CTR helium
production rate varies greatly from onc irradiation position to another.
it is apparent, however, that: several thousand appm of 10B dopant would
provide useful helium generation rates for 5SS and considerably lower
concentrations would be of interest for refractory alloys based on VvV, xb
and Mo. For this reason, 5000 appm has been picked as a goal for initial

0 -
B concentrations.

3. Initial Estimates of the Kinetics and Distribution of

Boron In Stainless Steel

. 1
The helium nucleus produced tLv the OB(n,u)7Li reaction
recoils through stainless steel about 2.6 + 0.17 um in a random

(4)

direction. Thus a small region of high boron concentration will pro-
duce a spherical halo of helium with a radius of about 2.6 pm and a
thickness of about 0.17 um. 'To have helium distributed homogeneously we
nced the boron distributed substantially more finely than 2 um, so that
the halos will overlap. [Ideally we would like the boron distributed as
finely as 0.17 um so that the distinction betwcen one halo and another
halo will he entirely blurred. This would be accomplished by having the
boron distributed in 1015 particles/cm3 (a spacing of about 0.1 ,m). If
the boride made up 0.1 volume percent of the !structure, the particles

would be about 100 A in dirmeter.

The maximum solubility of boron in stainless steel is
about 400 to 500 appm at about 1100°C. This amount can be retained in
solid solution by rapid quenching from 1100°C to room temperature. () To
keep substantially more than 500 appm boron in solution, we must qucnch

directly from the melt, not from a homogenization anncal. Ruhl and

Cohen(6) were able to retain about half of the boron in solution during
. 6 .

splat quenching (at about 10~ to 108 K/sec) of Fe-Ni alloys with

8 atomic % boron. In addition, Wood and HoncycombeU) have rccentlw
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been able to retain all of 5000 appm E (and, in another experiment, all
of 25,000 appm B plus 2.3 wt % of Ti) in solid solution in an

Fe-20%Cr-25%Ni alloy by quenching from the melt at about lO7 K/sec., We
therefere expect that we can retain the majority of 5000 appm boron in

solution by rapid quenching from the melt to room temperature.

Boron cannot be kept irom diffusing out of a solid solution
to segregate at grain boundaries for small grain sizes and reasonable
test times and temperatures (e.g. 10 microns or less, 106 seconds, and

400°C). A diffusion coefficient has been reported for boron in gamma Fe

for temperatures between 950" - 1300°C by I. E. Bushy et al:(g)
He= 5 % 10"3 exp 21 - 7 kcal/uole
The experimental points for this are the open circles in Figure 1. We

must assume that the actual data points are reasonably accurate, but the
extrapolation to low temperatures (at 21 kcal/mole) may be wildly
inaccurate. For comparison, Figure lalso shows data for diffusion of

carbon in Fe-17Cr-12Ni and 31% stainless steel. D are

and D
carbon boron
comparable at 1¢00°C, but ., is far lower than the 21 kcal/mole

extrapolation at 500°C and bcealr:v?.n Boron and carbon are expected to
diffuse by the same interstitial mechanism, which should have similar
activation energies. W therefore expect that 21 kcal/mele is much too
low, and propose an estimate of 30 kcal/molc. This is still a o
estimate! because carbon diffuses with at least 37 kcal/mole. Figure 1
shows an estimated diffusion coefficient for boron, based on 30 kecal/mole
and passing through the Busby et al. data {(h, = 0.08 cmL/sec). We will

use this estimate Cor further calculations.

The characteristic distance an atom will diffuse in time t
P 4 y .
isvDt. A scale of\/if for £t = 10 sgeconds (2.8 heurs) is added to
Figure 1., Bascd on the cstimated boron diffusion cocfficient, boron would
reach the boundaries of I micron size grains in 3 heurs at any tempoerature

above 400°C. Tt would scgregate to 10 micron size grain boundarics in 3
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hours at 500°C or above. A rough confirmation of this analysis is found
in Kawasaki et al.(ll) They found that boron segregated to the boundaries
of 316 stainless steel (grain diameter = 300 microns). At 700°C theyv
observed segregation after 60 minutes, but not after 30 minutes. %e would
estimate, at 700°C and 6C minutes thatv/Dt = 72 microns, or about half the

grain radius.

It may be possible to hold boron in a finely dispersed
state by tying it up in a fine dispersion of a stable compound. Prime

candidates are TiB2 and ZrBz. Either of these is far more stable than

the nickel, iron, or chromium borides. ZrB, has a slightly higher

2
enthalpy of formation: (12)

TiB

i

AHF(298) 66.8 * 4 kcal/mole

2:

ZrB,: AH;(298)

2 77.1 + 1.6 kcal/molec.

ZrB2 should therefore be more stable. [If we assume that the activity co-

efficients of boron and titanium or zirconium in stainless stcel are

approximately unity, we have:

B

':!GO N
C 2 C = exp |- f formation (11?2}
‘B Ti ' | RT
[ 2 (ZrB
or C 2 C = exp (- '*jfjni—gz
B Zr RT
where CB, CTi’ and C7r are atomic fractions in the austenite matrix.

This is a conservative estimate because the activity coefficients of Loron,
titanium, and zirconium in austenite will be substantially greatcer than
unity, and the matrix concentrations in equilibrium with the bhoride i1l
be correspondingly lower. At small boron concentrations, most of the

boron can be tied up in TiB7 or ZrB, precipitates willhh an ecxcess over

Co S @ - . ] 13

stoichlometry of 0.1 atomic ¥ Ti or 7Zr. Since Shupnrd( ) was ablo to
- 15 : . 3. '

precipitate 2 x 10 NLC particles poer em” In stainless stecl, wo omnact

that tt is possible to precipitate a fine dispersion of these Tid, or D
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particles by appropriate heat treatment. We will find that C,. or CTi
in the matrix will remain about 0.1%, and can calculate ¢_ with this

B
assumption, as shown in Figure 2.

4. Coarsening of Ti#, or 4ZrB, Precipitates.

a. Without Irradiation

(16

Bhattacharyya and Russel show that the coarsening of AaBb

precipitates is controlled by whichever species (A or B) has the smallest
product of matrix concentration (CA or CB) times matrix diffusion
coefficient (DA or DB). If A is controlling, the average particle radius,

r, is given as a function of time, t, by:

2
_3 8 DACA o] Vm t
= ro +,

RT a

¢ = matrix—-particle interfacial energy (about 500 ergs/cmz)

- , . _ 3,
v = molar volume of AaBb’ Vm(TlBZ) = 15.5 co™; vm(ZrBZ)

= 18.3 Cm3

To see whether boron or zirconium controls the coarsening, we have to
compare DBCB to DZcmr. CZr is assumed and DBCB we have calculated
(Figure 3). We still need to estimate DZr in stainless steel because it
has not been measured. Zirconium probably diffuses by the standard vac-
ancy mechanism, with some preferential binding to the vacancy. V¢ can
then guess that it diffuses only slightly faster than the host metal.
Figure 4 shows D{nickel} in stainless steel, and an estimate for DZrh

Q = 60 keal/mole, Dy = 1.0 sz/sec. The same estimate would work for
titanium. We then find p,.C, <D CB above 250°c. (The same would be

Zr B
true for Ti.)
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The above estimate may be improved by considering the

possibility of enhanced diffusion of Zr along dislocation cores, which

we expect at these temperatures. Figure 4 shows the contribution that
core diffusion would make in pure nickel with a dislocation densitv of
1010 cm_z. Although core diffusion should he slower in the solid solution
than in the pure metal, it still might contribute substantially at lowcr
temperature. W need not estimate this accurately, however, becausc under
irradiation the Zr diffusion will not be rate controlling, as will be

shown in the next section.
b. With Irradiation

Diffusion of both species will be speeded up by irradiation by
various mechanisms, hut the metal should he much more strongly affected.

The diffusion coefficients of ™% and Zr should be increased by a factor

of 104 to 106 or more. The interstitial diffusion of boron should he
increased some because ol interactions with vacancies and divacancies, but
not by nearly as much as Ti or Zr. 'This means that tlie control of the
coarsening will switch to boron transport. Using values of CBDB from
Figure 3, we have plotted (ES - ;é%1/3 values lor the boron controlled
case in Figure 5. 'This predicts that 100A radius particles would coarsen
appreciably in 108 seconds at 550°C, bhut not at 430°C. Parcicles of
radius 1000; would net cearsen appreciably :it 550°C, but would above
650°C.  For TiBz particles we would expect somewhat faster coarsening
because Ti binds tlie boren Less strongly than Zr and the matrix concen-

tration of buron would be higher.
C. Summartry

To produce helium uniformly, boron must He distyibuted
homogeneously to a scale of 1 micron or less. Boron cannol be kept Lhiis
finely distribured in solid solution because it diffuses fast cnoaca Lo

segregate to the grailn boundarices during reasonable test times and Lost

temperatures.  The boron prebably can be held in g (ine dispersion
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stable boride particles, such as zZr2 With a slight excess of Zr 1in

5
solution, and under irradiation, the particle coarsening should be con-
trolled by boron diffusion. Our estimates indicate that the coarsening
will be slow enough to retain the dispersion at a scale finer than 1

micron for useful test times and temperatures.

5, Production of Boron Doped Stainless Steel Alloys

The production of boron doped materials using splat
cooling consists of: producing master alloys; producing material for
splatting; splat cooling; processing splat cooled foils; and consolidation
of the foils. In the last quarter, our emphasis was on the first three

areas.

Master alloy production at a pound lot scale was investi-
gated to determine the optimum furnace design for producing our alloys.
The production of master alloys and actual splatting compositions was
attempted under various conditions. Based on this, an optimized furnace
for master alloy production has been designed and is being constructed.

Splat cooling small lots of boron doped stainless steel
was accomplished using a melt-spinning device. In this device, a sample
lot of about 10sm is splatted on a spinning copper ring. Although this
device is too small to produce enough material for consolidation, it does
provide enough material for transmission electron microscopy. Previously
we reported work with a roll quenching device: however, this machine
requires a minimum of about one pound of material per run. The melt spun
foils will be used to determine the boron precipitation and segregation
kinetics referred to in section 3 of this report.
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VITI. RECENT REPORTS FROM THIS PROJECT

1. H. Andresen and O. K. Harling, "A New Approach to Simulation of

Helium and Simultaneous Damage Production in Fusion Reactors--1In
Reactor Tritium Trick,' presented at the First Topical Meeting on

Fusion Reactor Materials, Miami Beach, January 15979.

2. S. Best, A. Fadaai and O. K. Harling, "Initial Results Using Splat

Cooling iIn the Development of Boron Doping for the Simulation of
Fusion Reactor Helium Embrittlement,' presented at the First Topical

Meeting on Rusion Reactor Materials, Miami Beach, January 1979.

VIIl. FUTURE WORK (Near Term)

As improved flux and cross section data become available, the
calculation of the initial lOB concentration to be added to stainless
steel to simulate CTIR helium production rates will be refined. The

initial calculations on the kinetics and distribution of boron in
stainless steel will be continued. In particular, the next phase of this
work will center around the effect of various radiation damage phenomena
on the microstructure of the boron doped stainless steel.

Experimental efforts during the next quarter will concentrate on

precipitation studies in stainless steel doped with various quantities
of boron and zirconium.
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. PROGRAM

Title: Irradiation Effects Analysis (WHO11/EDA)
Principal Investigator: D. G Doran
Affiliation: Hanford Engineering Development Laboratory

I1. OBJECTIVE
The objective of this work is to develop computer models for the simu-
lation of high energy cascades which will be used to generate defect pro-

duction functions for correlation analyses of radiation effects.

[ 11. RELEVANT OAFS PROGRAM TASK/SUBTASK

SUBTASK 11.B.2.3  Cascade Production Methodology

V. SUMMARY

Defect yields and cascade densities for PKAs in copper are being
studied as a function of effective recombination distances. An interac-
tive computer graphics program is being developed, and examples illustrat-
ing the graphics capabilities and the cascade studies are presented here.

V.  ACCOMPLISHMENTS ANU STATUS

A.  Computer Simulation of High Energy Cascades - H. L. Heinisch, Jr.
(HEDL)

Comparisons of MARLOWE with results from dynamic simulation codes (1.2)

continue to verify its usefulness and validity for the study of high energy
cascades. While the need to further establish the validity of our high
energy cascade models clearly exists, it is nevertheless desirable to pro-
ceed toward our objective of generating defect production functions using
the best models available.
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The aspect of displacement cascade development which appears to be
very important but is least understood at this time is the dissipation of
energy from the so-called "thermal spike" region (sometimes referred to as
"afterglow"). A proper study of thermal spikes will necessitate dynamical
simulations. That approach is practical only for mechanism studies with a
few cascades. Dealing with large numbers of thermal spikes will require
some relatively simple model for the average behavior of the defects. Per-
haps the simplest approach is to assume an effective recombination distance
(RD) for the Frenkel pairs produced in the cascade.

A spontaneous recombination distance on the order of two lattice
parameters has been found appropriate in simulation studies.(]’?’) This

4) (5)

of low temperature spontaneous recombination. Thus, a value of RD which

value is consistent with experimental and theoretical determinations

simulates annealing in the thermal spike should be somewhat greater than
two lattice parameters.

The effects of large RDs on defect yields and cascade density are
being investigated for cascades in copper. To date, PKAs with energies in
the range froni 1 keV to 40 keV have been studied using MARLOWE, and RDs up
to seven lattice parameters have been applied. At each energy, in multi-
ples of 5 keV¥, the results of ten cascades with randoinly chosen directions
were averaged; one hundred cascades were generated at each of 1, 2, 3, and
4 keV.

When RDs in the range of five to seven lattice parameters are im-
posed on the cascades, the resulting Frenkel pair yields display the same
energy dependence as defect yield curves which we have nunierically extrac-
ted from resistivity measurements of ion irradiated copper (this work is
in progress; a detailed report will be prepared).

The average cascade density, defined as the average number of pairs

divided by the average nuinber of sites involved in the simulation, is in-
dependent of eneryy above a few keV at any value of RD. That is, tne
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density varies with RD, but not with energy. The fraction of initially
produced pairs which recombine as a function of RD is therefore independent
of energy. This supports the idea that the size, but not the nature, of
the damaged region varies with PKA energy. Thus, a recombination criterion
may be at least a good first approximation for describing defect yields
from thermal spikes above a few keV¥. Of course, such a criterion provides
no indication of the actual physical processes occurring as the thermal
spike cools off.

At energies up to a few hundred electron volts, cascades can be
handled by the dynamical simulations. Between a few hundred and several
thousand electron volts, there is a transition to thermal spike production,
which may not easily be described by a simple recombination criterion.
Above 5-10 ke¥ a single recombination criterion, independent of energy,
appears to be adequate.

It could be argued that as the cascade volume increases with ener-
gy, the surface to volume ratio decreases, and more time is required for
dissipation of the energy. Thus, there is more chance for recombination
to occur in the higher energy cascades, and an effective RD which increases
with energy may be necessary. However, in the present study, this has not

been found to be true above 5-10 keV. Perhaps this is because the cascades
with higher energy do not increase in size equally rapidly in all three

dimensions. If the cascades maintain linear or disk shapes, they can
increase in size without appreciable changes in surface-to-volume ratio.

An alternative argument for an energy independent RD is the form-
ation of subcascades having the same distribution of sizes and densities
regardless of energy. A systematic graphical analysis of high energy cas-
cades is expected to answer these questions and others concerning the spa-
tial distribution of defects in cascades.
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B. Analysis of High Energy Cascades Using Interactive 3-0 Computer
Graphics - H. L. Heinisch, Jr. (HEDL)

In addition to the MARLOWE cascade studies, we have been developing
an interactive 3-D computer graphics program, SPACEwarp, for the purpose of
graphical analysis of cascades (and ultimately for annealing studies as
well).

In the current version, markers are plotted at the positions of
the vacancies and interstitials in a 3-D perspective view. The cascade
may be viewed from any angle or distance, and the perspective may be ex-
aggerated by a scaling factor. Some examples of the graphics produced by

this program are included here.

The following five figures are three-dimensional views of the dis-
tributions of interstitials and vacancies produced in computer simulated
displacement cascades. Figure 1 illustrates the Frenkel pairs remaining
after recombining all pairs separated by less than two lattice parameters
(RD = 2). The cascade exhibits a "depleted zone" configuration.

To simulate the recombination which occurs as the highly excited
cascade region dissipates energy, the recombination distance is increased
to RD = 4 in Figure 2. The vacancy distribution retains its basically
two-lobed shape, and the depleted zone is well-defined. The shape of this
cascade may indicate a trend toward subcascade formation.

Figure 3 is a cascade froin a 10 ke¥ PKA in the same direction as
in Figure 1, with RD = 4. At 10 keV the cascade is smaller, has one well-
defined depleted zone, and is found to be disk-shaped by viewing froin

other angles.
Even at 10 keV¥ there is some evidence that subcascades can begin

forming. This is illustrated in Figure 4, in which a 10 keV PKA in tne

<100~ direction produces two distinctly seiaratod depieted zones. snown
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40.0

35.0

8.0 2.0

FIGURE 1. A Cascade in Copper Resulting From a 25 keV Primary Knock-On
Atom (PKA) in a High Index Direction [A small arrow in the figure at {0, O,
0) indicates the initial PKA direction.] the squares
represent vacancies; the crossed circles represent interstitial atoms. The
scale on the edges of the large cube is in units of lattice parameters (1
lattice parameter = .361 T in copper). All symbols representing atoms or
vacancies are nominally the same size, ONe half lattice parameter.

Those
which appear relatively larger (smaller) are at positions closer to (farther
from) the viewer's eye.

Inall the figures
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FIGURE 2. 25 keV Cascade in Cu. Reconibination Distance (RD) = 4




-3.0

-5.0 6.0

FIGURE 3. 10 keV Cascade in Cu. Recombination Distance (Rd) = 4.
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FIGURE 4.

10 keV Cascade in Cu.

Recombination Distance {(RD)
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FIGURE 5. 10 keV Cascade in Cu. Recombination Distance (RD) = 5.
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here at RD = 5, but distinct even at RD <2, An interesting feature of
this cascade becomes more evident in Figure 5. Here the viewer’'s eye is
in the equatorial plane (Z = 0) and the figure has been rotated 180". The
defects are primarily confined to the Z = 0 plane. |In fact, 85 of the
vacancies lie within one lattice parameter of the Z = 0 plane.

VI.  REFERENCES

1. H. L. Heinisch, J. 0. Schiffgens, and D. M. Schwartz, 1. Nucl.
Mat., accepted for publication.

2. M. T. Robinson, DAFS Quarterly Progress Report, October - Decem-
ber 1978, in printing.

3. 6. R. Odette and D. M. Schwartz, Trans. Am. Nucl. Soc. 27 (1977},
316.

4. G. Luck and R. Sizman, Phys. Stat. Sol. 5 (1964), 683
5. A. Scholz and C. Lehmann, Phys. Rev. B, 6 (1972), 813.
VIl. FUTURE WORK

Both numerical and graphical analysis of cascades will be extended
to higher energies (~100 keV).
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. PROGRAM

Title: Radiation Damage Analysis and Computer Simulation

Principal Investigator: Do M. Parkin

Affiliation: Los Alarnos Scientific Laboratory of the
University of California

1I. OBECTIVE

The objective of this work is to develop displacement functions for
polyatomic materials.

ITI. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SBIAK 11.B.2.3 Cascade Production Methodology
11.B.4.1 Interface with other designs and other tasks
11.8.4.2 Develop theory of spectral and rate effects

V. SIWRY

The computer code DISPLC has been used to calculate net displace-
ment functions in polyatomic materials. Ore of the important possibil-
ities in ceramic materials Is that atoms of one type cannot be captured.
on atom sites of another type during a displacement cascade. Calcula-
tions for ca0 and A1203 show that this is an important effect for materials
with mass ratio near one if the atom types have different displacement

threshold energies.

V. ACCOMPLISHMENTS AND STATUS

A.  Net Displacement Functions for Polyatomic Materials -- 0. M.
Parkin (LASL) and C. A. Coulter (The University of Alabama)
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1. Results

One of the important properties of many ceramic and insulator
materials that differs fro? metallic alloys is that the atoms in the
crystal are bound by ionic forces and not by metallic forces. This
situation leads to a characteristic change in the possible events that
can occur in a displacement cascade. It is a good assumption that in
an ionic material cations cannot be located at anion |attice sites
and viceversa. The result of this fact is that, for example, in MZOB’
displaced Al atoms can displace other Al atoms and O atoms and be

captured at Al atom sites but not at O atom sites and thz corresponding
case for 0. In a metallic alloy this, of course, is not the case. Fur

example, in Nb3Sn, both Nb and 5n can be on any atom site.

To investigate the role of this effect on displacement cascades in
polyatomic materials, calculations for €a0 and A1203 were performed
assuming first that atoms of type-i cannot be captured on type-j sites
if i#j and for the case where such captures are possible. €a0 and ;'3\1203
are materials where the mass ratio is near one. For Cal we assumed that
E? = 50 eV and for A1,0, we used 18 eV for Al and 72 for 0.(” For the

273
no-capture-of-unlike-atoms case we assumed

cap _ d

ESS ES (1)
and

Ecap = 0 (2)

7]

For the case where unlike atoms can be captured we assumed Eq. 1 and that

ZE(.j
cap _ i (3)

B T2
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To analyze the results it is convenient to define the ratio of the

net displacement functions gij(E) for the two cases to be

g1J(E) for case one

Bi5 = ;4 () for case two (4)

where case one is the no-unlike-capture case using Eq. 2 and case two is
the capture case using Eq. 3. The results for Ca0 are given in Table |
and those for 15\1203 are given in Table 11.

The data in Table | for Ca0 show three principal effects. First,
for the case i = j, the values of By; are greater than one below ZE‘;I and
first increase then decrease as a function of energy. This behavior is
a result of the importance of capture energy for low energy PKA's and
low energy transfer events. Where unlike atom capture is allowed, for
example, an initial PKA of Ca may convert into an 0 displacement. Wm

no such capture is possible, the Ga PKA is "frozen" in the lattice
below 2ES. As the PKA energy increases, displacement events in which

this "freezing" is important become less in relative number. Second,
for the case i#j,the values of Bij increase with energy and although the
"freezing" effect is present, it is not displayed in the same way. Third,

for all Bije the values of Bsj reach a stable value by a few keV of 1.06.

The data for Al 505 in Table 11 show the importance of knowing the
probability of unlike atom capture when the displacement energies of
the two atom types are different. In this case, for displacement of the
atom with the smallest displacement energy, the results are similar to
the results for Cad (i.e. Brqs 821)' For the atom with the largest dis-
placement energy, 0 in this case, the "freezing" effect plays a major role
in increasing the net number of O displacements. For an 0 PKA with energy
near the 0 displacement energy, it cannot produce a second 0 displace-

ment but will produce ~.3 Al displacements. This fact gives a high
probability of O capture on the A1 site for capture energies of the order
of the displacement energies. If this capture is not possible then the 0
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displacement is "frozen" in. As the PKA energy increases, this low energy
region, where the U atoms Tose a large part of their enerqy in displacing
Al atomsbut are "frozen" in as displacements, is an important part of tne
total displacement process and, hence, the net number of 0 displacements
significantly increases while the number of Al displacements is only
slightly effected. As with Ca0 the @ij reach stable values by a few

keV.

VI.  REFERENCES

1. G P. Pells and D. C Phillips, AERE Harwell Report AERE-R37132
(Harwell , UK, 1978).

VII.  FUTURE WORK

Futurework will extend the analysis to include materials with mass
ratio much different than one.

VIIl. PUBLICATIONS

1. Don M. Parkin and C. Alton Coulter, "Displacement Functions for
Diatomic Materials," to be published in J. Nucl. Mat.
2. C. Alton Coulter and Don M. Parkin, "Damage Energy Functions in

Polyatomic Material," in preparation.
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Energy
(eV)
86
127
188
279
907
2952
9605

Energy
(eV}
72
95
126
166

290
670

1540
9450

11

1.00
1.02

1.6
1.06

1.6
1.4

1.3
1.03

TABLE |

VALUE OF £,

B11 Boy

1.4 1.4
1.10 1.11
1.10 1.11
1.08 1.09
1.07 1.8
1.06 1.07
1.06 1.06

VALUES OF Bij FOR A1203 (Al

Energy
(eV)
72
106
179
302

660
1110

2420
8900

TABLE 11

Byo

1.38
1.45

1.0
1.50
1.47
1.40
1.48
1.4/

Energy
(eV)
69
99
142
292
as9
2531
7455

Energy

(eV)
ar
97

123
175
281
721
1460
9610

FOR Ca0 (Ca = 1, 0 = 2)

1,0

B2

1.3
1.40
1.4
1.43

1.45
1.46

1.47
1.47

12

1.00
1.00
1.2
1.4
1.06
1.06
1.06

Il
N
—

Energy

(eV)
72
93
121
158
267
767
1680
9350

21

1.00
1.00
1.02
1.4
1.06
1.06
1.06

21

1.03
1.02
1.02
1.02
1.02
1.02

1.03
1.03



l. PROGRAM

Title: Irradiation Effects Analysis (WHO11/EDA)
Principal Investigator: D. G. Doran
Affiliation: Hanford Engineering Development Laboratory

II. OBJECTIVE

The objective of this work is to determine the effects of high energy
neutrons on damage production and evolution, and the relationships of these
effects to effects produced by fission reactor neutrons. Specific objec-
tives of current work are the planning and performance of an irradiation
program at the Rotating Target Neutron Source (RTNS}-II and post-irradia-
tion testing.

I111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK [1.B.3.2 Experimental Characterization of Primary Damage

State; Studies of Metals

[1.C.6.3 Effects of Damage Rate and Cascade Structure on Mi-
crostructure; Low-EnergylHigh-Energy Neutron Correla-
tions

[1.C.11.4 Effects of Cascades and Flux on Flow; High-Energy
Neutron Irradiations

[1.C.17.1 Microstructural Characterization; Monitor and Assess
New Methodologies

[1.C.18.1 Relating Low- and High- Exposure Microstructures;
Nucleation Experiments

V. SUMMARY
Materials selected for irradiation in RTNS-II include pure metals (Ni,

Cu, Ti, V, Nb), binary alloys (Ni and Cu based), a simple Fe-Ni-Cr alloy
with and without Mo, and three, more complex alloys from the Alloy
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Development for Irradiation Performance (ADIP) program. The rationale for
their selection is described and a test matrix presented. Specimens have
been prepared and mounted in a capsule in preparation for the initial room
temperature irradiations. It has been demonstrated that small changes in
ultimate tensile strength can be monitored using microhardness measurements
on TEM specimens.

¥.  ACCOMPLISHMENTS AND STATUS

A. RTNS-II Irradiation Program Plan - R. W. Powell and N. F.
Panayotou (HEDL), G. R. Odette and G. E. Lucas (UCSS)

1. Introductian

The RTNS-I1 located at the Lawrence Livermore Laboratory will
be used to study the effects of high energy neutron (14 MeV) damage on
material properties. An understanding of the primary damage state, subse-
quent microstructure evolution, and the resultant mechanical behavior is
important in developing the capability of projecting fission reactor data
to fusion reactor environments. HEDL plans to address each of these areas
inits experimentation at RINS-II. In addition, selective Be{d.,n) irradi-
ations will be performed at UC-Davis and fission reactor irradiations will
be done at the Livermore Pool-Type Reactor (LPTR) to assess the spectral
sensitivity of radiation-induced effects.

2. Selection of Materials

The pure metals chosen for RTNS-II experiments are listed in
Table 1. The effects of crystal structure, atomic weight, and stacking
fault energy on the primary damage state, subsequent microstructure evolu-
tion, and resultant changes In mechanical behavior will be examined with
these materials. All of the pure metals listed in Table 1 have a direct
tie to the Alloy Development for Irradiation Performance (ADIP) program
materials.
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TABLE 1
PURE METALS FOR RTNS- 1l IRRADIATIONS

Metal Characteristics*
Ni FCC, Mid-A, High SFE
cu FCC, Mid-A, Low SFE
Ti HCP, Mid-A
v BCC, Mid-A
Nb BCC, High-A

* FCC = face centered cubic crystal structure
HCP = hexagonal close packed crystal structure
ECC = body centered cubic crystal structure
A = atomic weight
SFE = stacking fault energy

Nickel and copper are similar to the ADIP Fe-Ni-Cr FPath A

(austenitic) and £ (high strength} alloys. Doth have the facc-centored
cubic {FCC) crystal structure and both have atomic weights near those of
the main constituents. The stacking fault enevgy (SIE) of nickel, hoasver,
is considerably higher than that of the alfoys, while copper has o more

stada

it

[a]

representative value. The SFE should affect the driving force for ¢

collapse into a vacancy dislocation Toop.

Titanium, vanadium and niobium are similar to the Patn C {ro-
active and refractory) materials. Comparison of the FCC metals witn the
hexagonal close packed (HCF)} titanium and body centeved cubic (BCC) vana-

dium should elucidate the effects of crystal structure since ail have sim-

ilar atomic weights. Vanadium (BCC) and niobiun (BCC) cowparisons wild
ilTiustrate the effects of atomic weiqht., Each of these three metals ierves
]

as the hase component of a set of ADRIP Path T alloys.
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The alloys chosen for RTNS-IT experiments are listed in Table
2 and span the range from simple binaries to complex commercial purity
alloys. The first set of binaries is intended to study the effects of
solute characteristics on replacement sequence length. The solute charac-
teristics chosen for study were derived from cascade evolution models
which predict a decrease in replacement sequence length for local distur-
bances of the lattice. The effects of a difference in atomic weight be-
tween the solute and matrix atoms, as well as a difference in atomic size,
hence lattice strain, will be studied. Solute additions for this series,
except for carbon, are at the 5 atomic percent level whick is within the
normal single phase region of each alloy and provides approximately two
solute atoms within the first three nearest neighbor shells of each sol-
vent atom. A carbon level of 0.05 wt.% was chosen to study the effect of
interstitial inpurities.

As an example of the solute characteristics under study, con-

sider the three nickel-base binaries with additions of Si, Al, or In.
Comparison of the Si and Al additions will be used to study the relative

effectiveness of positive and negative atomic misfits in replacement se-
quence lengths; both additions are lower in atomic weight than the base
metal but Si contracts the lattice while Al expands the lattice. Atomic
weight effects will be studied with Ni + 5% Al and Ni + 54 Zn. Al and zn
both expand the lattice approximately the same amount but have significantly
different atomic weights.

Other phenomena being studied with simple alloys include phase
stability and helium effects, and their projection to simple ternary and
quaternary alloys. Ni3Si precipitation in the Ni + 5% Si and Ni + 8%Si
alloys will be used to study free defect production in different spectra.
Free defect production, through enhanced diffusivity, should influence the
observance of a low temperature miscibility gap in the Cu + 50%Ni alloy;
this transformation will be monitored with a magnetometer since the phase
separation will produce a ferromagnetic phase.
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The Ni + 1% C alloy will be used to test the feasibility of
studying the effects of spatially inhomogeneous helium generation at RTNS-
1I; carbon has a high helium generation cross section for 14 MeV neutrons.

The ternary and quaternary alloys will serve two main purposes.
First, the comparison between the two alloys will serve to elucidate the
effect of the heavy element molybdenum on replacement sequences in this
system. Second, they will serve as low dose-high dose correlation materials
to link the more complex alloys to EBR-II/ORR/FMIT experiments. The com-
plex alloys included in the RTNS-I1 experiments were drawn directly from
the ADIP materials stockpile for Paths A and B.

3. Evaluation of Techniques

The objective of a significant portion of the early experiments
will be to evaluate the utility of various techniques and combinations of
techniques for characterizing the primary damage state, microstructural
evolution, and mechanical behavior in miniature specimens. The major
techniques will be conventional transmission electron microscopy {(TEM) and
microhardness, but these will be combined with various postirradiation
annealing schedules and other test techniques. Under examination are ultra-
high resolution TEM, small wire tensile tests, x-ray diffuse scattering,

and positron annihilation.

Conventional TEM will be used to characterize the majority of
the high energy neutron induced microstructure. This technique has the
capability of detecting defect clusters as small as 1.0-1.5 mm in diameter;
it has the advantage of revealing spatial distributions. Selected post-
irradiation anneals will supplement these measurements with indirect infor-
mation on clusters smaller than the detectable |imit as well as aiding the
identification of cluster type. Scoping studies are currently underway to
assess the application of ultra-high resolution TEM techniques such as
lattice fringe imaging to the detection of clusters smaller than the con-
ventional limit.
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Microhardness measurements will serve two primary purposes.
First, they will aid in characterizing the effect of high energy neutrons
on mechanical properties (primarily the ultimate tensile strength) and, in
conjunction with TEM, will be used to relate mechanical behavior to the high
energy neutron induced microstructure. Second, the measurements will be
used to guide the disposition of irradiated specimens. Since measurements
are rapid and quasi-non-destructive, microhardness will be used as an in-
dicator of when to perform TEM examination and when to re-irradiate.

Scoping experiments will be conducted which combine micro-
hardness rieasurements with various postirradiation annealing schedules to
assess their utility. Both isochronal and isothermal anneals will be per-

formed to determine the activation energies of the recovery processes.
Such data will be valuable in Characterizing the properties of tne defect
clusters and the spectral sensitivity of these properties. Hot microhard-

ness will be used to test at the irradiation temperature, and scoping
studies will be performed to assess its application to recovery studies.
Small diameter wire tensile tests will be selectively performed

to provide more information on mechanical behavior; it is anticipated that

microhardness data will guide these tests.

Specimens will be included in RINS-IT irradiations to provide
for x-ray diffuse scattering studies and positreon annihilation measurements.
The application of these techniques to radiation damage studies has not
been fully deiiionstrated butf the possikility of providing supplemental data
to TEM examination should be pursued.

4. General Test Matrix
The overall HEDL RTNS-1! test matrix is given in Table 3. A
range of fluences will be obtained for each of three relative tenperatures.

In addition to the fluences shown, fluences as low as 3 x 105 njcm will
. /

be obtained by positioning specimens rnear the back of holders scheduled for
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1 x 10t% n/cm?. The maximum fluences shown in the table correspond to ap-
proximately three months of peak flux (1 x 10'® n/cm?-sec) irradiation and
approximately 0.1 dpa in AISI 316. This will provide comparisons with

specimens irradiated to approximately 0.3 dpa in the ORR/MFE-I experiment.
Higher RTNS-II fluences will be obtained if irradiation time is available.

TABLE 3
HEDL RTNS-II TEST MATRIX

Fluence, n/cm?

Temperature 1 x 1018 3 x 1018 1 x 108 3-5 x 1019
R.T. X X X
(0.3)T, X X X X
(0.45)7 X X X X

m

The temperatures shown in Table 3 are relative to the melting
point (Tm) of each material and therefore represent more than three irradi-
ation temperatures. Table 4 groups the materials into five irradiation

temperatures. All materials will be irradiated at room temperature (this
may be elevated to the 65°C ambient temperature of LPTR) and at approxi-

mately 0.3 Tm' The highest irradiation temperature for each material ex-
cept Nb is at approximately 0.45 Tm; due to the high melting point of Nb,
there are no current plans to irradiate this metal at an equivalent relative
temperature (975°C).

TABLE 4
IRRADIATION TEMPERATURES FOR RTNS-I1 EXPERIMENTS

R.T. 150°C 250°C 350°C 550°C

All materials Cu-Type Ni-Type V-Type Ni-Type
Cu-Type V-Type

Ti-Type Ti-Type

Nb-Type
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5. Schedule

The test iiiatrix outlined in the previous section obviously re-
presents more than one year's effort. Much of that iiiatrix is subject to
modification as experience is gained with RTNS-11 and as incremental data
are obtained and analyzed.

Initial operation of the RTNS-II is with the small RTNS-II
targets; the resulting neutron flux is between that of RTNS-I and the goal
flux of RTNS-T1I. The initial HEDL experiments will emphasize the lower
fluence primary damage objectives and will be limited to peak, fluences of
1 X 1047 n/em?.  Major emphasis will be on room temperature irradiations
and exploring the utility of 150°C irradiations. These near-term chiectives
are fully compatible with small target operation at. RTNS-TI. It 1is
presently planned to reserve experiments at higher temperatures and nigher
fluences for large target ooeration.

B. RTNS-II Irradiation Program Status - N. F. Panayotou and R. .
Powel!l (HEDL)

1. Specimen Preparation

A total of thirteen metals and alloy!; are currently available
for irradiation at RTNS-II. Sheet stock {0.010 inch thick) of copper,
nickel, titanium and niobium was obtained froin A. D. Mackay Inc. Wire and
rod stock of these metals prepared froni identical lots was also obtained
for use by Battelle-Pacific Northwest Laboratories (PNL) and Lawrence
Livermore Laboratories, as well as HEDL. Except for copper, all pure
metals were received in the as-cold-worked condition.

A quaternary alloy was arc melted at. PHL using a ternarv
alloy (Fe-Ni-Cr) as a base and with a nominal addition of 2.0 wt. percent
Mo. A ctieiiiical overcheck indicated that the alloying procedure was indzed

successful,
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Two Path A and five Path B alloys were obtained from E. E.
Bloom of ORNL. The quaternary and all Path A and Path B alloys were mech-
anically processed at PNL to a nominal, final, 40 percent cold worked
level. Prior to mechanical processing Path B alloys were encapsulated in
quartz (1/3 atm. argon) and heat treated for 30 minutes at 1149°C. The
mechanical processing included forging as well as both hot and cold rolling.
Forging and hot rolling were performed in air at 1010°C. Ouring cold
rolling, intermediate anneals, 10 minutes at 1010°C with an air cool, were
utilized. Below a thickness of 0.030 inches annealing was accomplished with
the stock encapsulated' in quartz vials (1/3 atm. argon). After processing,
the nominal thickness of the sheet stock was 0.014 inches.

TEM disks, 3 mm in diameter, were punched from the as-received
pure metals and as-rolled alloys. The disks were deburred and permanently
laser engraved using the standard HEDL engraving format.

An initial set of heat treatments was established for all
metals and alloys using both microhardness results and metallographic ex-
aminations. The object was to produce a recrystallized, fine-grained
structure. A fine grain size yields better microhardness statistics since

more grains are sampled per indent. It is also important for miniature
tensile specimens {0.01Q0 in. gage section diameter). In each case the heat
treatment was selected to be at least 0.45 T, ltwas determined that grain

sizes in the range of ASTM 7-8 (25-35um) or smaller could be obtained. An
example of the data obtained by this method is shown in Figure 1.

2. lIrradiation Hardware

Hardware for the irradiation of TEM disk specimens at RTNS-II
has been fabricated. Aluminum and titanium specimen holders (low activation
materials) are available for ambient and high temperature irradiations. The
room temperature RTNS-II TEM disk holder is shown in Figure 2. Aluminum
spacers are used to separate specimens into groups within which flux/fluence
variations are about a factor of two. Specimens, spacers and Nb dosimetry
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foils are held securely in place by compression springs and retaining screws.
The flux distribution is also shown schematically in Figure 2 for the current
RTNS-1T source (23 cm, 50mA). Assuming a Gaussian beam profile with a 1 cmn
PMM and a source strength of 1 x 1013 n/s, a range in flux/fluence of a
factor of 30 can be obtained with this specimen holder. Initial experiments
will accumulate a peak fluence of 1 x 108 n/cm?.

3. Hardness Testing

Preliminary microhardness tests at temperature (25-700°C) have
been performed with a Nikon Hot Hardness instrument. The capabilities of
this unique instrument include an inert testing environment, test tempera-
tures of 25-1600°C, fast quench rates, and variable loads and time at max-
imum load.

Test procedures for hardness testing of TEM disk specimens
have been specified including the use of a Vickers (Diamond Pyramid) type
indentor. This type of indentor and the minimum machine load available
(50 gm) were found to be the best compromise between the desire to obtain
bulk hardness values and the need to |imit the depth of the indentor pene-
tration into the thin specimens. It has been found that changes in strength
of only several ksi should be resolvable by this technique.

Microhardness can be used to monitor changes in mechanical
properties due to neutron irradiation. Hardness values obtained for sev-
eral different forms of AISI 316 stainless steel as a function of tempera-
ture are given in Figure 3. Using an empirical correlation, these results
were used to predict the ultimate tensile strength of 316 as a function of
temperature. A comparison of the predicted and actual strength values is
shown in Figure 4. While the agreement is not perfect, it is clear that
hot hardness can be used to monitor changes in mechanical properties. The
effectsof variables such as surface finish maximum load, and time at maxi-
mum load on hardness values have also been examined.
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VI. REFERENCES

None.
VII. FUTURE WORK

A holder for disk specimens for use in the Livermore Pool Type Reac-
tor (LPTR) and a holder for miniature tensile specimens for use at RTNS-II

have been designed and will be fabricated during the next quarter.

At least one room temperature irradiation at RTNS-II is planned for
the next quarter and specimen examination will begin.

The determination of baseline microhardness data on archive specimens
of pure metals and alloys will continue.

A collaborative effort with UCSB, directed at optimum utilization of
RTNS-II, has been initiated.
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CHAPTER 5

SUBTASK C: DAMAGE MICROSTRUCTURE EVOLUTION AND
MECHANICAL BEHAVIOR
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l. PROGRAM

Title: Irradiation Response of Materials
Principal Investigators: J. A. Spitznagel, W. J. Choyke, S. Wood
Affiliation: Westinghouse Research and Development Center

IT. OBJECTIVE

The objective of this work is to assess the phenomenology and mechan-
isms of microstructural evolution in materials exposed to simultaneous
helium injection and creation of atomic displacement damage by a second

ion beam.

IIT. RELEVANT DAFS PROGRAM TASK/SUBTASK

SUBTASK II.C.I, Il.C.2, 1I.C.3, II.C.5, II.C.9, 1l.C.18

V. SUMMARY

A regime of rapid cavity growth was observed in solution annealed
MFE 316 SS. Increasing the dislocation density by cold work prior to
bombardment, and increasing the appm He/dpa ratio was observed to suppress
the rapid growth. Dual-ion bombardments with periodic interruptions in
the helium beam were conducted in an attempt to separate the effects of
He on cavity nucleation and growth. MFE 316 SS specimens aged at 800°C
to precipitate M23C6 carbides were bombarded under similar conditions at
the Univ. of Pittsburgh and ANL Dual-lon Facilities.

A high vacuum system and a high resolution mass spectrometer have
been installed as part of the dual-ion beam sample assembly of the HEIBS
(Univ. of Pittsburgh) facility. This new capability should make dual ion
beam experiments of refractory metals possible within reasonable con-
straints. Examination of the effects of known quantities of H2, CO, etc.
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on the microstructure during dual ion bombardment will be undertaken in

coming months.

V. ACCOMPLISHMENTS AND STATUS

A. Effect of Irradiation Temperature, and Time/Temperature History

of Helium Doping and Atomic Displacement Damage on Micro-
structural Evolution in Solution Annealed, 20% Cold Worked and
Aged MFE 316 SS.

It has been suggested“) that the growth of cavities, under conditions
where helium is introduced simultaneously with atomic displacement damage
produced by fast neutrons or charged particles, may proceed very rapidly
under certain "critical" conditions. Clearly it is important to determine
whether such rapid swelling will occur in first wall and blanket
structural components at helium generation and atomic displacement rates

projected for current Tokamak designs.

Recent neutron irradiation data from a mixed-spectrum fission reactor

(HFIR - High Flux Isotope Reactor at Oak Ridge Natio?a)l Laboratory) study
2

large cavities on grain boundaries and certain precipitate/matrix

has indicated that for appm helium/dpa ratios of ~70*"/, rapid growth of

interfaces in 316 SS can occur at temperatures above 650°C.

¥ have previously reported dual-ion irradiation data which
indicated a very rapid growth of selected cavities in solution-annealed
type 316 SS from the MFE heat(3). At a bombardment temperature of 650°C,
simultaneous bombardment with 2 MeV He and 28 MeV S1'+6
rate of ~1 x 10"4 dpa/s to damage levels ~2 dpa resulted in cavities as

ions at a damage

large as 100 nm. In this quarter we have repeated several of these
experiments to verify the results. Furthermore, the appm He/dpa ratio
and the time/temperature history of the helium doping and atomic dis-
placement damage have been varied to study the sensitivity of the rapid

growth regime to the experimental parameters.
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Because the individual ion beams can be varied independently, it is
most helpful to describe the experiments pictorially by means of "vector"
diagrams. In Fig. 1, for example, the diagram indicates that the helium
and high energy ion beams coimpinged on the target for ~7.25 hours.

Fig. 3 shows a case where helium was first implanted for 7.25 hours and

then, with the He beam shut off, atomic displacement damage was produced
for 7.25 hours with the 28 MV S1’+6
involved rather complex beam schedules, Fig. 9, in an attempt to separate

beam. Recent experiments have

nucleation and growth aspects of the observed microstructural evolution.
In every case the ordinate represents some measure of accumulated
exposure (helium concentration, deposited damage energy, dpa level etc.}
and the abscissa the time which has elapsed since an ion beam first
impinged upon the target. We will use a combination of the vector
diagrams and selected micrographs to illustrate the rapid swelling regime.

For the solution annealed 316 SS targets (1050°C - 0.5 hours) rapid
cavity growth and coalescence occur near ~600°C under dual-ion bombardment;
as shown in Fig. 1, the voidage produced at fluences as low as 2 dpa is
extremely large. Careful stereomicroscopy has revealed that the porosity
is indeed contained within the foil and is nat a surface artifact
introduced during preparation of the target for TEM examination. The

complex shapes resulting from cavity coalescence preclude accurate
measurement of the void volume fraction using conventional particle-size

analysis techniques. The voidage is interwoven with faulted dislocation
loops and dislocation tangles. Decreasing the amount of helium from

88 appm to 18 appm (and the appm He/dpa ratio from ~44 to ~7.5} increased
the tendency for this "explosive" cavity growth,Fig. 2. A very pronounced
void alignment in <110> directions is observed which results in a 3-
dimensional dendritic structure. The void volume is much too large to
have resulted from coalescence of near-equilibrium helium bubbles and the
complex shapes indicate that minimization of surface energy is far from
complete. A background of very small cavities, which could be equilibrium

bubbles, can be seen interspersed between the "arms" of the dendritic web.
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Preimplanting the helium at 600°C over 7.25 hours followed by heavy
ion bombardment for 7.25 hours resulted in less cavity growth and
coalescence, Fig. 3. The swelling is still much larger than that observed
at 550°C or 650°C for elevated temperature preimplantation as reported
pr‘eviously(3). Thus rapid cavity growth and coalescence in the solution
annealed 316 SS is apparently more sensitive to variations in bombardment
temperature (and perhaps in damage rate) than to variations in appm He/dpa
ratio or mode of helium implantation.

An interesting feature observed in specimens which show void
alignment is radiation-induced precipitation, Fig. 3. Oark field imaging
using satellite reflections reveals both precipitates and faulted

dislocation loops. The precipitation which appears to be associated with
the cavities occurs on a very fine scale and no positive phase identification
has yet been possible.

The void alignment observed at 600°C for the solution annealed
specimens is easily seen in the low magnification micrograph in Fig. 4.
This void ordering has been observed at damage levels of 2-7.5 dpa (and
up to 100 appm He) in solution annealed specimens bombarded simultaneously
or sequentially at 600°C although no evidence of a void lattice is
apparent. The voids are large and are aligned in the <110> directions
which, for z ~ [100] is the trace of the {111} planes.

To date, void arrays have not been reported in either neutron or
ion-irradiated 316 SS, but they have been observed in other fcc metals,
namely ALt bombarded a1um1num( ) (<80 dpa, 50 and 75°C) and N2 bombarded
Ni-Ag solid so]utions( ) (10-70 dpa, 500°C) and in several bec metals
(e.g. Mo, Ta). In many instances, with the exception of aluminum, the
void alignment appears to be contingent upon the presence of impurities.
Ordering was not observed in pure Ni, for example, but was present in
Ni-A¢ solid solutions, up to 8 wt.% M(E). lon-irradiated Ta (3.2 Mev
Ni ions, 55-78 dpa above 1120°k) doped with 2300 ppm oxygen developed
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void arrays whereas a dopant level of 400 ppm oxygen produced no alignment
Thus, it has been suggested that the elastic interaction between voids is
the mechanism for the stability of the void lattice and that this elastic
interaction arises from solute segregation around voids. Furthermore,
solute segregation enhances the tendency for cavities to nucleate non-
randomly in the presence of existing cavities, since nucleationwill occur
preferentially in those regions of average solute concentration. As
mentioned earlier, the behavior of aluminum does not seem to conform to
the general pattern since less tendency for void array formation was
observed in commercial purity than high purity materia1(4). It should
also be noted that ordering has been observed in pure Ni, but at much
higher damage levels (360-480 dpa, 525°C, 5-6 MY nickel ions and 6-11
MV selenium ions).

To summarize, the literature suggests that the .formation of void
arrays or the development of void alignment is contingent upon impurity
content, damage level, temperature and material. For most of the 316 SS
samples exhibiting void alignment, precipitation was also evident around

(6)

the void peripheries (Fig. 3). Thus, it is possible that solute segregation

has influenced cavity nucleation in this material. A second possibility
is that, since the voids are large and aggregated, the alignment is due

to coarsening, similar to the effect observed due to precipitate
coarsening.

Rapid cavity growth and coalescence were greatly reduced by raising
the helium injection rate to ~1.1 x 10-2 appm/s resulting in an appm

He/dpa ratio of 60, Fig. 5. The bimodal cavity size distribution with a
high number density of barely resolvable cavities suggests that cavity
growth is a very selective process and argues forcefully for the concept
of a transition from slow bubble growth to rapid void growth once some
"critical" bubble size is reached. The importance of the higher dis-
placement rate on cavity growth for the experiment depicted in Fig. 5 is
not known at present.
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The conditions of damage rate and helium injection rate which
resulted in rapid cavity growth and aggregation at 600°C produced only
a low no. density of small cavities tied to acicular precipitates at
650°C, Fig. 6. We had S)reviously indicated that the rapid growth regime
might extend to 650"C(3
is not true. In fact, the rapid growth regime seems to be bracketed by

, but additional experiments have shown that this

a fairly narrow range of bombardment temperatures for the conditions of
these experiments. Additional ion bombardment experiments have been
conducted at smaller temperature intervals, Fig. 10b, to better define
the rapid growth regime. |In addition, experiments have been run with
lower target chamber pressures (< 6.65 x 10-6 N/mz) to determine whether
void alignment is related to impurity pickup during bombardment. Target

-5 N/m2 for the experiments where rapid

chamber pressure was d.7 x 10
void growth has been observed. TEM analysis of these results is

continuing.

Although no mechanical property measurements have as yet been
performed on these ion-bombarded foils, it is likely that the development
of microstructures such as those shown in Figs. 1-4will have a deleterious
effect on tensile ductility, fatigue life and fracture toughness. Thus
itis important to study the phenomenology and determine the mechanisms
responsible for the rapid cavity growth regime. |In particular, the
"scaling" of the phenomena in terms of damage rate, temperature appm
He/dpa ratio, helium level and fluence must be established. The sensitivity
of the phenomena to pre-irradiation microstructure must also be studied

in detail.

Increasing the pre-irradiation dislocation density by cold-rolling
the annealed strip to produce a 20%reduction in thickness prior to ion
bombardment, apparently suppresses rapid cavity growth under the
conditions of these experiments. Bimodal cavity size distributions with
selective growth of a few cavities have been observed after dual-ion
bombardment at 650°C, Fig. 7. However no cavities were visible after
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bombardment at 600°C and only a few small cavities which were associated
with acicular precipitates could be seen after bombardment at 700°C, Fig. 8.

One of the key questions to be addressed concerns the role of helium
in promoting bubble nucleation and cavity growth. In an attempt to
separate the effects of helium on nucleation and growth of cavities,
dislocation loops and precipitates we have initiated a series of
experiments in this quarter where the helium implantation is interrupted
during dual-ion bombardment. A few of these experiments are illustrated

by means of "vector" diagrams in Fig. 9. [In addition, experiments
involving continuous coimplantation but step-wise changes in target
temperature during bombardment were begun during this quarter. Unfortunate-
ly no adequate theoretical framework or model exists for comprehensively
analyzing such experiments. Similar experiments on 304 SS in a non-DoE
funded effort, however, have provided useful information on the

relative influence of helium on cavity nucleation and growth processes

at high (65-300) appm helium/dpa ratios.

A series of dual-ion bombardments on MFE 316 SS aged at 800°C to
precipitate M2366 carbides prior to bombardment was also conducted in
this quarter, Fig. 10a. The experimental parameters were selected to

permit comparison with similar experiments conducted at Argonne National
Laboratory on the same material. TEM examination is in progress.

B. Installation of High Resolution Mass Spectrometer for Studies
of Vacuum Ambient Effects on Microstructural Evolution in
Dual-lon Bombarded Refractory Alloys

At the beginning of 1978 it was decided that the HEIBS dual ion beam

facility should be prepared for the study of refractory metals such as
vanadium and niobium - base alloys.

Itis usually assumed that studies on these materials at elevated

temperatures should be conducted in as excellent a vacuum environment as
possible. Thus, two options were available:
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(i) Install a totally bakeable true ultra-high vacuum system with
capability of <1.3 x 10'7 N/m2 near the sample. This would have required
a total rebuilding of the facility since it would have required elaborate
differential pumping on both the high energy heavy ion beam line and the
He beam line. Such an undertaking would have been very costly in capital
equipment and time.

(ii) A more pragmatic alternative was to rebuild the dual-ion-beam
sample chamber complex in such a way that very good vacuums could be
achieved near the sample {<6.65 x 10-6 N/mz) and in addition a quadrupole
mass spectrometer would be used to identify the remaining or intentionally
added gas species during bombardments. This approach had the virtue of
considerably lower cost in equipment and time and was the one selected.

In any case, until experiment shows that radiation damage experiments with
certain refractory metals truly require vacuums of 1.3 x 1076 N/m2 or

better this intermediate solution has much to recommend it.

Figure 11 is an overview of the new dual-ion beam sample chamber
complex. The main features of the new system are the installation of two
turbo molecular pumps (Turbovac 450) on either side of the sample furnace
assembly, a totally metal gasketed sample chamber, and a high resolution
quadrupole mass spectrometer.

Figure 12 gives a detailed look at the new sample chamber assembly.
The chamber now has visual access at 90° and 180". Ceramic insulators
provide better than 10109 insulation from ground making reliable ion-
beam measurements possible while at the same time providing "feed back"
power to the "internal™ and "external" sample furnace. Adjustments for
thermocouple contact pressure on the sample mount i s made possible by a
small metal bellows. The sample is very simply removed from the assembly
by breaking a single copper seal. Access to the high resolution mass

spectrometer is attained through the 270" port.

Figure 13 shows the quadrupole mass spectrometer and its associated

130



electronics. As seen on the figure a shutter is inserted between the
sample chamber and the axial ionizer. |In fact, when the shutter is re-
moved the axis of the ionizer bisects the front surface of the sample
in the exact position used for dual ion bombardment. The Extranuclear
Laboratories mass spectrometer is not too difficult to calibrate and
convenient to operate. One can obtain a display on the screen shown in
Figure 13 or record the results on a recorder which is not shown.

Finally, in Fig. 14 results are presented of the mass scans attainable
with our new system. At low resolution it is convenient to scan from
AMU 1 to AMU 60. Such a spectrum can be photographed from the
oscilloscope screen and gives a rough measure of the sample ambient
atmosphere. The measurement was taken at 2.7 Xx 10-5 N/m2 Torr total
pressure which gives some indication of the excellent sensitivity of this
instrument. For more careful analysis the high resolution mode is
appropriate. In this case, the output signal is recorded on chart paper.
As can be seen in Figure 14, The CHO and C2H5 peaks are only separated
by 0.026 mass units and yet are readily resolved.
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VIIl. FUTURE WORK

TEM analysis of interrupted helium beam and temperature change
experiments will be continued. Targets of MFE 316 SS in the solution
annealed condition will be bombarded at lower damage rates (10'6 -10'5
dpa/s) at various appm He/dpa ratios to determine whether the theoretically
predicted rapid void growth regime occurs at the lower atomic displacement
rates. TEM observations on aged and dual-ion bombarded MFE 316 SS will
be compared with ANL results on the same material.

Vanadium alloy target materials will be obtained from the fusion
reactor materials inventory at Ok Ridge National Laboratory. Targets
will be fabricated and studies initiated to determine the effects of
the vacuum ambient (different partial pressure of H, CO, etc.) on
microstructural evolution under dual-ion irradiation.

VIII. PUBLICATIONS

None
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¥ 316SS Solution Annealed
at 1050°C for 1/2 hr
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88 a ppm He
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FIGURE 1. Effect of Simultaneous Bombardment 0N the Void and Dislocation
Structures in Solution Annealed 316 SS.
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316 SS Solution Annealed
at 1050°C for 1/2 hr
600°C
18 appm He
2.4 dpa —4
2 MeV He ~0.9x 10 "dpa/s
28 Mev SitO
J -
7 14 hr

Void Microstructure

FIGURE 2. Void Alignment in Simultaneously Bombarded Solution Annealed
316 SS.
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b 316 SS Solution Annealed at 1050°C for 1/2 hr

600°C
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Dark field of precipitates D |sIocatioQ§(fauIted loops)
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FIGURE 3. Microstructural Changes Induced by Sequential Bombardment of
Solution Annealed 316 SS.
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316 SS Solution Annealed at 1050°C for 1/2 hr

600°C, 80 appm He,
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| -
141/2 hr

Void Microstructure Dislocation Structure
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7~ [ 1001
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FIGURE 4. Void and Dislocation Structures Developed in Solution Annealed
316 SS After Simultaneous Bombardment for 14 1/2 hours.
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316 SS Solution Annealed
at 1050°C for 1/2 hr
600°C
2 MeV He 3(;0 appm He
(o] —_
(@507 angle) él%x 10 4dpa/s
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(@40° angle)
] -
71/4 hr
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AGURE 5. Microstructures Produced in Solution Annealed 316 SS After
Simultaneous Bombardment With the $it6é Beam Inclined at 40°
With Respect to the Specimen Surface.

137



316 SS Solution Annealed
at 1050°C for 1/2 hr
650°C
1Bappm He
2.4 dpa 4
~0.9x 10 ‘dpa/s
2 MeV He
28 Mev si*0
l —
71/4 hr

0.4 um
Void Microstructure Acicular Precipitates Dislocation Structure
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FIGURE 6. Nucleation of Voids on Acicular Precipitates and Development of
Faulted Loops in Simultaneously Bombarded Solution Annealed 316
SS.
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28 MeVv Si*to

|
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FIGURE 7. Effect of Simultaneous Bombardment On the Void and Dislocation
Structures in Cold Rolled 316 SS.
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20% Cold Rolled 316 SS

700°C
16 appm He
2.4 dpa

2 MeV He ~0.9% 10" %

dpa/s

28 Mev sitt

1
7 1/4 hrs

Void Microstructure

es Dislocation Structure
( loops and tangles)
7~ 11101
7 =10021

FIGURE 8. Heterogeneous Cavity Nucleation on Acicular Precipitates and
Other Microstructural Features Induced by Simultaneously Bom-
barding Cold Rolled 316 SS.
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2 MeV

28 MeV Si* He

2 MeV He 28 Mev sit®
35/8 hr 7 1/4 hr 35/8hr 7 14 hr
[
2 MeV He

28 Mev sit0

| 1 | A ey

35/8 hr 7114 hr

All samples 20% Cold Rolled 316 SS, bombarded at 600°C to
peak values of 40 dpa and 100 appm He

FIGURE 9. Interrupted He Deposition Sequences During Simultaneous Bom-
bardment of Cold Rolled 316 SS.
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550, 600, 650 and 700°C
136 appm He | at the

—40dpa peak

2 MeV He

28 MeV Sitt

74 L .
71/4 hr

a) 50% Cold Rolled 316 SS solution annealed at 1050°C
for 1/2 hr followed by an age at 800°C for 10 hr

|
714 hr
b) 316 SS Solution annealed at 1050°C for 1/2 hr

FIGURE 10. Simultaneous Bombardment Experiments on a) Aged 316 SS (With
Carbide Precipitation); b) Solution Annealed 316 SS (to In-
vestigate the Development of Void Alignment).
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1 . PROGRAM

Title: Mechanical- Properties
Principal Investigator: R. H. Jones
Affiliation: Battelle, Pacific Northwest Laboratory

II. OBJECTIVE

1. Model the grain boundary segregation behavior of trace impurities
which are particularly detrimental to the mechanical properties
of nickel based alloys.

2. Compare the relative effects of thermally activated and irradia-
tion induced segregation to grain boundaries.

ITI. RELEVANT DAFS AND ADIP TASK/SUBTASK

DAFS  Subtask IIC.I.|  Phase Stability Mechanism Experiments
Subtask 11C.1.2 Modeling and Analysis
Subtask 11C.8.2 Post-Irradiation Testing of ORR and EBR-II
Specimens

ADIP  Subtask IC.1.3 Correlate Grain Boundary Segregation with
Fracture Mode/Ductility Results

V. SUMMARY

The predicted segregation behavior of sulfur in nickel has been
examined in order to gain insight into trace element effects in path B
alloys. Equilibrium segregation theory illustrates that it is ener-
getically favorable for significant levels of sulfur to partitionto grain
boundaries in nickel even at bulk concentrations less than 1 atomic ppm.
However, the kinetics of this segregation at temperatures below 500°C will
probably Iimit the amount substantially below the equilibrium value and
possibly less than the quantity reported to degrade elevated temperature
mechanical properties.
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V. ACCOMPLISHMENTS AND STATUS

1. Introduction

The segregation of solute elements to metal grain boundaries has a
dramatic effect on a number of metallurgical processes; in particular, the
tendency for intergranular fracture. Nickel and nickel-base alloys have
been shown to exhibit intergranular fracture and a loss in high temperature
tensile ductility due to the presence of elements such as S, Bi, Te, Pb and
Se at bulk levels of a few ppm.(]'j) This embrittlement has been identified

as resulting from the enrichment of several of these impurities at the
grain boundaries. (4)

Irradiation has been discovered to significantly affect the segre-
gation behavior of solute elements. Wiedersich, et a1.(5) found a nearly
continuous Ni-Be precipitate in the grain boundary of a Ni-1 at. % Be
alloy after nickel ion irradiation. _Such larne c%yte seg_regations have
been observed at free surfaces of stainless steel and nickel alloys. (7)
Unfortunately, the irradiation-induced segregation of elements which are
potentially detrimental to mechanical properties have not been studied.
It seems probable that both thermally activated and radiation induced
segregation will have an effect on the mechanical properties of candidate
fusion reactor materials. Selection of an alloy with optimum properties
for application in a fusion reactor will require a knowledge of the
relative kinetics of thermal and radiation induced segregation to grain
boundaries.

2. Thermal Segregation
2.1 Equilibrium Segregation Theory
The enrichment of solute atoms in grain boundaries can result from

two types of segregation, equilibrium or nonequilibrium. Irradiation-
induced segregation is an example of nonequilibrium segregation; this
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phenomenon will be discussed in a following quarterly. The equilibrium
segregation of surface active solute elements has been documented in a
number of different metals and alloys as Fe, Cu, W, etc.(g) Reasonable
success has been obtained in modeling this behavior through the use of
surface adsorption analogues. (9) The most versatile of these theories has
been the grain boundary analogue to the Brunauer, Emmett and Teller (BET)
isotherm.(m) Assuming the grain boundary has an array of identical
adsorption sites, no interaction between adsorbate atoms and monolayer

type adsorption; the truncated BET(”) mey be written:
X X
b _ ¢ E_
A exD\RTI
0 0

where: X

b grain boundary concentration
saturation value of X,

;((20 = bulk concentration

X = solubility limit

E © = energy of segregation
T = temperature (°K)

The grain boundary concentration is a function of inverse solubility,
SO as temperature decreases, solubility decreases and the equilibrium
amount of solute at the grain boundary increases. W the temperature
reaches a value where the bulk concentration is greater than the solubility
limit, the amount of solute in solution able to segregate becomes X. and
the equation simplifies to: 0

b e [E]
0
The segregation now rises more slowly with decreasing temperature toward

a saturation value.
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2.2 Segregation Kinetics

In practical situations, itis essential to know not only whether it
iIs energetically favorable for a solute element to segregate but also the
time dependence of the segregation. This dependence was evaluated by

McLean( 12)

by considering the flow of solute atoms from two infinite
half crystals separated by a grain boundary. Thus, the kinetics of grain

boundary segregation i s expressed by:

X (t) - X (o)
b b\ 4t a0t \1/2
Xy(e) ~ Fploy = 1 7 &F (azdz) e <a2d2)

where: Xb(o), Xb(t), Xb(°°) = grain boundary concentration at times o, t,
and at equilibrium.

diffusivity
X
b
T
c

grain boundary enrichment ratio =

o
1

grain boundary width
2.3 Sulfur Segregation in Nickel

The equilibrium segregation of sulfur in nickel has been calculated
for a series of sulfur bulk concentrations in Figure 1. The solubility

(13)

700°C. As a starting point, an energy of segregation of 1000 cal/mole was
selected which has been found to describe sulfur segregation in iron. (14)

data was taken from Kirkaldy, and extrapolated for temperatures below

The sulfur is assumed to be in elemental form at the boundary and to
saturate at one monolayer. This may be an oversimplification; in binary
Ni-S alloys, NiS precipitation {<50 R thick) has been identified at grain
boundaries. There is no conclusive evidence at this time to determine if
such a second phase will form in nickel alloys.

The abrupt change in slope that can be noted for each bulk compo-
sition in Figure lreflects the temperature where the solubility limitis
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PREDICTED GRAIN BOUNDARY CONCENTRATION OF SULFUR (FRACTION OFA MONOLAYER)

FIGURE 1. Predicted Equilibrium Grain Boundary Segregation of Sulfur in
Nickel as a Function of Temperature for Four Bulk Sulfur Concentrations.

exceeded (i.e., for the 100 appm S alloy, Xo > XCO at temperatures below
705°C). It is interesting to note that reducing the bulk sulfur composi-

tion from 100 to 1 appm does not change the predicted equilibrium segrega-
tion at 500°C since the amount of sulfur in solution at this temperature

is less than 1 appm. This is also important in the kinetics aspect of the
model, as seen in Figure 2 for the nickel-10 appm sulfur alloy. As the
time at temperature is increased, the enrichment of the boundary increases
until the equilibrium value is reached. For example, at 600°C the pre-
dicted grain boundary content rises from approximately 0.001 of a monolayer
in 0.1 hour to 0.43 of a monolayer in 100,000 hours. The effect of solu-
bility is illustrated by the extremely slow kinetics below 500°C. This
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FIGURE 2. Predicted Grain Boundary Segregation of Sulfur in Nickel as a
Function of Temperature and Time for a Nickel-10 Atomic ppm Sulfur Alloy.

reflects the very small amounts of sulfur in solution at these low
temperatures.

As noted in the introduction, nickel and many nickel alloys exhibit
a loss in elevated temperature tensile ductility when impurity elements as
sulfur are present in bulk levels of several ppm. The fracture mode at
these temperatures becomes intergranular and the reduction in area may
drop from over 80% to less than 5%with increasing sulfur content. (3) The
kinetics calculations suggest a possible reason for this ductility loss at
temperatures between 600-1000°C. If the sulfur content is 10 appm or more,
considerable grain boundary enrichment is possible in relatively short
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times. TFrom the Timited grain boundary chemistry data that is available,

the Auger Electrori Spectroscopy results of Johnson, et a].(15) suggest

that approximately 0.04 Or more of a monolayer of sulfur is necessary at
the boundary to induce the high temperature embrittlement phenomenon. The
prediction for the Ni-10 appm S alloy shows the grain boundary sulfur
content reaching this level after about 10 hours at 700°C. At higher bulk
concentrations of sulfur, the kinetics would be considerably faster {i.e.,

in a Ni-100 appm alloy, 0.04 of a monolayer would be achieved in 5 minutes)
More importantly for fusion reactor applications, at 500°C the model

predicts that the sulfur segregation due to equilibrium processes in nickel
(less than 50 appm S) may not be significant.
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VIT. FUTURE WORK

The equilibrium segregation calculations will be extended to con-
sider bismuth segregation in nickel. Bismuth has long been considered
one of the most potent embrittlers of nickel and nickel alloys, recent
AES results suggest that it segregates to nickel grain boundaries. 41 The
model itself will be improved to include the possibility of precipita-
tion at the boundary and also the effect of alloying elements as Cr, Fe,
Ti, Al and M on impurity element segregation.

The irradiation-induced segregation of an undersized solute, sulfur
and an oversized solute, bismuth, will be modeled as a function of
increasing dose. A comparison will be made between these two segregation
processes and the possible effects of the predicted segregation on
mechanical properties discussed.
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1. PROGRAM

Title: Fundamental Studies of Radiation Damage Analysis
Principal Investigator: G.R. Odette
Affiliation: University of California, Santa Barbara

11.  OBJECTIVE

The object of this work is to develop physical models describing
the influence of metallurgical and irradiation vaviables on the evolu-
tion of damage microstructure and the alteration of mechanical pro-
perties. These models will be used to correlate available data, to plan
and analyse new experiments and, ultimately, to extrapolate to fusion
reactor conditions. The effort also involves developing techniques to
extract useful mechanical property information from very small test
volumes.

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11.C.1.2 Effect of Material Parameters on Micreostructure=
Modeling and Analysis

SUBTASK 11.C.2.4 Effect of Helium on Microstructure-Modeling

and Analysis

SUBTASK 11.C.5.3 Effects of Cycling on Microstructure-Modeling
and Analysis

SUBTASK I1.L.6.2 Effects of Damage Rate and Cascade Structure

on Microstructure-Modeling and Analysis

cuBTAsK LI1.C.14.1 Modeling of Flow and Fracture Under Irradiation-
Model Development

SUBTASK II.C.16.1 Composite Correlation Models and Experimeunts-
correlation Model Development

IV, SIMMARY _

A. Microstructural Evolution

An approach to extrapolating data which will be derived from
the array of available irradiation environments is described. The

composite correlation model analysis technique is partially illustrated

for austenitic stainless steels. A comprehensive description of the
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data base for +ISI 316 Stainless Steel which has appeared in the litera-
ture is presented and used to develop a conceptual model of microstruc-
tural evolution in these materials. Quantitative computer models are
used to illustrate how extrapolation to fusion conditions can be ac-
complished, and to indicate some possible alloy development considera-
tions. However, the guantitative results cannot be viewed as reliable
at this time because a thorough determination of critical mechanisms and
definition of parameters has not been completed, and additional experi-

mental data is needed.

B. Mechanical P"roperties

Recently micromechanical models and microstructural information
have been successfully applied to predict yield stress changes in

irradiated stainless steels. The technique is extended to tensile
ductility, and some implications of the results to deformation-fracture

mechanisms drawn. Finally, a micromechanical model was used to estimate
changes in fracture toughness; while there is insufficient data to allow
definitive conclusions, the calculations indicate a substantial reduction

in toughness in stainless steels due to irradiation.

¢c. Flow and Fracture Maps

An initial effort at developing flow and fracture maps for
Path A alloys using models and data for unirradiated solution annealed
stainless steels is reported. While these tentative maps are useful
guides to delineating regimes of deformation and fracture, they do not

as yet indicate all critical processes, such as phase instabilities.

D. Development of Instrumented Hardness Tests

Initial efforts at extracting true stress-strain information
from instrumented iIndentation hardness tests are described. Experiments
on several materials demonstrate falr agreement between tensile data and
the hardness measurements. However, further development is needed to
accomplish single penetration microhardness measurements.
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V. ACCOMPLISHMENTS AND STATUS

A. Microstructural Evolution Under Irradiation - C.R. Odette

(University of California, Santa Barbara)

Al Introduction

The evolution of microstructure under irradiation is an
extremely complex phenomenon. In order to predict microstructural
response in fusion environments using data from an array of test environ-
ments, which are "imperfect' simulations, a systematic marriage of
theory and experiment §S needed [1-43).

In order to accomplish such a marriage a five step approach is
proposed. First, a thorough description of experimental observations is
required to guide and structure the analysis. Second, a catalog of
possible mechanisms and parameter ranges is needed. Third, the mec-
hanisms must be integrated into quantitative models, sufficiently com-
prehensive to confront the particular set of data to he analyzed, detailed
narrower models for controlled mechanism experiments, and more compre-
hensive models for the general data base. Fourth, an effective strategy
for comparing model predictions to experimental results must he developed
and applied. Fifth, it is necessary to conduct an iterative cycle of:

a) applying the models to design new experiments; and b) using the new
experimental data to refine the models.

The process which emerges from these steps is termed composite
correlation model analysis (ccMA). The models are semi-empirical and

partly phenomenological. While not completely rigorous, such analysis
should lead to: a) better and more efficient experimental planning; b)
a systematic process for assessing the physical processes governing
microstructural evolution (ME); c¢) and a physically based procedure for
extrapolating from sparse znd imperfect test matrices to fusion resctor
conditions, including estimates of uncertainties implicit in such
extrapolations.
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This report reviews briefly the status of an effort to develop
CCMA as a damage analysis tool. Some preliminary results based on the
existing data base and modeling studies reported previously are used as
a basis for extrapolating to conditions more closely resembling fusion
reactor environments, and to note some possible implications to alloy
development efforts. Finally, modeling uncertainties are discussed, and
research needed to mitigate them is outlined.

A2, Empirical Phenomenology of Microstructural Evolution

This discussion will be primarily focussed on the data base
which has appeared in the literature for solution strengthened stainless
steel (35) alloys, with particular emphasis on A151 316. The data is
predominantly from fast reactor irradiations, but includes some limited
results from mixed spectrum reactor and charged particle experiments
(13-37]. It should also be noted that this data base represents an
enormous investment iIn irradiation tests and post-irradiation examina-
tions; collectively it represents an extremely rich source of information.

Microstructural evolution involves both microstructural (M3)
features including cavities, line dislocations and loops, and micro-
chemical (MC) features such as solute distributions, and precipitates
and phase structures. The path of ME is governed by the particular
combination of: 1) irradiation variables, including temperature (T),
stress (o), flux (&), Fluence (#t), spectrum, the chemical environment
and the time-history of these variables; and 2) the material variables,
including initial microstructure (MSO) and microchemistry (MCO) as
influenced by thermo-mechanical processing history.

Figure A-1 schematically illustrates significant relationships
between ME and these variables. The data is for fast reactor irradiations
of 316 SS, unless otherwise noted. The plots represent the observed
behavior only in terms of average trends. Indeed, there may be a number
of details not fully represented. The data scatter ranges from about a

factor of two to about an order of magnitude around the trend lines.
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Figure A-la illustrates that the number density of extended MS
defects is a function of temperature, strongly in the case of loops and
voids, and only weakly for total dislocation density [13-16, 18]. The
rough correspondence between loop and cavity densities is notable.
Similar relationships appear to exist between densities of cavities and
some precipitate structures (18],

Figure A-Ib illustrates the tendency for the MS to evolve to
quasi-steady state conditions {15,18), Figure A=lc to e shows that
cavity and loop densities tend to increase with c¢) stress [16]; 4)
damage rate [34); and €) helium concentration [26-33]. Figure A~lc also
shows an increase of swelling with stress [16]; A-1d an increase in peak
swelling temperature with damage rate [34]; and Figure A-le that gross
cavity swelling may either increase or decrease or remain approximately
constant with increasing helium [26-33]. Increasing helium has also
been observed to alter precipitate densities [28].

Figures A-1f to A-1h show that the temperature dependence of

post-incubation void swelling rates may display double peaks, and vary
within the same nominal alloy system (A-IT), between alloy systems

(A-1g), and between cold-worked and solution-annealed conditions (A-Ih)
[17-19}. However, the peak swelling rates are roughly similar (v,5%/dpa),
within the range of ss alloy classes considered. Figure A-1i shows the
effect of major and minor alloy modifications on swelling, which is
increased or decreased depending on both solute type and concentration
[20,22]., 1t has been suggested that the dominant effect of minor alloy
additions in reducing swelling is on incubation time, and that major
alloy constituent content influences both incubation time and post
incubation swelling rates [22]. Figure a-1j shows incubation times for
various alloys and conditions as a function of T; pure materials and
alloys tend to have lower incubation times, with a spread in values of

v 10. Figure A-1k and A-11 are microstructural ""maps' for 316 ss indica-

ting the regimes of the formation of carbides and carbosilicates [13]

and cavity structure (A-lIk), and y,' or Ni,Si, (A-11) which is neither

3
formed by thermal aging nor stable against annealing in these alloys
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(18,22,23}. Some spatial associations of the microstructures are also
shown. It is notable that over broad temperature ranges, voids form
predominantly in association with carbide precipitates [13]. Similar
spatial correlations are found for the formation of both y*‘ and some
carbides and dislocation structures [22]. Further, the dose at which
v' forms strongly correlates with the nucleation of voids and the
approach to steady state swelling in the 450-525" C temperature range
[23].

Indications of void-dislocation structure associates have also
been indirectly observed as strings of voids and/or void dislocations
network structures. Some spatial correlations are also indicated iIn
Figure A-Im, where the cavity-cavity separation distances are sche-
matically shown to exhibit distinctly non-random distributions |35]
(similar plots of combinations of loop, dislocation, precipitate and
cavity spacing would be of interest but such data was not available).

An extreme example of non-random distributions is the formation, in some
cases, of ordered or partially ordered lattices of MS and MC features
such as voids, loops and precipitates {36]. Figure A-Im also shows

plots of cavity size distribution at two exposure levels; a population

of small cavities coexisting with an evolving void structure is indicated
in some data [18,26]. Analysis of these results variously suggest that
these small sink structures may be helium bubbles, vacancy loops, small
precipitates or some combination of these.

Figure A illustrates the shift in transformation time-
temperature boundaries in metals under irradiation. New irradiation
induced phases also appear such as y", G phase and rod shaped precipi-
tates; phases which would form under thermal aging may not occur under
irradiation (i,e. M6C and Laves in fast reactor irradiations) [23]. Not
only are these boundaries shifted by irradiation, but the nominally
standard phases may have non-standard compositions and/or morphologies
[22]). It is particularly notable that higher helium levels appears to
alter the MC evolution paths [28). Conversely, the precipitate struc-

ture of Ti modified 316 has been shown to have a significant and bene-
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ficial effect on the influence of helium on both swelling and ductility.
It is believed this is related to the Ti carbide precipitate misfit
parameters [28). The path of MC and, hence, coupled MS evolution is
also strongly influenced by NBO and MCO. Figure A-lo shows the effect
of thermomechanical treatment on void swelling at two irradiation
temperatures, clearly illustrating this point [22,24],

OF course numerous other microstructural response features
could and should be shown. A few important examples include: segre-
gation of oversize solutes away from and undersize solutes towards
surfaces (12]; #rradiation induced ferritic phase transitions in 304 SS
(37]; the effect of irradiation on precipitate size distribution @
crucial feature of nickel based precipitation strengthened alloys) [10];
and the very high density of ordered voids arrays often observed in
refractory alloys (perhaps indicative of a homogeneous nucleation and
void sink dominated microstructural evolution) [36].

However, even this partial phenomenology demonstrates the
clear necessity to go beyond simple “one mechanism, single microstruc-
tural feature modeling.” Further, viewed comprehensively this data
compilation provides a basis for developing a conceptual model of
microstructural evolution in stainless steels needed as a basis for
quantitative model development.

A3. Conceptual Model For Microstructural Evolution

The most profound conclusion that can be drawn from examining
the data illustrated in 5ection a2, IS the strongly correlated nature of
the evolution of the various microstructural features. This suggests a
dominant underlying mechanism. Indeed, the mechanism is obvious--
the coupled segregation of point defects and chemical constituents.
Hence, the basic problem is obtaining microscopic material balances.
Therefore, a proper combination of accounting procedures, such as rate
theory, and the comprehensive data base should, in principle, provide a
powerful tool for predicting many of the features of ME.

A non-unique but, nevertheless, physically consistent con-
ceptual description of ME based on the empirical evidence and aided by

164



the modeling results described in Section 4, goes as follows.

Vacancies (V) and interstitials (I) and, perhaps, small defect
clusters are produced along with transmutants (helium, hydrogen and
solids) by the primary neutron irradiation. The clusters have finite
lifetimes and will eventually reach a quasi-steady state concentration
by emitting and/or absorbing vacancies and interstitials.

The lattice diffusion of the various mobile species is highly
interactive and can be described in terms of chemical potential gradients
and partial diffusion coefficients (including correlation factors). The
transport equations have cross terms which are dependent on point defect,
solute (or transmutant) and trap concentrations [7-9]. In the rate
theory formulation (involving time and spatial averages over population
distributions of the various source-sink terms) coupled partial dif-
ferential equations are used to model the recombination of vacancies and
interstitials and the net accumulation of the various diffusing species
at sinks. The partitioning is a function of the diffusion coefficients,
defect generation rates and effective sink strengths, including bias
factors and local chemistry, etc,[4~6]. Again, quasi-steady-state, or a
condition of slowly changing fluxes, is quickly reached in most cir-
cumstances involving constant irradiation.

Initially the V and I go to preexisting dislocation sinks
including vacancy loops, or are recombined primarily at solute trapping
sites. Some of the I, however, coalesce to form Frank loops, again
primarily at trapping sites. Helium (He) also easily nucleates bubbles
either homogeneously in the lattice, or at trapping sites such as pre-
existing precipitates or dislocations.

Loop populations increase rapidly and undergo bias driven
growth to a maximum size where they unfault by intersecting other
dislocations; loop nucleation is continuous throughout the irradiation
[5], Simultaneously, new He bubbles are nucleating and previously
Eormed bubbles grow with the addition of He. Buildup of sinks for He
eventually slows the bubble nucleation process. Both the loops and

bubbles are sites for solute segregation; this can alter their bias
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factors and effective defect sink-source strengths. For example,
coating of bubbles may reduce their surface induced bias for 1, alter
the rate controlling processes of point defect absorption from diffusion
to surface kinetics, and influence V emission rates [5].

Continued segregation to sinks can also lead to second phase
precipitation. Segregation of Si by tightly bound Si-l1 complexes
explains the association of y' with interstitial loops [22]. Segre-
gation and precipitation at bubbles many offer a partial explanation of
the association between voids and some carbide precipitates.

The density of cavities and some other microstructural features
is largely determined by the nucleation of He bubbles and loops.

Bubble densities and spatial distributions are governed primarily by He
mobility, trapping characteristics, generation rate; and, perhaps,
resolutioning by cascades and collisional coalescence of small mobile
bubbles [38]. Loop nucleation and growth is primarily governed by

interstitial trapping mechanisms. Cavity and loop density dependence on
temperature and He generation rate and, to a lesser extent, dpa rate and
stress are consistent with this model. Non-random spatial distributions
of cavities such as strings and void-precipitate associations can be
partly rationalized on the basis of He trapping and bubble nucleation at
dislocations and precipitate interfaces.

The helium bubbles are distributed in size and are the pre-
cursors for the formation of voids. The transition of bubbles to voids
is governed by temperature, stress, damage rate, bubble size (helium
content), bubble chemistry (surface energy and sink/source char-
acteristics), the number of lattice trap or recombination sites, overall
sink structure, and the microchemically dependent partial diffusion
coefficients. Fast diffusing species (if they migrate by the vacancy
mechanism) would alter cluster vacancy =mission/absorbtlon Kinetics.
Solute trapping (or equivalently excluded volume lattice diffusion
mechanisms) would increase recombination. It is important to realize
not only that it is possible for these diffusional effects to occur
simultaneously, but also that they derive from the same basic mechanisms:
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variable solute-defect binding-exchange interactions. Understanding and
quantifying the physics of these processes requires accurate deter-
mination of the exchange terms in the partial diffusion coefficients and
correlation factors {[7-9].

The local sink chemistry may be critically important. Ir-
radiation induced alterations in sink chemistry are mechanistically the
consequence of' segregation due to net point defect fluxes. |If the only
transport mechanism is by preferred V exchange, or strong V drag, con-
centrations in the vicinity of a sink will depend on the net V accumula-
tion (assuming no sink-solute binding or precipitation). Hence, con-
stituents with lower diffusivities, such as nickel in stainless steel,
would tend to concentrate at all of the sinks and would correspondingly
be depleted from the lattice. The precise effect of local chemistry on
sink characteristics involves several factors which need considerable
study to quantify. Undersized SA which form strongly bound 1 complexes
will be transported to sinks by 1 fluxes, but away only by V mechanisms.
If the effective transport efficiency of 1 is much larger than for V,
appreciable SA concentrations at sinks must develop, [8]. This is
indicated by Si segregation at dislocations, and loops and cavities
[21,22]. Transport efficiencies depend on constituent concentrations,
binding energies and the various exchange frequencies. Back fluxes of
solutes from sinks limit segregation; hence, precipitation may be needed
to permanently remove species from the lattice. Thus, while some sinks
are necessary for segregation to take place, a high sink density may
prevent or slow precipitation, if local solubility Iimits are not
exceeded. There may be considerable constituent cycling between sinks.
For example, Si initially segregated to cavities may end up in pre-
cipitates at some later stage of irradiation.

The influence of thermomechanical treatment on MC evolution
also qualitatively derives in part from these considerations. Irra-
diation induced sinks are sites for segregation and are sensitive to
lattice diffusional processes. The net point defect and solute fluxes

depend on the solute activity; hence, on prior heat treatment in meta-
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stable alloys such as ss. Similarly, the effect of He, which influences
sink structures, might be explained.

Bubbles evolve towards a transition to void growth due to
accumulation of helium and microchemical evolution. Segregation pro-
cesses probably tend to enhance bubbles as void formation sites, and
remove solute from the lattice. This lowers trapping-induced recom-
bination, and promotes void growth. After this incubation period, voids
form on some, but not necessarily all, bubbles. With the buildup of
sinks and exhaustion of the MC propensity to further promote bubble-void
conversions, the void nucleation slows and finally ceases. There may
be, therefore, a coexisting cavity sink structure of voids and small
bubbles which act as neutral sinks. Temperature change experiments
and/or charged particle irradiation of neutron preirradiated material

resulting in new populations of voids would tend to support the hy-
pothesis outlined above.

Microchemical evolution is dominated by point defect induced
segregation. Segregation also tends to slow with time due to back
fluxes, precipitation, lattice exhaustion; and, perhaps, with the
equilibrating of sink cycling mechanisms. However, segregation effects
do not explain all the phase instabilities observed. Numerous alterna-
tive mechanisms have been proposed [lo-111, ranging from cascade induced
coherent precipitate nucleation {15] (this may be the consequence of
segregation on the cascade scale) to complex local extended defect sink-
precipitate interactions [39] (as suggested to explain the reprecip-
itation of yv!' in Ni-Si alloys). In particular, thermally driven aging
processes occur simultaneously and may be either enhanced or retarded by
irradiation. For example, depletion of lattice concentrations may cause
otherwise stable precipitates to dissolve. Proper modeling of coupling
between thermal and irradiationME is very important. The evolution of
the microchemistry of the lattice would suggest a fluence dependence of
the temperature sensitivity of swelling rate, which has been observed
[18].

Dislocation structure simultaneously evolves towards a quasi
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steady-state. 'This is due to equilibration of nucleation and anni-
hilation rates of Frank loops; annihilation is due to loop growth to the
point of intersection with other dislocations, leading to unfaulting.
The unfaulted loops are a source of line dislocations. Line disloca-
tions are, in turn, annihilated by reactions with dislocations of oppo-
site sign, due to irradiation induced climb. At quasi-steady state,

the unfaulting source of line dislocations equilibrates with the climb
induced annihilation {(i.e., loop nucleation = loop unfaulting = dislo-
cation line source = dislocation line annihilation due to climb).

Further evolution of the microstructure is slow, and domin-
ated by steady state swelling largely governed by sink structure, and
sink and lattice chemistry. This model predicts a strong tendency
towards a roughly equivalent steady state swelling which has been re-
ported in 300 series alloys.

The effect of stress on microstructural evolution can be
modeled primarily in terms of its influence on source-sink efficiencies
including bias terms [6].

The phenomenology outlined above involves a complex codiffu-
sion and coprecipitation of gas atoms, point defects and chemical cons-
tituents; the major driving fource for the ME process is net point de-
fect fluxes due to variable sink bias factors and solute-point defect-
flux couplings.

Further insight into how such coupled MS-MC evolution can be
modeled by applying basic conservation principles is illustrated with
a simple example. For a particular void swelling {5}, there has been
a net accumulation of JE vacancies to voids,J% = 5/z,where z IS the
effective I-dislocation bias factor; similarly Jy interstitials have
gone to voids,Jy =~ §(1-z)/z. Taking S = .1 and z ~ .1 J; ~ 1 v/atom{a)
and Jp .9 I/a. Vacancy emission totals can be used to calculate
total vacancy fluxes in and out of sinks. Clearly, if Vv and I can trans-
port SA by preferred binding or exchange mechanisms, such large mass
flows can give rise to considerable segregation.

Segregation can be phenomenologically represented in terms of
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transport efficiencies/defect e, ;3 where ey 4 = J‘S"’i/JV’l = f17,Cq,Kg)
and J‘g,i is the defect-induced solute accumulation, Cg the solute con-
centration and K5 a sink term. The e's can be derived for both dilute
and concentrated limits and approximately related to measurable quan-
tities [7-91. Hence, segregation at an evolving microstructure of sinks
can be modeled as a time averaged aum over all transport mechanisms,
flow directions, sinks and solute species. Further, the requirement of
an overall material balance in the alloy system can be imposed. This
approach is easily adaptable to microstructural evolution models; re-
sults of calculations of combined microstructural- microchemical evol-

ution models will be presented in future publications.

A4, Quantitative Models and a Modeling Strategy

The preceeding discussion provides a consistent picture of
most of the highly correlated ME behavior represented in Figure A-L1.

However, computer models must be used to translate this qualitative
phenomenology to a quantitatively predictive tool.

Numerous mechanisms have been proposed to explain various
aspects of microstructural evolution. Often the postulated mechanisms
have been developed only qualitatively and in isolation from competing
mechanisms, and, only for one microstructural feature--e.g., void
growth. In addition, numerous matallurgical, defect and defect pro-
duction parameters are needed to quantify these mechanisms and pre-
cise values of these parameters are not always available. A summary
of some of the mechanisms which have been proposed is shown in Table A-1.

A proper goal of quantitative modeling is to identify those
combinations of mechanisms and parameters which are consistent with
experiment. This means identifying physical regions of mechanism-
parameter space (MPS) by comparing the predicted to experimental micro-
structural responses based on available data. Since numerous combinations
of mechanisms ard parameters may fit particular sets of data, and the
data is itself highly scattered, an efficient MPS mapping strategy must

be developed.
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Table A-1
SOME MECHANISMS INVOLVED IN MICROSTRUCTURAL EVOLUTION

Mechanism (parameters, submechanisms)

DEFECT PRODUCTION
Cascade Clusters and Loops (efficiency)
Free Defects (fraction/dpa)
Transmutants

MIGRATION AND RECOMBINATION

Correlated Diffusion (partial diffusion
coefficients including exchange frequencies
and correlation factors; activation energy
for He. + I+He )

Trappiné (binding energies, solute clustering,
saturability)

Recombination (recombination volume; sink
effects)

Stress Effects and Free Energy Gradients

SINK STRENGTHS

Geometric Parameter

Efficiency (transfer velocity; shell effects-
diffusivity, changes and image interaction
effects; shape effect; bias factors; stress
effects, pinning effects)

Multiple Sink Corrections (all sink strengths
and distributions)

NUCLEATION MECHANISHS

Homegeneous Nucleation (defect parameters;
surface, dislocation and stacking fault
energies; segregation; and gas pressure)

Heterogenerous Nucleation (all above;
nucleation sites-cascades, ppt., bubbles,
dislocations)

Bubble Nucleation (helium diffusivity;
trapping; resolutioning; small bubble
mobility and driving forces)

Critical Bubbles (He compressibility;
surface energy; bubble chemistry; defect
fluxes)

Solute Segregation (see phase instabilities
below)

Precipitate Dissolution (cascade effects)

Coprecipitation of He, V, | and SA extended
defect complexes
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GROWTH MECHANISMS

Sinks (sink ratios; effective bias factors;
sink annihilation fractions)

Emission Kinetics (sink chemistry, stress

and gas pressure; dislocation interactions
and cavity dislocation networks; dislocation
evolution, MC evolution)

PHASE INSTABILITIES/SEGREGATION

Enhanced Diffusion (vacancy concentrations)

Thermal I[ustabilities/Segregation

Disorder and Recoil Dissolution (sputtering,
disorder parameters)

Chemical Vacancies (misfit and defect para-
meters)

Diffusional Instabilities and Sinkless
Segregation

Cascade Microsegregation (cascade physics)

Cascade Amorphization

Segregation (partial diffusion coefficients,
transport efficiencies, sink structure,
solubility limits)

Defect-Precipitate Interactions (dislocation
cutting, local sink effects)

Stress Effects

ATYPICAL PARAMETERS AND CONDITIONS
Pulsed-Stresses, Temperatures and Fluxes;
Near Surfaces; Time Dependent Contamination;
Foil Stress State; Damage Gradients;

Self lon Injection
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The strategies used in this research include: a) use of
models tailored to application--simpler models for mechanism studies and
scoping MPS, more comprehensive correlated ME models for the engineering
data base and ultimate extrapolations; b} derivation of relatively simple
submodels from detailed mechanism studies in forms compatible with in-
clusion in composite models; ¢) attempts to use a minimum number of
parameters or parameter groups which can be measured in independent
experiments or uniquely derived from particular parts of the data base;
d} conducting sensitivity studies and statistical model comparisons with
the broad data base (as opposed to specific sets of observations) to
ascertain various contributions to discrepancies--such as model inade-
quacy and data scatter; e) attempts to cast both data and model results
in terms of parameters which maximize the sensitivity of comparisons and
the physical basis for interpretation.

Models developed or under development in this work include:

a) the effect of irradiation pulsing on extended defect nucleation and
growth; k) bubble nucleation and formation of voids on bubbles which have
exceeded the critical size for continuous vacancy driven growth; <) void
growth models with direct or parametric treatment of most of the numerous
mechanisms which have been postulated to influence swelling and dislocation
structure evolution; and 4) composite models of the nucleation and growth
of various M5 and MC features.

Examples of the modeling calculations have been presented pre-
viously [38-401. Generally it is possible to obtain reasonable agreement
between the model results and data for a number of materials and experi-
mental conditions using reasonable sets of parameters and mechanisms.

Therefore, it is useful to attempt some tentative extrapolations
of the model to fusion reactor conditions. Such an extrapolation is
illustrated in Figure_A=2 where a model calibrated to fast reactor irradia-
tions of stainless steel is extended to higher helium generation rates
GHe. An additional adjustable parameter, cavity density Npo,was assumed to
vary as N_ o Gie 14 < P < 34 . (See references 38 to 40 for a discussion

of the effect of helium on cavity density,and Figure 1-4&}
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SWELLING AT 60 dpa (percent}

40 | |
Heldpa - 10~ 7 (FISSION)

TEMPERATURE ("C)

Figure A-2 Model predictions of swelling under
fusion reactor conditions
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The results indicate that swelling in fusion environments at
60 dpa is slightly increased for a P <1/2 up to 7 ~ 550, but is less for
T v 550 for P 2 1/2. This is the consequence of very high cavity densities

(i.e., 7.5 X 1015 voids and 7.5 x 10l

e bubbles for fusion conditions at

T =500 and P = 1/2) and is contrary to some other model predictions which
have been reported. Physically it is a consequence of the combination of
bubbles acting as sinks for both helium and point defects, void-dislocation
sink strenth ratios, and the smaller size of voids at high densities. Indeed,
if lower cavity densities are used and other parameters adjusted to maintain
reasonable agreement with 304 Ss fast reactor data, higher swelling at fusion

He/dpa ratios is maintained up to 600° C.
It should be emphasized that none of the model results presented

here directly account for MC evolution effects. Further, corrections for
other potentially significant differences between fission and fusion environ-
ments, viz., pulsing, damage rate, primary recoil spectra and hydrogen
generation, have not been made in the extrapolations. |In addition, these
examples are not meant to suggest that swelling should be the only focus

of modeling efforts. Clearly, phase instabilities and helium content and
grain boundary distributions are critical factors in high temperature
mechanical behavior and are also being studied in this research.

Finally, model prediction-experimentcomparisons arenot as simple
as the examples reported previously might suggest. First, all of these
calculations are model and parameter sensitive. Different sets
of mechanisms and parameters which also fit current observations (i.e.,
regions of Mps) may lead to different extrapolated predictions. Only
with further model development, thorough mapping of MPS, and data acquisi-
tion will it be possible to place physically justifiable and usefully
narrow bounds on predicted responses. Such mappings have not yet been
completed. Preliminary results indicate, however, that simultaneously
modeling several microstructural features and using the broad data base
will be helpful in limiting MPS regions, i.e., in reducing the problem

of non-uniqueness.
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As noted previously, the experimental data is often highly
scattered. This variability derives, in part, from experimental uncertainty
{i.e., errors in irradiation temperatures and fluences) and, in part, from
failure to properly account for all variables such as MCO. Therefore,

MPS maps, which are really systematic representations >f model sensitivity,
can be used to discriminate between the fundamental sources of such varia-
bility.

Probably more important than the quantitative results, the
modeling studies have supported many of the features of the qualitative
model described in Sectiona-3, Particularly germane to extrapolatirg to
fusion conditions are the following tentative conclusions: a} a strong
and time dependent correlation between microstructure and microchemistry,
linked primarily through effective point defect mobilities, and sink
structure and chemistry; b) influence of the initial nucleatior micro-
structure on subsequent growth stages (therefore, there is a strong sensi-
tivity of ME to bubble nucleation and growih kinetics; hance, helium trans-
port mechanisms) and c¢) inureases in helium generation rate can lead to
either increas:2d or decreesad swelling depending on the particular region
of model Mps and set of damage parameters--viz. dpa rate, He/dpa ratio,
temperature, and material parameters. The physical basis for b) and c}

have been discussed elsewhere and will not be reviewed further here [38-40].

It may be possible to draw some implications for alloy develop-
ment efforts from modeling analysis. Clearly a radiation resistant alloy
would ideally promote vacancy and interstitial recombination and maintain
helium in solution in the lattice. However, as often noted, SA trapping
sites tend to be removed eventually from solution by concomitant segre-
gation mechanisms. While high Ni content appears to improve lattice
resistance to swelling, higher helium contents and, perhaps, lower ductil-
ities are corresponding trade-offs. Further, while fine helium distribu-
tions are desirable for minimizing swelling, non-diffusional transport mecha-
nisms such as dislocation drag of dissolved He during stress transients, pgy
result in higher grain boundary helium contents than would occur if helium

were located in larger, less mobile cavities.
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The formation of a high density cavity dominated microstructure
has previously been suggested as a possible means of promoting irradiation
stability [39). Such cavity structures might be produced by laser or
shock hardening or by small 3He gas bubbles generated by the "tritium trick."
Figure A-3 illustrates how swelling can be reduced in a cavity dominated
microstructure; here swelling at 60 dpa for fusion reactor conditions is
plotted against cavity density. The effective bias factor is also varied to
reflect possible dislocation pinning and cavity-dislocation network effects.
Such a cavity structure, if it remained stable, would trap essentially all
the helium and would resist being transported to grain boundaries by dis-
locations. While cavities would be sites for solute segregation, reasonable
lattice solute concentrations might be maintained by back fluxes if local
solubility limits are not exceeded because of the high surface areas.

One detrimental feature of such an alloy might be a low tensile ductility
due to bubble strengthening-flow localization mechanisms. In any event,
if such a suggestion were to be pursued seriously, it would be necessary
to optimize bubble/cavity densities and sizes considering several potential

failure modes.

A5 Summary and Conclusions for Microstructural Evolution

Thisreport has attempted to outline the CCMA approach to
utilizing the available data base to extrapolate to conditions not experi-
mentally accessible. The strongly correlated nature of ME has been

emphasized. Further, it has been suggested that comprehensive rate theory
models resting on the principzl!l material balances, focussing on segregation
processes, and phenomenologically representative of the various interacting
mechanisms may be a practical approach to tracking the fates of both point
defects and chemical constituents. Whatever models are ultimately developed,
itwill be necessary to limit the number of viable mechanisms and parameters;
a systematic and efficient mapping strategy based on comparison gf composite
model predictions with the broad data base, and the results of careful
mechanistic studies will be required to accomplish this goal. Finally,
ultimate model validation and calibration must be carried out in a facility
such as FMIT.
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B. Mechanical Properties, Mechanical Modeling - G.R. Odette, D. Frey

(University of California, Santa Barbara)

Bl Introduction

In-service mechanical property degradation leading to premature
failures of fusion first wall structures is potentially one of the most
serious obstacles to commercial fusion power.

Alloy development and fusion design efforts are confronted by at
least three major problems when attempting to assess the effect of in-
service irradiation, including:

1. There is no completely proper materials test environment in
terms of appropriate combinations of neutron spectrum, flux, volume, and
time history of temperature, flux (&} and stress, which simulates the fusion
environment.

2. The most proper high flux test environments will have small

3 for

irradiation volumes (<1000 e’ for ¢ >lol4n/cm2—sec and < 10 cm
¢ > lOl5n/cm2—sec) .

3. There are a large number of potential structural failure modes
ranging from creep rupture to catastrophic fracture.

In order to relate the data obtained in test irradiation environ-
ments to conditions in fusion reactors, a proper correlation methodology
which rests on a firm physical understanding of the radiation effects and on
structural failure modes is needed. One important component of such a
methodology is developing a better understanding of the relationship between
microstructure and properties and simple properties and fracture parameters
(other components include high energy neutron and fission reactor data
base development, extracting useful mechanical property information from
very small test volumes, and establishing the connection between properties/
fracture parameters and design criteria). Understanding the relationship
between microstructureandproperties would not only be beneficial in
optimizing the use of the small test volume in high energy neutron facilties,
and in providing a better basis for extrapolating fission reactor data, but

also might promote more rapid advances in the development of irradiation
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resistant alloys. At least three general classes of analytical tools can be
used in such studies, including micromechanical models of flow and fracture;
flow, fracture and corresponding microstructure maps; and advanced test/
failure analysis methods, including finite element techniques.

Preliminary results of correlating microstructure and yield stress oyg
in irradiated 316 stainless steel have been presented previously [41]. In
the work reported here an empirical relationship is used to relate yield and
ultimate stress to uniform elongation. Extension of this general approach
to other fracture modes is also discussed briefly, with specific application

to plane strain fracture toughness.

B2 Correlation of Ductilitv Parameters

Obviously, knowledge of yield stress alone is not sufficient to
design engineering structures. Therefore, an attempt was made to correlate
changes in an important ductility parameter, uniform elongation, against
changes in the yield and ultimate strengths Uu. Such correlations are of
interest for several reasons, including 1) success or failure of correla-
tions may provide indications of fracture mechanisms; 2) it may be possible
to derive only strength data, for example, in an indentation hardness or
microtensile test measurement used in small volume high energy neutron
experiments (actually, it has been suggested that ductility can be estimated
in hardness tests; however, the ductility-strength correlations would provide
an independent check on the validity of this assertion).

V¢ have found that uniform elongation Eu of irradiated and unirra-

diated stainless steels can be roughly correlated by a simple linear expres-

sion
Oys (B.1)
= - = B.
€ Cy (1 5 )
u
where Cl = .5 is a function of the macroscopic work hardening coefficient.
Figures B=la - ¢ compare predicted uniform elongations as a function of

exposure for T = 400 to 600° C. using Egquation(B.l) the yield stress model
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described previously [41]1 and an empirical model of au = f(T,dpa) derived
from the data base [44]. Clearly, the model and experimental results are
in agreement only at low temperatures and moderate exposures and at higher
temperatures at low exposures. Figure B-2 crudely maps the regions where
the model is applicable as a function of temperature and exposure; in this
case, however, actual UYS and Uu data, rather than model calculations, were
used to compute Eu in Equation{(®.1). Closer examination of the data reveals
that there is a systematic deviation from Equation (B.1) which can be approx-

imately expressed in terms of an implicit variation of C_, = f(Eu,T). For

1
example, using least Squares fits to the data C, is .36 for T » &00° C.

and E, > 0, but is only .2 for the range ¢ = Euls .05; similarly, for
T < 600" Cldecreases from .52 for €, >0 to .38 for 0 = EU £ .05.

At high temperatures and moderate to high fluences the deviations
may be due to an effect of grain boundary helium, even in relatively high
rate tensile tests. Indeed, this is consistent with interpretations given
previously [44], which indicate that at increasing temperatures T X 600°C.

a transition between transgranular flow centreolled, and intergranular
diffusion or creep controlled fracture occurs; in this regime, a combination
of matrix hardening and helium grain boundary embrittlement govern fracture
strains. While this interpretation is probably oversimplified, it suggests
that the high levels of helium in fusion environments may reduce tensile
ductility even more.

The helium mechanism is not, however, a likely explanation of the

behavior at lower temperatures and higher fluences, where intragranular
ductile fracture is observed. 1t is of interest, therefore, to consider the
microstructure in the various regimes giving rise to the "hardness state"
of the alloys. Previously [41] we observed that the major component of the
hardening structure is dislocations which develop early in irradiation.
If, as suggested in the yield stress calculations, the irradiation induced
dislocation structure behaves in a manner roughly equivalent to a similar
cold-worked structure —-i.e., has similar structure parameters —subsequent
deformation should proceed along the stress-strain curve more-or-less

normally. At high fluences, however, cavity structures develop and contri-

bute a small but significant fraction to the strength. Hence, subsequent
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deformations may no longer follow the "normal" dislocation structure
dominated path. In particular, severe flow localization, and in the limit-
ing extreme, channel fracture occur under these conditions. Channeling
has traditionally been viewed as a consequence of shear induced destruction
of dislocation obstacles, such as cavities, and/or reduction in cross slip.
Further support to this hypothesis is lent by the fact that 316 has somewhat
higher ductility in the cold-worked relative to the solution annealed condi-
tion at fluences of 30-40 dpa, since significant void swelling is lower in the
cold-worked material [46]. It has been observed that deformation and
ductility of cold-worked 316 can be modeled by an unirradiated equation-of-
state form up to fluences of 40dpa by making small adjustments of the hard-
ness parameter {40]. This may need to be modified at higher fluences where
cavity structures become important.

We will not pursue these speculations further except to note
that while the equation-of-state approach is both practically and funda-
mentally appealing, its use will be greatly enhanced if it can be mechan-

istically interpreted in terms of specific microstructural features.

B3 Fracture Toughness

Clearly, extension of such procedures to other potential fracture
properties would be desirable. However, this iIs not straight-forward since
the micromechanical mechanism are generally significantly more complex
and/or there is no appropriate data base for analysis. Further, these
properties are generally much more sensitive to test details and conditions.
Therefore, we will discuss only briefly some aspects of applying micro-
mechanical models to fracture toughness. V¢ believe, however, that improved
creep rupture, crack growth, fatigue and creep-failure correlations can
also be developed, and this will be pursued in future reserach.

It is not clear that plane strain fracture toughness ch is an
appropriate measure of static crack propagation resistance for thin first
wall structures (indeed, geometries are likely to be in the plane or,
perhaps, even antiplane stress state modes {481} However, Kie should at

least provide lower bound effective toughness limits.
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A number of micromechanical treatments have been developed to

model the effect of tensile properties and microstructure on K |n the
ic

simplest form [42]

1/2
Kie © [—"—jE—z_" ] =g Ef)l
T (1-v°) Y

& (B-2)

where surface energy terms have been neglected and perfect elastic-plastic
behavior assumed. Here E is the Youngs Modulus, v Poissons ratio, Ef a
fracture strain parameter and L a measure of the effective plastic zone
size. Local fracture may be primarily governed by the spacing of ductile
fracture cavity nucleation sites or, alternately, propensity towards intensive
shear deformation. The choice of a proper ductility parameter (critical
strain) is not obvious since it is known to depend on both stress state and
work hardening behavior. For convenience, it can be taken as the uniform
elongation divided by three to crudely account for stress state. |In
materials where fracture is dominated by shear instabilities or flow locali-
zation, which is likely in the case of irradiated stainless steel, it has

2 n
been found that Lan where n is the work hardening exponent (¢ = ke )i hence

Equation (B.2) becomes [50]

- cn EG £ 73 (B-3)
ch Cll E Oy Eu/3

and since n = EU and taking cl~ 1

K ~e % 53 (B-4)

lc u Y

Numerous other approaches, including highly sophisticated computer based
analyses can be used to attack this problem; however, the current lack

of irradiated stainless steel toughness data suggests that such treatments
are not warrented at this time. Figure B=3 shows Klc calculated from
Equation (4) using values based on the yield stress model (41] and

the empirical ductility correlation procedure of SectionB2. Clearly, the
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model predicts a substantial reduction in toughness of irradiated stain-
less steels. There is little data to compare with these calculations. The
absolute values of the toughness tend to be low by a factor of 1to 2
compared to some values which have been reported for stainless steel {51 -
541. Limited data on irradiated (and some shock hardened stainless steel
alloys at an approximately equivalent yield strength) in the range of

1- 10 dpa (equivalent) and temperatures of 250 - 650°C have indicated
reductions in toughness of 30 to 50%. This is consistent with the trends
indicated in Figure .B=3. In one case involving both metallurgical dif-
ferences (weld versus plate) and irradiation, a very large reduction in
toughness (~5) was found [54]. The calculations presented here indicate
that there may be a significant reduction in toughness in fusion environ-
ments. However, data from specifically designed experiments will be needed

to determine the actual extent and nature of this problem.

B4. Summary and Conclusion

Some initial steps have been taken to develop physically based
correlation methods for extrapolating mechanical property data to fusion
environments. The yield stress changes in fast reactor irradiations can
be correlated with observed changes in microstructure using simple harden-
ing models. Analysis of tensile ductility data suggests that irradiation
may change the deformation-to-fracture path; at higher temperatures this
may be associated with grain boundary helium-matrix hardening effects and
at lower temperatures with matrix hardening due to shearable cavity
structures. A simple micromechanical model was used to extrapolate these
calculations to changes in plane strain fracture toughness; while there is
not sufficient data to confirm these calculations, the low fluence trends
appear to be consistent with limited experimental observations. V¢ conclude,
therefore, that microstructural-micromechanical modeling studies will be

useful, at least when applied to relatively simple properties.
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C. The Flow and Fracture Maps for Unirradiated Solution Annealed
316 stainless Steel -- S.S. Vagarali and G.R. Odette (University of
California, Santa Barbara.)

cl. Introduction -
Deformation and fracture in polycrystalline materials occur by

several different mechanisms. Therefore, it is convenient to present
these mechanisms in the form of maps in which regions for which a
particular mechanism is dominant are delineated as a function of critical
deformation and fracture parameters. Ashby [35,56] has described in
detail the means of constructing such maps. The rapid acceptance of
this procedure is evident by the development of deformation/fracture
maps for a number of materials. The objective of the present work is to
construct detailed flow and fracture maps for unirradiated solution
annealed 316 stainless steel; future work will extend the maps to other
thermomechanical treatments and irradiated conditions. Some limited
results for stainless steel have been presented previously; (57] this
work extends and further refines these early efforts.

c2. Flow Map
The deformation mechanisms considered in the construction of

flow maps include: a) dislocation glide; b) dislocation creep; c)
diffusion creep. The low temperature (T<,3Tm) deformation of 316 stain-
less steel occurs by dislocation glide which is limited by obstacles
such as solute atoms, precipitates and other dislocations. Frost and
Ashby [57] have analysed this process for 316 stainless steel and the
rate equation for dislocation glide is given by

El = 106 axp(- %) (L- %O) (C.1)

strength of the obstacles (v 0.5 Gb3)
flow stress at 0 °K.

where AF

o}
o

This equation gives a value of 6.3x10"° for normalized athermal flow

stress (i.e, ¢ athermal/G).
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Dislocation creep in annealed 316 stainless steel has been
investigated by several workers. [58-62] There is considerable scatter
in the creep data due to variations in prior heat treatment and alloy
chemistry, and hence precise determination of activation energy for
creep and creep exponent is not possible. The available creep data in
the temperature range from 800 to 1173K is plotted in Figure (-1 in the
form of temperature compensated strain rate versus normalized stress.
The creep exponent increases from ~ 6.0 at O/G<2x10_3 ton 12.0 for
O/G>2x10_3. The apparent activation energy for creep is v 450 K]
mol_l. The rate equation for dislocation creep in annealed 316 S.S. is

given by

450000

.33 6
= 1077 (5/G) exp( RT

£

(plNe]

Yy + 2x10%8 ( ) lzexp(~ ﬁé%%gg) s—% (C.2)

The symbols are defined in Table C-1.

Grain boundarv sliding is an important mode of deformation during
high temperature creep. (Grain boundary sliding is helieved to he con-
trolled by local grain deformation at regions of stress concentration --
e.g. triple points). Gates and Horton [63-64] have investigated sliding
in 316 S.S. in the temperature range from 973 to 1073K and for 0/G<10_3.
L ey 3BT

temperature of their datu, which yields the following rate equation for

Figure C-2 shows a plot of log rg versus the reciprocal of

sliding

350,000, 1

e = 560 e > S e ) &7 ©.3)

3 RT
It is to he noted that creep exponent and activation energy for sliding are
lower than that for dislocation creep. No sliding data is available in the
high stress region (i-.e. o/G:»leo_S).

The rate equations for Nabarro-lHerring and Coble creep are given

by
e, = SH0EDR ek .4
& KTd-
T o= 14mEDROY - )
5 —'K*T‘d“i“"' . (L.))
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A deformation mechanism map for a grain size of 50 um is con-
structed using the method suggested by Ashby [55] and is shown in Figure C- 3.
The parameters used in constructing the map are given in Table ¢c-1. Con-
stant strain-rate contours have been drawn. The relative importance of

grain boundary sliding during creep is shown

Table c-1

Parameters Used to Construct Flow and Fracture Maps

Parameter Symbol Value
-29 3
Atomic Volume 9 1 21x10 m
~-10
Burgers vector b 2.58x10 m
Melting Temperature Tm 1810°K
10
Shear Modulus at 300°K 8.1x107" Pa
-4 -1
Temperature dependence of ) 4.7x10 ° Pa K
shear modulus )
-5 280000 -1
i i ivi A%l _—
Lattice piffusivity Dy 4.4%10 “exp( 8.32  ml)sac
3.6x10-14exp (- 19300{}) m3 sec-1
Grain boundary diffusivity SDg P éi
Nucleation strain £n 0.1
Volume fraction of ) fy 0.05
second phase particles )
_ _ 10 -2
# of particles per unit ) Np 107
area of grain boundary )
Effective surface energy _9
of fracture Y 10 J m
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in the map by drawing contours for constant strain contribution due to
sliding (£ = Egbs/s). It is evident that £ decreases with increase in
stress and temperature. Another notable feature in the map is that

diffusion creep becomes an important mode of deformation at relatively
higher stresses as compared to pure metals. This is due to slow dis-

location creep rates in the alloy.

c3. Fracture Maps

Elevated temperature fracture behavior of polycrystalline
materials may be divided into two categories: a) transgranular creep
fracture: b) intergranular fracture.

Both types of fracture involve nucleation and growth of voids.
The time to fracture is essentially determined by the time required for
voids to grow and coalesce.

In the transgranular creep fracture mode, voids nucleate at

second phase particles and grow by the local creep of the matrix.

fshby [56] has analysed the fracture process and time to fracture, tes is
given by
P 1 o 1lnf 0.7 -—1) s -1
tfl e 1 + 1.8 n—l (\/fv | (EZ) (C,6)

where 2 is the nucleation strain and fV = volume fraction of second phase
particles. Usually o is assumed to be a constant.

For intergranular fracture voids nucleate at and grow in the
plane of the grain boundaries. Failure occurs suddenly without neck
formation. There are two distinct intergranular fracture mechanisms,
including: a) triple point cracking; b) cavitation fracture.

Triple point cracking is important at low temperatures and high
stresses. Crain boundary sliding in polycrvstals leads to stress con-
centrations at the grain boundary triple junctions which may often be
relieved by nucleation of a crack; and following nucleation, the cracking
then grows by the wedging action of the sliding process. williams [#5]

has analysed this process and the time to fracture is given by
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where ~ is the efffective surface energy of fracture and d is the grain
size.

Cavitation fracture occurs under conditions of very low
stresses and high temperatures; growth oF cavities occurs by vacancy
diffusion along the grain boundaries. Ashby {5b] has analysed this type
of fracture and time-to-fracture is given by

T, T g;ggé%?éﬂ (C.8)
BB
where NB is the number of particles/unit area of the grain boundary.

The fracture mechanism map €or annealed 316 S.S. is con-
structed assuming that the various fracture mechanisms discussed above oper-
ate independently of each other, so that failure occurs by the process
predicting lowest value of t.. The fracture map is shown in Figure C-4
and the parameters used in the construction of the map are given in
Table £-1., Contours for constant time-to-fracture have been drawn along
with logarithmic values of experimentally obtained times-to-fracture

[60,61,65,66]). Good agreement is obtained between experimental and
predicted values, particularly for O/G<2x10_3. At higher stresses near

the ductile fracture regime, the model over-estimates t A likely

Iz
explanation for this deviation is that Equation (B.3) underestimates
the strain contribution due to sliding at higher stresses

(i.e., O/G>2xlO_3). Important features indicated by the map include:

1) Transgranular fracture occurs at high stresses and
high temperatures and generally has a small time to
fracture (tf<104 sec);

2) Triple point cracking occupies a major portion of
map which is of interest in laboratory investiga-

tion of creep rupture;
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3) Cavitation fracture is important at very low
stresses and involves very large times-to-fracture.

c4. Summary

The initial mappings were based on a combination of simple
models (i.e. Williams wedge crack mechanism) and empirical data {i.e.
grain boundary sliding rates); they provide considerable insight about
critical processes governing flow and fracture in unirradiated solution
annealed 316 stainless steel. However, many details of important
mechanisms and processes have not yet been indicated in these maps. For
example, a number of recent papers [65,67-69] have addressed the role of
thermal phase instabilities in deformation and fracture processes in
stainless steels. We are reviewing this work and attempting to develop
a more detailed model for the influence of microchemical evolution on
flow and fracture. Clearly, this will be critical to developing under-
standing when extending the maps to other compositions, thermomechanical
treatments and irradiated conditions, when microchemical evolution

processes may be significantly different.

D. Development of Instrumented Hardness Test Techniques --
G. Lucas, P. Au, W. Sheckhard and G.R. Odette (University of California,

Santa Barbara.)

i Introduction

The extremely limited irradiation volumes of several
fusion test facilities (i.e. RTNS-TT arid FMIT) necessitate developing
methods to extract mechanical property information from small sample
volumes. Therefore, as part of the RTNS-IL program, techniques are
under development to determine flow and ductility data from TEM-disc ai:*e
specimens. One approach has been to use indentation hardness tests
which are instrumented such that penetrations at a single location can
be used to derive true stress-strain flow curve data. Ultimately the
tests will be extended to the microhardness regime, in which case approx-
imately three to five tests per TEM disc (with a redundancy factor of 5)
can be performed. Since many TEM discs (currently more than 50; ultimately,



more than 203) can be simultaneously irradiated even in the limited
volume of RTNS-1I, significant amounts of data can be generated if these
efforts are successful.

This report describes results of the initial phase of the
development effort; stress-strain data derived from macro-indentation
hardness tests, using two techniques to measure indentation parameters,
are compared to tensile data for 6061 T6 Al, 304 stainless steel, yellow
brass and mild steel. Although the data reported here were generally
obtained from multiple indentations, extension of the technique to a
single indention appears straightforward. Some modification of the

experimental procedures, however, will be required.

ne. Basis of the Technique

Indentation hardness tests in this program have been
performed solely with ball indenters. Previous analyses [70] have shown
that there are two limiting regimes of deformation associated with such
spherical indentation hardness measurements. In the first regime the
penetration is made under small loads and is fully elastic. The end of
this regime is characterized by the initiation of a small region of
plastic flow directly below the indenter ball. The second limiting
regime is characterized by penetrations formed under large loads and the
formation of a fully developed plastic zone surrounding the penetration and
intersecting the surface of the specimen. In the intermediate, OF
“transition™, regime between these two limiting regimes, the plastic
zone grows in size with increasing applied load from the small initiated
region to the fully developed type of zone.

A number of experimental and analytical investigations
have demonstrated a relationship between characteristics of the in-
dentation process and true uniaxial flow properties of the material.
These are reviewed below.

The characteristics of the indentation process which are

of interest are a) the chordal diameter of the indent, d, and b) the

mean pressure, Pm, between the indent and the indenter under load. The

chordal diameter, d, can be measured directly by optical or profilometer
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techniques. However, az will be demonstrated, it is more convenient for
instrumented test purposes to determine d from a measurement of tile
plastic indentation depth hp. The relationship between d and hp is
given by

13
S(h P+ (d/2)%) /

q = P ** (b-1)
np? F(d/2)7 + hpD

K D
2

— -1
where K= 5.47 F (E, +E, )
F = applied load
El = elastic modulus of indenter

E, = elastic modulus of specimen
D = indenter diameter

The mean pressure, P s is simply given by
Pp = F/md? (D-2}
These characteristics can he related to the uniaxial flow

properties as follows. Defining 0. as the true uniaxial Fflow stress at
a plastic strain &, it has been shown that (70)

c = .20 4/D (D-3)
and

sm o= 0 (D=4)

O

where the value of @ depends on which regime of deformation exists at
the termination of the indentation process. It has been shown analyti-
cally that at the onset of plastic flow (end of the Ffirst deformation
regime) ¥ = 1.1, and that for the deformation regime characterized by a
fully-developed plastic zone § = 2.8. In the transition regime, it has
been empirically determined that (70)

E D
~ + 4 d z ( 5)
@ 1.1 .53 1n ( 7_D _.E:__ )
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These relationships, (-1) - (»-5), can thus be combined
with an instrumented hardness test to predict uniaxial flow properties
as follows. By monitoring simultaneously F and hp during a single
indentation, (Pm,d) data pairs can be determined from equations (p-1) -
(D-2). These can be converted to true stress-strain data ( (og,g)
data pairs) through equations (D-3) - (D-5). These (oE,E) data pairs
then provide a means of estimating the o (B relation over the entire E

regime of interest.

BER Experimental Procedure

The problem is to then measure hP at various loads so that
a true stress-strain curve can he constructed. By connecting the
indenter to a calibrated load cell on a standard compression testing
machine, the loads during indentation can be monitored in a straight-
forward manner. The indentation depth hp can be measured with a pre-
cision profilometer after indentation to a prescribed load. Alternately,
by measuring the indenter movement through a cycle of applying and
removing the load the plastic indentation depth can be measured as
illustrated in Figure n=1. In principle, the indentation-load cycles
can be repeated at increasing peak loads to establish a series of
(OE,f) data pairs for a single indentation location. In practice, it
has been somewhat difficult to establish precise values of small incre-
ments of hp, (and thus Ep) primarily due to current instrumentation
.005, and

v
make use of multiple indentation. Procedures used to date are described

I .- >
limits. Therefore, the present results are limited to Ep

below.

Rockwell type indenters of diameters 1/16, 1/8and 1/2
inch, were used as the penetrators. These were attached singly to the
load cell in the cross head of an Instron Model 1122 Mechanical Testing
Machine. Specimens were mounted on a Ffixed platen stage below the cross
head. The movable crosshead was driven at constant speed, which in turn
drove the indenter into the specimen. Loads were monitored closely, and
were limited in magnitude such that no visible damage appeared on the

reverse side of the specimen. Several indentations under different
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= = SUBSEQUENT CYCLE(S)

l NOTE: 6h,, ~ const.

LOAD

PENETRATION

FIGURE D-1. Illustration of Load Versus Penetration Depth Curve.
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loads were performed on each specimen at different positions.

Initially, the geometry of each indentation was determined
on a Bendix RCC-4 profilometer. Both hp and d were determined directly,
and the validity of equation (p-1) was checked. A typical profilometer
trace is shown in Figure D=2.

Although the profilometer gives the precise depth of
penetration, it does not serve the primary objective of our experiment;
namely, to obtain the stress-strain characteristics of materials from a
single indentation. Kemoval of the specimen for profilometer studies
disallows repeated indentation in the same spot. However, in situ
measurement of h, would permit such repeated indentation. Consequently,
a linear variable differential transformer (LVDT) was installed in the
hardness apparatus to directly measure the plastic indentation depth in
the manner schematically illustrated in Figure p-1. Figures p-3 - p-6
show the initial results of these experiments for 6061-16 Al, yellow
brass mild steel and 304 stainless steel. True stress-strain data
derived from the hardness tests via Equation (D.I) to(D.5) are compared
to stress-strain curves obtained from tensile tests on the same ma-
terial. Hardness data includes values derived from measurements of hP
both by post-test profilometer and in situ LVDT techniques.

The agreement in the true strain range from~ .005 to .05
is quite good. The LVDT data is currently restricted to strains of
=>,01 and displays somewhat more scatter than the profilometer measure-
ments. This is believed to be due to the same instrumentation limits
which inhibit performing repeated indentations on the same spot. Techni-
qe!; to overcome these limitations have been identified and are currently
being implemented. Finally, it is notable that the disagreement is
largest for the steels; particularly, in the higher strain ranges and
for stainless steel. It is believed that this may be due, in part, to a
stress induced martensitic phase transformation (as reflected by the
change in slope of the true stress strain curve) which may be somewhat

sensitive to stress state.
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4. Summary and Conclusions

ame initial indentation measurements of stress-strain

curves have been presented. The results arc encouraging, but it is

clear that further development of both instrumentation and data analysis

techniques will be required to extend both the limits and precision of

the procedure.
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VIll. FUTURE WORK

Continued efforts will be directed at improving all of the micro-
structure models discussed previously; particular emphasis will be
placed on Ffacilitating physical interpretation of the results and com-
parisons of the model predictions with experimental observations--viz.
efficiently defining physically valid regions of MPS. The simpler
models will still be used for scoping studies of MPS, and for designing
and interpreting new experiments. Continued effort to implement more
fully the components of the composite model in a computationally tractable
manner will also be a high priority goal, with special efforts directed
at including microchemical effects.

Micromechanical models will be applied to relate basic properties
and microstructure to failure-related properties such as fracture

toughness, fatigue strength and crack growth resistance. Emphasis will
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he on integrating strengthening, work hardening and flow localization
mechanisms. In addition, models of grain boundary failure in the creep
regime including the influence of helium, matrix hardening, stress
relaxation and the like are being assembled. These models and the
available data base will he used to develop microstructure - flow and
failure maps for the entire range of temperature and stresses of in-
terest. An assessment of the influence of extrinsic parameters such as
stress state and stress concentrations related to macroscopic defects
(i.e. cracks) will also be extended. Finally the modeling and analytical
effort will consider what constitutes appropriate failure criteria and
test procedures for fusion first wall structures.

An experimental program currently centered around utilization of
the RTNS-11 facility has been recently initiated in collzboration with
HEDL and LLL. This effort is not only aimed at designing, conducting
and interpreting RTNS-I1I experiments, but also developing new test
techniques for the fusion program. In particular, an effort is under
way to develop quantitatively useful microminiaturized mechanical tests,

with initial emphasis on instrumented hardness.
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. PROGRAM

Title: Effects of Irradiation on Fusion Reactor Materials
Principal Investigator: F. V. Nolfi, Jr.
Affiliation: Argonne National Laboratory

IT. OBJECTIVE

The objective of this work is to determine the microstructural evolu-
tion, during irradiation, of first-wall materials with special emphasis on
the effects of helium production, displacement damage and rates, and

temperature.

ITI. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11.C.2.1 Mobility, Distribution, and Bubble Nucleation
[V. SUMMARY

The morphology of B-phase platelets which form during irradiation
of Ti-6wt. % Al-4wt. % V has been examined by TEM. The crystallo-
graphic orientation of the precipitates obeys the Burgers orientation
relation, for which there are six equivalent orientations. Precipitates
of one variant were isolated and found to lie nearly parallel to one-

another; the habit plane was near (7250).

In order to improve quantitative control of 3H9 injection in the
ANL Dual-lon Irradiation Facility, experiments have been performed to
characterize the degraded 3He beam at the normal sample position in the
target chamber. Experiments were performed as a function of Ni-degrader
foil thickness and incident ion-energy. Plots of energy centroids are

presented.
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Sampies of V-15Cr-5Ti, Type 316 stainless steel, Fe-20Ni-15Cr, and

CE-3177 (9 Cr Ferritic Steel obtained from Combustion Engineering) have
been dual-ion irradiated, and also pre-injected and single-ion irradiated.

Temperature, dose and helium injection rate investigations will be per-
formed on the ¥-15Cr-5Ti. The 316 stainless steel and Fe-20di-15Cr
irradiations were for studies of helium injection rate and dose in the
high dose range (up to 100 dpa). In CE-3177, the dose dependence will
be studied.

V. ACCOMPLISHMENTS AND STATUS

Microstructure of Irradiated Fusion Reactor First-wall Materials —
G. Avrault (ANL)

A Precipitate Morphology in Irradiated Ti-64

W previously reported 1,2

+
that heavy-ion (2.6 MeV V ) irradiation
of Ti-64 caused profuse precipitation of g-phase (BCC) platelets in
the u-phase (HCP) matrix, and that the crystallographic orientation

of the precipitate obeyed the Burgers relation:

(0001)a |} (011)8 (1)
<1710>a || <117sp (2)

Six different orientations are allowed by {2), and each can be inidivid-
ually identified in TEM by the orientation of its diffraction pattern
relative to that of the parent crystal. Since a TEM image is a 2-dimen-
sional projection, it is necessary to know the precipitate habit plane
before reliable quantitative information (e.g. size distribution or
volume fraction) can be extracted from the micrographs; determination
of the habit plane of the gf-platelets is reported here.

Figure 1 shows a sample irradiated to 6 dpa, at 635°C and 5 x 10'3

dpa-s_], tilted about the [0001] direction until the image width of a
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predetermined set of precipitates went through a minimum. The foil, with
a normal near {1120), was first tilted 5° away from {1120) where (017)
f-planes in only one of the six precipitate orientations were diffract-
ing; a dark field micrograph, Fig. la, identified that set of pre-
cipitates. After a total tilt of 44° from (112a) about [0001], a
minimum image width was observed, Fig. 1d, and almost all the preci-
pitates were found to lie within 152 of the [0001] direction (one of
only two observed violations of this is marked D in Fig. 1d). Thus the
habit plane is near {7250)a and, through the Burgers relation, near
(877)k. The orientation relation is shown schematically in Fig. 2

for two of the six variants allowed by the Burgers relation together
with the habit plane (which is normal to the plane of the paper) for each
of these variants. Fig. 2b is seen to be a mirror image of Fig. 2a
through the {(1129) plane.

B. Energy Analysis of Degraded SHE Beams

In the ANL Dual-lon Irradiation Facilitys, a monoenergetic helium
beam is energy degraded to reduce the range and to spread the He distri-
bution throughout the heavy-ion damaged region. For the large energy
reductions of +75% (i.e. from ~0.900 MeV to ~0.225 iMeV) which are used,
early attempts at theoretical characterization of the degraded beam
proved unreliable. To remove this quantitative uncertainty, experiments
were performed to measure the degraded energy spectrum and the effective
transmission coefficient (or conversely, the reduction in ion current
density due to scattering through angles large enough to prevent the
helium from reaching irradiated samples, viz., ~5% in our dual-ion
irradiations).

1. Experimental Procedure

As shown in Fig. 3, the Ni degrader foil was placed at

aperture d;, (0.04 cmz), and a carbon thin-film (msug-cm"z) at aperture
d2(0.08 cm%-;, d1 and d2 are at the normal degrader foil and sample
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posi:ions, respectively, and separated by 5.4 cm. The intensity versus
energy spectrum at d2 was computed from a related spectrum recorded at

'd3 using standard formulas for Rutherford scattering. Direct-beam spectra
were recorded with the degrader removed for calibration of energy and
intensity (thus eliminating the carbon film thickness from intensity
calculations). 1t should be noted here that the seemingly unnecessary
intermediate step of Rutherford scattering was introduced primarily to
reduce the beam intensity from the high value needed for automatic
accelerator and beam transport control, to the low value required for

meas urement.

2. Energy Centroid

Beam-energylfoil-thickness combinations were chosen to span
the degraded energy range used in our dual-ion irradiations. Degraded
energy centroids, obtained from Gaussian fits to intensity versus energy
spectra, are presented in Fig. 4 for two highly uniform electroformed Ni
foils obtained from Chromium Corporation of America. The angle », Fig.
3a, of each foil with respect to the beam was varied to provide a range
of effective foil thicknesses. From these plots, the correct beam energy
for a given implant depth and degrader foil thickness can be chosen

directly.

Values of the transmission coefficient and standard devia-
tion of the degraded energy have not yet been obtained. Background in
the intensity versus energy spectra, apparently due to slit scattering at
the carbon foil, requires a more sophisticated analysis of the data to ex-
tract this information. This analysis is in progress.

C. Dual-lon Irradiation of V-15Cr-5T1

A scoping refractory alloy for MR applications is Y-15Cr-5T4,
which exhibits good radiation response, creep strength, and is more

fabricable than binary V- Cralloys. Comparison of irradiation response
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inV-Crand V-Cr-Ti alloys will enable determination of the effects of
Cr versus Ti so that alloy modifications for optimum performance can be
made. As a continuation of effort toward this end, samples of V-15Cr-5Ti

have been irradiated under essentially similar conditions to those in a
previous ANL study of V-15Cr.4,5

A dose dependence study and a temperature dependence study were
carried out on specimens annealed at 1200°C in URV for 2 hours. In the
dose dependence study, samples were dual-ion irradiated with 2.6 MeV Ve
and 0.83 MeV degraded 3He+ at 650°C to doses of 5-60 dpa at 3:1 He:dpa,
and to doses of 5-30 dpa at 10:1 and 50:1 He:dpa. For comparative
purposes, additional samples were preinjected at room temperature with
10 appm 3He, and were single-ion irradiated with 2.6 MeV vVt at the same
temperature and doses as above. In the temperature dependence study,
the helium injection rate and dose were held constant at, respectively,
25 dpa and 10:1 appm He:dpa, and the irradiation temperatures were 450,
500, 550, and 6000(2. As in the dose dependence study, preinjected samples
were single-ion irradiated under identical temperature and dose condi-

tions.

D. High Dose Irradiation of Type 316 SS and Fe-20Ni-15Cr

In previous irradiations of Type 316 SS and Fe-20Ni-15Cr in the ANL
Dual-lon Irradiation Facility, the maximum dose was 25 dpa, a |limit set
by a practical irradiation time of 2.3 hours at 3 x 10_3 dpa-s_l. In
order to identify any changes in swelling rate or irradiation micro-
structure peculiar to high doses, the dose range has been extended to 100
dpa for a limited set of samples. The Type 316 stainless steel (MFE
Ht.-15893) was initially 50% cold worked, then annealed at 1050%C for 1
hour and aged 10 hours at 800°C. The Fe-20Ni-15Cr alloy (supplied by
W. G. Johnston) was solution annealed and quenched in helium. Both

alloys were dual-ion irradiated to doses of 40-100 dpa with 3.0 MeV

+ - -
Ni and 3.83 MeV degraded 3HeJr at 700°C and 4 x 10 ) dpa-s ], and He:dpa
ratios of 15:1 and 50:1 appm:dpa. For comparative purposes, a second set
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of samples was pre-injected with 15 appm 3He and irradiated with Nit

ions alone to the same doses at the same dose-rate and temperature.

E. Dual-lon Irradiation of CE-317Z

The low swelling of ferritic stainless steels compared to austenitics
makes them potentially attractive for MR applications, but little is
presently known about the effect of simultaneous helium production on
irradiation microstructure in these alloys. 1In a "first effort" at
isolating the influence of helium, samples of CC-3177 have been single
and dual-ion irradiated. Single-ion samples were room-temperature
preinjected with 15 appm 3He and irradiz_il_ted with 3.0 MeV Nit. Dutal—ion
samples were irradiated with 3.0 MeV Ni and 0.83 MeV degraded tie at a
helium injection rate of 15:1 appm He:dpa. For both sets of samples, the
doses were 5,10 and 25 dpa and tne irradiation temperature 5000(2, which
is expegt,:ted to ]be near peak swelling temperature for the dose rate used,
4 x 10

dpa-s '. TEM examination of these samples is in progress.
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Figure 1.

Precipitates in Ti64 irradiated with v¥ jons to 6 dpa at
630°C. a) Tilted 5° from (1120) about [0001]; dark field
from an (017) precipitate reflection. b) Tilted 5° from
(1120) about [0001], bright field, g = (0002). c¢) Tilted
33% from (1120) about [0001], g = (0002). d) Tilted 44°
from (1120) about [0001], g = (0002).
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Figure 2. Crystallographic orientation and habit plane of B-phase (BCC)
platelets in a-phase (HCP) Ti64. a) and b) show two of six
orientations allowed by the Burgers orientation relation,
and have mirror symmetry through the (1120) plane.

224



— o | e

3 FOIL d)
"-.-__‘ H
==a e sl /1

DEGRADER |

{a) (b)

Figure 3. Configuration for energy analysis of degraded 3He+ beam;
degrader foil at aperture d , carbon thin-film at aperture

d , detector at aperture d 1 a) side view b) top view.
2

225



JESRADED ERERGY CENTROID (Meyi

0457 | 1 ) ‘ - -

P e ON M)
3.+
040 He® DN -

DEGRASED ENERGY CENTRTIO iMey)

T A W

O‘U\;,i},,,, T J | J 1
a7 08 0% ¢
FOIL THICKNESS {mg-cm2)
(a) (b}
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l. PROGRAM

Title: Radiation Effects to Reactor Materials
Principal Investigator: G. L. Kulcinski and P. Wilkes
Affiliation: University of Wisconsin

IT. OBJECTIVE

To develop a fundamental understanding of the formation of voids,
loops and precipitates in heavy ion and electron irradiated metals and
alloys.

ITI. RELEVANT OAFS PROGRAM TASK/SUBTASK

IT.C.6 Effects of Damage Rate and Cascade Structure on
Microstructure

v. 3IMVRY

This paper reports on an investigation into swelling and phase in-
stability in the binary Mo-Zr system under 14 MY Cu ion irradiation as
compared with similar irradiation of pure Mo. The 9.1 at.% 4 alloy used
contains particles of y{(Mo,Zr) in a saturated Mo-rich matrix. The over-
sized Zr atoms slow down or eliminate void nucleation in the temperature
range 700-900°C, where voids form rapidly in pure Mo. In the alloy at
700°C, voids are suppressed up to 7 dpa, at 800°C they form only after an
incubation dose of 6 dpa and even at 900°C, nucleation continues at 6 dpa.
However, the growth of voids once nucleated is more rapid than in Mo
Dislocation loops nucleate and grow continuously in the alloy and only at
900°C and 6 dpa does a dislocation network form and inhibit further nucle-
ation. Although the alloy was aged to equilibrium before irradiation,
many small additional precipitates of Mo,Zr formed at the grain boundaries,
especially during irradiation at 900°C. These effects are understandable
in terms of vacancy-solute binding for the oversized Zr atoms and this

227



explanation is detailed.

V. ACCOMPLISHMENTS AND STATUS

A. Void Swelling and Phase Instability in Heavy lon lrradiated Mo-Zr
Allay - K-Y. Liou, P. Wilkes, G. L. Kulcinski, and J. H. 8illen (U. Wisc.)

1. Introduction

Radiation damage in molybdenum and its commercial alloy, TZM,
has been widely studied\1™%) because of the interest in these materials for
use In fusion reactors. Void swelling in TAM produced by heavy-ion or
neutron irradiation is lower than that in pure molybdenum. This study was
aimed at elucidating the effect of zirconium, one of the major solutes in
TZM. A Mo-9.1 at.% Zr alloy was chosen and the damage microstructure pro-
duced by 14 Mev copper ion irradiation was studied. The effect of the
oversized Zr solute on the nucleation and growth of voids was studied
around the threshold temperature for void formation (700~ 900°C). The
preirradiation annealing and heavy-ion bombardment were carried out in the
two-phase [y(Mo,Zr) and molybdenum solid solution] region but close to
the phase boundary so that any effects of irradiation on phase stability
could be investigated in the same experiment.

2. Experimental Procedure

A Mo-9.1 at.% alloy was prepared by arc melting MARZ grade
materials and homogenized at 1650°C for 30h under high (1.3 x 10°% pa)
vacuum. The samples were then outgassed thoroughly at 1050°C after cut-
ting and electropolishing. Finally, the alloy was equilibrated at the
chosen irradiation temperature for ~40 hours under vacuum. The latter two
annealing stages lay in the two-phase [Mo-rich solid solution + y(Mo,Zr)]
region of the phase diagram.

Typical pre-irradiation microstructures contained
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y-precipitates (~1 pym diameter), uniformly distributed in a homogeneous
matrix of Mo-rich solid solution. The number density of y-precipitates is
small enough that a large region of matrix {Mo-7.5 at.% Zr between 700°C
and 900°C) was available to observe damage structure produced by irradia-
tion. The y-phase (Mo,Zr) particles were not transparent to the electron
beam, since they were not polished by the polishing solution. The phase
diagram(q) indicates that the matrix contained 7.5 at.% Zr. This composi-
tion was verified using X-ray microanalysis with reasonable quantitative
agreement.

The specimens were irradiated with 14 MV copper ions with a
damage rate at 1 um from the irradiated surface, where the damage structure
was analyzed, in the range 5-8 x 10 % dpa/sec.

3. Results

Void Formation. Void swelling data in the alloy are shown in
Figures 1 and 2. N voids were observed in samples irradiated at 700°C up
to 7 dpa. At 800°C, voids were observed only at 7 dpa and above, while
void swelling was reduced compared to Mo. Z additions also reduced swel-
ling at low doses (<4 dpa) at 850°C and 900°C, but high void growth rates
were observed, resulting in larger swelling than pure Mo at higher doses.
In pure MO,(G) voids were observed at all temperatures from 700°C to
1000°C, and the incubation dose for void nucleation, if it existed, was
very small. In the alloy, however, void nucleation became difficult,
while the void growth rates became relatively high. The incubation doses
necessary to observe voids were estimated to be 1.5 dpa at 300°C, 3 dpa at
850°C, and 6 dpa at 800°C. Void formation in the alloy was suppressed al-
together at 700°C.

Dislocation Structure. The addition of Zr to Mo was found to
promote dislocation loop formation. A high density of dislocation loops of

(~1 X 106 cm 2) was formed in the alloy in the early stages of irradiation.
At 700°C and 800°C, small loop growth rates were observed, except for a few
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FIGURE 1. Irradiation Swelling of the Mo-7.5% Zr Matrix at 800, 850 and
900°C. The swelling of pure molybdenum at 900°C (6) is included
for comparison (dashed line).

loops which intersected to form network dislocations at higher doses. Be-
cause mnw loops still nucleated as dose increased, the loop density re-
mained approximately constant (1~2 x 10!6 cm=2) at 700°C and 800°C, and
the varlatlons in the average loop size were within experimental error
(d L = 55 A at 700°C, d = 90 A at 800°C). At 850°C and 900°C, however,
large loop growth rates were observed. At 900°C and 2 dpa, the average
loop diamter, ’d_L_, was 112/3 , and the number density, N . was 8 x 101 cm™ 3,
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FIGURE 2. Void Density and Average Diameter Versus Dose for the 7.5% ZIr
Matrix.

almost all of these loops grew into a dislocation network (pd = 2 x 1019
cm 2) at 6 dpa. Electron micrographs of typical microstructures observed
at 850°C are shown in Figure 3. Analysis of the loop nature was difficult
because of the high loop densities and the small sizes. However, some
larger loops {200 - 300 R) were analyzed; they were of the interstitial
type with B = 1/2 <110> which implies that the loops were faulted.

Radiation Induced Precipitation at the Grain Boundary. After

irradiation, new precipitate particles were observed at grain boundaries
(Figure 4). They were identified to be y-phase (Mo,Zr) by electron dif-
fraction. The bright field and dark field micrographs in Figure 4 also
show a shifted void denuded zone in the 900°C, 6 dpa sample due to the mi-
gration of the grain boundary during irradiation. The formation of y-par-
ticles following migration of the grain boundary can be seen especially in
the dark field micrograph. This irradiation induced y-precipitation was
not observed at low angle grain boundaries. At high angle boundaries, the
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Microstructural Development in Mo-8.5 % Zr
Irradiated With 14 MeV Cu lons At 850°C

FIGURE 3. Microstructural Development of the Matrix During Irradiation at
850°C. a) 0.1 dpa, b) 4 dpa, c) 12 dpa.

Irradiation Induced Precipitation of ¥ (MoaZr) at the
Grain Boundary in Cu lIrradiated Mo-85%2Zr at 900°C to 6 dpa

Bright Field Dark Field

FIGURE 4  Grain Boundary Precipitation of y (Mo,Zr}, a) Bright Field, and

b) Dark Field, Using a Precipitate Reflection. Note that the
Boundary Has Moved During Irradiation, Causing Elongation of the
Precipitates.
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amount of precipitate increased with temperature and dose. No change in the
pre-existing y-precipitates was observed.

4. Discussion

(5)

Mo in the Mo-rich solid solution. Binding between the vacancies and Zr

The effective atomic volume of Zr is 26 percent larger than
atoms is expected from strain field considerations. It is therefore temp-
ting to ascribe the incubation period for voids to increased interstitial-
vacancy recombination. However, the increased total swelling at high dose
for the alloy over pure Mo at 850°C and 900°C indicates that this is not
the case.

It is more likely that the Zr is gettering a necessary impurity
for easy void formation (probably oxygen), so delaying void nucleation. The
enhanced void growth rate compared to pure Mo is probably due to the higher
dislocation density, which provides a larger biased sink strength for the
point defects.

The enhanced loop nucleation when Zr is added to the BCC Mo
solution is probably due to a reduction in the stacking fault energy, since
faulted loops were observed. Loop nucleation becomes easier when the

stacking fault energy is reduced but loop glide becomes difficult.(7) This -
explains the absence of loop "rafting” which is observed in pure Mo.{(7)

The formation of y-phase particles on the grain boundaries,
which are sinks for point defects, may be explained by radiation-induced

solute segregation if a large binding energy between the vacancy and the
oversized Zr atom is assumed. {8)

Since the alloy was previously equilibrated in the two-phase
region, these new precipitate particles imply Zr enrichment of the grain
boundary during irradiation. This could be produced by a coupling of
either the vacancy or the interstitial flux with a solute flux. The size
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of Zr suggests that a vacancy coupling is more likely.
5. Conclusions

The addition of 7.5 at.% 4 to Mo (the saturated solid solu-
tion)causes the following changes in radiation damage microstructure.

1) An incubation period was required for void nucleation (1.5
dpa at 900°C, 6 dpa at 800°C). This may be due to Zr gettering a gas im-
purity which stabilizes voids. Total swelling is increased at higher temp-
eratures and doses in the alloy due to the higher dislocation loop density.

2) Dislocation loop formation was promoted early in the irra-
diation. Analysis of the larger loops shows that they are faulted (b =
1/2 <110=}, so that Zr clearly reduces the stacking fault energy and hence

eases loop nucleation. Unlike pure Mo, the loops being faulted are not
able to glide.

3) Solute-defect flux coupling effects were observed in the
form of incoherent precipitation of y(Mo,Zr) at the grain boundaries.

VI, REFERENCES

1. J. Bentley, B. L. Eyre, and M. H. Loretto, Proceedings of Int.
Conference on Radiation Effects and Tritium Technology for Fusion Reactors,
Gatlinburg, Tennessee, October 1975, P. 1-297, CONF-750989, (1976).

2. A. G. Pard and K. R. Garr, Proceedings of Int. Conf. on Radiation

Effects and Tritium Technology for Fusion Reactors, Gatlinburg, Tennessee,

October 1975, P. 1-312, CONF-750989, (1976).
3. J. E. Stubbins, "Heavy lon-Induced Radiation Damage and Void

Formation in Molybdenum and Its Alloys,"” Ph.D. Thesis, University of Cin-
cinnati, (1975).

234



4. J. Bentley and F. W. Wiffen, 2nd Topical Meeting on Tech. of Con-

trolled Thermonuclear Fusion, Richland, Washington, 209 (1976).

5. E. Rudy, Compendium of Phase Diagram Data, Part V, Air Force
Materials Lab Report, AFML-TR-65-2, (1969).

6. H. V. Smith, Jr., K-Y Liou, G. L. Kulcinski, and P. Wilkes,
University of Wisconsin Report, UWFDM-177, October (1976).

7. B. L. Eyre and D. M. Maher, Phil. Mag. 24, 767 (1971).

8. P. R. Okamoto and W. Wiedersich, J. Nucl. Mat. 53, 336 (1974).
VIl.  FUTURE WORK

No future work is planned at this time.

VIIT. PUBLICATIONS

This information will be published in the Proceeding of the First

Topical Meeting on Fusion Reactor Materials, January 29-31, 1979, Miami

Beach, Florida.
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PROGRAM

Title: Simulating the CIR Environment in the HVEM
Principal Investigators: W. A. Jesser, R. A. Johnson

Affiliation: University of Virginia

1. OBJECTIVE

The objective of this work is to investigate the mechanism of helium
bubble enlargement during plastic deformation of helium implanted 316

stainless steel.

I11. RELEVANT OAFS PROGRAM TASK/SUBTASK

Subtask F1.C.8.1 Helium Injection Experiments

#1.C.2.1 Helium Mobility, Distribution and Bubble Nucleation
V.  SUMMARY

HVEM tensile samples of 316 stainless steel were irradiated by 80 keV
helium ions to produce a population of bubbles of various sizes and number
density. The samples were tensile tested at elevated temperature, 600° ¢,
over a range of strain rates. The bubble enlargement behavior was viewed
in terms of a dislocation mechanism which is athermal. It was shown that
plastic deformation was necessary for the bubble enlargement to occur
during crack propagation. Brittle cracks propagate without an associated
bubble enlargement and without accompanying plastic deformation. Ductile
crack propagation occurs with commensurate plastic deformation and bubble

enlargement. These results are related to other work on dislocation
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dragging of small bubbles and to other work on vacancy production per unit
strain. Both mechanisms may be responsible for bubble enlargement during
plastic deformation, however data tend to favor the vacancy production

mechanism or a plastic deformation mechanism of microcrack formation under

the action of multiple slip systems.

V. ACCOMPLISHMENTS AND STATUS

In-Situ HVEM Tensile Tests of Helium Irradiated 316 Stainless Steel

J. 1. Bennetch, J. A. Horton and W. A Jesser (U. Virginia)

1. Introduction

Helium embrittlement is regarded as the ductility loss accompanying
the presence of helium in a material. The fracture mode associated with
this embrittlement is typically brittle, intergranular fracture. The
current belief as to the role of helium in this process is that it pro-
motes a relative strengthening within grains and a weakening of the grain

(1-3) (3)

boundaries. Matsumoto et al. tensile tested helium implanted 316

stainless steel at 700° C and found that when the strain rate is increased
from 1074 sec~! to 1071 sec'], the fracture mode changes form intergran-
ular to transgranular. They concluded that helium bubbles move to the
grain boundaries during the tensile test, presumably assisted by disloca-
tion dragging. (4) In the previous report, the present authors investi-
gated the fracture behavior of 316 stainless steel helium irradiated to
very high doses (2-3 x 1018 cm=2). At 600° C the failure occurred by a

mixture of intergranular and transgranular fracture while at ambient
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(5)

temperature the fracture was transgranular only. Clearly a low strain
rate and elevated temperature aid in allowing the plastic deformation
assisted mechanisms OF helium embrittlement to operate. In this report,

the continuing study of helium embrittlement is expanded by considering

tests at lower strain rates than those employed earlier.

2. Experimental Details

All tensile samples, annealed 316 stainless steel, were irradiated

Zsec™! of 80 keV Het ions at a temper-

in-situwith a flux of 2 x 101”7 cm”
ature of about 600° C to a fluence of about 3 x 1018 em™2 to provide a
high density of large helium bubbles (=140 nm diameter, 7 x 10!3 cm=3).
During irradiation, continuous observations of the specimen were performed
via a TV recording system. Tensile testing was at 600° C during irradia-
tion. Localized strain rates were obtained from measurements of length

changes shown on the dynamic recording. Values of 9 x 10-%#sec™! were

obtained. This localized strain rate is less than that corresponding to

the 10""sec'] macroscopic strain rate employed earlier. {5)

3. Results and Discussion

It has been observed that crack propagation through bubble and/or
void containing stainless steel can enlarge the cavities. This result is
of interest as it suggests a possible mechanism for helium bubble enlarge-
ment in helium embrittled materials. In the present report the experi-
mental evidence is viewed with the aim of determining the bubble enlarge-

ment mechanism. There are at least three possibilities, any one of which
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could be dominant over the others depending upon the prevailing stress and
deformation conditions as well as specimen temperature. The three mech-
anisms considered here are: 1)} the dragging of small bubbles by moving
dislocations with the result that the small mobile bubbles coalesce with

)

other bubbles to produce an enlarged bubble \ the motion of dislo-
cations through the dragging of jogs and collection of vacancies to the
dislocation line can provide vacancies for absorption by the bubble when
the dislocation reaches the bubble, 3) the triaxial stress distribution
near the crack tip can cause microcrack formation through the cooperative
action of many dislocations moving on several active slip systems. All
of the above mechanisms invoke dislocation motion and hence are not easily
separated from each other. There are some distinguishing tendencies
which may be associated with the mechanisms. In the case of bubble
dragging by dislocations, one might expect that thermal activation would
enhance the process and promote bubble enlargement at elevated tempera-

(6)

tures. The temperature dependence of mechanism 3, microcrack forma-

tion, would be negligible and that of the dislocation generated vacancy

absorption would be expected to be only mildly temperature dependent when

the action of the dislocations in moving the vacancies to the bubble is

dominant.

In the case of helium irradiated samples, bubble enlargement was
found to occur at 600° C as well as at ambient tmperature and hence the
bubble enlargement mechanism is essentially athermal in nature. Rued]
and Schiller(ﬂ observe that in helium implanted aluminum tensile tested at

room temperature bubble alignment and enlargement occurs in a manner which
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excludes bubble dragging by dislocations and favors absorption of vacan-
cies generated by plastic deformation. In their experiments the bubbles
were small, 1-5 m in diameter, and increased in volume by a factor of 8
near the crack flanks leading to a vacancy production, C,, per unit strain,
E, of Cy/e = 1073.  These experiments are consistent with the essentially
athermal nature of the bubble enlargement mechanism. A similar enlarge-
ment factor was observed in the present study of neutron irradiated 304
stainless steel tensile tested at 600° C. The initialcavity size and
density was 30 nm and 1 x 10'% cm=3 which corresponds to 0.15 % swelling.
After the crack propagated through the grain, the bubble size increased
to 60 nm through a region extending 200 nm from the crack flanks which
corresponds to a cavity volume fraction of 1.1 ©0. The plastic strain
associated with this ductile crack propagation is of the order of magni-
tude of unity which corresponds to a vacancy production per unit strain of
Cyle = 10°2.  That this number is higher than that for aluminum tested at
room temperature, may be a result of the higher test temperature for the
stainless steel. It may be significant that the shape of the cavities
before and after enlargement was unaltered by the enlargement mechanism.
From the above experimental observations it seems that bubble absorption
of vacancies generated during plastic deformation is a possible mechanism
which may play a role in helium embrittlement.

There is an additional experimental observation on helium irradiated
316 stainless steel which does not fit the above suggestion that disloca-
tion generated vacancies may be responsible for bubble enlargement at the

crack flanks. In this case a high dose (3 x 1018 em=2) helium irradiation
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at 80 keV produced a bubble size and density of =100 mqm at 3 x 1013 em™3.
During a 600° C tensile test, a crack produced several hundred percent
strain and a bubble volume enlargement by a factor 8. However, the crack
caused a distortion of the bubble shape and hence the bubble enlargement
is likely a result of the third mechanism which relies on multiple active
slip systems and cooperative dislocation motion. |If the vacancy absorp-
tion mechanism is assumed applicable to this case, the vacancy production
per unit strain is almost an order of magnitude higher than that for the
case of neutron produced cavities discussed above, namely Cy/e = 8 x 1072.
While it is interesting that the bubble enlargement factor is 8 in all
three cases mentioned above, no significance has been attributed to this
number which applies to the case of small bubbles as well as that of large
bubbles.

A result related to the above set of postulated mechanisms is that
obtained from video recordings of in-situ helium irradiation of a 316
stainless steel sample which showed separation between a circular surface

region and the underlying material. This effectively corresponds to a

crack propagation parallel to the film plane and normal to the viewing
direction. The event took place at 600° C during helium irradiation and
showed that bubble enlargement by a factor of 1.6 occurred within less
than 0.1 sec. (8) A calculation of the vacancy production per unit strain
for this case yields Cy,/e = 9 x 1072 which is a number similar to that for
the case of crack propagation under a tensile stress. The bubble density
decreased during the separation event only by 20% which shows that coales-

cence is not a significant factor. The distance of interaction of the
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crack flank in this surface separation is roughly 100 nm which would
require vacancy diffusivities greater than 10710 cm? gec-! in order to
account for the above process via a thermal diffusion mechanism. Such
diffusion would be assisted by the concurrent irradiation which took place
at a flux of 2 x 10 ?em 2sec™!.  Even so, it is unlikely that thermal
diffusion is responsible for the bubble enlargement at 600° C in this case
because the bubblesnearby, within a distance of 500 nm of the enlarging
bubbles, remained substantially unaltered during the same time that the
neighboring bubbles enlarged abruptly in diameter by a factor of 1.6. Of
course, bubble enlargement occurs slowly during irradiation and also may
occur slowly during long term annealing in the absence of applied stress,
however these processes are sufficiently slow compared to the above dis-
cussed rate of bubble enlargement that they can be ignored as a signifi-
cantly contributing factor. Further, abrupt bubble enlargement with crack
propagation has been observed in neutron irradiated samples and helium
irradiated samples tensile tested in the absence of irradiation and hence
the effect does not rely on the presence of irradiation during plastic
deformation.

Bubble enlargement associated with plastic deformation occurs at
ambient temperature as well as at elevated temperature and hence cannot
be directly responsible for the intergranular fracture associated with
helium embrittlement which occurs only at elevated temperatures. In the
present set of experiments conducted at low strain rate, it has been

observed that a crack may propagate at 600° C through a grain containing

helium bubbles of a size and density (=140 nm, 7 x 1013 cm~3) and not
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enlarge the bubbles adjacent to the crack flanks. This observation was
made during irradiation at a helium flux of 2 x 1015 em™2sec™!. In this
case brittle crack propagation without noticeable plastic deformation
occurred. This result emphasizes the necessity for plastic deformation in
the bubble enlargement process associated with crack propagation. The
brittle crack and bubble population around the crack are shown in the
micrograph of figure 1. The crack direction does not correspond to a low
index direction and hence the crack plane is not a low index plane.

From the above experimental evidence and evaluation it is clear that
the rapid bubble enlargement mechanism is directly related to the presence
of plastic deformation in the form of dislocation motion. Calculations
show that bubble absorption of vacancies produced during plastic deforma-
tion is a reasonable mechanism when bubble size is small {250 nm) but that
it is less likely to account for the bubble enlargement mechanism in the

case of large bubbles {>100 nm).
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Figure 1 HVEM micrograph of 316 stainless steel irradiated at 600° C by
80 keV helium of flux 2 x 1015 em~2sec™! to a fluence of 3 x 101
em~2. Average bubble diameter and density are 140 rm and 7 x 1013
em~3 corresponding to 9.5 % swelling. Note the brittle crack which
propagated without significant plastic deformation or bubble enlarge-

ment along the crack flanks.
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VIl. FUTURE WORK

Similar experiments for low bubble diameters and low strain rates are
planned as well as further tensile tests of neutron irradiated samples at

low swelling and low test temperature.
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