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FOREWORD

This report is the twelfth 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 Energﬁ. The first
eight reports in this series were numbered 00E/ET-D085/1 through 8. Other
elements of the Materials Program are:

« Alloy Development for Irradiation Performance (ADIP)
» Plasma-Materials Interaction (PMI)
» Special Purpose Materials (5oH).

The DAFS program element 1is a national effort composed of contributions
from a number of National Laboratories and other government laboratories,
universities, and industrial laboratories. It was organized by the 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 so that activities and accomﬁllshments may be
followed readily, relative to that Program Plan. Thus, the work of a given
laboratory may appear throughout the report. 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. His efforts and
those of the supporting staff of HEDL and the many persons who made tech-
nical contributions are gratefullg acknowledged. M. M. Cohen, Materials and
Radiation Effects Branch, is the Department of Ener%y 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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. PROGRAM

Title: RTNS-II Operations (WZJ-16)
Principal Investigator: C. M Logan
Affiliation: Lawrence Livermore National Laboratory

IT. OBJECTIVE

The objectives of this work are operation of OFE's RTNS-II (a 14-MeV
neutron source facility), machine development, and support of the experi-
mental program that utilizes this facility. Experimenter services include
dosimetry, handling, scheduling, coordination, and reporting.

RTNS-II is dedicated to materials research for the fusion power
program. Its primary use is to aid in the development of models of high-
energy neutron effects. Such models are needed in interpreting and pro-
jecting to the fusion environment engineering data obtained i n other
neutron spectra.

III. RELEVANT DAFS PROGRAM TASK/SUBTASK

TASK 11.A.2,3,4.
TASK II.B.3,4.
TAK II1.C.1,2,6,11,18.

V. SUMMARY

Irradiations were done for a total of eight different experimenters
from six laboratories. Five "piggy back" experiments were performed
during this period. Major unscheduled outages during this period were due
to experiment component failure and functional checks of accelerator
equipment.

V. ACCOMPLISHMENTS AND STATUS

A Irradiations = M. W. Guinan, C. M. Logan and D. W. Heikkinen
(LLNL) .
The HEDL-5 two-zone furnace experiment for N. Panayotou (HEDL) was
continued during this quarter. The irradiations for R Jones (PNL) were
also continued, andfour of five presently requested samples have been



completed. Another in-situ creep experiment on No for W. Barmore (LLAL)
was done. The low temperature irradiation of resistivity samples by

M. Guinan (LLNL) was also completed. The following "piggy back" experi-
ments were also performed during this quarter.

1) Irradiation of electronic components for H Murray (PPPL).
2) Activation analysis of RTNS-I1 target substrates.
C. Logan (LLNL).
3) Irradiation of thermocouple wires. C Logan (LLNL).
4) Effects of neutron irradiation on reproduction in mice.
L. Goldstein (U.C. Medical Center, San Francisco).
5) Radiation effects on the thermal/mechanical properties
of TFIR insulators. G Hurley (LANSL).
B. RINS-II Status - C. M Logan and D. W. Heikkinen (LLNL)
Several improvements and/or modifications have been made at RTNS-IT.
Among these are:
1) Alightarray has been installed to provide for alignment
verification on the TV beam monitoring system.
2) Monitoring equipment has been installed on the Haefely
high voltage power supply.
3) A low fluence sample holder for "piggy back" experiments
has been installed.
Several 50-cm target substrates have been tested and qualified. These are
in final preparation for the tritium loading process. In addition, the
50-cm rotating target test assembly has been mechanically completed. The
major unscheduled outages during this period were due to a complete
functional test of the Haefely high voltage power supply and to turbo pump
and heater failure on the HEDL two-zone furnace.

VIl.  FUTURE WORK

During the quarter, irradiations are scheduled for Panayotou (HEOL),
and Jones (PNL). A "piggy back" experiment is scheduled for Srour
(Northrup) and Nethaway (LLNL). Preparation is underway for an OFE
radiation review.
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I PROGRAM

Title: Nuclear Data for Damage Studies and FMIT {WHO25/EDK)
Principal Investigators: D.L.Johnson/F.M.Mann
Affiliation: Hanford Engineering Development Laboratory (HEDL)

IT  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.

ITI. 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

TASK [1.A.4 Gas Generation Rates

SUBTASK 11.A.5.1  Helium Accumulation Monitor Development
SUBTASK I1.B.1.2 Acquisition of Nuclear Data

V.  SUMMARY

Additional evaluation of deuteron-induced activation of gold and
aluminum was done to provide dose estimates.

An evaluation was made of the neutron environment at large angles
to the 35-MeV deuteron beam in the FMIT test cell for comparison
with positions at small angles to a 20-MeV beam.

Predictions of the neutron source characteristics for deuterons
incident upon gold were made' to aid in estimating dose near the

accelerator.



ACCOMPLISHMENTS AND STATUS

A. Deuteron-Induced Activation of FMIT Materials --
D.L. Johnson (HEDL)

Activation of FMIT materials by deuterons will produce major contribu-
tions to residual gamma radiation doses following operation of the FMIT
facility. Results of measurements of deuteron-induced activation of
various materials were described previously in the DAFS quarterly
report for January-March 1980. The following new results have been
obtained.

An updated analysis of activation of thick gold by 35-MeV deuterons

was completed. Gold is verv important for reducina the activation in
the vicinity of the beam caused by small beam losses. The new analysis
showed a lons-lived radioisotope (195Au - 183 days) that was not nre-
viously observed. This isotope will build up to significant levels
during long irradiations but can be easily shielded because of its low

energy decay gamma rays.

Analysis of the activation of thick aluminum by 35-MeV deuterons was
begun. Aluminum is the material currently planned for the beam tubes

between the accelerator and the target and will, therefore, be acti-
vated by any beam losses. The results to date indicate significant

quantities of #*Na which decays away with a half life of 15 hours.
They also show 22Na which has a half life of 2.6 years and will build
up to significant levels. Since the gamma rays are higher in energy,
it is expected that, for comparable beam exposures, more shielding
will be required than for activated gold.

A computer code was written to estimate activation cross sections for

(d,p), {d,n), (d,2n), and (d,3n) reactions for any element with Z between
about 20 and 83. These estimates are based upon systematics presented
in Reference 1. The primary need for this information is for calculat-



ing the residual doses associated with activation of contaminants and
corrosion products that may be present in the FMIT liquid lithium target.
Previous dose estimates were based upon crude activation cross section
estimates of 0.5 barns above threshold for any reaction, hence a signifi-
cant improvement in accuracy is expected.

B. Neutron Environment in AMIT - F.M.Mann (HEDL)

Flux, dpa, and He production at large angles from the deuteron beam were
investigated at Ed= 35 MV to compare damage parameters at these positions
with parameters obtained for Eq" 204VeV operation. Although the flux
spectrum is similar for these positions and for 20dMeV operation, the
flux is at least a factor of 6 lower than could be obtained with an opti-
mized target at 20 MeV, moreover, significant gradients exist [{Adpa/dpa)
/oy (mm) = 7-11%].

C. Cross Section Calculations - F.M.Mann (HEDL)

Since gold will be used to plate the drift tubes down most, if not all,
of the length of the FMIT linac, the neutron source from deuterons on Au
must be known to determine radiation zoning specifications. Un-
fortunately there is not enough experimental data to determine this

neutron source. Therefore, theoretical models and the experimental data
of Meulders et al{2) were used to predict the needed neutron spectra.

Equﬂibr‘ium(B) and pr‘e-equi]ibr‘ium(4) models treat that part of the
reaction which proceeds by emitting a particle out of the composite
system d + Au. The reaction cross section code PRECO—D(S) was used to
calculate this part of the reaction for thin targets as a function of
deuteron energy. PRECO-D also incorporates the recently found angular
distribution systematics of Kalbach and Mann(ﬁ) to determine the angular
dependence of the neutron yields.

The reaction cross section input to PRECO-D was calculated using the HEDL



code HAUSER*S,(7) using standard optical model parameters. All other
parameters were taken to be the standard PRECO-D values.

Because the deuteron is so weakly bound, the deuteron becomes strongly
polarized in the nuclear field and the effective deuteron reaction cross

(8)

Peas]ee,(g) the effect of this Phillips-Oppenheimer effect was included.

sections increase at low energies. Using the relative systematics of

Equivalent thick target yields were generated by combining the above thin

(10)

were then given an overall normalization factor based upon the 16-MeV data

target data with the deuteron stopping power. These thick target data

of Meulders et al. which is predominately equilibrium and pre-equilibrium.

At higher deuteron energies, deuteron stripping must be added. The proton
is stripped from the weakly bound deuteron to yield a forward peaked

(11)

neutron spectrum is predicted to be roughly Gaussian in both neutron

neutron distribution. For thin targets, the shape of this part of the
energy and emission angle and is nearly deuteron-energy independent.
Therefore, the thick target stripping was obtained as a sum of Gaussians.
The parameters of this part of the model were adjusted to fit the 33-MeV
data of Meulders et al., which clearly show a breakup peak.

The results of the two models were added to form the final values as a
function of deuteron energy. Figure 1 presents the Ed= 33-MeV data of
Meulders etal. with the results of this evaluation at Ed= 30 and 35 MeV.

D. CWG Task Group - F.M.Mann (HEDL)

The Cross Section Evaluation Working Group (CSEWG) has created a working
group under the chairmanship of F.M.Mann to coordinate cross section
evaluation efforts above 20 MeV for the ENDF/B system.
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FUTURE WORK

Continued updating of deuteron-induced activation data.

Evaluation of activation and neutron sources associated with beam
stops used for tuning of accelerator.
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Investigation of discrepancy between calculated and experimental
results for the transmission of FMIT neutrons through thick iron
(described in DAFS July-Sept. 1980 quarterly report).

VIiI. PUBLICATIONS

None
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CHAPTER 2

DOSIMETRY AND DAMAGE PARAMETERS

13






HIGHLIGHTS

CHAPTER 2. DOSIMETRY AND DAMAGE PARAMETERS

Fission Reactor Dosimetry {ANL}

A neutron spectral measurement was made in the core of the Omega
West Reactor (LASL} on October 21, 1980. All radiometric samples have
been analyzed and flux values are presented along with an unfolded
spectrum.

The dosimeters were received in December 1980 from the ORRMFE 2
irradiation. The capsules are now being opened and samples prepared
for gamma counting.
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1. PROGRAM

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

11. OBJECTIVE

To establish the best practicable dosimetry for mixed-spectrum reac-
tors and to provide dosimetry and damage analysis for OFE experiments.

111. RELEVANT OAFS PROGRAM TASK/SUBTASK

SUBTASK 11.A.1.1 Flux-spectral definition in a tailored fission
reactor.

SUBTASK 11.A.1.3 Applications.

V. SUMMARY

The neutron flux spectrum was measured in the Omega West Reactor
(LASL) in October. Flux values and a spectrum are now available.
Dosimeters were received in December from the ORR-MFE2 irradiation.
The status of all other irradiations is summarized in Table 1.

V. ACCOMPLISHMENTS AND STATUS

A.  Characterization of the Omega West Reactor (LASL)
L. R. Greenwood ({ANL)

An irradiation was conducted in the Omega West Reactor (OWR) at
Los Alamos Scientific Laboratory on October 21, 1980. Samples were placed
in a furnace constructed by R. Van Konynenburg (LLL}, which will be used
for fission-fusion (RTNS II) correlation experiments by LLL and HEOL. The
irradiation lasted for 8 hours with an average power level of 7.8 MN (7.63
hours at 8.0 MW). The capsule temperature was about 65°C during most of
the irradiation.

16



Table 1.

Status of Reactor Experiments

Facility/Experiment

ORR - MFE1
- MFE2
- MFE3
- MFE4A,B
- TBCO7

- TRIO

HFIR - CTR 30,31,32
-T1,72

- RB1

Omega West - Spectral Run

- HEDL/LLL1

EBR I1 - X287

17

Status and Comments

Analysis complete.
Samples received 12/80.
Planning in progress.
Irradiation in progress.
Analysis complete.

Planning in progress.

Irradiation in progress.
Irradiation in progress.

Planning in progress.

Analysis complete.

Irradiation in progress.

Analysis in progress.



Dosimetry specimens were placed in an aluminum cylinder
(0.75" 0D. x 0.74" 1length} with nine holes. An attempt was made to
position the entire assembly at the maximum flux position near core
center. Since this identical setup will be used for most irradiations,
no additional gradients were measured. Analysis of our data shows that
flux values within the small capsule vary less than 2%.

After irradiation, the samples were shipped to ANL for analysis.
Helium monitors were also included and these were sent to D. Kneff
(Rockwell International) for analysis. A total of 40 samples were gamma
counted and 32 reactions were measured for spectral analysis. The final
activation rates are listed in Table II,

Twenty-nine reactions were then used to unfold the neutron
spectrum. The input spectrum was taken from previous measurements in the
Oak Ridge Research Reactor since no neutronics calculations are available.
All activation cross sections and errors were taken from ENDF/B-V. The
STAYSL-adjusted spectrum is shown in Fig. 1 and the 8MW flux integrals

are. as follows:

Energy Range, MeV Flux Integral Error, %
(n/cm2-s)
Total 1.81 x 1014 5
Thermal 7.3 x 1013 15
>0.11 57 x 1013 9
>1.0 2.9 x 1013 7
>5.0 20 x 1012 11
>10.0 45 x 1010 16

More complete results are available on request.
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Table II. Saturated Activation Rates for the Omega West Reactor

(7.8 Mw, Core Center)

Reaction (atom:/gtom-s) Reaction (atomc/ratom-s)
59¢o(n, v) 60co 210 x 10-9  237Np(n, f) t Gd 6.19 x 10-11
+ Gd cover 426 x 10-10  237yp(n, v) 238Np + Gd 3.74 x 10-9
197 pu(n, v) 198au 1.17 x 10-8 27p1(n, o) 24Na 2.32 x 10-14
+ Gd cover 747 x 10-9  54pe(n, p) 54mn 2.99 x 10-12
63cu(n, v) 64cu + Gd 236 x 10-11  S4pe(n, a) Slgr 2.82 x 10-14
58Fe(n, y) 59e 6.13 x 10-11  55Mn(n, 2n) 54Mn 8.44 x 10-15
+ Gd cover 9.20 x 10-12  58Ni(n, p) 58co 3.69 x 10-12
45s¢c(n, y) 46sc 122 x 10-%  60Ni(n, p) 60co 8.24 x 10-14
+ Gd cover 1.31 x 10-10  63cu(n, a) 60co 1.83 x 10-14
947r(n, y) 9zr 3.93 x 10-12  467i(n, p) 46sc 3.89 x 10-13
9zr(n, v) 9zr 290 x 10-11  4771i(n, p) 47s¢ 6.24 x 10-13
176 u(n, v) 177Lu 2.29 x 10-7  48Ti(n, p) 48sc 1.01 x 10-14
+ Gd cover 3.30 x 10-8  907¢(n, 2n) 897y 3.82 x 10-15
235y(n, f) 218 x 1078 93np(n, 2n) 92mpp 1.63 x 10-14
+ Gd cover 2.68 x 10-9
238y(n, f) 1.19 x 10-11
238y(n, v) 239p 531 x 10-10
+ Gd cover 417 x 10-10

Note: The above values are not corrected for neutron self-shielding.
Such corrections are spectral dependent and are done during the spectral

adjustment process.

All other known corrections have been included.
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B. Dosimetry for the ORR-MFE2 Irradiation
L. R. Greenwood {ANL)

Dosimetry samples were received in December for the ORR-MFE2
irradiation. These specimens were irradiated for about 15 months in posi-
tion E7 between September 1978 and March 1980. Sixteen small specimens
were placed inside experimental assemblies and two long tubes contained
gradient wires and helium specimens. The samples are currently being
disassembled at ANL and prepared for gamma counting. Helium specimens
will be sent to Rockwell International for analysis.

VI.  REFERENCES

None.

VII. FUTURE WORK

Some of the irradiations listed in Table Bwill take several years
to complete and many more will be added. Damage calculations will be
performed for the Omega West Reactor and most other experiments. Helium
measurements (Rockwell International) will be integrated with the radio-

metric data.

VITI.PUBLICATIONS

1. L. R Greenwood, The Status of Neutron Dosimetry and Damage

Analysis for the Fusion Materials Program, Proc. Int. Conf.
on Nucl. Cross Sections for Technology, NBS 594, p. 812,
September 1980.
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1. PROGRAM

Title: Helium Generation in Fusion Reactor Materials
Principal Investigators: 0. W. Kneff and Harry Farrar |V
Affiliation: Rockwell International, Energy Systems Group

Il. OBJECTIVE

The objectives of this program are to measure helium generation rates
of materials for Magnetic Fusion Reactor applications in the various
neutron environments used for fusion reactor materials testing, to charac-
terize these neutron test environments, and to develop helium accumulation
neutron dosimeters for neutron fluence and energy spectrum dosimetry in
these test environments.

ITI. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11.A.2.2 Flux-Spectral Definition in RTNS-II
SUBTASK 11.A.4.2 T{d,n) Helium Gas Production Data
SUBTASK 11.A.4.3 Be(d,n) Helium Gas Production Data

V. SUMMARY

Helium analyses have been initiated for the helium accumulation
dosimetry materials irradiated in the neutron characterization experiment
at RTNS-II, Analyses of the separated isotopes of molybdenum irradiated
in the RTNS-I, RTNS-II, and Be{(d,n) neutron fields are in progress. The
emphasis during the present period was on improving the gas mass spec-
trometer sensitivity for these samples.
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V. ACCOMPLISHMENTS AND STATUS

Helium Production by Fast Neutrons -- D. W. Kneff, B. M. Oliver,

M. M. Nakata, and Harry Farrar IV (Rockwell International, Energy Systems
Group)

Helium analyses have been initiated for the pure element helium
accumulation dosimetry rings irradiated in the joint Rockwell Inter-
national-Argonne National Laboratory (ANL)-Lawrence Livermore National
Laboratory (LLNL) experiment to characterize the neutron spectrum of
RTNS-II. This irradiation was described in detail in the previous prog-
ress report.(l) During the present reporting period the rings were etched
(to remove helium enhancement and depletion effects due to alpha recoils),
segmented, and weighed, and a number of samples have subsequently been
analyzed for helium by high-sensitivity gas mass spectrometry. The
initial results indicate that the generated helium concentrations are
about as expected from the irradiation parameters, and indicate a flux
about three times higher than for the earlier RTNS-I irradiations. The
higher fluence obtained (a factor of five) will facilitate measuring the
lower helium generation cross sections expected for some of the separated
isotope samples incorporated in the experiment. These preliminary results

also show that there was a slight offset of the irradiation capsule from
the neutron source axis, producing a ~%15% variation in neutron fluence

around the periphery of the capsule. This offset is significantly smaller
than that observed in our most recent RTNS-I experiment.

A series of helium analyses is also in progress to measure the cross
sections of the molybdenum pure element and separated isotope samples
irradiated in the RTNS-I, RTNS-1I, and Be(d,n) neutron fields. These
measurements are sponsored in part by the Office of Basic Energy Sciences
of the(zD)epartment of Energy. It was reported in a previous progress
the sample without vaporizing it, by heating the molybdenum with nickel to
form a eutectic alloy. This has the advantage, for low-level helium

report that the helium generated in molybdenum could be released from
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measurements, of reducing the heating in the mass spectrometer furnace and
thus reducing the background helium release. This procedure was tested
extensively during the present reporting period, using previously-
irradiated molybdenum samples from EBR-II having much larger helium
concentrations. It was found, however, that this alloying technique does
not consistently release all of the helium, occasionally leaving as much
as 4% in the molten alloy. The incomplete helium release could not be
explained by incomplete alloying, as the alloying was confirmed by X-ray
diffraction analysis of representative alloy products.

As a result of these findings, alternate procedures are now being
tested to vaporize, rather than alloy, the molybdenum. Smaller graphite
crucibles are being used, and initial results indicate that a significant
heating reduction, and consequently a smaller helium background, can be
obtained. It should be noted that the standard crucibles work well for
most materials, and that the present efforts are aimed at measuring the
particularly small cross sections of the high-mass molybdenum isotopes.

VI.  REFERENCES

1. B. W Kneff, B. M. Oliver. M. M. Nakata, and H. Farrar |V,
"Characterization of the RTNS-I1 Neutron Field," in Jamagé
Analysis and Fundamental Studies, Quarterly Progress Repmrt
July-September 1980, DOE/ER-0046/3, U.S. Department of Energy
(1980).

2. D. W. Kneff, B. M. Oliver, M. ™. Nakata, and H. Farrar |V,
"Helium Accumulation Neutron Dosimetry for the T{d,n) and
Be(d,n) Neutron Irradiation Environments," in Damage Analysis
and Fundamental Studies, Quarterly Progress Report January-
March 1980, DOE/ER-0046/1, U.S. Department of Energy {198Q).

VII. FUTURE WORK

Analyses of the helium accumulation dosimetry materials from the
RTNS-II characterization experiment will continue during the next quarter.
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Helium analyses will also be continued to determine the (n,total helium)
cross sections for the separated isotopes irradiated in the RTNS-I,
RTNS-II, and Be(d,n) neutron spectra.
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CHAPTER 3

FUNDAMENTAL MECHANICAL BEHAVIOR
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I.  PROGRAM
Title: Simulating the CIR Environment in the HVEM
Principal Investigators: W. A Jesser and R. A. Johnson
Affiliation: University of Virginia
II. OBJECTIVE
The objective of this work is to experimentally investigate some of
the critical parameters employed in recent helium embrittlement theories.

ITI. RELEVANT DAFS PROGRAM TASK

Task 11.C.14.2 Fundamental relations between microstructure and
fracture mechanisms.
[V. SUMMARY

Experimental evidence indicates that a helium-filled, bubble-harden-
ing model can explain helium embrittlement at tensile test temperatures
below ~ 550" C. Critical values for edge-to-edge bubble spacing (Lc s 30 nm)
and bubble diameter (dc ¢ 4 nm) for the onset of brittle fracture were
found. In this test temperature regime, those bubbles may be slightly
overpressurized. In contrast, at test temperatures above 550° C, no crit-
ical values of Lc and dc were discovered. In addition, bubble pressure
was not a factor in this temperature range. Finally, no critical values
for Aps the area fraction of bubbles covering grain boundaries, could be
found at any temperature.

V.  ACCOMPLISHMENTS AND STATUS

Microstructural Aspects of Helium Embrittlement, J. |. Bennetch and
W. A. Jesser, Materials Science Department, University of Virginia,
Charlottesville. Virginia 22901.
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1. Introduction

At present there are two main schools of thought concerning the
role of helium in the high temperature embrittlement of irradiated metals.
One school maintains that helium only serves to alter the process of
thermal aging in irradiated austenitic steels. The appearance on grain
boundaries of precipitates that differ from those normally found in aged
unirradiated steels is thus thought to lead to the observed brittle behav-
ior at high test temperatures[1, 2]. However, the more popular school of
thought bases its embrittlement model on the concept of stress-induced

growth of helium-filled cavities or bubbles on grain boundaries [3, 4].

These bubbles presumably grow until the grain boundary is sufficiently
weakened to allow intergranular failure to take place.

Itis the intent of this report to examine experimentally the para-
meters in the theoretical treatment of fracture behavior in steels as set
out by proponents of the helium gas bubble model. Such parameters as
bubble size and spacing, ap (the area fraction of grain boundary occupied
by helium bubbles) and helium bubble gas pressure will be correlated with
the type of failure in order to find which parameters correlate well.

2. Experimental Details

40-um thick tensile samples of solution-annealed stainless steel
type 316 were punched into ribbons whose center portions were electro-
polished to electron transparency for 500 kV electrons. They were then
helium ion irradiated to doses up to 3 x 108 cn' 2 at either high (600°-
650" C) or low (250"-300" C) irradiation temperatures to produce varying

sizes and densities of bubbles, dislocation loops and precipitates. Post-
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irradiation annealing treatments served to coarsen these radiation-induced
microstructural features. In-situ tensile tests were performed inside a
high voltage electron microscope (HVEM) at strain rates initially at

~ 107 §71, and at temperatures ranging from 25° to 650" C. Specimens
were aged for at least one hour at the test temperature before tensile
testing commenced. More complete information on experimental details can
be obtained from previous DAFS reports.

3. Experimental Results

a. Bubble,Void Diameter and Spacing

Both the concepts of bubble spacing, L, and bubble diameter, d, as
parameters are important in recent helium bubble models of helium embrit-
tlement [5-10]. In order to obtain experimental values of L and d from
the literature, one must either rely on values of p (bubble density in the
matrix) and d quoted in the text or else estimate these values from printed
micrographs, if p and d are not given. The center-to-center bubble spac-
ing, %, can be obtained by the classical formula [11]; however since dis-

locations intersect obliquely at bubble surfaces, not at bubble centers,

it was felt a more fundamental parameter would be edge-to-edge bubble
spacing, L, which can be computed as:

L=2~-d-=

Computed values of L in irradiated austenitic steels and from the litera-
ture, together with those values of L measured from 316 and 304 stainless
steel samples tested in this laboratory are plotted against test tempera-
tures in Figure 1. Circular symbols denote data obtained from neutron

irradiated samples and square symbols indicate L values obtained from “He
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ion irradiated samples or *He containing specimens. Ductility is indicat-
ed by the degree of shading of each symbol: complete shading = trans-
granular (T) fracture, no shading = intergranular (1) fracture, half
shading = mixed (I + T) fracture, and crosshatching = channel (C) fracture.
Numbers 15 and 18 indicate data obtained from this laboratory. Note that
this fracture map does not include creep data, because elongation rates
averaged ~ 10°% S°1,

An examination of the implications of Figure 1 revealsanumber of
interesting observations. First, the shape of the zone of L values which

represents samples that exhibited a mixed (I + T) fracture behavior resem-

bles a "Jd" curve. The shape itself of the "J" curve suggests that the
effect of cavity spacing on the process of helium embrittlement can be sep-
arated into two distinct parts: a roughly horizontal section {< ~ 550" C)
and a nearly vertical section (> ~ 550" C). The horizontal section denotes
an athermal effect of L on fracture below ~ 550" C where for a critical
value, LC < ~ 30 nmm the onset of brittle fracture is evidenced. Above
~ 550" C, the vertical section of the L-Temperature curve is an indication
that the bubble spacing has little influence on fracture behavior. Thus
irradiated austenitic steels fail inan (1 + T) mode for test temperatures
ranging from ~ 550° C to 700" C and in an | mode for temperatures above
700" C, independent of L. In contrast, unirradiated steels fail in a trans-
granular mode for the same test temperature ranges.

A plot of cavity diameter, d, vs. test temperature closely parallels
the "J" shape of Figure 1, since d is probably not independent of L. By

use of the same arguments as before, it was found that there is a critical
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bubble diameter (dc <~ 4 nm) for the onset of brittle fracture below
~ 550" C and no correlation of cavity size with fracture type above that
test temperature.

b. Area Fraction of Bubbles Occupying Grain Boundaries

Another important parameter in the helium bubble model of helium em-
brittlement is ops the area fraction of bubbles occupying grain boundaries.
Presumably the more fractional area occupied by bubbles, the weaker the
grain boundary, and the more susceptible the irradiated specimens are to
premature intergranular failure. Proponents of this theory would thus

predict (O‘R)brittle > (“R)ductﬂe' Further, a critical value for brittle
fracture of ap = 0.1 has been assigned by Trinkhaus and Ulmaier [7, 8] in
their recent theory of helium embrittlement.

To calculate values of ap from data given in the literature is again
no easy task. Estimates were made from grain boundary micrographs. More
commonly, a less satisfactory method was employed. The fractional coverage

of bubbles in an arbitrary plane in the matrix, was computed from

61
m R’
values of cavity densities and diameters quoted in the literature. The

equation employed for the calculation is _ao = «(d)?p/6 = swelling, and ap

was directly measured. These values are smaller than the actual «, values

R
by some factor; however, most of the values of R thus computed are
probably not off by more than a factor of ten. All these computed values
of ap and o, from the literature, together with those values calculated
from data from this laboratory, were plotted as a function of test tempera-
ture in Figure 2. All symbols have the same meaning as before. Those

symbols with an asterisk denote R values, all others are ap values. The
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square symbol marked #24 is the only value derived from a creep test and
symbol =5 the only non-austenitic steel alloy (Ni-6% W).
Again, there are several important aspects to this Figure. First,

below about 600" C, there is no correlation between (u,) and test temper-

R/
ature. Indeed, both at 25° C and at 500" C, instances of brittle fracture
occurred below op = 14, while ductile failure still occurred for o values
up to ~ 30%. Second, above 600" C, almost all samples failed in a brittle

mode, independent of values of and R - All failed for « values - 0.1

“R R
and most fell below 0.01 in magnitude. Clearly, these findings imply g
is not a critical parameter at any test temperature.

c. Helium Cavity Gas Pressure

The amount of overpressurization in cavities is another parameter in
some theoretical considerations of helium ernbrittlement. Larger gas pres-
sure in grain boundaries is thought to lead to a shorter rupture time [8,
9, 13]. However, to measure this pressure is a very difficult task for
the experimentalist. In order to circumvent this problem, a different ap-
proach to examine the effects of pressure was explored. First, the number
density of helium atoms, Neq that could be accommodated in equilibrium
bubbles of diameter d and density o was calculated by using the method of
Cost and Chen [26]. Then, knowing the neutron or helium fluence, the
concentration of helium N1mp was estimated {27, 28]. |If one assumes all

the helium migrated to the cavities (an overestimate), the ratio, N,/

Neq'
should be an indication of the relative overpressure of the helium-filled

imp

cavities {i.e., if N._ /N

imp’ Neq > 1, the cavities are probably overpressurized)

Indeed, when a plot of N}.mp/Neq vs. the test temperature, Tioet 1S exam-
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ined (Figure 3), one can see a cluster of data points represents (I + T)
and (1) mode failure for N‘Imp/Neq > 1 for T <~ 600" C. However, it must
be pointed out that those ratios are rough overestimates, so that the
actual ratios will be closer to equilibrium than is indicated by this
figure. Further, for temperatures > ~ 600" C, this ratio can assume any
value and brittle fracture will still occur. This suggests that over-
pressurization may possibly be a factor in the helium embrittlement process
for test temperatures below ~ 600° C. However, it is clear that pressure
as a parameter, is not important at high test temperatures.

4. Discussion

From the previous section, it appears there are two temperature
regimes in which two distinct processes of helium embrittlement occur in
austenitic steels. At temperatures below ~ 550° C, the parameters L, d,
and possibly helium bubble pressure are significant. This suggests a
bubble-hardening mechanism in this temperature range where a high density
of small, possibly overpressurized cavities providesobstacles to disloca-
tions moving through the grain interior. It has bgen observed for some
time that a high density of small dislocation loops and bubbles can in-
crease the yield stress in neutron irradiated materials by a factor propor-
tional to % [14, 30]. In addition, Bloom and Stiegler claimed that a given
density of small bubbles had a larger effect on increasing the yield stress
than an equal density of dislocation loops [27]. However, despite large
increases in yield strength, none of these irradiated samples failed in a
brittle fashion at temperatures below ~ 500" C, as reported by those same

authors. In view of this result the effect on ductility of more closely
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packed bubbles, as produced by this facility in 316 stainless steel, is to
further harden the matrix, apparently by a larger amount than the grain
boundary. A the equicohesive temperature is lowered by this method,
brittle fracture can ensue at a lower temperature. Indeed any transgranular
cracks that did propagate through grains containing these high bubble popu-
lations were almost always cleavage in nature. The presence of only cleav-
age or grain boundary cracks indicated the inability of dislocations in
front of the crack tip to cross slip as normally happens with dislocations
associated with ductile transgranular cracks. This cleavage like trans-

granular fracture is further evidence that extremely close-packed small

bubbles can embrittle solids by acting as effective dislocation obstacles.
Helium embrittleinent is normally associated with high irradiation/
test temperatures. It can be deduced from the results of the previous
section that for temperatures above ~ 550° C, neither the magnitude of
bubble size, spacing, fractional coverage on grain boundaries, nor gas
pressure has an appreciable effect on ductility. These observations would
seem to preclude any further consideration of a model of helium embrittle-
ment based on a weakening of grain boundaries due to the presence of helium
bubbles. Yet helium does have a pronounced effect on high temperature
fracture. Sagije's observed that as little as 5 appm of helium caused a
significant amount of embrittling in creep tested DIN 1.4970 stainless
steel samples tested at 700" C [24]. Moreover, he observed that this ef-
fect saturated at ~ 20 appm of helium. In contrast, at test temperatures
well below 700" ¢ (T <~ 500" C) some 316 stainless steel specimens con-

taining large amounts of He (irradiated at this facility to doses of 10,000
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appm and greater) failed in a purely transgranular fashion. Clearly, the
presence of large amounts of helium is not sufficient by itself to cause
embrittlement. 1t is tempting to propose as an alternative to the helium
bubble model, a helium accelerated thermal aging model where helium serves
to drive the formation of more brittle grain boundary precipitates than
those found in normal unirradiated thermally aged specimens. In fact,
this effect has been observed in helium irradiated samples irradiated

at this facility to high doses (1000 appm He and higher) and neutron ir-
radiated samples irradiated in HFIR to doses of ~ 3300 appm He [30]. In
contrast, a recent study on radiation-enhanced precipitation revealed no
difference between precipitates found in EBR-II irradiated samples (helium
concentrations up to ~ 20 appm) and those produced by normal thermal aging
processes in aged unirradiated austenitic alloys. In spite of the lack of
an observable difference in the precipitates of the irradiated and unir-
radiated specimens, the EBR-II irradiated ones failed intergranularly above
700" C and represent the majority of the points in Figures 1, 2, and 3,
denoting neutron irradiations. 1In view of the above conflicts, a helium
accelerated thermal aging model is also inadequate.

However, there is some experimental evidence of high-temperature,
helium-assisted,solute segregation to grain boundaries with EBR-II samples.
On a PE-16 steel alloy tested at~ 575" C, Sklad found an excess of highly
embrittling P and S impurity atoms, in addition to a Ni excess and Cr
depletion, at the intergranular fracture surface [16]. This sample con-
tained * 8 appm helium. In contrast, Horton found a large Cr excess (with

respect to Ni and Fe) on the brittle part of the fracture surface of a 316
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stainless steel, He ion irradiated to a large dose {> 20,000 appm He) and
tested at 600" C [31]. He made no attempt to search for the presence of
impurities. In addition, it is known than an excess of Ni or Cr tends to
enhance the deleterious effect of impurity segregation to grain boundaries
[32]. Hence, the results of both cases hint at the possibility of helium-
driven temper embrittlement.

5. Conclusions

A capsule account of the conclusions reached from this investigation
follows. For austenitic stainless steel:

a. T < 550° C

test

1. an is notacritical parameter

2. LC < 30 nm, dC <~ 4 mm for the onset of brittle fracture
3. Bubbles may be slightly overpressurized in the critical
region for intergranular fracture.

b. Ttest> 550" C

g d, L and bubble pressure are not critical parameters in
determining the fracture type.
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IT1.

PROGRAM
Title: Damage Analysis and Fundamental Studies for Fusion

Reactor Materials Development

Principal Investigators: G.R. Odette and G.E. Lucas
Affiliation: University of California, Santa Barbara
OBJECTIVE

The objective of this work is to develop analytical and exper-
imental procedures to correlate irradiation effects data taken in
an array of irradiation environments and extrapolate materials
behavior to the range of service conditions which will be encoun-

tered by structural components in fusion reactors.

RELEVANT DAFS PROGRAM TASK/SUBTASK

SUBTASK B Fundamental Mechanical Properties
SUBTASK C Correlation Methodology
SUMMARY

An instrumented microhardness tester was designed, built and
tested. Although components of the microhardness tester performed
within their specifications, difficulties in referencing the speci-
men surface introduced an unacceptable level of uncertainty in the
predicted stress-strain behavior of the sample. A second commer-
cial microhardness tester was then modified to permit indentations
with steel balls 1.59mm in diameter and less. This has produced
satisfactory predictions of material stress-strain behavior in the
strain range 1-10% from data taken at as few as two penetration
locations per sample.

To complement the microhardness tests, two ductility test
techniques were investigated; namely, a shear punch test and a

bulge test. Preliminary results on a variety of sheet materials
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indicate that both tests are promising for monitoring changes,
especially reductions, in material ductility.

Work has also proceeded on the development of an indentation
load relaxation test to assess time-dependent flow properties.
Baseline creep, creep indentation, and load relaxation data have
been generated; and investigations of specimen thickness effects
are in progress.

Finally, work is in progress to develop small specimens and
test techniques to determine the fracture resistance of materials.

ACCOMPLISHMENTS AND STATUS

Small Specimen Iest Development - G.E. Lucas, G.R. Odette,
Ww. Sheckherd, C. Pendleton, F. Haggag, M. Dooley, W. Server, P.
McConnel (UCSB).

1. Introduction

Because of the limited irradiation volume in existing
(RTNS-II) and near-term (FMIT) high energy neutron irradiation
devices, it is necessary to develop test techniques to extract
mechanical property information from small volume specimens. It is
preferable to use specimens of a multipurpose geometry, such as TEM
discs, to maximize irradiation capsule packing efficiencies; more-
over, it is desirable to develop nondestructive or pseudo-nondes-
tructive test techniques to permit periodic testing of a single
specimen after intervals of irradiation or post-irradiation con-
ditioning.

In keeping with this, a number of such test techniques are
under development at the University of California, Santa Barbara.
These include an instrumented microhardness test, a shear ductility
test, a bulge ductility test, an indentation load relaxation test,
and a variety of miniature test specimens to characterize fracture.
The status of these test developments is reported here.
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2. Instrumented Microhardness Test

(1)

As reported earlier , a procedure has been developed and
tested on the macrohardness scale, whereby ball indentation depth
as a function of applied load is measured Ln situ and these data
are wused in conjunction with a semi-empirical correlation to
predict a segment of the uniaxial, tensile stress-strain curve for
the sample material. Based on the macrohardness work, attempts
have been in progress to scale the test down to the microhardness
regime.

A prototype, instrumented microhardness apparatus was built to
test the applicability of the macrohardness approach in the micro-
hardness regime and to test the integrated response of a high-
sensitivity LVDT-load cell configuration. A schematic of the
apparatus is shown in Figure 1. The apparatus consists of a rigid
steel frame on which a stage is mounted and through which a load
application plunger penetrates. Loads can be applied to the load
pan at the top of the plunger either by calibrated weights or by
the active loading of a mechanical testing machine. At the tip of
the plunger, hardened steel balls of various diameters (currently
down to .25mm) can be attached. The plunger also features a collar
for contacting the spring-loaded LVDT core arms. The stage
attached to the frame consists of several components. The base is
an XY travelling stage with an X and Y micrometer drum; each microm-
4 inch. Attached to the
travelling stage is a 2-kg capacity load cell for measuring the

eter has positional resolution to 10"

real load on the specimen minus the force of the LVDT core springs.
Resting in the load cell is the specimen stage. This contains a
rosette of three miniature, spring-loaded LVDT's with a = .125mm
stroke and .25% linearity. The specimen rests at the center of
this rosette. Finally, in conjunction with the design and opera-
tion of the instrumented microhardness testing, a full-sensitivity
analysis was conducted of the parameters in the semi-empirical
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correlation between the hardness load-displacement data and the
tensile stress-strain behavior.

The components of the microhardness tester have all performed
within their specifications. However, several important limita-
tions of the original approach have been demonstrated by the opera-
tion of the tester itself and by the sensitivity analysis. The
major problem with the tester has been referencing the sample
surface; 1i.e., a surface datum is required from which plastic
penetration depth can be measured. Attempts to reference the
surface by contacting it with the penetrator under a small preload
were unsuccessful. The preloads required to produce no plastic
indent with small balls and low-strength materials were in many
instances smaller than the resolution capability of the load cell
(10g) and approaching the frictional forces of the apparatus. An
alternate attempt was made to signal initial contact between the
specimen and penetrator with an indicator lamp in a d.c. circuit in
which the penetrator/sample served as a switch. Because of contact
resistance effects, the surface could be referenced only to within
£2x107°
of the indicator lamp.

inches, even using a high-sensitivity ammeter in place

As determined from the sensitivity analysis, this level of
uncertainty in referencing the specimen (or indent) surface
precluded the prediction of stress-strain behavior below strains of
approximately 3%, with an uncertainty in the predicted stress of
less than 10%. That is, the semi-empirical correlation developed
previously (1) is very sensitive to the uncertainty of plastic
penetration depth hP in the microhardness regime. The sensitivity
analyses also showed that the correlation is fairly insensitive to
such parameters as the elastic modulus of the ball and specimen and
the penetrator ball size, and only moderately sensitive to the
measured load W and chordal diameter d of the indent.

Consequently, it was decided to attempt direct measurement of
d as a function of W instead of hP as a function of W. A Wilson

Tukon " microhardness tester was modified to accept ball indenters
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with diameters in the range .25mm to 1.5mm; and the specimen stage
alignment was adjusted so that a repeated loading up to some maxi-
mum load at a single penetration location produced the same indent
size d as a single penetration at that maximum load. As with most
microhardness testers, d is measured with a filar eyepiece follow-
ing load application. Although accumulating d-W data is somewhat
more laborious than accumulating hP-w data, the lower sensitivity
of the correlation to uncertainties in d permit prediction of
stress-strain behavior over a wider strain range. Using two ball
sizes, a strain range of 1%-10% can be predicted. To illustrate
this, Figure 2 is a plot of stress-strain data predicted from
microhardness data taken with a 1.5mm and a .25mm ball size and
compared to uniaxial tensile data for a cold-rolled SAE 1015 steel.

The ball-modified microhardness tester has been used to
acquire microhardness data from TEM discs of several materials
being irradiated in RTNS-II in the HEDL program; these are Ni, Cu,
V, Nb, Ti, and an Fe-Cr-Ni ternary. Obtaining data from these
samples has been straightforward. The only significant problems
encountered have been as-fabricated surface roughness on some
samples which has encumbered d measurements, and a lower indenta-
tion load limit of 100g. Below 100g, the predicted stress-strain
data scatter becomes unacceptable. While sensitivity analyses
indicate this may be in part a result of uncertainties in the
measured value of d, tests on steel with an ASTM grain size 7
indicate that below 200g the ball penetrator intersects less than 3
grains at the surface. Consequently, grain size effects may pro-
vide a greater limitation than dimensional resolution capabilities.

Grain size effects are currently being investigated in the TEM
disc materials as part of a task to establish standardized ball
microhardness test procedures. In addition, the hardness data are
to be compared to tensile data on these same materials as soon as
these data are made available. Results will be reported in a
future quarterly.
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3. Ductility Tests

The instrumented hardness and ball-microhardness technique can
provide a measure of such material flow properties as yield
strength, strain hardening exponent, and ultimate tensile strength;
and for some materials a measure of uniform ductility can be ascer-
tained from the strain hardening exponent. However, no measure of
total ductility (failure ductility) is obtained. Since failure
ductility is a property of interest both as an engineering para-
meter and as a monitor of microstructural changes, test techniques
are needed to provide a measure of failure ductility. Two such
techniques, a shear punch test and a bulge test, have been inves-
tigated as complementary tests to microhardness.

The basis for the shear punch test is taken from sheet metal

forming operations, (2,3)

in which metal parts are separated by
oppositely directed moving blades. For a punch (moving blade)
moving into a sheet fixed within a die (stationary blade), the
depth to which the punch must penetrate the die before complete
material separation is proportional to the ductility of the
material. Hence, instrumenting the punching apparatus to permit
determination of the punch depth at fracture should provide a means
of ascertaining material ductility.

One of the potential attractions of a shear punch test is that
it may be made an integral part of irradiated specimen preparation
in a materials evaluation program. Specifically, the punch may be
machined as a 3mm diameter cylindrical punch, and hence TEM blanks
may be the product of the test. This would render the test
"productive"” rather than destructive. However, it may be more
desirable to perform the shear punch test on prefabricated speci-
mens (e.g. TEM discs), and this has been kept in mind during the
development of the test. Consequently, although the test has
initially been developed on a fairly large scale, it may be scaled
down to a size appropriate for the fusion materials program.
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The apparatus constructed to test initially the concept of the
shear punch test consists of a simple two-piece die and a ,250-inch
diameter, flat cylindrical punch. A sheet metal sample is clamped
firmly in the die, and the die is rigidly mounted to the fixed
crosshead of a 20-kip MIS testing machine. The cylindrical punch
is forced through a honed hole in the die, and thus through the
sheet metal sample, by the hydraulically driven ram in the MTS.
The force applied to the punch and the travel of the punch are
monitored simultaneously on the MTS XY chart recorder.

Eight different .020" sheet materials - a yellow brass, a mild
steel, and a stainless steel given different heat treatments - were
tested in the shear punch apparatus as a scoping experiment. In
addition, standard tensile tests (four each) were performed on each
of the materials. Tensile properties are given in Table 1. A
typical load-displacement curve generated in a shear punch test has
all the features of a load-displacement curve generated in a stan-
dard tensile test: namely, an initial linear (elastic) regime; a
non-linear, monotonically increasing (plastic work hardening)
regime; a maximum (necking between the blade contacts); and a
monotonically decreasing regime terminated by complete separation
of the sample pieces. Itwas found that for the range of materials
tested, these features of the punch load-displacement curve tracked
corresponding features of the tensile load-displacement curve; for
example, the maximum load in the punch test increased with the
ultimate tensile strength of the test material, and as described
below the displacement to failure in the punch test increased with
the total ductility of the material. However, the area under the
two types of curves (i.e. toughness) did not correlate as well.

Although more flow property information than just ductility
may ultimately be gleaned from this test technique, it was ini-
tially evaluated on the basis of ductility alone. The shear punch
plastic displacement to fracture was found to be the most useful
feature of the test for this purpose; hence, it is compared to the
total uniaxial tensile ductility of several materials in Figure 3.
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A plot of shear punch plastic displacement to maximum load against
material uniform elongation has similar features. Despite the
sparsity of data, a definite empirical correlation can be seen to
exist between punch displacement and material ductility. Moreover,
from a solid physics standpoint the correlation should pass through
the origin; that is, the punch plastic displacement to failure
should be zero for a completely brittle material. Consequently,
the punch displacement test should be very sensitive to ductility
changes at low ductilities, a desirable situation for monitoring
irradiation effects. However, the magnitude of this sensitivity is
still uncertain with so few data.

As a result of these promising scoping experiments, the shear
punch test is under continuing development. In particular, addi-
tional data are being added to the empirical correlation, theore-
tical (finite difference/finite element) analyses of shear punch
test specimen deformation are planned, and considerations are being
made to scale the test down to smaller specimen sizes.

The other ductility test which has been investigated is the
bulge test. Again the basis for this test has been taken from
sheet metal forming operations and testing (3_7). The theory
behind the test is relatively straightforward. By stretching a
thin metal sheet over a spherical (or hemispherical) punch and
lubricating the punch/sheet interface, a uniform pressure builds up
between the punch and sheet. This in turn produces a state of
balanced biaxial stress in the stretched sheet (in practice this is
best approximated at the center of the sheet). Failure then pro-
ceeds under biaxial conditions, which in theory can be related to
uniaxial failure. In any event, the strain to failure provides a
measure of material ductility which in turn should be sensitive to
microstructure. The advantage of this technique over the shear
punch test is the simpler stress state produced near the fracture
zone, which facilitates analysis; as a consequence of this a

greater literature exists for biaxial failure ductility of metals.
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The apparatus constructed to test this approach also consists
of a simple two-piece die. Again a sheet metal sample is clamped
between the die halves; however, the hole into which the material
deforms is tapered to prevent failure at the fixed-position boun-
dary. The die is mounted rigidly to the fixed crosshead of a 20
kip MIS testing machine; and a punch with a 0.5 inch diameter steel
ball fixed to its end, is forced along a guide hole and into the
test sheet by the MIS ram. The sheet then stretches over the ball
and deforms into the tapered hole until it fails. A follower sheet
of neoprene between the ball and the specimen was found to reduce
interfacial friction and promote failure at the center of the
sheet.

The amplified specimen compliance of this test precluded the
use of the punch load-displacement curve to obtain mechanical
property data on the specimen alone. Instead, a square grid of
0.002-inch-thick lines with a .010-inch spacing was placed on each
specimen by a photo-etching - bluing technique specially developed
for this test. Grid dimensions were then measured with a filar-
eyepiece microscope. By comparing grid dimensions at the crack
site before and after deformation, specimen strain to failure could
thus be measured directly.

Again the materials described in Table 1 were tested by this
technique. The grid was found to deform isotropically near the
center of the bulge — i.e., the strains in the two principal grid
directions were equal (sl = 52) -- and the crack initiated ?nd
propagated from the center. The principal strains to failure (51 =
s:;) fn each test were determined from grid measurements around the
fracture initiation site. These data are plotted against the
uniaxial tensile uniform strain (eU) for each material in Fig(;z)re 4,

for

similar tests are also shown in Figure 4. As can be seen, with the

Data extracted from curves reported by Keeler and Backofen
exception of annealed steel, the two data sets are in relatively

good agreement with one another. Moreover, there is a systematic
trend in the data. The bulge ductility is greater than or equal to
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the uniform tensile ductility in all cases; and like the shear
punch results, the bulge ductility is very sensitive to the uniform
tensile ductility when the latter is small. A similar relationship
was found between the biaxial and uniaxial fracture ductilities.

The difference in uniaxial and multiaxial ductilities is well
documented and is the basis for the forming limit diagram in the

sheet metal industry. (%) Moreover, the relationship between
uniaxial and multiaxial ductilities has been a classic problem in
plasticity theory. 2 And while some analytical relations corre-
late some data well, a general solution is still not in hand.

Nonetheless, an empirical relation between the ductilities is
obvious; consequently, biaxial ductility can serve as well as
uniaxial ductility as a radiation damage monitor. Moreover, a
multiaxial ductility may be of more engineering significance than a
uniaxial ductility. Finally, recent finite-element work has per-
mitted considerable progress in developing a fundamental under-

(8) Conse-

standing of stress state effects on material ductility.
qguently, work is ongoing to further the development of the bulge
test. In particular, finite element modeling of the bulge defor-
mation process is in progress, and plans for scaling down the

specimen sire are being formulated.

4. Indentation Load Relaxation Tests

The instrumented microhardness test and the ductility tests
described above can provide time-independent flow property informa-
tion. However, time-dependent flow property informationwill also
be useful from a viewpoint of monitoring both mechanical property
and microstructural changes in a material during irradiation.
Consequently, development of an indentation load relaxation test is
under development to provide this time-dependent information.

The time-dependence of hardness at elevated temperatures
(hot-hardness) has received considerable attention. (9-12) In
addition, some work has been performed on indentation creep, the
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time-dependent penetration of a material by a cylindrical punch;
indentation creep results have been correlated with standard
material creep properties. (13) However, a test which may have
some advantages over the indentation creep for small specimen
testing is an 1indentation load relaxation test. In contrast to
standard creep tests, standard load-relaxation tests can provide a
description of 1inelastic strain rate over a considerable stress
range for a single test. Hence, it would seem by analogy that an
indentation load relaxation test may provide considerably more
time-dependent flow property data from a single penetration loca-
tion than an indentation creep test.

An apparatus has been constructed to conduct both creep inden-
tation and indentation load relaxation tests. The apparatus con-
sists of a cage, which transmits a tensile load applied to its end
plates as a compressive load between its two stage platens. The
test specimen is mounted on the lower platen, and a cylindrical
punch of variable diameter is fixed to the upper platen. A mechan-
ical-electrical extensometer attached to the upper and lower
platens monitors the punch displacement relative to the specimen
surface; and, i1f desirables,a load cell can be placed in series with
the load train to monitor load. The cage assembly can thus be used
in either a standard creep frame or tensile testing machine.

Currently, an extensive test program is being performed on
lead samples, since lead creeps readily at room temperature and
room temperature testing precludes many testing difficulties.
Standard tensile, creep and load relaxation tests have been per-
formed to acquire baseline data. And both creep indentation and
indentation load relaxation tests are currently being performed.
Attempts will be made to correlate the data by equation-of-state
and other techniques. In addition, specimen thickness effects are
being evaluated empirically and analytically. Results will be
reported in a future quarterly progress report.
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VI,

5. Miniature Fracture Samples

A number of studies have been initiated on miniature frac-
ture samples. Slow bend tests have been conducted on .5T, .2T
and .1T bend bars of an A302B pressure vessel steel (for which
considerable fracture toughness data have previously been gener-
ated (14)), and multiple specimen R-curves are being generated
from the data. In addition, a program is being conducted on
these sample geometries in which samples are bent to small frac-
tions of the maximum load displacement, fractured at liquid
nitrogen temperatures and examined by SEM for evidence of micro-
initiation. The intent is to correlate microinitiation in large
and small samples, and to use that information in calibrating a
correlation model of fracture behavior. Results will be provided
ina future quarterly.

In a related program, currently funded by EPRI, miniature
Charpy V-notch specimens (1/2 standard dimensions) are being
developed and tested to provide a means of tracking NDTT shifts
inirradiated ferrous materials. Preliminary tests indicate that
from these small samples a Charpy curve can be generated which
looks much like one generated with standard Charpy specimens. A
set of example curves for an A302B pressure vessel steel are
shown in Figure 5; E is the measured impact energy, B the speci-
men width (10mm for CVN, 3.3mm for mini-CVN) and b is the liga-
ment size (8mm for CVN and 2.64mm for mini-CVN). Again data are
few and preliminary at this time, and will be reported in more
detail in the future.
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FUTURE WORK

Work will continue on small specimen test development as
indicated previously. Standardized ball-microhardness test pro-
cedures for TEM disc specimens are currently being investigated
with unirradiated materials used in the RTNS-If program. Finite
element and analytic models are being used to correlate uniaxial
and multiaxial ductilities. Creep indentation tests and indenta-
tion load relaxation tests on lead will be completed shortly;
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data correlation is already in progress. Finally, developmental
work on miniature bend bars and Charpy specimens will continue.

VIIT.  PUBLICATIONS

1. P. Au, G.E. Lucas, W. Sheckherd, G.R. Odette, "Flow Property
Measurements from Instrumental Hardness Tests,”" Proc. of
the Third Int'l. Conference on Nondestructive Evaluation in
the Nuclear Industry, ANS-ASM-ASNDT-INMM-ISIJ-GSNT, Salt
Lake City, Utah (1980).
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Table 1

Ductility Test Specimen Tensile Properties

Material 0.2% Offset Uniform Total
Designation Yield Strength UTS Elongation Elongation
(ksi) (ksi) (%) (%)
BAR 44 + 2 56 + 1 23 £ 3 26 + 4
BAl 37+ 1 51 2 20 + 4 x
BA2 32+ 2 52 + 2 25 + 2 *
SAR 106 + 1 108 + 5% .05 1.7+ 1
SAl 45 + 51+ 1 23 + 2 33+ 3
SA2 40 + 2 47 2 29 + 1 40 + 1
SSAR 161+ 1 178 £ 2 1.5 .05 40 5
SSAl 170 = 4 185 + 3 1.2 + .05 3.0 +.5

* Necking and fracture outside clip gage
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II.

IIT.

Iv.

PROGRAM

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

OBJECTIVE

1. Compare the leak rate of helium through small cracks in 316 SS
stress rupture specimens to that predicted by gas flow theory
using measured crack geometries.

2. Assess the importance of such cracking on a tokamak fusion
reactor and the ability of nondestructive analysis techniques to
identify and locate these microcracks in a vacuum first wall.

RELEVANT DAFS AND ADIP TASKS/SUBTASKS

DAFS 11.C.8 Effects of Helium and Displacements on Fracture
1.C.12 Effects of Cycling on Flow and Fracture

ADIP 1.A.2.3 Develop Test Approaches and Test Matrices for
Obtaining Critical Property Data
1.B.9 Stress-Rupture Properties of Austenitic Alloys

SUMMARY

Thin-walled 316 SS stress rupture specimens with through wall micro-
cracks have been characterized using scanning electron microscopy
and optical metallography. Using the measured crack dimensions, the
leak rate was predicted using both viscous and molecular gas flow
theories and found to be in good agreement with the measured leak
rate. If the critical amount of helium necessary to contaminate a
tokamak reactor is assumed to be on the order of 50%o0f the deu-
terium and tritium concentration in the plasma, then the critical
crack dimensions can be estimated from gas flow theory. The results
of this analysis show that through wall microcracks less than 100
microns in size may be sufficient to cause plasma contamination and
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reactor shutdown. Such microcracks are similar to those observed
after stress rupture tests.

ACCOMPLISHMENTS AND STATUS

Critical Flaw Size Determination - S. M. Bruemmer

1.

Introduction

Plasma contamination by impurities may be a primary limitation
in the useful operation of tokamak fusion reactors. Integrity
of the vacuum first wall is critical since it separates the mag-
netically confined plasma from the liquid or gaseous coolant.
This boundary must remain structurally sound under the radiation
and chemical environment which will be aggravated by cyclic
stresses and temperatures accompanying the reactor burn-refuel -
ing cycle. Failure of this vacuum boundary may result from
small, through wall cracks which allow the leakage of a suffi-
cient amount of coolant to contaminate the plasma during the
period of one burn cycle.

Experimental Details

Small, through wall cracks in 316 SS tube were obtained from
stress rupture tests at 650°C in PNL's helium gas loop. These
stress rupture experiments are being conducted for DOE as part
of the Gas-Cooled Fast Reactor program. The test specimens are
thin-walled (0.5-mm) 316 SS tube with a volume displacement pin
to minimize the volume of the internal pressurization gas (He)
and thus limit any crack propagation after the initial failure.
Leak rate measurements were made by encapsulating the specimen
and monitoring the external pressure increase with a baratron
over a range of internal pressures at room temperature. The
external and internal surfaces wera then examined using scanning
electron microscopy, the major cracks identified,and through
wall cracks characterized by optical metallography.

66



3. Crack Characterization and Leak Rate Correlation

Through wall cracks In two stress rupture specimens were examined. The
oufter (OD) surface of the tube exhibited several cracks localized in a
single area while the interior (ID) surface had a high density of

small cracks covering most of the ID surface of the tube (Figure 1). In
orcdler to estimate the effective crack dimensions controlling the leak
rate, the major cracks on the OD surface were measured through the wall
usiing optical metallography. An example of this is shown in Figure 2a-
2C for several depths through the wall. The minimum crack dimensions
were estimated from this analysis and are listed in Table T along with
the measured and predicted leak rate of helium. The predicted leak
rafte was calculated from equations for the flow of gases through ori-
fices by inputting the observed crack geometries. The crack length was
takzen to be slightly larger than the tube width (~15%) due to the
tortuous crack path as illustrated schematically in Figure 2d.

_

1
(@) il (b) e

FIGURE L. Scanning Electron Micrographs of (@) OD Surface and {b) ID
Surface at Region of Through Wall Cracks (100 X)
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50 ym

FIGURE 2 §ﬁ—c) Optical Metallography Following a Through Wall Crack
rough Stress Rupture Specimen S-23; (d) Schematic Illustrating
the Cracking Path Through the Thin Wall Tube
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TABLE 1. Leak Rate Correlation: Prediction vs. Experiment

Calculated Leak Measured

Crack Dimensions (um) Rate (moles He/sec) Leak Rate
Specimea Length Width Opening Viscous Flow Molecular Flow (moles He/sec)

S-23 290 100 15 55x10°% 13x10% 081 x10°
s-4 200 190 35 11 x10t 13x710° 0.7-15 x 1074

The leak rate was calculated for conditions of viscous flow where the
mean free path of the gas is controlled by intermolecular collisions
witn the crack walls.* Viscous flow will predominate on the coolant
sidz of the wall while molecular flow may occur at the vacuum side of
the crack; however, it is expected that viscous flow will dominate the
leak rate of helium through a crack in a vacuum first wall. For the
conditions of this study, the predicted leak rates are in approximate
agrzement with that obtained experimentally considering the undertain-
ties in the crack dimensions. It is interesting to note that viscous
flow theory more accurately predicts the leak rate for Samples S-4
witn the larger crack size while the converse is true for the molecu-
lar flow theory. However, although consistent, it may only be for-
tuitous since only two specimens were examined. In general, gas flow
theary does appear to give a reasonable indication of the through wall
leak rate if the crack dimensions are known.

* The equations used to calculate the flow rate were:
for viscous flow 22 P
Q=026 v & (-5

where Q is the flow rate and Y is a function of a/b. The remaining
variables are defined in Figure 3.

for molecular flow

P
Z)(p

5 - P1), torr-liters/sec

2.2
ab . Y
Q= 2/3 e (T/M)?/E‘(P2 Pl)’ torr-liters/sec

where T is the temperature in °K and M is the molecular weight of the
gas.
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4. Application to an Operating Fusion Reactor

4.1 Critical Crack Size

A critical crack in the vacuum first wall of a tokamak reactor may
be defined as one which allows a critical amount of coolant to
enter and contaminate the plasma during the period of a single burn
cycle. For the purposes of this study, this critical amount (of
helium) is arbitrarily selected as being 50%of the deuterium and
tritium concentration in the plasma. Since this defines the criti-
cal leak rate, the crack dimensions can be calculated using gas
flow theory. The results of this prediction is shown in Figure 3.
The through wall crack is assumed to be similar to the test speci-
mens of this study with a crack length of 1.15 times the vacuum
wall thickness (0.254 cm) and a crack opening of 15 wm or 35 um.

If a long burn period is employed (5,000 sec), the critical crack
size for a single through wall crack would be on the order of 60 um
X 35 um or 300 am x 15 pm (considering viscous flow). Such cracks
are comparable to those shown in Figures 1 and 2,which were pro-
duced by stress rupture tests at 650°C. 1t is possible that simi-
lar cracks may form readily under the cyclic stress or temperature
conditions of the first wall. These cracks are extremely small

and may be difficult to detect for repair work.

VI. REFERENCES
None.
VI, FUTURE WORK

The present work was completed using discretionary funds. No addi-
tional tests are planned within the existing program. The possibility
of future work in this area in cooperation with non-destructive
analysis researchers is being investigated.
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FIGURE 3. Predicted Helium Accumulation in the Plasma as a Function
of the Through Wall Crack Width for Viscous and Molecular

Flow for Two Crack Openings
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CHAPTER 4

CORRELATION METHODOLOGY
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|.  PROGRAM

Ti-:le:  Irradiation Response of Materials
Pr-ncipal Investigators: S. Wood, J. A. Spitznagel and W. J. Choyke
Af<iliation: Westinghouse Research and Development Center

11. OBJECTIVE

The objective of this work is to assess the phenomenology and mecha-
nisms o microstructural evolution in materials exposed to simultaneous
helium injection and creation of atomic displacement damage by a second
ion bear,

ITI. RE_EVANT DAFS PROGRAM TASK/SUBTASK

SUTASK 11.C.1, 11.C.2, II.C.3, II.C.5, 1I.C.9, 1IlI.C.18

IV.  SUMMARY

Conparison of cavity microstructures for pre- and post-anneal dual ion
bombardz2d specimens of Ti-modified 316 SS suggests that this material could
have gosd microstructural stability if subjected to thermal spikes during
reactor operation. A second set of dual ion experiments on aged 316 SS has
been completed and specimen evaluation is in progress. Preliminary results
indicate qualitative agreement with previous data.

V. ACCOMPLISHMENTS AND STATUS

A.  Annealing Experiments on Ti-Modified 316 SS

The Ti-modified austenitic SS are of particular interest for fusion
applications because of the precipitation of the MC carbide phase and con-
commitant reduction in swelling which can occur during 1rradiat1‘on(132).

A further question arises concerning the stability of cavity microstructures
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inthis type of material during a thermal spike in the reactor cycle.

With this in mind, some annealing studies have been initiated to investi-
gate the changes in cavity size and other microstructural components com-
pared to the as-bombarded condition. Figures 1 and 2 show TEM micrographs
obtained from two specimens originally bombarded with the dual ion beams
at 600°C to -2.5 dpa and an appm He/dpa ratio of 70:1 utilizing damage rates
of -2.4 x 10-5 dpa/s and ~10-4 dpa/s, respectively. The lower damage rate
specimen was subsequently annealed at 900°C for 0.5h while the other was

annealed at the same temperature for 2h.

In the as-bombarded state, both samples exhibited a fairly low number
density of several hundred angstrom cavities (Figures la and 2a) with a

dislocation structure which contained a large faulted loop component
(Figures Ib and 2b). There was no evidence of significant MC precipita-

tion, but the relatively low swelling leads one to suspect that some
localized helium trapping mechanism is operative and that small MC clusters
may be present. After annealing, it is apparent that shrinkage of the
original cavities and precipitation of coarse carbide (M23CG) have occurred
in both specimens (Figures 1c and 2c). Furthermore, the visible cavity
number density has increased, suggesting growth of non-visible bubbles
present in the as-bombarded material. The principal change in the dislo-
cation structure (Figures 1d and 2d) is the absence of faulted loops due
to loop growth and unfaulting during the anneal. There is some evidence
for ¥C precipitation during annealing (Figure 2d, in particular), but
additional dark field microscopy is in progress to further elucidate this
point.

A most important result of this preliminary annealing experiment is
that, contrary to post-bombardment annealing effects observed in 304 ss(3),
the overall size of the cavities in this Ti-modified 316 SS was reduced by
the post-bombardment thermal treatment. This suggests that the material
should show good microstructural stability, with respect to possible thermal
fluctuations, in the anticipated fusion environment. Quantification of the
cavity microstructures observed before and after the anneal is in progress.
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B. Continuation of Dual-lon Experiments on Aged 316 SS

A second set of aged 316 SS specimens were obtained from Argonne
National Laboratory for dual-ion bombardment at the High Energy lon Bom-
bardment Facility at the University of Pittsburgh. This material, from
the MFE heat, was given a 50% cold reduction, recrystallized by annealing
at 1050°C for 0.5h and subsequently aged at 800°C for 10h at ANL. The
primary objectives of the experiments are to evaluate the effects of aging
and intergranular face-centered cubic Cr-rich carbide (MzBCG) particles on
microstructural evolution, and to compare microstructural results with
those from similar experiments performed at ANL and Pacific Northwest
Laboratory (in addition to the first data set obtained at HEIBS).

Oual bombardments were performed at 600, 650 and 700°C (+2°C) with an
appm He to dpa ratio of 15:1 and a damage rate of -4 x 10'4 dpa/s at a
fluence of -10 dpa. Experimental parameters were adjusted to permit a

direct overlap with an experiment currently being performed at ANL.

Specimen evaluation IS still in progress and microstructural data
will be reported later. Preliminary transmission electron microscopy
results indicate that cavity, precipitate and dislocation components of
the microstructure are qualitatively similar to those observed previously

inthis material(4).

VI.  REFERENCES
1. P. J. Maziasz and E. E. Bloom, AOIP Quarterly Report,
DOE/ET/0058/1, August 1978.

2. S. Wood, J. A. Spitznagel and W. J. Choyke, OAFS Quarterly Report
DOE/ER-0046/3, November 1980.

3. J. A Spitznagel, unpublished work.

4. S. Wood, J. A. Spitznagel and W. J. Choyke, DAFS Quarterly Report,
DOE/ET-0065/6, July 1979.
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VI1. FUTURE WORK

Analysis of the final experiments on the aged 316 SS will be completed
and correlated with data from ANL and PNL. No additional dual-ion experi-
ments will be performed. Balance of contract effort will concentrate on

more in-depth analysis of helium migration and trapping effects and micro-

chemical changes in previously bombarded SA, CW and aged 316 SS and Ti-
modified 316 SS.

VIII.PUBLICATIONS

S. Wood, J. A. Spitznagel, W. J. Choyke, N. J. Doyle, J. N. McGruer

and J. R. Townsend, "Maximum Equilibrium Bubble Size Determinations in
Dual lon Bombarded 316 $S," submitted to Scripta Metallurgica,
December 1980.
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Microstructures developed in 316 SS + Ti after dual-ion
bombardment at 600°C to -2.5 dpa (with a damage rate of
~2.4 x 107° dpa/s and an appm He/dpa ratio of 70:1).
Micrographs ¢ and d were obtained after a Post-
bombardment anneal at 900°C for 0.5h.
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Microstructures developed in 316 SS + Ti after bombard-
ment at 600°C to ~2.5 dpa with a damage rate of
10-% dpa/s and an appm He/dpa ratioof 70:1. Micrographs

c and d were obtained after a post-bombordment cnneal ot
900°C for 2h,



. PROGRAM

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

11. OBIJECTIVE
To determine the effects of neutron energy spectra on the microchemical
and microstructural development in a cold-worked type 316 steel irradiated to

high neutron fluences.

ITT. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

Task 11.C.1.1 Phase Stability Mechanism Experiments
Task 11.C.2.2 Fast-spectrum/mixed spectrum correlations for Fe-Ni-Cr
alloys
V. SUMMARY

Preliminary examination of 00 heat specimens of AISI 316 irradiated in
EBR-II to about 70 dpa has shown that the microstructural development is con-
sistent with the measured immersion density changes and also the trends observed
in other heats of this alloy. The rate of helium generation is also consistent
with previous measurements.

V. ACCOVPLISHVENTS AND STATUS

A.  Microstructural Development of 20% Cold-Worked 316 Irradiated in
£BR-II - H. R. Brager and F. A. Garner (HEDL)

1. Introduction

In a previous report it was shown that there were several large

81



problems to be overcome before a statistically significant swelling equation
for AISI 316 stainless steel could be developed for fusion reactor applica-
tions. (1) A primary problem is that there are very little data from
different reactors on the comparative swelling response of a single heat

of steel. This distinction is very important since the heat-to-heat vari-

ation of AISI 316 has been found to be as important as any other variable
in the determination of thisalloy's response to irradiation.(2)

In the study of the influence of helium on microstructural
development the only data on a single heat of AISI 316 was derived from the
DO heat of steel irradiated in EBR-II and HFIR. (1) All available data for
this heat are reproduced in Figures 1-4. Surprisingly the data in Figures
3 and 4 which are from the HFIR reactor, fall on or near the curves determined
by the EBR-II data, even though there is two orders of magnitude difference
in the helium levels generated by these two reactors. This suggests that
at high displacement levels the role of helium in determining the total
amount of swelling may not be as large as previously expected, particularly

18 l ' i
16 |- DO-HEAT
14 |- SOLUTION-ANNEALED
(HFIR)
12 |~ m
10 |- =
SWELLING
% 8 |- -]
6 F 20% COLD-WORKED ~
(HFIR) sof SOLUTION-
a b ANNEALED |
49 54 (EBR 1)
2 | —a ~ ____Q 20% COLD-
—— WORKED
. l | Qyraz= £ WO
500 31

IRRADIATION TEMPERATURE, °C

FIGURE 1. Swelling of Both 20% Coﬂd-hﬂ@rk?d and Annealed AISI 316 (DO-Heat)
Irradiated in HFIR and EBR-11.1{5

a2



26 T T T T T
20 -
/ 37m°C
1.6 . —
SWE‘I};LING &75°C
’ {+]
1.0F , 47%°C —
'l 0/
06 —
Mdpa
4100 appm ™™
|
0.0 £, I -
I
0.5 | 1 ] | 1
0 2 4 6 8 10 121lop

FLUENCEE>»0.1 MeV

FIGURE 2. Sweﬂzg? of 20% Cold-Worked AISI 316 (DO-Heat) Irradiated in

HFIR.
T ] ] — 1 T T
21— poocc 7
DO-HEAT EBR-II _
20% CW 316 28 appm
107 510°C —
a L —
SWELLING |—
% // T
°r i
84— |
i HFIR
2 - @ 3660 appm —
460°C
0 l | | i
60 80 100

FIGURE 3. Comparison of Swelling Data on 20% Cold-Worked 00-Heat at ~500°C.

83

(1)



8 f | 1 I [ I ] |
600°C
DO-HEAT
20% CW 316
6
SWELLING 4
%
2
EBR-II
0 | s 1 1 | ) | |
20 40 60 80 100

FIGURE 4. Comparison of Swelling Data on 20% Cold-YWorked DO-Heat at ~600°C.(1)

at temperatures where the steel is known to swell with relative ease.

In an attempt to assess the validity of this conclusion, a series
of examinations have been initiated, using previously reported (3) experimental

techniques.

2. Determination of Helium Concentrations in DO-Heat Irradiated
in EBR-11

Ore specimen irradiated to about 70 dpa in EBR-II at 510°C was
analyzed by Or. H. Farrar at Rockwell International in Canoga Park, CA.
Duplicate determinations showed the helium concentration to be approximately
37 atomic parts per million, slightly larger than shown in Figure 3but in fairly
good agreement with the previously published production rate of 0.5 appm/dpa
for 316 stainless steel irradiated in EBR—II.(4)

3. Microscopic Examination of DO-Heat Irradiated in EBR-II

I't is anticipated that the microstructures developed in DO-heat
during irradiation will be examined for materials irradiated in the 500-600°C

c4



range in both HFIR and EBR-II. Preliminary results shown in Table 1 indicate
that the large density changes observed in this steel after EBR-II irradiation
are caused primarily by irradiation-induced voids. Typical micrographs are
shown in Figures 5 and 6. A surprising feature of these specimens is the

TABLE 1

MICROSTRUCTURAL MEASUREMENTS:  20% COLDAWORKED
00-HEAT IRRADIATED IN EBR-II

Voids Immersion
Irradiation Fluence Void Number Void Density
Temperature [n/cm? Diameter Density Volume Change
° (E 0.1 MeVv)] (dpa) A (voids/em3) (%) (-?9)(%)
510 13.8 x 1022 69 ~1100 1.4 x 101%  ~10% 9.9
620 15.0 X 1022 75 ~1200 8 x 1013 7% 6.4

g o

100 nm
AR

FIGURE 5. Voids Observed at 510°C and 69 dpa in 00-Heat Irradiated in
EBR-II.



FIGURE 6. Voids Observed at 620°C and 75 dpa in DO-Heat Irradiated in EBR-II.

similarity of both void size and number density in the specimens irradiated
at different temperatures. A greater difference would be expected based on
previous examinations of other heats of steel.

At 620°C and 75 dpa the dislocation density was 2 x 1010 cm™?,
comparable to that normally observedin 316 stainless steel at this high fluence.

The results of the initial microchemical analysis indicate that
precipitates formed in these specimens at their calculated temperatures are

those expected from previous studies and are rich in nickel and silicon as

expected.
4, Conclusions

Preliminary examination of DO-heat specimens of AISI 316 SS
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irradiated in EBR-II to about 70 dpa has shown that the microstructural
development is consistent with the measured immersion density change and with
trends observed in other heats of this alloy. The rate of helium generation
Is also consistent with previous measurements.
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VIl. FUTURE WORK
The analysis of the high fluence specimens will continue. P. J. Maziasz
of ORNL will participate injoint examination of the microstructures of specimens

irradiated in both EBR-II and HFIR.
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l. PROGRAM

Title: Irradiation Effects Analysis (AKJ)
Principal Invesigator: D. G. Doran
Affiliation: Hanford Engineering Development Laboratory

11. OBJECTIVE

The objective of this effort is to identify the role of each major
element in the microchemical evolution of AISI 316 and the dependence
of that role on preirradiation treatment and parameters such as neutron
energy and flux, temperature and stress.

III. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

Task 11.C.2.4  Modeling

V. SUMMARY

It is proposed that the primary role of cold work on the swelling of

AlSI 316 is to distribute the element carbon throughout the alloy matrix
and increase the apparent solubility of carbon by binding it in the stress-
field of the dislocation core. The resultant decrease in supersatura-

tion and activity of carbon leads to a decrease in the rate of phase
formation which preceeds swelling. A model developed to describe this
phenomenon predicts that all carbon present in 20% cold-worked AIS|I

316 of nominal specification will be initially in bound-solution at

all irradiation temperatures.

V. ACCOMPLISHMENTS AND STATUS

A. The Influence of Dislocation Density and Radiation on Carbon
Activity and Phase Development in AISI 316 - F. A. Garner (HEDL)
and W. G. Wolfer (U. of Wisc.)

88



1. Introduction

In a recent paper it was noted that the roles of carbon and cold-work
appear to be interrelated.(” The available data indicate that cold-work
suppresses swelling at all temperatures in AlSI 316(2’3) and that the role
of cold-work lies in the retardation of radiation-induced precipitation and
microchemical evolution. Qut-of-reactor, the normal role of cold-work in
this steel is to accelerate the phase evolution rather than to retard it,
however. (4) Ay model developed to explain the role of cold-work must
successfully address this apparent contradiction.

The model must also explain the role of carbon on the swelling of this
alloy. Even though cold-work retards swelling at all temperatures, carbon
reverses its role with temperature. At low temperatures, the addition of
carbon depresses swelling in AlSI 316,(5’6’7) primarily by extending the
incubation period as shown in Figure 1. At temperatures between 500 and
550°C, however, carbon begins to increase swelling as shown in Figure 2.

As Figure 3 shows, the effect of carbon in increasing swelling at high tem-
perature is visible in a variety of thermal-mechanical starting conditions
and exhibits a synergism with other interstitial solutes such as nitrogen.(8)
The role of carbon on phase development appears to be different in the low
and high temperature regimes(] and is currently being investigated in more
depth. One expression of the changing role of carbon with temperature is

its role in determining the relative height of the two swelling peaks usually
observed in annealed 316. This is schematicallv illustrated in Figure 4.

In this report the relationship of cold-work and carbon solubility
during irradiation will be addressed. The additional influence of radiation-
produced vacancies on carbon activity will also be considered. The role
of carbon on phase stability will be addressed in later work.

2. Solubility of Carbon in Austenitic Stainless Steels

AISI 316 contains about 0.04 weight percent of carbon. This amount
of carbon is soluble in the austenitic phase above a temperature of about
1100°C, and it presence reflects the high solubility in the liquid phase.
At lower temperatures, however, this amount of carbon is in supersaturation,
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and it tends to precipitate in the form of carbides such as M23C6 and M7C3.
The rate of precipitation in the absence of irradiation depends on the tine,
the temperature, and the level of cold-work, according to the famililar
T-T-P plots. One role of cold-work is to provide favorable nucleation sites
for the carbide precipitates. This leads to a reduction in the incubation

time for carbide precipitation compared to that of the annealed material.

As mentioned previously, cold-work appears to retard phase evolution
during irradiation. 1t is proposed here that the dense, dynamic and mobile
dislocation network maintained by irradiation leads to a reduction in the
driving force for precipitation. This occurs as a result of the binding

of carbon atoms in the stress-field of dislocations, as described below.

3. Solute Adsorption in Dislocation Fields

The mechanical interaction energy U{r,¢) between a misfitting solute
atom and a dislocation results in a non-uniform solute distribution given

by
C (r.e) = C, exp (U/KT) {1

Here, CO and C are the atom fractions of solute in equilibrium far and close
to the dislocation, respectively. The interaction energy for an isotropic

solute inclusion is given by

U=A sin ()
. (2)

ina linear isotropic elastic medium. The dependence on ¢ reflects the fact
that carbon tends to be attracted only to the tensile side of the dislocation

core.

_Gl+tv
A iV v (3)

where G is the shear modulus, b the Burger vector, v is Poisson's ratio, and
v the relaxation volume or the partial molar volume of the solute.
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Equation (1) is valid as long as the local solute concentration C{r,s),
does not exceed the number of available solute sites in the host lattice.
If we assume that carbon occupies the octahedral interstitial sites in the
fcc structure of austenitic steel, then there is Oone solute site per host
atom. Accordingly, C can not exceed the value of one. The region of complete
occupation of all available solute sites can be determined from Equation
(1) by setting C = 1. This defines the radial distance r0(¢) from the dis-
location which marks the boundary of the fully occupied solute region. With

Equation (2) we find

A/KT :
T/Co sin ¢ for 0 < ¢ <= (4)

if A>0.

The total atom fraction of solutes trapped in the saturated region
of dislocations is then given by

r,(¢)

m
o fd¢ f rdr
0 0

=
]

1/4 v o [A/KT-1n (1/C )72 (5)

where p is the dislocation density.

To evaluate Equation {5), the relaxation volume of carbon in the
austenitic matrix i s needed. This can be obtained from lattice parameter
measurements on austenites with varying carbon content. According to
Hume-Rothery,(g) the lattice parameterisgiven by

(=3}
S

a = (0.3564 + 0.076 C) in nm. (

In order to determine the relaxation volume v One can relate it to the
change in lattice constant with carbon addition according to the relationship

V.31da
9] a dC (7)
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Therefore from Equations (6) and (7) we obtain

v/ = 0.64

3

where o = 1.132 X 10'29 m- is the atomic volume of the solvent atoms.

Using the values v = 0.3, p = 10 Mpa, we obtain

2

N, = 5.11 x 10719 o [1000/T 1In (1/c0)] (8)

for the atom fraction of carbon atoms bound in the dislocation cores.

Beyond the saturated region, carbon atoms are still attracted to the
dislocation region, but the concentration remains below saturation. This
additional trapping in the remote stress field has been evaluated by Hirth

and Carnahan“o)

for the case of hydrogen as an interstitial solute in becc
iron. They concluded that the enhancement of the hydrogen concentration in
the remote stress field is only significant for dislocation densities above
1015 m'2 and for very low hydrogen contents of the order of 10"8 atomic frac-
tion. For the present analysis, we assume that we may therefore neglect this

additional contribution for the case of carbon.

4, Effect of Dislacations on Carbon Solubility

The solubility of carbon in austenite has been determined experimen-
tally by Rosenberg and Irish(”) and by Tuma et al.(12’13) It is defined
as the carbon concentration at which the chemical potential of carbon in
solution becomes equal to the chemical potential of carbon in M23C6. Tuma
et al. have developed the following equation to fit the experimental results.
If Nc and NNi are the atomic fractions of carbon and nickel, the maximum

atom fraction of carbon in solution is given by
Tog N, = 293 - 4.0 Ny; + (4500 Ny, - 6800} /7 (9)
where T is the abolute temperature. The form of this equation is suggested

by thermodynamic considerations. As a result, it can be extrapolated beyond
the temperature range of 700°C to 1200°C where the data were obtained. Figure
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5 shows the predictions of Equation (9) for the solubility of carbon as a
function of temperature and nickel content of the matrix. The horizontal
dashed line represents the actual carbon concentration (0.04 wt%) in AISI
316 stainless steel prototypic of that used in U. S. Fast Flux Test Reactor.
Itis evident that in the 300-700°C temperature range for breeder reac.or
operation, the carbon supersaturation is very high and provides a strong
driving force for carbide precipitation.

The effect of a high dislocation density on the solubility can now be
determined with Equation (8) when NC(T) i's substituted for C . The results
are given in Table 1 together with the matrix solubility Nc for a ternary
alloy comparable in composition to that of AISI 316.

Table 1
Solubility of Carbon in Fe - 18%Cr = 14%Ni (in Atom Fractions)
With Different Dislocation Densities

Y
X e 10 g - 10t
300 4.0 x 10-° 4.2 x 42 x 10"
400 1.6 x 10-7 4.6 X 46 x 107"
500 2.4 X 51 x 5.1 x 10-*
600 2.0 x 10-5 5.7 x 1078 5.7 x 107"
700 1.1 x 10-* 6.5 X 6.5 x 10~"
800 4.2 x 10~" 7.3 x 1078 7.3 x 107*

It is seen that the apparent carbon solubility in heavily cold-worked materials

is substantially higher than the solubility of the undislocated matrix.
It should be noted that the network dislocation density of AISI 316 has been
found to be = 3 x 10]5 m"'2 prior to irradiation and 6 * 3 x 1014 nf2

irradiation at all temperatures in the breeder reactor regime. At tempera-

after

tures below ~500°C the Frank loop contribution to the dislocation density

is on the same order or larger than that of the network dislocations. There-
fore 1t can be seen that the initial bound carbon concentration in irradiated
cold-worked AISI 316 is essentially that of the base alloy at all tcmperatures.
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5. Discussion

Carbide precipitation depends critically on the supersaturation ratio.
Based on the enhanced carbon solubility in cold-worked material, one could
conclude that precipitation is delayed by cold-working rather than accelerated
as observed out-of-reactor. However, there are two mitigating factors. First,
carbon is locally enriched near dislocation cores. Second, the strain field
provides a preferred nucleation site where the nucleation barrier energy
is substantially reduced. Readily available carbon in close vicinity to
a favorable nucleation site is the reason why carbide precipitation commences
earlier in cold-worked materials compared to annealed materials.

However, for nucleation of carbides t0 take place near a dislocation
it must be sessile for the period of the incubation. Under irradiation,

the dislocations continue to climb, dragging along the carbon atmosphere.
Under these dynamic conditions, formation of carbide precipitates is impaired,
and precipitation at static sites becomes the controlling mechanism.

Under these conditions, the supersaturation formed by the ratio of
actual carbon content divided by the apparent solubility is the driving force
for carbide nucleation. This ratio is substantially less than the supersatura-
tion ratio formed with the solubility NC of Equation (9).

There is one test that can be made of the hypothesis underlying this
model. Such a mechanism would cease to produce increases in the incubation
period of swelling with increasing cold-work if the starting dislocation
density saturated. As shown in Figure 6, swelling is not influenced by

cold-work levels above 30% in AISI 316(]4) and the dislocation density of

AlISl 316 also saturates at this cold-work Ievel.(]s)

If the primary role of cold-work on swelling is to redistribute the
small carbon clusters that form upon cooling of annealed steel and then to
decrease carbon's tendency to precipitate, what about other elements? The
lesser interstitial elements such as phosphorus and nitrogen are known to
affect carbon activity(” and may also be adsorbed on dislocations. The sub-
stitutional element silicon is also known to strongly affect swelling but
it has recently been shown that the effect of cold-work on swelling occurs

(1€)

in alloys bearing carbon but not silicon. Silicon acts on swelling
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primarily through its influence on the diffusion on vacancies and inter-

stitials.(]s’”)

If this model is correct, itis fair to ask in what manner will the
carbon-dislocation interaction be observed in the swelling behavior? 1tis
anticipated that the interaction will serve primarily to delay the phase
evolution and therefore to delay the swelling as shown in Figures 1 and 7.

An additional effect of radiation is the change of the carbon diffu-
sivity. Without radiation carbon diffuses interstitially and, therefore, at
a much faster rate than vacancies. In the presence of the radiation-produced
vacancies, however, carbon diffusion is reduced because of trapping in the
vacancies. This mechanism has been proposed by Damask and coworkers{18,19)
to explain the results of low-temperature irradiations in iron.

The reduction of carbon diffusivity thus depends on the vacancy con-
centration. Figure 8 shows the calculated vacancy concentration for fast
reactor irradiations as a function of temperature for two dislocation den-
sities. It is seen that the vacancy concentration is very high at low irra-
diation temperatures, and independent of the dislocation density. The vacancy
concentration decreases rapidly with temperature, and becomes equal to the
thermal vacancy concentration above 790°C.

Based on this behavior, it is expected that radiation strongly reduces

carbon mobility through the matrix at low irradiation temperatures. However,
this phenomenon decreases rapidly with increasing temperature, and the effect

becomes negligible above 500°C. A more quantitative assessment requires a
mechanistic model of carbon trapping in mobile vacancies.

6. Conclusions

It is proposed that the primary role of cold-work on the swelling of
AISI 316 is to distribute the element carbon throughout the alloy matrix
and increase its apparent solubility by binding it in the stress-field of
the dislocation core. The resultant decrease in supersaturation and acti-
vity of carbon leads to a decrease in the rate of phase formation. Such
phase formation has been shown to be the necessary precursor to swelling.
A model developed to describe this phenomenon predicts that all carbon present
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in AISI 316 of nominal specification will initially be in bound-solution at
all irradiation temoeratures.
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FUTURE WORK

The model will be expanded to cover the influence of Frank loops and

also carbon levels higher than 0.04 weight percent. An experimental pro-

gram involving alloys already irradiated in EBR-I1 or ORR will be defined

and initiated to provide input to the modeling effort.

97



FIGURE 1.

FIGURE 2.

SWELLING %

Carbon Prolon
peratures.(5)

I

.01% C

.058% C

I
.035-.039% C
bl

] o

® SPRINGFIELDS 316 L
O SPRINGFIELDS VA408A
O HARWELL VR906A

A SPRINGFIELD AD442

dpa

2% COLD-WORKED

10~

w
T

n

L

ANNEALED
{10.4) 10
8 -
SWELLING &}

%
4
1 2r

The Role of Carbon Shifts with

400 450 500

TEMPERATURE, *C

T

L °0.021%

° 0.033%
« 0.063%

104)

AL.“

}

T

CARBOI
WEIGHT
PERCEN

M

400 450 &S00

in Both Cold-Worked and Annealed Steel.
theses are the fluence levels of each datum in 1022 n/cm? (E >0.1
MeV).

98

550

HEDL K% 233 M

Increasi?g)Temperature,

HEOL 75909-074.4

gs the Incubation Period of Swelling at Low Tem-

as Observed

The numbers in paren-



N R S L A R B

I

620°C

122 x |0pP n/em?
'_

20 |
i 0.047 N ]
16 -]
THE ROLE OF CARBON REVERSES
WITH TEMPERATURE AROUND 520°C.
SWELLING 1
Y%
2 6007 N | SWELLING INCREASES WITH CARBON
i AT HIGH TEMPERATURES
8 -
L COLD-WORKED
AND AGED 1
4 +— ]
20% CoLD
WORKED |
P S O Y B R
02 04 D6 08 10 12 14 16 1B M
WEIGHT PERCENT CARBON HEDL BRI
HGURE 3. Swelling Increases with Carbon Level at High Temperatures for
all Thermal-Mechanical Starting Conditions and Nitrogen Levels
Tested. (8
SOLUTION-ANNEALED AIlSI 316
LOW
~"™\ -~ CARBON ® CARBON LEVEL MODIFIES
i " OR Ti-MODIFIED RELATIVE HEIGHT OF TWO PEAKS
. /
g 7 \\ ¢ LOW CARBON AND Ti-MODIFIED
d fi \ HIGH STEELS EXHIBIT SIMILAR
\ BEHAVIOR
2. CARBON
® LOW TEMPERATURE
SWELLING PEAK INTi-MODIFIED
ALLOY DUE TO REDUCTION
OF FREE CARBON 7
\\
TEMPERATURE
HGURE 4. Schematic Representation of Dep???ency of Swelling in Annealed

Fuel Pins on Free Carbon Level.

99



TEMPERATURE, T
900800 700 600 500 400 300

10-2

|Y

10-3

T ]‘|l||l

10-4

TTTTT

T
1

10-5

Ne
ATOMIC FRACTIONS

T 1 TT]TT]]

10-6 - =
107 =
i a0
108 - ?30
- 3 NICKEL
- 20 CONH;I'ENT
i \15 i
10
joobl 1 v b i b b by by b g | 5
06 08 10 12 14 16 18

1 Tx103 K1

HEDL B0 2 018 3

FIGURE 5. Effect of Nickel Level and Dislocation Density on the Temperature-
Dependent Solubility of Carbon in Austenite. The horizontal line
at 0.178 is the total atomic carbon level at 0.04 weight percent.

100



T T 1 ¥ T
120 | 550°C J
9.llyx1022nf|'.:m2
1 1 ] 1
8 - J
i
40 ] ROOT
SWELLING | MEAN
i STRAIN
(%) 48 I £ COLD WORKED
AND AGED
200 HRS AT 593°C
01020304050 01 02 0 3 04050 HEDL 8009-268.1
% COLD WORK % COLD WORK

FIGURE 6. The Dependence of Sweliing{14} and Dislocation Density(15) (Mea-
sured by Root Mean Strain) in AISI 316.

8
120 |- 635°C / -
_ HIGH PURITY 316
100 ]
80 - n
SWELLING
% B0 =
40 - —
20| COMMERCIAL
/) AlSI 316
Lo | I B

o ==
O 50 100 150 200 250 300
PEAK DISPLACEMENT DOSE, dpa

FIGURE 7. The Effect of Solute on Swelling of AISI 316 Observed in 5 MeV
Ni* lon Irradiation (Step-Height Measurements). The high purity
steel has very small levels of carbon, nitrogen and silicon com-
pared to the commercial steel.
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l. PROGRAM
Title: Irradiation Effects Analysis (AKJ)
Principal Investigator: D. G. Doran
Affiliation: Hanford Engineering Development Laboratory

I1.  OBIJECTIVE

The objective of this effort is to identify the effects of applied and
internal stresses on radiation-induced dimensional changes in metals.

I11. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK

TASK 11.C.2.1 Effects of Material Parameters on Microstructure
TASK 11.C.2.4  Modeling

V. UMMARY

Data are now available which definitively show that stress plays a
major role in the development of radiation-induced void growth in AISI 316
and many other alloys. Some earlier experiments which came to the opposite
conclusion are shown to have investigated stress levels which inadvertantly
cold-worked the material. Stress-affected swelling spans the entire tempera-
ture range in fast reactor irradiations and accelerates with increasing ir-
radiation temperature. |t also appears to operate in all alloy starting
conditions investigated. Two major microstructural mechanisms appear to be
causing the enhancement of swelling, which for tensile stresses is manifested
primarily as a decrease in the incubation period. These mechanisms are
stress-induced changes in the interstitial capture efficiency of voids and
stress-induced changes in the vacancy emission rate of various microstructural
components. There also appears to be an enhancement of intermetallic phase
formation with applied stress and this is shown to increase swelling by
accelerating the microchemical evolution that precedes void growth at high
temperature. This latter consideration complicates the extrapolation of
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these data to compressive stress states.

This paper is based on research conducted primarily in the U.S. Breeder
Reactor Program and will be published in the proceedings of the ASTM meeting
on "Effects of Irradiation on Materials,"” held in Savannah, GA. It forms

the basis for additional fusion-related studies NOW in progress.

V. ACCOMPLISHMENTS AND STATUS

A. Stress-Enhanced Swelling of Metals During Irradiation -- F. A. Garner
and E. R. Gilbert (HEDL) and D. L. Porter (ANL-WEST)

1. Introduction

The radiation-induced void swelling phenomenon has been found
to be sensitive to a large variety of material and environmental variables.
Until recently, however, the abundance of these variables has obscured the
unequivocal identification of stress as an important parameter. Although
the Frank loops formed during irradiation were found to be sensitive to the

applied stress state,“-?’) various investigations of the effects of stress
on void growth have been contradictory in their findings. (1,4-7)

A substantial amount of data is now available which definitively
shows that stress plays a major role in the onset and rate of void growth in
Al1S1 316 stainless steel in a variety of metallurgical conditions. A more
limited set of data on AIS| 304L and a number of other commercial alloys
suggests that stress probably affects void growth in all alloys subject
to swelling. The insight gained in this study allows, with hindsight, an under-
standing of the apparent discrepancies between these results and those of
earlier studies. The parametric dependence of the stress-enhanced swelling
phenomenon also provides important clues as to the identity and nature of
themicrostructural mechanisms producing the enhancement of swelling, and
thus provides some guidance on how to extrapolate the data derived from
experiments involving tensile loads to those conducted under compressive
loads.
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2. Experimental Details

The data were derived from measurementsofthe changes in diameter,
length and density of thin-walled pressurized tubes immersed in static sodium
at elevated temperatures and irradiated in the EBR-I1 reactor. The pressur-
izing gas, either pure helium or argon-1%helium, produced in the tube wall
a biaxial tensile stress state. Two types of tubes were used. The first
was relatively short, ranging from 2.2 to 2.8 cm, and was incorporated into
subcapsules maintained at relatively constant temperature. These are de-
scribed in detail elsewhere.(s) The second type of tube was much longer
(1.02 m) and was maintained throughout its length at either 400 or 500°C.(9)
The longer tubes provide data at constant stress but varying displacement
rate and neutron fluence along their length. The smaller tubes are considered
to produce data at constant displacement rate and neutron fluence. Companion

irradiations in one capsule of several tubes at different pressures provide
information on the stress dependence of the swelling and irradiation creep

phenomena.

The small tubes were irradiated in several irradiation experi-
ments designated the P-1, P-2, P-5, AA-II and AA-VIII tests. The P-2 and P-5
tests employed thermocouple measurement of temperature while the AA-II and

AA-VIIT tests involved the use of thermal expansion devices. The P-1 test
had no direct measurement of irradiation temperatures, which were estimated
from heat transfer calculations.

Since irradiation creep will not contribute to length changes
of such tubes, additional data on the density change can be inferred from
length changes of those tubes which were not sacrificed for cutting and
immersion density measurements but returned for further irradiation. The
magnitude of stress-free swelling can also be derived from diameter measure-
ments of pressurized capsules. Changes in diameter of pressurized tubes
contain both creep and swelling-induced strains.

3. Alloy Descriptions
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Nominal compositions of the alloys investigated in this study
are given in Table 1. The majority of the data are derivedfrom the "N-lot"
(v87210) heat and the NICE-lot {K81581) heat. The former has been used
throughout as a reference heat for the U.S. Breeder Program and the latter
heat is the standard creep experiment material and is a heat prototypic of
that used to construct the first core of the Fast Test Reactor. As shown
elsewhere, these heats in the 20% cold-worked condition exhibit substantially
different incubation periods prior to the onset of steady-state swelling, but
possess similar steady-state swelling rates,(m) while the small tube ex-
periments concentrated on the 20% cold-worked condition. Also included was
AISI 316, the larger tube experiments were constructed from the same heat
of steel as N-lot but in the 10%cold-worked condition and also N-lot steel
which was initially 20%cold-worked, then aged for 24 hours at 482°C to
nucleate precipitates, air quenched, and finally fully aged at 704°C for
216 hours, followed by another air quench. This latter heat is designated
as heat-treat D (HTD) in subsequent discussions. All other alloys investi-
gated in this study were irradiated as short tubes.

TABLE 1
NOMINAL ALLOY COMPOSITION IN WEIGHT PERCENT

Descriptian Fe N O M W Nb Si M Zr Ti A1 C B Other

AIS| 316 55 13.5 175 2.5 - - 0.6 175 - - - .05 0.001

M-813 39 35 18 4.0 - - - - 0.1 225 1.4 .08 0.005
Ninionic PE16 34 435 165 3.3 - - 0.15 0.1 - 1.2 1.2 .05 1.0Co
Inconel 6.75 73 15 - -0.85 0.3 0.7 - 25 0.8.04 - 0.05Cu
X-750
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4, Results

Typical results of the short-tube experiments on 20% cold-worked
AISI 316 are shown in Figures 1-3. All of the data sets show significant en-
hancement of density change with increasing stress. The density change data
are plotted vs. the hydrostatic stress present in the tube wall in antici-
pation of the physical model to be employed in the model description. (The
hydrostatic stress in these specimens is one-half of the hoop stress.) Note
that the density change measurements include strain contributions from both
voids and phase-related density changes. The latter lead to densification
at most fluences and temperatures (1) but,with one exception discussed
later,are too small to account for any enhancement by stress of the density

changes observed. Note also that the steepness of the curvesincreases with

temperature.
3.0 1 I 1 I T 1 ] 1
N-LOT
2.3, 475°C) P g
2 NICE-LOT
2.0
1.5 (4\ (4.1, 633°C)
g A
5 //@ 4.2, 558°C)
6.6, 538°C
{ } ,,o/
- o
-_-_"___,.—- 4.1, 474°C)
e S

0 A 37, 850°0)

NUMBERS [N PARENTHESES REPRESENT

3.7, 739°¢C} MEUTROMN FL 2ENCE2(>0.‘I MeV} IN
UNITS OF 10*nem™ AND TEMPERATURE

HEDL 7801-14%.13

FIGURE 1. The Dependence of Neutron-Induced Density Changes in 20% Cold-Worked

Stainless Steel on Hydrostatic Stress, Temperature and Neutron Fluence.

These data form the basis of the curves shown in Figures 12 and 13.
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FIGURE 2. The Dependence of Radiation-Induced Density Change at Approximately
650°C in 20% Cold-Worked Stainless Steel on Hydrostatic Stress and
Fluence. Several of these data points were included in Figure 1.
The arrows represent the expected magnitude and direction of move-
ment of each data point when normalized to the peak fluence in
each data suhset.

Figure 4 contains some additional data derived from length change
measurements. The N-lot specimen which was cold worked to only 5%exhibited
an increase in swelling with stress until the material was subjected to a
stress above the proportional elastic limit (PEL), whereupon swelling fell
due to a preirradiation increase in specimen deformation (cold working by
any method is known to reduce swelling). A similar behavior was observed in

(4) The PEL i(r;%reases with

cold-work level and decreases with increasing temperature ) but was not

irradiations of annealed N-lot steel earlier,

exceeded in the short tube experiments for the 20% cold-worked material.
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0.5

0.0

Although the data in Figures 1-4 signal an unequivocal effect
of stress on swelling, they do not indicate whether the stress affects the
The long tube

650°C
6.8 x 102

6LoPC
62 x 1022
710°¢
A// 50 x 1022
739°C
./ 3.7 « 102
! | i | [
10 20 30 40 50

HYDROSTATIC STRESS. MPa

HEOL 7904-112.3

FIGURE 3. Additional Stress-Affected Swelling of the NICE-Lot Heat of 20%
Cold-Worked 316 Stainless Steel From the P-2 Experiment.

incubation period, the steady-state swelling rate, or both.

experiments indicate, however, that stress affects primarily the incubation
period of the 10%cold-worked and HTD conditions as shown in Figures 5-7.
While the data in these figures do not preclude a stress effect on the
swelling rate, analysis of the data in Figures 1-4 indicates that only a
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FIGURE 4. Length Changes of N-Lot Pressurized Tubes Irradiated in EBR-IT.
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FIGURE 5. Stress-Affected Swelling Observed at 400°C in Long-Tube Capsules
Constructed From 10%Cold-Worked 316. Note that the steady-state
swelling rates appear to be independent of the stress level.
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FIGURE 7. Stress-Affected Swelling Observed at 500°C in Long-Tube Capsules
Constructed From HTD 316.
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model based on incubation behavior can describethe data satisfactorily.
Note in Figure 4 that the PEL was probably exceeded for the 10%cold-
worked material at 400°C but not at 550°C due to the lower stress levels
employed. At 400°C the effect of stress on swelling can be observed at
246-293 MPa even for the inadvertantly cold-worked material.

Table 2 shows that stress-enhanced swelling is a general char-
acteristic of many alloys as long as they are subject to swelling. With the

TABLE 2
IMMERSION DENSITY DATA FROM THE AA-I1 AND AA-VIII EXPERIMENTS

Temperature 15%993%2 Si°98s -ho/p
Alloy* (°c) (E 0.1 MBV) (MPa) (%)
STA PE16 o547 2 0 - .02
STA PE16 o547 2 167.3 + .12
ST PE16 547 2 0 - .60
ST PE16 o547 2 167.3 - .12
STA M-813 547 2 0 - 17
STA M-813 547 2 167.3 + .27
STA 706 547 2 0 - .09
STA 706 o47 2 167.3 - .09
ST 706 547 2 0 - .79
ST 706 o547 2 167.3 - .91
STA A286** 650 5 0 0.10
650 5 13.8 0.13
650 5 55.2 0.17
STA A286** 730 5 0 0.57
730 5 6.9 0.66
730 5 13.8 0.74
* STA = Solution treated and aged.
ST = Solution treated only.
W = 20%cold worked
AU = Solution treated, cold worked and aged.

**This data obtained from the AA-VIII experiment.
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exception of Inconel 706, which resists swelling at the fluences investigated,
all alloys listed exhibit enhanced swelling. Note that most alloys densify

prior to the initiation of void swelling. Figures 8-10 show evidence that
the enhancement process observed in several alloys at low fluence continues

at higher fluences. Once again the enhancement occurs for a variety of
metallurgical starting conditions.

} 590°C,8x1022

STA

STA,480°C,8x1022

— %
Po
STA 8 | 547°C,2x1022
0 -
- ST
-0.5 &= L 1 1 =
0 100 200 300

HOOP STRESS, MPa

WEDL 7210 038 10

FIGURE 8. Stress-Enhancement of Swelling Observed in Nimonic PE16 in Both
the Solution-Treated and Solution-Treated-and-Aged Condition.

5. Discussion

In an upcoming paper, the full details of the data analysis
and swelling correlation development for 207 cold-worked AISI 316 will be
presented. In thisreportitwill suffice to show that the trend shown in
Figures 5-7 was confirmed by independent analyses of the data shown in Figures

1-3. In other words, the primary effect of stress is manifested in the in-
cubation period and not the steady-state swelling rate. This explains why

an earlier experiment showed that, once stress had exerted its influence on

swelling, removal of the stress during subsequent additional irradiation did
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FIGURE 10. Stress-Enhancement of Swelling Observed in the Solution-Treated

and-Aged Condition of M813.
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not lead to a decrease in the swelling rate.(]?’)

As shown in Figure 11, there are two approaches traditionally
employed in the empirical modeling of stress effects on swelling. Stress
is assumed to operate on either the incubation parameter t or the steady-

state swelling rate R according to the relations: (14-15)
R(T, o) = R,{T)(1 + poy) (1)
(T, o) = 1,(T) - alTo, (2)
THE “P-EFFECT" MODELS AN\ /
INCREASE IN THE STEADY- ' y, /7
STATE SWELLING RATE
%
AV 4
%—v—' ®
0 { THE “Q-EFFECT' MODELS A
A CHANGE IN THE DOSE /
INTERCEPT “~ STRESS-FREE SWELLING

Y

DISPLACEMENT DOSE HEDL 7810434 15

FIGURE 11. Schematic Representation of the Proposed Models of Stress-
Enhanced Swelling.

where o is the hydrostatic stress, T is the temperature and the subscript
on R andt refers to the stress-free values. Both p and g were assumed to

be dependent on temperature. The analysis shows not only that the p-approach
will not lead to a consistent correlation, but that the g-approach yields
values of q(T) that are essentially independent of heat identity in the
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temperature range where the data for each heat overlap. This is quite sur-
prising since the stress-free incubation parameters are quite different for
the two heats of steel. /s shown in Figure 12, however, the incubation

10

[ T T T

¢ -~ ONLY
o = 0.75

538°C, N-LOT

474°C, N-LOT

INCUBATION PARAMETER, T

NICE-LOT

0 50 100 150 200 1
HYDROSTATIC STRESS, MPa
HEDL 7801-149.6

FIGURE 12. Values of Incubation Parameter T(T,GH) Required to Fit Data of
Figure 1 Assuming That a g-Approach is Sufficient to Model
the Enhancement by Stress of Swelling of AISI 316 in the 20%
Cold-Worked Condition.

parameters T(T,OH) derived from some of the short tubes exhibit progressively
steeper slopes {g) with increasing temperature. Note from Figure 13 that the
effect of stress is essentially constant at low irradiation temperature and
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then accelerates sharply above 600°C. Analysis of the long-tube data on
10%cold-work material yields q{T) values in close agreement with the correla-
tion shown in Figure 13.

From the behavior of q(T) with temperature,it is inferred that
more than one physical mechanism is operating. Whereas most previous stress-
affected swelling positions (both theoretical and empirical) postulated that
stress could only affect swelling at relatively high temperature, the low
temperature regime exhibits a stress-effect with little or no temperature
dependence. It has been demonstrated that such a result could arise from
stress-induced changes in the interstitial capture efficiency of voids. (16)
This mechanism is only weakly dependent on temperature and is of the ap-
propriate magnitude to account for the enhancement of void nucleation
observed in previously published data at 500°C. (1) It was also shown
that the evolution of Frank loops is affected by stress and that this leads
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to an acceleration of the radiation-induced microstructure. This mechanism
would tend to accelerate swelling by shortening the incubation period and would

(1,16) This mechanism is

also exhibit a weak dependence on temperature.
not expected to be important in cold-worked steel, however, since the pre-
irradiation dislocation microstructure exists at levels comparable to that

produced by radiation.

In the high-temperature regime the derived activation energies
are on the order of the self-diffusion energy. This is consistent with the

(”']8) sometimes referred

often-predicted high temperature swelling mechanism,
to as "breakaway swelling.” This mechanism arises because stress can affect
those microstructural components which can do work against the applied stress
by emitting vacancies and climbing, thus changing the equilibrium vacancy
concentration at dislocations, particularly for small voids. This reduces

the rate of vacancy flow from small voids to dislocations, thereby increasing
the stability of voids against dissolution. In the results shown here, how-
ever, breakaway swelling did not occur, nor would it be expected to occur for
a phenomenon associated only with incubation behavior. Note, however, that
the data in Figure 3 were not available at the time that the analysis shown

in Figure 13 was completed and that the data at 739°C (Figure 3) appear to
foreshadow the onset of break-away swelling at very low stresses. T0 inves-
tigate this possibility microstructural examinations were conducted on these
specimens. It was found that the swelling observed was not caused by voidage
or microcracks (associated with the very large creep strains in these high
temperature specimens) but arose from an enhancement by stress of the rate of
formation of intermetallic phases. These phases form at relatively high tem-
peratures and lead to a new dilation of the steel which is small and saturable.
Below 700°C the intermetallic contribution is expected to be small. Other

(19-20)

phases such as ' (3) and carbosilicides that form at low temperatures

have been found to be insensitive to applied stress.

This latter phenomenon poses some problems in extrapolation

of these data to other stress states. Since the appropriate stress parameter

(186)

for the other three mechanisms is the hydrostatic stress, one would
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predict that compressive stresses would extend the incubation period and
reduce swelling. |1f stress accelerates the development of intermetallic
phases, itwill also accelerate the onset of the infiltration-exchange
process which governs the swelling behavior in the temperature regime where

these phases form. (19-20)

Itis quite possible that these phases are ac-
celeratedbythe shear stresses inherent in the biaxial stress state. Stress-
affected swelling correlations based on such a possibility would then be of
a different form:

(T,o) = TO(T) - ql(T)UH - QZ(T)lG | (3)

eq

where %aq Is the equivalent stress

It appears, therefore, that the effect of stress on swelling
is a transient one,.which is not repeated when the stress is removed. Stress
is therefore a variable of only second-order importance when compared to the
microchemical segregation processes which dominate the incubation behavior
of AlsI 316, (19-20) (21)

which showsthat, when the stress-free incubation period is relatively short

This point of view is confirmed by the data of Flinn

as in annealed AIS| 304L, the application of moderate stress does not
change incubation substantially, but can accelerate the curvature of the
swelling correlation at higher stress levels. Such an explanation requires
that a microchemical evolution be proceeding in 304L steel In a manner com-
parable to that occurring in 316 stainless steel. Porter (22) has recently
shown that acceleration of swelling of the 304L alloy is coincident with a
substantial microchemical evolution, although the details of the phase

development are quite different in the two alloys.

The apparent inconsistency of earlier conclusions concerning
stress-affected swelling can now be addressed in terms of the insight
gained in this study. Most studies based on fuel pin cladding have been
inconclusive, primarily because the irradiation conditions are either too
complicated or poorly defined to allow a definitive statement of the role
of stress. Fuel pins generally operate with low initial levels of stress
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that increase with fluence due to accumulating fission gas pressure; thus

the stress becomes large only after void incubation is over. The data of
Flinn, McVay and Walters shown in Figure 14 fall into this category. (6)

(1t should also be noted that the capsule and cladding material are different
heats of steel and the large difference in swelling behavior at 530°C probably
reflects the large differences in their respective manganese and nickel levels.)

When the stresses are large due to fuel-clad interaction, the stress levels
are relatively indeterminate.
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FIGURE 14. Swelling Observed in Type 304L Stainless Steel Capsule and
Cladding Material at 465 and 530°C.(6) The apparent effect
of stress ontheswelling rate is due not only to the fact that
the stress operating on the cladding is very low at fluences
where voids are formed but also that two different heats of

steel with significant differences in composition were employed
to construct the capsule and cladding.

HEDL 7705-129.3

The data of Dupouy, Lehman and Boutard (5) shown in Figure 15
are in agreement with our results in that the effect of stress on swelling
is visible but small at temperatures below 5T0°C, however. Note that in
agreement with this study and that of Bates and GiIbert,(4) the effect of
stress on swelling operates on both annealed and cold-worked steel. The
data of Bergman and coworkers (23) are judged to be inconclusive.
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FIGURE 15. Stress-Affected Swelling of AISI 316 Observed in the Rapsodie
Reactor (5) at 150 MPa. The swelling peaks due to a flux pro-
file across the reactor.

The two earliest data sets on stress-effects lead various
researchers to the conclusion that such a phenomenon did not exist. (6-7)
Those data sets are shown in Figures 16 and 17. In fact it appears that
stress may actually decrease swelling somewhat. With hindsight it i s now
possible to reconcile these inconsistencies. Solution-annealed 304L has
a very short stress-free incubation period and the irradiation temperatures
in these studies were very low. This makes it difficult to observe an
incubation-related phenomenon. More importantly, however, the single stress
level investigated was in excess of the proportional elastic limit of the

(12)

material. In other words, these curves compare annealed and cold-worked

steel .
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FIGURE 16. Swelling Observed in 304L Creep Capsules Irradiated to 1.4 x
1022 n/cm? at 380°C.(7)
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FIGURE 17. Swelllng Observed in ?94L Creep Capsule Irradiated to 5.1 x
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6. Conclusions

The primary effect of applied tensile stress on swelling appears
to be a decrease in the incubation period preceding the onset of steady-
state swelling. Stress-affected swelling appears to occur in all alloys
and alloy starting conditions which are subject to swelling, although it
is difficult to observe in materials with short incubation periods, par-
ticularly at low temperature. Levels of stress which exceed the yield
stress of the alloy at the irradiation temperature lead to inadvertant cold
working, which also can obscure the effect of stress on swelling. Stress-
affected swelling spans the entire temperature range applicable to fast
reactors but it appears that more than one mechanism is involved, one which
dominates at relatively low temperature and another which controls at higher
temperatures. Although the influence of stress is greatest at higher tem-
peratures, it appears that other phenomena such as stress-affected precipi-
tation may also be reflected in the density change data attemperaturesabove
700°C. Until the factors which control stress-affected precipitation of
intermetallics and the subsequent acceleration of the microchemical evolution
are fully understood, extrapolation of these data to compressive stress states
is fraught with uncertainty.
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VII.  FUTURE WORK
This effort will continue as additional data and insight become avail-

able. The application of these data to compressive and cyclic stress states
will be considered.
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Title: Effects of Irradiation on Fusion Reactor Materials
Principal Investigators: F. V. Nolfi, Jr. and A. P. L. Turner

Affiliation: Argonne National Laboratory

il. OBJECTIVE

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

rates, and temperature.

I1I. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11.C.2.1 Mobility, Distribution, and Bubble Nucleation

Iv. SUMMARY

The dose and temperature dependence of cavity formation in a 9Cr-
IMo ferritic alloy irradiated simultaneously with NiT and He® has been
studied with TEM. Comparison is made to parallel experiments on He-
preinjected and Nit jon-irradiated material. For dual-ion irradiation,

both intergranular and intragranular cavities formed at all temperatures

{450-600°C) and doses (5-25 dpa) investigated. The size of the
intergranular cavities increased with increasing temperature, while the
size of intragranular cavities decreased. In preinjected samples,
cavities formed only at the lowest (450°C) irradiation temperature. For

450%C single-ion irradiation and for 450 and 550°C dual-ion irradiation,
there was a correlation between subgrain size and maximum cavity size,
suggesting that the boundaries of the small (typically ~ 0.5 u m)

subgrains act as the primary defect sink.
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V. ACCOMPLISHMENTS AND STATUS

A. Dose and Temperature Dependence of Cavity Formation in

Single and Dual-lon Irradiated 9Cr—-1¥Mo Ferritic Alloy

-— G. Ayrault

1. Introduction

A major question in the irradiation response of candidate
fusion reactor structural materials is the influence of concurrent
displacement damage and helium production. Dual-ion irradiation, wusing
heavy ions for damage production and helium ions .o simulate gas
production by transmutation events, provides a means of investigating such

effects in the absence of a high energy neutron source.
This report presents preliminary results on the dose and
temperature dependenceof cavity formation in preinjected single-ion and

dual-ion irradiated samples of a 9Cr-1Mo ferritic alloy.

2. Sample Preparation

The material used in this study was from heat no. CE-3177 of a
9Ccr-iMe ferritic alloy developed by Combustion Engineering; the
composition is shown in Table 1. The as-received material was in the form
of 0.010-in. sheet, and had been previously tempered for 1 hour at 760°C to
yield a tempered martensite structure. Discs 3m in diameter were punched

from the sheet and electropolished prior to irradiation.

Table 1. Alloy composition (wt. %)

C Mh Si S P Cr Mo \Y W No  Ti Ni
0.087 0.44 0.17 0.01 0.012 9.50 0.78 0.14 0.48 0.11 0.04 0.08
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Following irradiation in the ANL Dual-lon Irradiation Facility,
the samples were electrochemically sectioned to a depth of 4500 & (peak
damage was at 5500 A ) in a perchloric acid ethanol solution at -60°C,
and then backthinned to perforation in a jet polisher with a perchloric
acid, methanol, ethylene glycol monobutyl ether solution at =20°C. A
problem encountered in the sample preparation was that during the
backthinning, carbide precipitates tended to fall out of the samples,
leaving holes which caused the jet polisher to shut off prematurely, at a
stage where the samples were too thick for TEM inspection. Further
polishing, using manual instead of automatic control of the jet polisher,

generally yielded high quality foils.

3. Irradiation Conditions

In both the dose dependence and temperature dependence studies,
two sets of samples were irradiated. One set of samples was preinjected
with 15 appm 3He and single-ion irradiated with 3.0 MeV 58yi*.  The other
set was dual—ion irradiated with 3.0 Mev °8nit and 0.83 Mev degraded 3get
at a helium injection rate of 15:1, appm He:dpa. The dose dependence
samples were irradiated at 500°C, which was expected to be near the peak
swelling temperature for our 4 x 1073 dpa * s~! dose rate, based on other
ion irradiations of ferritic alloys;(l’z) the doses were 5, 10 and 25 dpa
for both the single- and dual-ion irradiations. In the temperature
dependence study all samples were irradiated to a 25 dpa dose at 450, 500,
550 and 600°C at a 3 x 10~3 dpa - s~ dose rate.

4. Preirradiation Microstructure

The most prominent microstructural feature in both
unirradiated (Fig. la) and irradiated (Fig. Ib ) samples was the small
(typically = 0.5 u m) subgrain size. Moire' fringe patterns at low-angle
subgrain boundaries were very common — all images contained a number of

subgrains, and careful inspection showed moire' fringes on one or several
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boundaries in almost every micrograph, e.g. see Fig. 2a and Fig. 4 b, c
and d. The intergranular dislocation density was generally quite

low — many subgrains in strong contrast showed no dislocation contrast at
all — however,this was often obscured by much higher dislocation densities
at subgrain boundaries lying at small angles to the foil surface. This

made the dislocation density appear very inhomogeneous in some images.

Another feature common to all samples was the presence of
spheroidal carbides. These ranged from ~ 0.05 to 0.2 um in diameter, and
most were clearly located at subgrain boundaries. In fact, all the
carbides may have been located at subgrain boundaries, even though some
appeared to be intragranular because not all boundaries were visible,
particularly those nearly parallel to the foil surface. The carbides were
identified as #54Cg from diffraction patterns. Small (typically ~ 150 A
intragranular precipitates were visible in some grains, but have not yet
been identified, e.g. see Fig. 4d. Unlike the large intergranular My4Cg,
the small intragranular precipitates were not visible in absorption
contrast; since visibility conditions have not been established it is not

yet clear how high the precipitate density actually was.

W emphasize that for both unirradiated and irradiated samples
it is very difficult to define a ""typical'™ microstructure, particularly in
high magnification micrographs. The small subgrain sizes made it very
difficult to achieve consistent diffraction conditions. In addition, the
microstructure tended to vary depending on subgrain size, and the
appearance of nominally similar microstructures could wvary depending on
the orientations of subgrain boundaries. The high magnification
micrographs (Figs. 2, 3 and 4) included in this report were selected to
emphasize particular points, mainly the cavity formation behavior, but are

not intended as "typical'™ micrographs.
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5. Dose Dependence

Samples that were dual-ion irradiated at 500°C to 5, 10 and 25
dpa all exhibited some cavity formation (Fig. 2.) The cavities observed in
each sample ranged in size from a dose-dependent maximum ( ~ 35 A at 3
dpa, ~ 70 A at 10 dpa and T 90 A at 25 dpa), down to a practical
resolution limit of = 20 A ; it is quite likely that smaller cavities are
also present. Preferential formation of cavities at dislocations within
grains, and also at subgrain boundaries and the surfaces of My;Cg
precipitates, was observed at all doses. Cavities at boundaries were
generally higher in number density and smaller than those within grains,
and difficult to see in Fig. 2, except in the 25 dpa sample (Fig. 2c.) As
the cavity size increased with dose, so did the apparent cavity number
density. This may be due to the growth of small cavities into the visible
range, and therefore does not necessarily reflect continued cavity

nucleation beyond the lowest (5 dpa) dose.

The total cavity volume observed in these samples was within a
range where all cavities may have been equilibrium or overpressured helium
bubbles. An interesting feature of the cavity distribution is that there
was a correlation between maximum cavity size and subgrain size = the
largest subgrains usually contained the largest cavities and many small
subgrains apparently contained no cavities at all. Also, the largest
cavities tended to be located near the centers of grains. Thus, if the
cavities are indeed helium bubbles, it appears that the subgrain
boundaries act as a dominant sink for the helium. Within grains,
dislocations also act as sinks, and Lower densities of larger cavities are

formed.

In samples which were preinjected and single-ion irradiated to
doses of 5, 10 and 25 dpa at 500°C, no cavities were observed. The
irradiation microstructure was otherwise similar to the dual-ion

microstructure.
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6. Temperature Dependence

The temperature dependence study described below represents a
second step in our investigation of cavity formation in single- and dual-
ion irradiated ferritic alloys. The irradiations were performed after the
dose—dependence samples had been inspected in TEM; it was thought that the
very low swelling observed in the dose dependence experiment might be due
to the 500°C irradiation temperature falling outside the rapid swelling
regime for this alloy. Although the swelling remained Ilow at all
temperatures (450~600°C), our surmise proved correct, but in a surprising
way. Based on other ion irradiation studies,(l"?)we expected that if 500°C
was not near the peak swelling temperature, that higher temperatures would
produce greater swelling. In fact, there was no swelling increase at
higher temperatures (550 and 600°C), but there was an increase at 450°C,

which is a very low temperature for swelling under ion irradiation.

A 500°C dual-ion sample (Fig. 3b ) was included in the
temperature dependence study as an internal check on the consistency of
our irradiation conditions. The microstructure was essentially the same
as it was in the 500°C, 25 dpa sample from the dose dependence study, with
a maximum cavity size of ~ 90 8 in large subgraias, and preferential
formation of smaller cavities at subgrain boundaries, as noted previously
in section 5. In the 450°C dual-ion sample (Fig. 3a) cavities as large as
150 8 in diameter (the largest found in any sample) were present in large
subgrains, in addition to smaller cavities at subgrain boundaries, like
those found in the 500°C sample. The intragranular cavity number density
appeared to be higher at 450°C, but this may have been due to greater

cavity visibility resulting from a larger mean cavity size.

In the 550°C dual-ion sample (Fig. 3¢,) the maximum cavity size
( = 608) was smaller than at 500°C, but the cavities at boundaries were
about the same size and were generally larger than the cavities at

boundaries in the 450 and 500°C samples. In the 600°C dual-ion sample
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(Fig. id,) the largest cavities ( = 80 A) were located at boundaries, and
intragranular cavities were smaller than those in lower temperature
samples. Thus, in the temperature range 450-600°C, a consistent trend
toward increases in the size of intergranular cavities and decreases in

the size of intragranular cavities was observed.

In helium preinjected and single—ion irradiated samples (Fig.
4,)no cavities were observed in samples’ irradiated at 500, 550 or 600°C
(Figs. 4b, c and d respectively,)but cavities did form in the 450°C sample
(Fig. 4a.) The maximum cavity size ( ~ 120A) was smaller than in the 450°C
dual-ion sample ( ~ 150&) , and small cavities at grain boundaries were
apparently absent. However, the formation of the largest cavities in the
largest subgrains paralleled the behavior of large cavities under &450°C
dual-ion irradiation. The observation of cavities in a single-ion
irradiated sample is important since it indicates that the increased
cavity size at low temperature 1is not simply a peculiarity of helium
bubble formation, but rather it reflects an unusually low temperature for
maximum void swelling. Future irradiations will have to be performed at
even lower temperature to define the location of the swelling peak in this

material.
7. Discussion

Ferritic alloys are generally considered to be highly resistant
to void swelling, but the mechanism for this suppression is not yet
understood. This makes irradiation damage studies covering a wide variety
of irradiation conditions particularly important, in order to provide
assurance that the wunknown suppression mechanisms will not be easily
bypassed, and also, it is hoped, to identify these mechanisms. Our first
concern, at the outset of this study, was that helium bubble formation
might bypass a swelling suppression mechanism which was strongly dependent
upon suppression of cavity nucleation; the helium bubbles would presumably

provide stable void nuclei for subsequent rapid growth.
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In this study, rapid growth did not occur, although observable
and presumably stable cavities were present in all aual-ion irradiated
samples. However, the sluggish cavity growth may have been aided by the
high density «f subgrain boundaries acting as the primary (and unbiased)
sinks for 1irradiation-induced vacancies and interstitials. Such a
swelling suppression mechanism was proposed by Singh(3) to explain a
correlation between small grain size and low swelling in a series of
austenitic alloys whose grain sizes were controlled by dispersions of
aluminum oxide particles; for grain sizes <0.7 wm , swelling was very
strongly suppressed. Based on this study, a similar suppression would be
expected in the ferritic alloy under study here, since the subgrain size
is typically = 0.5 um. The operation of such a mechanism iIs consistent
with our observation, in 450 and 500°C dual-ion and 450°C single-ion
samples, of a correlation between subgrain size and cavity size, and the
tendency for large cavities to form near the centers of grains. This
mechanism also provides at least a partial explanation for the unusually
low peak swelling temperatures under both single- and dual-ion irradiation
for the following reason: with decreasing temperature the density of
radiation—-induced dislocations increases, thus decreasing the dominance of
the unbiased grain boundary sinks over the biased intragranular
dislocation sinks. We would therefore expect swelling suppression due to
grain boundaries to be more effective at higher temperatures, and this
would therefore cause a downward shift of the peak swelling temperature.
It will be iInteresting to see if this correlation between void swelling
and grain size persists in other ferritic alloys with tempered martensite

structure.
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VII. FUTURE WORK

Samples of undoped and Ni—-doped HT-9 and 9Cr-1Mo ferritic alloys
are scheduled for single- and dual-ion irradiation in the near future.
This study will concentrate upon the temperature dependence of cavity
formation in HT-9 (heat XAA-3587), HI9 + 2%Ni (heat XAA-3589), 9Cr-1Mo
(heat XA=-3590) and 9Cr-iMo + 2iINi (heat XA-3591); these heats were
prepared by Combustion Engineering. In addition to providing data on the
swelling resistance of HT-9, and heat-to-heat variations in 9Cr-1Mo
alloys, this study should provide insight into the influence of nickel
additions on swelling resistance, and support current reactor irradiation

studies on the same materials; in reactor studies the nickel additions
provide transmutant helium, whereas for dual-ion irradiation, helium

levels are independent of nickel content.
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Figure 1 Micrographs showing the subgrain and precipitate structures in

9Cr-1Mo ferritic alloy. The spheroidal precipitates labeled "P" are

My3C¢. (a) Unirradiated control sample from a 550°c irradiation and (b)
sample dual-ion irradiated at 550°C to 25 dpa at 3 x 1073 dpa - s~ with

15:1, appm He:dpa.
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Micrographs showing samples dual-ion irradiated at 4 x 1073

Figure 2.
are

dpa + s~! and 500°C with 15:1, appm He:dpa. The features labeled '™"
moire® fringes at low-angle subgrain boundaries. (a) 5 dpa, (b) 10 dpa and

(c) 25 dpa.
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Figure 3. Micrographs showing samples dual-ion irradiated to 25 dpa at 3
x 1073 dpa + s7! with 15:1, appm He:dpa. (a) 450°C, (b) 500°C, (c) 550°C
and (d) 600°cC.
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Figure 4. Micrographs showing samples which were preinjected with 15 appm

- -1 o
He and single-ion irradiated to 25 dpa at 3 x 10 3 dpa + s™'. (a) 4507C,

(b) 500°C, (e) 550°C and (d) 600°C.
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Title: Irradiation Effects Analysis (AKJ)
Principal Investigator: D. G. Doran
Affiliation: Hanford Engineering Development Laboratory

OBJECTIVE

The objective of this work is to develop correlation methods for
irradiation effects on tensile properties of materials important
to magnetic fusion energy devices.

RELEVANT DAFS PROGRAM TASK/SUBTASK

Subtask 11.C.2.2  Fast spectrum/mixed-spectrum correlations
Subtask 11.C.16.1 Correlation model development

SUMMARY

Yield strength data on 20% cold-worked 316 stainless steel irradiated
in fast and thermal reactors and by 14 MY neutrons were analyzed and
a ten-parameter equation was developed to describe the yield strength
behavior for the temperature range 25 < T < 800°C. The equation in-
cludes the irradiation parameters: displaced atoms, helium content,
and irradiation temperature. It is applicable to strain rates < 5 x
10"*/second and test temperatures approximately equal to the irradia-

tion temperature.

ACCOVPLISHVENTS AND STATUS
Yield Strength Correlation for 20% CW 316 Stainless Steel - R. L. Simons

Introduction

It is expected that 20% cold-worked (CW) AISI 316 stainless steel will be
used in the construction of the Fusion Engineering Device (FED) and possibly
later fusion devices. Consequently, a correlation of available data on
yield strength of irradiated 20% C 316 stainless steel was made for the
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irradiation temperature range 20°C to 800°C. Ultimate tensile strength,
uniform elongation, and total elongation will be addressed in a subsequent
report.

There were two primary sources of data--N lots and T lots of heat 87210 used
for Fast-Flux Test Facility (FFTF) cladding,and DO heat used in irradiation
experiments by Oak Ridge National Laboratory (ORNL). The primary difference
between the two heats is the silicon content. Other differences between the
data sets are primarily due to differences in the irradiation environment.
Materials from the former heat were irradiated in the Experimental Breeder
Reactor IT (EBR-II) at 370 < T < 800°C and at the Rotating Target Neutron
Source II (RTNS-1I) at 25°C.(]’2) The latter heat of material was irradiated
in the High Flux Isotope Reactor (HFIR) at 55 < T < 680°C.(3,4,5) i
produces large concentrations (generally greater than 50 appm) of helium due
to the two step nickel {n,a) reaction,whereas the EBR-II reactor produces
only small concentrations by one-step (n,x) reactions. Some additional data
for a Nb modified AISI 316 stainless steel (M316)(6) irradiated in the Doun-
reay Fast Reactor (DFR) and on AISI 304 stainless stee1(7) irradiated in

the Engineering Test Reactor (ETR) were also considered in this analysis.
The M316 and 304 data were used to supplement the single data point available
between 50 and 350°C. Generally speaking these two materials should show
the same fluence and temperature trends,although the magnitude of the changes
in tensile properties may be different. 1t turns out that these two data
sets are entirely consistent with the damage exposure behavior of AISI 316.
The consistency may be fortuitous; however, Higgy and Hammond(s) simultane-
ously irradiated annealed 304, 316, and 347 stainless steels at T < 100°C,
and similarly found consistent behavior among all three steels.

Data Compilation

The exposure parameter used by Fish et a].(” in reporting tensile data from
irradiations in EBR-I1I was fluence >0.1 MeV. For application to fusion
environments the dose parameter was converted to displaced atoms per atom
(dpa). The basis for determining the dpa values were the fluxes and spectrum-
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averaged displacement cross sections calculated from results obtained from
the EBR-II run 50H and run 75D dosimetry tests.(g’m) The 50H dosimetry

was used for the irradiations performed prior to the blanket change (run 56),
and the 75D dosimetry was used for the post-blanket change irradiations.

For HFIR tensile data the reported dpa values were used except for those
from reference (3). They were high by a factor of two, relative to the
other values, because they are based on a 25 eV displacement energy and 83
= 1.0. For ETR tensile data a 1650 barns/fluence > 1.0 MY displacement
cross section was used. The British data on M316 was reported in terms of
the half-Nelson displacement model. These values were reduced by 15% ")

to be consistent with the values for the rest of the data used in this analy-

Sis.

It is generally recognized that helium can affect tensile properties. Helium
concentrations are reported for the HFIR data. They are based on a semi-
empirical equation for helium production in HFIR.“Z) No values were re-
ported for the EBR-II data. Consequently, it was necessary to estimate helium
concentrations based on helium cross sections determined from the measurements
made in EBR-II by McElroy and Farrar.(]3) For DFR irradiations, EBR-II

core center values were used. This is justified because both reactors are
metal fueled and sodium cooled, and thus have similar neutron spectra.

Helium concentrations for ETR irradiated specimens were estimated to be one-
fourth that predicted for HFIR at the same fluence. The values are probably
correct to within a factor of two. The value per unit fluence should be

less in ETR than in HFIR because HFIR is a thermal flux trap reactor con-
figuration designed to enhance the thermal neutron flux and,consequently,
helium generation rate, whereas ETR is a water-moderated reactor with no
thermal flux enhancement.

The other parameters of importance are test temperature and strain rate.

All available data were used in this analysis through the temperature range
25°C to 800°C,provided the strain rate was < 5 x 107 "%/second and the test
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temperature was near the irradiation temperature. Most of the data used in
this analysis were for a strain rate of 5 x 1073/second. There was no
obvious strain rate effect in the data used. Higher strain rates are known
to increase yield strength at temperatures = 600°C.(M) The data were grouped
by irradiation temperature. Each group is identified by the mean temperature
of the group. The maximum deviation from the mean of any group was 10°C.

There were a total of 104 data points used in this analysis. Not all of

the data were from the same heat or same specimen geometry. Consequently,

it would not be prudent to give all the data the same weight in the

analysis. Assigning weights to the data to account for material differences
is unquestionably arbitrary. Since the largest portion of the data were

from N and T lots of heat 87210, this correlation was tailored to this

data set by giving i% a weight of 1.0 and the other sets lesser weights.

This is further justified by the fact that the temperatures are somewnhat
better known in EBR-II than HFIR. Most of the HFIR data were given a weight
of 0.5. One set of 316 data(?’) from HFIR showed a high unirradiated yield
strength (approximate 280-350 MPa higher than the rest of the data) presumably
due to the method of fabrication(4) and was given a weight of 0.125. The 304
and M316 data made up 13% of the total and were given weights of 0.125. The
small weight was assigned because the material was either sufficiently differ-
ent (304) or had different unirradiated properties (M316). The simplicity of
the design equations developed in this analysis did not permit accounting for
this large variation in yield strength. However, several of these specimens
exhibited the same property level as the rest of the specimens after extended
damage exposure. This supports the premise that, regardless of the starting
point, the stainless steel will eventually reach the same property Ievel.(]S)
Table 1 summarizes the yield strength data used in this analysis.

Correlation Equation Development

The correlation equation fit to the data should be as physically based as
possible. Traditionally, yield strength is modeled as a sum of incremental
changes in yield strength due to various dislocation pinning mechanisms.
The correlation equation developed assumed the yield strength was equal to
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the initial value plus or minus an incremental change in yizld strength which
depends on damage parameter and irradiation temperature. This assumption
appears to work well at lower temperatures (<300°C) but does not work as

well at higher temperatures where the yield strength depends on the initial
state of the material. Thus, this analysis method is appropriate for a single
heat of material. Below 500°C, an irradiation hardening mechanism(s) was
evident which shows a tendency to saturate with exposure. Saturation is
definitely evident at low temperatures (<300°C) in 304 and M316 stainless
steels used in this analysis.

The EBR-II data appear to show a high dose softening in yield strength.
This is particularly evident at 470°C . Figure 1-A shows data from irradia-

tions in EBR-II and HFIR. The EBR-II data clearly shows softening at high
doses,while the HFIR data shows an immediate softening at low doses. The

primary differences between the two irradiation is the helium concentration;
both reactors have about the same displacement rate, m10'6dpa/s, but EBR-I1I
produces < 50 appm helium while HFIR easily produces > 100 appm helium.
Helium is a possible cause of irradiation softening. Figure 1-B shows the
same data plotted as a function of the empirical parameter m. The
data show some overlap in the m parameter and appear to correlate
well. However, since this is an empirical correlation, one cannot rule out
another function of helium and dpa. Figure 2 shows the same effect at
375°C.

The irradiation hardening is described by the function

aYSy = Y, (1 - e-sdpay -+ hpa-dpa (1)

where YH’ a , and g are temperature dependent parameters. Since o and 6
appear as rate constants, this suggests an Arhenius-type equation for the
temperature dependence. A preliminary analysis of the data at 25, 375,
420, and 475°C confirmed this. The equations for a and 38 have the form
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where ¢ and n are fitted constants. The constant n is positive for g and
negative for . A simple rate constant as in equation (2) implies a

single mechanism or multiple mechanism with additive activation energies.

In equation (1), g dominates at low temperatures, giving a saturation effect,
while « dominates at high temperatures, resulting in essentially no hardening.
With the form of a and g established, the YH function was described by a
linear function of temperature {(°K}. In the analysis of the data, the best
fit to the high temperature data was obtained when Yy Wes constant above
500°C.

The high temperature (T > 500°C) yield strength shows softening in both
EBR-II and HFIR irradiations, and in ex-reactor aging experiments. Fish
et al.(” point out that aging accounts for most of the yield strength soft-
ening. Although irradiation appears to contribute to the softening, the
mechanism causing it is not clear. The exposure or time dependent term is
probably a saturation function; however, it appears to have such a short
time constant that it has little effect for irradiation times in excess of
~1000 hours. There were too few data points to determine the temperature
dependence of the time constant, and consequently it was treated as inde-
pendent of irradiation temperature. This may introduce some scatter in
the data at low doses. The softening effect is largest in the 550 - 650°C

range,with less softening at both ends of this temperature range. A function

which describes this temperature dependence is

a(m-1) T - To) 7,1 (3)
0 v =T

=0 s T < TO

AYSA

where @, w and T are fitted parameters. This function includes effects
from aging and irradiation.

The final yield strength equation used for the temperature range 25 < T < 800°C
is
V=¥ o+ vy (1 - e PR3y gravdpachpa_y oy omvdpa (4)
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where Y, =A.-T -8 T<Ty
Yy =A T, -8B T>T,
T, = 773K
8 = C exp(+ D/T)
a = E exp(-F/T)
Y, =G (T - TO) exp[uH(T-To)l . T;,-;T0
Y, =0 ,TiTO

where A, B, C, 0, E, F, G, H, To, and v are fitted constants. The tempera-
ture T is inunits of degrees Kelvin, dpa is the number of displaced atoms
per atom, hpa is the helium atoms per atom in units of appm, and Y0 is the
measured unirradiated yield strength in ¥Pa.

Results and Discussion

The primary emphasis of this analysis was placed on the heat 87210 (N and T

lots) with lower emphasis on the DO heat. Table Il summarizes the parameters
which minimize the weighted sum of the squares of the residuals for equation
(4). The weighted 2¢ uncertainty with these parameters is + 65 IPa.

TABLE I1

Fitted Parameters for Equation (4)

Parameter Value Units
A 0.969 MPa/°K
B 168. MPa,
C 4605. {dpa)
0 10080. (“K) e
E 617. (hpa dpa) /
F 7079. (°K)
G 6.55 MPa/°K |
H 0.01389 (°K)
T 730. (°K)
o i
v 0.384 (dpa)

Two additional solutions were determined with alternate weights (1.0 and
0.0) for the DO heat. Initially using the parameters of Table Il and a
weight of one far the DO heat data, the 2s uncertainty was 110 MPa. However,
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the solution diverged. With a weight of zero for the DO heat data (i.e.,
excluding DO heat data), the solution converge poorly {i.e., the solution
exhibited small oscillations) with a 20 uncertainty of about 50 MPa. In
both cases the determination of the parameters E and F adversely affected
the solution convergence. These parameters determine o,which influences
the high exposure softening in yield strength. With a weight of one there
is apparently too much scatter in the data,and with a weight of zero there
is insufficient information to determine the constants for a. The intermediate
weight allows a compromise between the two extremes. This demonstrates the
need for accurate data with high helium content (>50 appm) from HFIR irra-
diations to complement the data from EBR-II.

Figure 3 shows the data for heat 87210 and the curves for each temperature
group. The curves correspond to an EBR-II core center spectrum. With only
a few exceptions the curves fit the data reasonably well. The one major
exception is for 515°C. The yield strength data drops further at low dpa
than predicted by the curve. This is probably due to the simplicity of the
model. This temperature corresponds to the onset of recrystalization and
recovery which may require additional parameters to describe adequately.
However, it is observed that the general features of the data are apparent
in the curve, i.e., a weak peak around 20 dpa.

At higher temperatures, the temperature independent constant for the transi-
ent term may be an over-simplification; however, a more complex temperature
dependence may be difficult to determine due to the scarcity and scatter in
the data. A dpa transient was found to fit the data best. With a helium
dependent transient term, the least square fitting routine would not converge.
This does not rule out any helium effect at temperatures above 500°C. At
840°C the equation (4) is about 50% higher than the measured data. Although
this is within the 95% confidence level of certainty, the application of
equation (4) is limited to <800°C.

Figure 4 shows a plot of measured versus calculated yield strength for heat
87210. The dashed lines represent the 95% confidence bounds (65 MPa).
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The high exposure softening is strongest in the temperature range 300 < T

< 568°C. This temperature range also corresponds to the swelling region of
316 SS. Helium is generally considered as a source of void nucleation. Since
the softening correlated fairly well with helium content, it is assumed that
void or gas bubble swelling is involved in the softening mechanism. Bloom
and wiffen(3) found that the high density of voids and/or bubbles produced

in HFIR irradiated specimens was associated with a reduction in the disloca-
tion density. Thus, the voids, which are generally considered as a weak
hardening mechanism, possibly act indirectly to reduce dislocation density
which, in turn, lowers the yield strength.

Figure 5 shows the DO heat data and the predicted curves for the corresponding
temperature for HFIR irradiations. The scatter in the data about the pre-
dicted curves is substantially greater than for the heat 87210. Since the
gamma heating rates are ten times higher in HFIR than in EBR-II and are un-
certain by 10%, the temperatures are harder to pre-select and control in

HFIR than in EBR-II. Grossbeck and Mazias;@reported that the temperature

for the HFIR specimens are accurate on a relative scale but could be as much
as 50 - 75°C low on an absolute scale. For heat 87210 irradiated in EBR-II

a temperature increase from 475 to 525°C decreases the yield strength nearly
200 mpa. Consequently, the large scatter is not surprising.

The HFIR data show a more rapid softening than the EBR-II data in the inter-
mediate temperature region (300 - 500°C). This is assumed to be related to
the much higher helium generation in HFIR than in EBR-II. Below about 300°C
the displacement-related hardening appears to dominate the yield strength
behavior. Similarly the yield strength behavior above about 600°C appears
to be generally similar to that in EBR-II.

Figure 6 shows the DO heat yield strength data plotted versus calculated
yield strength. The dashed lines show the same 95% confidence bounds shown
for the heat 87210 data. Ore half of the DO heat data falls within the
boundaries, about 25% of the data fall just outside the boundaries, and the
remaining data fall significantly outside the boundaries. Note that two-
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thirds of the DO heat data fall on the low side of the curve,which indicates
that the predicted values are high. Note also that these predicted values
are based on unirradiated values which are higher. Most of the over pre-
dictions are at low yield strength values which correspond to high temp-
eratures (>500°C).

Summary and Conclusions

Data on tensile properties of irradiated 20% CW 316 stainless steel were
compiled and helium and dpa values were calculated for all the data. A
ten-parameter equation was developed to describe behavior of yield strength
for irradiation temperatures ranging from 25 to 800°C. The equation uses
both high helium (>100 appm) and low helium {<50 appm) data so that it
should be applicable to all neutron environments. The test conditions are
for strain rates < 5x 107 "%/second and irradiation temperatures approximately
equal to test temperatures. The equation fits the heat 87210 (N and T lots)
data to within +65 MPa (15%)at the 95%confidence level. The DO heat data
irradiated in HFIR shows larger scatter,but it is predicted to within about
+ 100 Mpa. The correlation equation is characterized by an initial irra-
diation hardening which saturates, followed by a softeningeffect, which is
correlated with the square root of helium concentration and displacements

per atom. Above approximately 500°C the yield strength change appears to
be dominated by recrystallization and recovery as noted by Fish et al.
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l. PROGRAM

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

IT.  OBIJECTIVE

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 irradiation pro-
grams at the Rotating Target Neutron Source {RTNS)-II at the Lawrence
Livermore National Laboratory (LLNL) and the Omega West Reactor (OWR) at
the Los Alamos National Laboratory (LANL).

111. RELEVANT OAFS PROGRAM TASK/SUBTASK

Subtask 11.B.3.2 Experimental Characterization of Primary Damage
State; Studies of Metals

I1.C.6.3 Effects of Damage Rate and Cascade Structure on

Microstructure; Low-Energy/High-Energy Neutron

Correlations
1.C.11.4 Effects of Cascades and Flux on Flow; High-Energy

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

V.  SUMMARY

A rew reactor furnace fabricated at LLNL has been installed in the
OWR, a thermal reactor located at LANL. The flux-spectrum of the reactor
has been measured by Argonne National Laboratory and the initial experiment
assembled at Hanford Engineering Development Laboratory (HEDL). This experiment,
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HEDL-la, will be one of several low-energy irradiations which will comple-
ment HEDL-VR, an ongoing high-energy neutron experiment at RTNS-I1 (LLNL).
Together these experiments will provide a basis for the correlation of dis-
placement effects of low and high energy neutrons. The matrices of both
experiments are described. A new furnace fabricated at HEDL has been
delivered to the RTNS-II facility at LLNL. The furnace permits irradiation
of specimens at two temperatures simultaneously without any significant loss
of high flux irradiation volume.

V. ACCOMPLISHMENTS AND STATUS

Spectral Effects Experiments - N. F. Panayotou (HEDL)

A. Omega West Reactor

The Type A In-Core Furnace, designed and built by R. Van Konynenberg
(LLNL), has been installed in the 4F position of the OWR facility at Los
Alamos National Laboratory. Irradiation temperatures from 70 to about 120°C
can be obtained using this furnace. Itwill permit irradiation of specimens
identical to those currently undergoing irradiation in HEDL-VR. For irradia-
tions attemperatures in excess of 120°C, a Type B In-Core Furnace i s currently

under construction at LLNL.

OWR is a thermal, heterogeneous, sealed and pressurized tank-type
research reactor located at the Omega site of Los Alamos National Laboratory.(”
The reactor utilizes aluminum-clad fuel elements of the Materials Testing
type and is light water moderated and cooled. The normal operating power
level of the reactor is 8 MW. Based on the analysis by L. R. Greenwood (see
report elsewhere in this volume), the neutron flux at the specimen capsule

position is 5.7 x 1013 n/em?-s, E >0.1 MeV.
The In-Core Furnace was originally intended to be used in the

Livermore Pool Type Reactor (LPTR). A sealed specimen capsule, separated

from reactor coolant by a void space, was desighed to be heated by a
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combination of nuclear and electrical heating to temperatures ranging from
reactor ambient to 800°C. Various temperatures could be obtained by altering
the thermal conductivity of the void space: reactor water could be used
from reactor ambient to about 85°C, static helium for intermediate tempera-
tures, and a vacuum for temperatures up to 800°C. Upon the termination of
the operation of LPTR, the furnace was modified for use in the OWR facility.
Dwe to the higher gamma heating rate in OWR, provisions for the use of
circulating coolants had to be made. With circulating reactor coolant
water, the Type A In-Core Furance can operate at temperatures between 70
(reactor ambient) and 120°C with =1°C control. The maximum permissible
irradiation temperature is limited by the boiling point of the pressurized
reactor cooling water. The use of circulating helium gas was judged to be
impractical. Therefore, a second furnace (designated Type B) is currently
being modified at LLNL so that helium can be circulated using a small
Roots-type blower.

A sectional view of the lower 25 en of the Type A In-Core Furnace
is shown in Figure 1. Specimen temperature is monitored and controlled with
a chromel-alumel sheathed thermocouple inserted in the center of the specimen
capsule. The thermocouple assembly also acts as the specimen capsule posi-
tioning device. As shown, the capsule is seated firmly against a stainless
steel hot finger. Two heaters (one a spare) are wound around the hot finger
and the main furnace tube. Two additional thermocouples were brazed into

holes in the hot finger. A tube, added for circulation of reactor coolant,
is also shown.

An exploded view of the specimen capsule assembly is shown in
Figure 2. The assembly consists of three components: an outer shell, a
specimen holder,and a capsule cover with a thermocouple well. For low
temperature irradiations the specimen capsule is fabricated using aluminum
alloys. TEM disk and microtensile wire specimens are loaded into the 10
drilled and tapped holes in the specimen holder. Specimens are held in
place by set screws. This holder design can accommodate 500, 0.38-mm-
thick TEM disk specimens. The total available specimen volume within the

161



o r
E B 1 } /7 Coolant flow holes
( j z— Main tube
i e
: i / /—Ouler can
| e

.~ Coaolant tutre

/ Set screws
7

/

/ Capsule
4

s

/ Samples
Sheathed thermocouples
7

g
4 -~ Sampie holder
s

- Heater
-

B _..—— Hot finger

- Lifting eye

FIGURE 1. Sectional View of the Type A In-Core Furnace Currently Located
in the 4F Position of the Omega-West Reactor, Los Alamos National
Laboratory.

shell is about 13 cm®. Other specimen holders can be fabricated to accom-
modate other specimen geometries.

After loading, the assembly is clamped together, evacuated, electron

beam welded shut and leak checked. This procedure assures good thermal contact
between the components of the specimen capsule, and minimizes oxygen contaiiiination
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FIGURE 2. Exploded View of the In-Core Furnace Specimen Capsule Assembly.

of the specimens.

The HEDL-IQ experiment will be initiated during the next reportin

period. The irradiation te 5°C and the goal fluence is
2-1019 n/em2, E >0.1 MeV, a fluence currentiy being obtained in the HEDL-VR
e 20 microtensile wire

S| »ils and wire supplied

by L. R. Greenwood (ANL) are included in the experiment.

adiation condition and postirradiation specimen test

i le
tnree metals in four conaivions were mciuueu (1avl€ 1. e reLrysaiiiza
tion heat treatments for the wire specimens were chosen so that a minimum
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TABLE 1
HEDL-I: MICROTENSILE WIRE SPECIMEN MATRIX

Alloy Condition Number o f Specimens
HT-9 AST 10
MFE 316 SS cw 9
MFE 316 SS RxI 6
Ni Rxl 3
cw = Cold Worked
SA = Solution Annealed
A&T = Austenitized and Tempered
Rxl = Recrystallized
uH = Microhardness Testing
PIA = Postirradiation Annealing
A = Aged
SR = Stress Relief
Recon. = Experiment Reconstitution
TABLE 2
HEDL-IQ: TEM DISK SPECIMEN MATRIX
PURE METALS CONDITION wH /RECON TEM uH/PIA
Ni Rxl 1 3 3
Cu SR 13 3 3
Fe RxI 1 3 3
Ti RxI 15 3 3
Vv RxI 5 3 3
Nb Rxl 5 5 3
PATH A TYPE ALLOYS
FFTF 1st Core 316 5SS 20% Cw 6 3 3
FFTF 1st Core 316SS Rxl 13 3 3
N lot 316 Rxl 6 3 3
MFE 316 SS 40% CW 8 3 3
MFE 316 SS Rxl 6 3 3
PCA 40% CW 1 3 3
PCA Rx| 8 3
Fe-15Cr-20Ni (E-19) 30% CW 8 3 3
Fe-15Cr-20Ni (E-19) RxI 8 3 3
Fe-15Cr-20Ni-2Mo 40% CW 6 3 3
Fe-15Cr-20Ni-2Mo RxI 6 3 3
Fe-15Cr-20Ni 30% CwW 6 3 3
Fe-15Cr-20Ni Rxl 6 3 3
Fe-15Cr-20Ni-.12C 30% CW 3
Fe-15Cr-20Ni-.12C Rx| 3
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TABLE 2 (Cont'd)

PATH A TYPE ALLOYS CONDITION uH/RECON. TEM uH/PIA
Fe-15Cr-20Ni-.3Si 30% CW 6 3 3
Fe-15Cr-20Ni-.3Si Rx1 6 3 3
Fe-15Cr-20Ni-.12C- 3Si 30% CW 6 3 3
Fe-15Cr-20Ni-.12C-.351 Rx]1 6 3 3
BINARY ALLOYS*

Cu-5A1 SA 6 3 3
Cu-5Ni SA 6 3 3
Cu-5Mn SA 5 3 3
Cu-50Ni SA 6 3 3
Ni-5A1 SA 6 3 3
Ni-5Si SA 6 3 3
Ni-8Si SA 6 3 3
Ni-5Mn SA 6 3 3
Ni-19.6A1 A sl 2 -
Ni-12.8A1 SA - 2 -
Ni-12.8A1 A - 2 -
Ni-12.7Si SA - 2 -
Ni-12.7Si A - 2 -
PATH E TYPE ALLOYS

HT-9 A4T 8 3 3
Fe-10Cr 30% CW 6 3 3
Fe-10Cr Rx1 6 3 3
A533 A&T 8 3 3

*Atomic percent

of ten grains would be obtained across the 0.254-mm diameter gage section.
TEM disk specimens (Table 2) of six pure metals, ten Path A type alloys in
nineteen conditions, thirteen binary alloys, and three Path E type alloys
in four conditions were included. Specimens of alloy E-19 and a 2 w/o Mo
variation of E-19 have been included in previous irradiations. The second
Fe-15Cr-20Ni alloy listed and the carbon/silicon variations of this alloy
have a different prior histories than E-19 and are new additions to the
DAFS metals stockpile at HEDL. A total of ten specimens of Ni-Al and
Ni-Si alloys were received from Don Potter (U. of Conn.) and Mike Guinan
(LLNL) and were included in this experiment.
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Specimens of an Fe-10Cr binary alloy were also included. This
particular composition was chosen to bridge the gap between pure Fe and
HT-9. As in HEDL-VR disk specimens of A533, a light water reactor
pressure vessel steel, were included. 1In all cases the recrystallized con-
dition was defined as that heat treatment which produced a minimum grain
size. when applied to the cold-worked stock material. The copper stock
material, however, was received in an annealed condition and was therefore
only stress-relieved prior to irradiation.

Except for the Potter/Guinan binary alloys at least three specimens
of each metal-condition will be set aside for both TEM and microhardness,
followed by annealing studies. The balance of the specimens will be avail-
able for reconstitution into another, higher dose, experiment.

B. RINS-II Facility

In order t0 maximize the data obtained from long-term elevated
temperature high-energy neutron experiments, a new HEDL vacuum furnace,
designated Type C, was fabricated and delivered to the RTNS-II facility.
Figure 3 illustrates the evolution which has occurred in the three vacuum
furnaces built by HEDL for use at the RTNS-II facility. The Type C RTNS-II
furnace was designed so that high energy neutron irradiations could be per-
formed at two temperatures simultaneously. A difference of 250°C can be
maintained between the two temperature zones,which are separated by only
1.8 mi. This device increases HEDL's utilization of the source time of
RTNS without any significant loss of high flux irradiation volume. Like
its predecessors, the Type C furnace maintains a high vacuum environment.
It also minimizes the distance between specimens and the neutron source
by using efficient thermal barriers.

The specimen cage of the Type C furnace can accommodate specimen
capsules approximately 6 x 47 mm in size. The controlled temperature zone
is 10 cm in depth. The furnace can heat specimens up to 400°C while main-
taining a continuous 10™> torr vacuum.
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FURNACE DESIGN EVOLUTION

SPECIMEN CAGE

T E:::£:>>

. VACUUM

“BOUNDARY
TYPE A TYPEB TYPEC

HEDL 8009-289.22

FIGURE 3. Evolution of the Specimen Cage of HEDL Vacuum Furnaces.

The Type A and B furnaces were designed to heat specimens up to
800°C while maintaining a continuous 1077 torr vacuum. The Type A furnace
can accommodate 15 x 15 mm specimen capsules and was designed specifically
for use with the 23-cm diameter rotating target. The Type B furnace can
accommodate 15 x 47 mm specimen capsules; it was designed for use with the
50-cm diameter rotating target, but can also be used with the smaller target.
The depth of the controlled temperature zone is 2.5 cm for both furnaces.

Specimen holders for the Type C furnace are both modular and multi-
purpose. Actual holders and specimens are shown in Figure 4. Specimens are

stacked into the appropriate spaces and cover foils are spot welded on both
sides of each module to maintain specimen positions during handling and ir-

radiation. Iron dosimeter foils and wires are also loaded in to appropriate
positions. The specimen holder modules can then be stacked so that the proper
fluences will be obtained. This type of holder design permits both disk and
tensile specimens to be irradiated simultaneously while also allowing for
other experiments to be included either within or behind the main experiment.

A view of the Type C furnace specimen cage is shown in Figure 5 as
it would appear from the neutron source. The first specimen holder module
in the two specimen holder stacks is visible. Each specimen holder stack
occupies a separate temperature zone.
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Modular Multipurpose Specimen Holders and TEM Disk and Micro-
tensile Wire specimens

FIGURE 4.

In these first specimen holder modules the maximum and minimum
microtensile specimen doses are estimated to differ by a factor of 2.8.
The maximum and minimum disk specimen doses are estimated to differ by a
factor of 10. Over the specimen holder assembly depth of 100 mm it IS
estimated that the maximum and minimum specimen doses will differ by about
a factor of 400.

Four thermocouples are in place in each temperture zone, three
platinum-rhodium and one chromel-alumel type. (Decalibration of chromel-
alumel thermocouples exposed to high energy neutrons has been observed by
Guinan, LLNL). Each temperature zone is independently heated and can be
quenched rapidly to room temperature by circulating water.
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HEATING/COOLING MODULE

THERM

OCOUPLE

DISC SPECIMEN HOLDER

MULTI-FOIL INSULATION

N HEDL 8007-091 6

FIGURE 5. View of the Type C Furnace Speciﬁén Cage From the Vantage Point
of the Neutron Source.

A view of the Type C furnace and furnace stand is shown in Figure
6 in position at the RTNS-II facility. The continuous vacuum is produced
by a turbo molecular vacuum pump. Initial difficulties with the vacuum
system appear to have been resolved.

The objective of the HEDL-VR experiment is to obtaindataon high
energy neutron damage of alloys important to the design of the Engineering Test
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FIGURE 6. HEDL Type C Furnace and Furnace Test Stand in Position at the
RTNS-I1I Facility.

Facility at two irradiation temperatures to a peak dose of 1-10'9 n/cm?,

E >14 MeV (0.03 dpa). The eventual goal of the experiment is 3-10!% n/cm2.
The experiment employs the Type C furnace and modular multipurpose specimen
holders described above in order to maximize the utilization of source time
and volume. This is an important consideration since 20 weeks of facility
time (80 hours per week) are required to reach 1:1012 n/cm? with the avail-

able 23-cm diameter rotating targets.
The irradiation schedule for the experiment is shown in Table 3.

Specimens will be removed after 5 and 20 weeks. Interim goal dose levels
range from .05 . 1018 to 3.3 . 1018 for disk specimens and from 1-10!% to
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TABLE 3
IRRADIATION SCHEDULE: HEDL-VR

Dose Levels, x 1018 n/cm2, E ~14 MeV

Specimen Type 5 weeks' 20 weeks'

Disk g/\; A
0.05 0.8
0.2 1.7
0.4 3.3

Tensile A

+
Total facility time required assuming use of 23-cm diameter rotating
targets operating 80 hours per week.

11 . 10'® for microtensile wire specimens. Additional dose levels and
metals not included in the original specimen matrix can be added at the
five week experiment reconstitution. A reconstitution matrix is currently
being developed.

The preirradiation condition and postirradiation specimen test
matrix are reported in Tables 4 through 8. The specimen matrix for each
nominal temperature level is identical. The nominal temperature levels
selected for the experiment were 80 and 288°C. Operating temperatures for

ETF have been cited as 50 to 350°C. (2) A review of the literature by Simons
(HEDL) indicates that irradiation-induced property changes in yield strength

with dose are independent of irradiation temperature below about 200°C, while
above 200°C, yield strength is strongly dependent upon irradiation temperature.
Accordingiy,a low nominal temperature of 80°C was selected. A high nominal
temperature of 288°C was selected so that comparison of our data with the
large body of light water reactor data would be possible.

A total of 72 microtensile wire specimens and 422 TEM disk specimens
in each temperature level were included in the experiment. Microtensile wire
specimens of three metals in four conditions were included (Table 4). The
recrystallization heat treatments for the wire specimens were chosen so that
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TABLE 4
HEOL-VR MICROTENSILE WIRE SPECIMEN MATRIX

Dose: 1 . 1018, 1.1 . 1019 n/cm?, E ~14 MV
Ti: 80 and 288°C

Metal Condition Number of Specimens
MFE 316 20% QW 12
MFE 316 Rxl 12
HT-9 & T 8
N1 Rxl 4

Irradiation Temperature
Cold-Worked
Solution-Annealed
Austenitized and Tempered
Recrystal 1i zed

Microhardness Testing
Postirradiation Annealing

B FT R
o nonn

a minimum of ten grains would be obtained across the 0.254-mm diameter gage

section.

The TEM disk specimen matrices are reviewed according to their final
calculated dose levels in Tables 5-8. For each of the six disk specimen
dose levels there are four Path A type alloys in a total of eight conditions,
two Path E type alloys, and one pure metal. At the lowest disk dose level,
three additional pure metals and eight binary alloys were included. The
AL33 ferritic alloy disk specimens were obtained from Charpy-V-Notch spe-
cimen blank 3PT-34. This charpy specimen, in turn, was cut from plate 03
of ASIM A-533 Grade B class 1 steel, a well-characterized Heavy Section
Steel Technology Program steel.(3) In most cases,3 specimens will be set
aside for both TEM and microhardness followed by postirradiation annealing
studies. The balance of the specimens will be available for reconstitution

into another, higher dose, experiment.
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TABLE

5

HEDL-VR TEM DISK SPECIMEN MATRIX

*Atomic percent

173

Dose: 3.3 . 1018 n/cm2, E~14 MeV

T1.: 80 and 288°C
Path A Type Alloys Condition uH/Recon.  uH/TEM
FFTF 1st Core 316 SS 20% CW 0 3
FFTF1stCore 316SS Rxl 0 3
MFE 316 SS 40% CW 5 3
MFE 316 SS Rxl 7 3
PCA 40% CW 4 3
PCA Rxl 3
Fe-15Cr-20Ni (E-19) 30% CW 2 3
Fe-15Cr-20Ni (E-19) Rxl 3 3
Path E Type Alloys
HT-9 Ao T 0 3
Ab533 A&T 0] 3
Pure Metals
N Rxl 3 3
Vv Rxl 0 0
Ti RxI 0 0
Nb Rxl 0 0
Binary Alloys*
Cu-5A1 SA 0 0
Cu-5Ni SA 0 0]
Cu-5Mn SA 0 0
Cu-50Ni SA 0 0
Ni-5A1 SA 0 0
Ni-58Si SA 0 0
Ni-8Si SA 0 0
Ni-5Mn SA 0 0

pH/PIA

w w

w w

COoOOoOw

cfol+loNoNolan e



TABLE 6

HEDL-VR TEM DISK SPECIMEN MATRIX
Dose: 0.8 and 0.2 . 10'8® n/em?, E 14 MV
T'i: 8) and 288°C

Path A Type Alloys Condition uH/Recon. TEM uH/PIA
FFTF 1st Core 316 SS  20% CW 0] 2

FFTF 1st Core 316 SS  Rxl 0] 2

MFE 316 SS 40% CW 2 2 2
MFE 316 SS RxI 0 0 0
PCA 40% CW 0] 2 2
PCA RxI 0 2 2
Fe-15Cr-20Ni(E-19) 30% CwW 0 2 v
Fe-15Cr-20Ni (E-19) Rxl 0 3 2
Path E Type Alloys

HT-9 ACT 0 2

A533 A&T 0] 1

Pure Metals

Ni RxI 0] 2 2
V RxI 0 0 0
Ti RxI 0 0 0
Hb RxI 0 0 0
Binary Alloys*

Cu-5A1 SA 0 0 0
Cu-5Ni SA 0 8 8
Cu-5Mn SA 0

Cu-50N1 SA 0 0 0
Ni-5A1 SA 0 0 0
Ni-5Si SA 0 0 4]
Ni-8Si SA 0 0 0
Ni-5Mn SA 0 0 0

*Atomic percent
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TABLE 7
HEDL-VR TEM DISK SPECIMEN MATRIX

Dose: 1.7 and 0.4 . 108 n/cm?, E ~14 MV

T;: 80 and 288°C

Path A Type Alloys Condition uH/Recon. TEM uH/PIA
FFTF 1st Core 316 SS  20% CW 2 2 2
FFTF 1st Core 316 SS  Rxl 2 2 2
MFE 316 SS 40% CW 3 3 3
MFE 316 SS Rxl 2 2 2
PCA 40% CW 3 3 3
PCA RxI 0 3 2
Fe-15Cr-20N1i (E-19) 30% CW 2 2 3
Fe-15Cr-20N1i (E-19) RxI 3 3 3

Path E Type Alloys

HT-9 AGT 0 3 3
A533 A&T 0 3 0
Pure Metals

Ni Rxl 2 2 3
V RxI 0 0 0
Ti RxI 0 0 Q0
Nb RxI 0 0 0
Binary Alloys*

Cu-5A1 SA 0 0 0
Cu-5Ni SA 0 0 0
Cu-5Mn SA 0 0 0
Cu-50Ni SA 0 0 0
Ni-5A1 SA 0 0 0
Ni-5Si SA 0 0 0
Ni-8Si SA 0 0 0
Ni-5Mn SA 0 0 0

*Atomic percent
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TABLE 8
HEDL-VR TEM DISK SPECIMEN MATRIX

Dose: 0.05 . 101% n/cm2, E ~14 MV

T,: 80 and 288°C

Path A Type Alloys Condition uH/Recon, TEM uH/PIA
FFTF 1st Core 316 SS  20% QN 0 0 3
FFTF 1st Core 316 SS  Rxl 0 0 3
MFE 316 SS 40% CW 0 3 3
MFE 316 SS RxI 0 0 0
PCA 40% CW 0 2 2
PCA RxI 0 2 2
Fe-15Cr-20Ni (E-19) 30% CwW 0 0
Fe-15Cr-20Ni(E-19) Rxl 0 3

Path E Type Alloys

HT-9 A&T 0 0 2
A533 A&T 0 0 0
Pure Metals

N9 RxI 0 2

Vv Rxl| 3 3

Ti Rxl 0 0

No RxI 0 0] 4
Binary Alloys*

Cu-5A1 A 0 3 3
Cu-5Ni SA 0 3 4
Cu-5Mn A 0 3 3
Cu-50N i SA 0 3 4
Ni-5A1 A 0 3 4
Ni-551 SA 0 3 4
Ni-8Si SA 0 3 4
Ni-5Mn A 0 3 4

*Atomic percent
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1969 Status Report on the Omega-West Reactor, with Revised Safety
Analysis; H. T. Williams, 0. W. Stopinski, J. L. Yarnell, A. R. Lyle,
C. L. Warner, and H. L. Maine, LA-4192 Los Alamos National Laboratory,
University of California, Los Alamos, NM.

R. E. Nygren, Comments on ERF Needs for Materials Data, November 1979,
ETF Design Center, Oak Ridge, TN.

C. E. Childress, ORNL-TM-3193, March 1971.

FUTURE WORK

Initiate and complete HEDL-In, irradiating specimens in a thermal neutron
spectrum to 2-101% n/em? E >0.1 MV and at a temperature of 90°C. Re-initiate
HEDL-VR and achieve a peak dose of 2.5 . 108 n/em? E ~14 MV and at nominal
temperatures of 80 and 288°C. Reconstitute HEDL-VR and continue irradiation
to peak dose levels of 1 and eventually 3-10!% n/cm? E ~14 MeV,
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1. PROGRAM

Title: Irradiation Effects Analysis
Principal Investigator: D. G Doran
Affiliation: Hanford Engineering Development Laboratory

IT.  OBJECTIVE

The objective of this effort is to design and stock an expanded matrix
of simple alloys from which to draw specimens for HEDL and OAFS intercorrela-
tion experiments aimed at studying the microchemical/microstructural evolution

of alloys subjected to simulated fusion environments.

111. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

[1.C.I Effects of Material Parameters on Microstructure

IT.C. 17 Microstructural Characterization
[V. SUMMARY

Thirty-six different iron based alloys, previously used on other pro-
grams, have been obtained and are being processed into TEM disks. These
specimens are iron-nickel-chromium austenitic or iron-chromium ferritic
alloys some of which contain small additions of carbon, silicon, titanium
or molybdenum. These alloys will be used to investigate the effects of
different neutron energy environments on the microstructural and mechanical
properties of simple austenitic and ferritic metal systems.

V. ACCOMPLISHMENTS AND STATUS

A. Expanded Matrix of Fe-Ni-Cr Solute Alloys for HEDL Experiments -
H. R. Brager and F. A. Garner (HEOL).
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1. Introduction

It is now knomn that the microchemical evolution that occurs
in irradiated Fe-Ni-Cr alloys is as important as the concurrent microstructural
evolution.(]'z) Elements known to play a large role in this evolution are
nickel, silicon, carbon, titanium and molybdenum.“) The role of each of
these elements is difficult to study in complex alloys, however. Therefore,
the available matrix of alloys has been expanded to provide a stockpile from
which to draw specimens for HEDL contributions to DAFS goals. An effort has
been made to use alloys which were employed not only in previous DAFS efforts

but also neutron and ion irradiation programs conducted in the U.S. Breeder
Reactor Program. (3)

This report describes the composition and thermal mechanical
treatment scheduled for these alloys.

2. Specimen Selection and Preparation

Specimens in the form of TEM disks have been processed from a
series of iron-based alloys. Thesematerials, previously used on various
irradiation effects programs, were made from high purity ingredients and
cover a range of Fe-Cr-Ni austenitic or Fe-Cr ferritic base alloys, as shown
in Table 1. Also, materials were used that contained minor amounts of one
or two alloy additions to an austenitic or to a ferritic base alloy compo-
sition, Table 2. The primary austenitic base alloy composition, modified
by minor additions, was Fe~20Ni-15Cr and is a simple ternary version of the
PCA alloy employed in the ADIP program. The ferritic base alloy was Fe-12Cr,
which is similar to HT-9.

The specimens are being prepared in three different conditions:
solution treated, 30%cold-worked, and 30%cold-worked plus aging. It is
envisioned that these specimens will be included in near-term experiments
designed to be irradiatedin RTNS-II, Omega-West, HFIR, ORR, and possibly
EBR-I1.
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TABLE 1

COMPOSITION OF SIMPLE Fe-Cr-Ni AUSTENITIC OR
FERRITIC ALLOYS

Alloy # Ni a Fe
E-89 0.5 3 96
E-60 0.1 6 95
E-62 0.1 11 90
E-17 0.1 15 85
E-18 12 15 73
E-90 15 15 69
E-39 20 8 70
E-26 20 11 69
E-19 20 15 65
G-121 20 15 65
E-20 25 15 60
E-21 30 15 56
E-37 35 8 58
E-22 35 15 49
E-38 35 20 45
E-23 45 15 40

Figure 1 illustrates the compositional regime encompassed by
this alloy matrix.

VI.  REFERENCES

1. F. A Garner, "The Microchemical Evolution of Irradiated Stainless
Steels,” Proceedings of AME Symposium on Irradiation Phase Stability,
Pittsburg, PA, October 5-9, 1980, (in press), HEOL-SA-2159.

2. H. R. Brager and F. A, Garner, "llicrochemical Evolution of Neutron-
Irradiated Stainless Steel," Proceedings of ASIM 10th International
Symposium on Effects of Radiation on Materials, Savannah, GA, June
3-5, 1980, (in press), HEDL-SA-2001.
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3.

J. F. Bates and W. G. Johnston,

Void Swelling,"

Materials, M. L. Bleiberg and J. W. Bennett (Eds), The Metallur-
gical Society of the AIME, (1977}, p. 625.

R

iation Eff

"Effects of Alloy Composition on

in Br

TABLE 2

r R r

r

COMPOSITIONS OF ALLOYS CONTAINING MINOR ADDITIONS (weight %)

Alloy #

E-72
E-99
E-96
G-34
G-36
G-44
6-45
6-46
6-48
G-49
6-54
6-63
6-70
G-105
G-107
6-108
E-34
E-35
E-104
E-30

0.1

0.2

0.8
20
20
20
20
20
20
20
20

20
20

20
20
20
24
25
25

12
12
12
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
16

88
86
84
65
65
65
65
65
65
65
65

65
65

65
65
65
61
59
59
58

1E|

o)

0.09
0.20

0.05
0.12

0.12

0.12
0.05
0.04

o O

.35

o o
(#% )

.35

0.5
1.5

0.5

0.5
0.5

r

.06P



FIGURE 1

COMPOSITION OF Fe-Cr-Ni ALLOYS

® SPECIFIC ALLODY {SEE TAELE 1}
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FIGURE 1. Fe-Ni-Cr Composition of Simple Alloys Being Processed into TEM
Disks.

VIlI.  FUTURE WORK

It is anticipated that all specimen preparation for this alloy series

will be completed in the next reporting period.
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