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FOREWORD

This report is the thirteenth in a series of Quarterly Technical
Progress Reports on Damage Analysis and Fundamental Studies (DAFS), which
is one element of the Fusion Reactor Materials Program, conducted in support
of the Magnetic Fusion Energy Program of the U. S. Department of Energy
(DOE). The first eight reports in this series were numbered DOE/ET-0065/1
through 8. Other elements of the Materials Program are:

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

The DAFS orogram element is 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, the fusion energy program in general, and the DOE.

This report is organized along topical lines in parallel to a Program
Plan of the same title so that activities and accomplishments may be
followed readily, relative to that 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 (HEDL). His
efforts, those of the supporting staff of HEDL, and the many persons who
made technical contributions are gratefully acknowledged. M. M. Cohen,
Materials and Radiation Effects Branch, IS the DOE counterpart to the Task
Group Chairman and has responsibility for the DAFS Program within DOE.

Klaus M. 7wilsky, Chief
Materials and Radiation
Effects Branch
Office of Fusion Energy
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CHAPTER 1. IRRADIATION TEST FACILITIES
1. Rotating Target Neutron Source (RTNS)~II Operations (LLNL)

Irradiations were performed for eight different experimenters
from five different laboratories. These include five "piggy-
back™ experiments. No major unscheduled outages occurred

during this period.

Fusion Materials Irradiation Test (FMIT) Facility (HEDL)
Evaluation of deuteron-induced activation of gold and alwminum

was done and residual doses were calculated.

CHAPTER 2. DOSIMETRY AND DAMAGE PARAMETERS

1.

Dosimetry Results for the ORR-MFE2 Experiment (ANL)

Dosimetry results are presented for the ORR-MFE2 irradiation.
There appears to be no spectral shift from our more complete
spectral measurement at low power in January 1979. The maxi-
mum fluence (Level 4) was 1.75 x 10%2 n/cm?.

Helium Generation Cross Sections for Fast Neutrons (RIES)
Total kheliwm generation cross sections have been determined
for Mo, Zr, v, and the seven separated isotopes of M in the
14.8-MeV RTNS-1 neutron spectrum, and all helim analyses
have been completed for the heliwm accumulation dosimetry
materials irradiated in e RTNS-II neutron characterization

experiment.
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International Comparison of Dosimetry Cross Sections (REAL-80)

(ANL)

The progress of the international REAL-80 Project to compare
dosimetry data and techniques is discussed. Detailed cross
section comparisons with W. L. Zijp (ECN, Petten) have re-
vealed some minor errors in our multigroup processing code,
which have ncw been corrected.

Displacement Damage Calculations (ANL)

Displacement cross sections are now being revised for 25
elements of interest to the fusion materials program. All
cross sections are derived from ENDF/B-V. A new model for
{n,y) capture has been developed and beta-decay effects are
also being included.

Specified-Projectile Displacement Function Results for Mg0,

A1203 and Ta0 (LANL)

Analysis of displacement cascades in Mg0, Al,C3 and Tal is
reported using data obtained with the specified-projectile
displacement function. This function describes the specific
collision events that produce displacements. The results
show that the importance of specific collision-pairs in
producing displacements is a function of initial PK4 energy

and mass ratio.

Damage Parameter Calculations (HEDL)

An examination was made of potential self-shielding correc-
tions to calculated displacement rates for specimens irradia-
ted Zn FFTF. Monte Carlo ecalculations show that for 5-em Fe

spheres the volume averaged displacement rates wilZl be about
15% lower than inferred from a knowledge of the surface filux
and data from small samples.
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A Comparison of Simulated and Experimental Cascade 52
Dimensions in CusAu (HEDL)
The average areas of simulated and observed cascades in

ordered Cuzdu irradiated with cu® ions agree well when
the thin foZl thickness required for the observation is
taken into account.

Microstructural Analysis of Specimens Irradiated in RTNS-~II 60
(HEDL)

Additional examinations of the copper-alloy series irradiated

in RTNS-11 at 24°C confirm the validity of conclusions drawmn

In previous studies of point defect production and clustering.

Prediction of the Change in the Offset Yield Strength of 65
Copper De to High Energy Neutron Irradiation Using Vickers
Microhardness Data (HEDL)

The relative increase in the Vickers hardness of copper ir-
radiated to 1 x 207 n/em? (E ~14 MeV) is directly propor-
tional to the increase in the 0.2% offset yield strength of
copper.

CHAPTER 3. FUNDAMENTAL IMECHANICAL BEHAMICR

1.

Irradiation Creep Transient in Ni-4 at. % Si {ANL) 77
Creep rate transients in Ni-4 ut. % Si associated with the

initiation and termination of 27 MY deuteron irradiation at

350°C were analyzed. A short term transient observed at the

end of irradiation appears to be a result of surplus vacancy
flux to dislocations whereas other transients with longer
durations may have resulted from a change in dislocatior
structure.
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Creep Fracture Mechanism in Unirradiated and Irradiated 89
Stainless Steels (UCSB)

A revised creep fracture map for solution annealed 316 stain-
less steel was developed to include the effect of creep con-
trolled cavity growth. Further, a new model of creep rupture
for helium embrittled stainless steels was compared to data
on a Ti modified 316. This "calibrated” model was used to
construct a map for the embrittled stainless steels.

Radiation Enhanced Segregation to Grain Boundaries (PNL) 114
Radiation induced surface segregation of phosphorus was found

in both 316 type stainless steel and in Nimonic PEI6 irradiated

with 5 MV wi** ions. Segregation and depletion of the other
alloying elements in 316 stainless steel agreed with that re-

ported by other investigators. No significant radiation en-

hanced or induced segregation was observed in the ferritic

HT-9 or T7-641-4V alloy.

CHAPTER 4. CORRELATION METHODOLOGY

1.

Dual-lon Irradiations of 316 Stainless Steel (W-ARD) 121
Analytical electron microscopy of acicular precipitates Zn dual

ion bombarded SA 316 SS shows them to be rich in ¥, Si and P.

The results are in qualitative agreement with acicular precipi-

tate compositions in austenitic stainless steels after long
term aging or fission reactor irradiation. An unexpected in-
homogeneity in Ti concentration in SA 316 from the MFE heat
has been observed. Regions with high Ti content exhibit more
than one precipitate morphology and do not experience rapid
anomolous cavity growth.

Parametric Studies of the dependence of critical cavity size
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on the magnitude and temperature dependence OF surface energy
and Van der Waals exclusion velume are reported. Iz IS dem-
onstrated that Zarge variations in these parameters have only
a minimal effect at temperatures below ~g50°C.
The Influence of Microchemical Evolution on the Swelling 141

of AISI 316 and Its Dependence on Stress, Temperature and
Heat Treatment (ANL-W, HEDL)

Extraction and analysis of precipitates in irradiated AISI

316 shows that the microchemical evolution is sensitive to
some variables but not others. There is an acceleration
with applied stress of the radiation-induced nickel removal
process at 550°C but not at 400°C. The relative swelling
behavior can be correlated with the amount of nickel removal
from the alloy matrix. At 400°C there appears to be a sen-
sitivity of the Zevel of precipitation to neutron flux and/or
time in reactor.

The Microchemical Evolution of Irradiated Stainless Steel (HEDL) 152
The precipitates that develop during irradiation play the

dominant role in the response of 300 series stainless steel
alloys. This role IS expressed primarily in a large change
in matrix composition that may significantly alter the dif-
fusional properties of point defects and their rate of ac-
ceptance at dislocations and voids. The major elemental
participants are carbon, nickel and silicon. Much of the
variability in the swelling of 316 stainless steel can be
attributed to the sensitivity of the behavior of carbon and
of radiation-stable precipitates to a wide range of materials
and environmental parameters.
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Stabili f the Radiation-1nd | ' pf in 316 Stainl 187

Steel (HEDL)

The y' phase observed in AISI 316 is only stable during irradia-
tion; hence i1t is expected to exhibit a sensitivity to displace-
ment rate. 1t dissolves during annealing at the temperature of
Its formation in a manner which suggests that the dissolution
rate is sensitive to the precipitate radius.

Extrapolation of Stress-Affected Swelling Models Into Compres- 198
sive and Cyclic Stress States (HEDL)
Recent data confirm the existence of both microstructurally-

based and microchemically-based mechanisms of stress-enhanced
swelling. The Zatter mechanism 1S anticipated to respond to
compressive or eyelic stresses in a different manner from the
former mechanism, on which the current stress effect correla-

tion is based.

A Kinetic Model for Helium Bombardment of Thin Foils (U.Va.) 219
A kinetic model has been developed to study the growth of

bubbles in thin specimens of stainless steel irradiated by

helim ions. Hwas found that the ratio of zelZum ions to
vacancies in clusters decreased with increasing temperature,

while vacancy clustering was enhanced by helium at all tem-
peratures. The lack of swelling at low temperatures is not
caused by thermal recombination of interstitials with vacan-
cies but rather by the deereased defect production rate as-
sociated with a high vacancy concentration.

Effects of Near Surface Damage and Helium on the Performance 222
of the First Wall (MIT)

Neutron irradiation of a 316 5SS pressurized tube specimen with
simultaneous 10N bombardment and Stress and temperature cycling
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was completed. This sample and a similar but non-ion-bombarded

sample from an earlier experiment were sectioned and analyzed

by optical microscopy and SEM. The outer surface of the Zon-
bombarded sample is more heavily cracked than that of the neu-
tron bombarded specimen and there is preliminary evidence of
surface damage from helium recoils on the specimen inner surfaces.

Status of OWR and RTNS-II Irradiation Programs (HEDL) 231
HEDL-IR, the first DAFS irradiation in the OAR thermal reactor
facility at LANL, was completed on schedule. HEDL-VR an on-

going irradiation experiment at the RTNS-11 facility at LLNL,

was reinitiated during this reporting period and is expected

to attain a peak dose of 2.5 x 1018 n/em2, E ~14 MeV, at 90

and 290°C during the next reporting period.

ORR Irradiation of the MFE-II Experiment (HEDL) 233

Specimens of five alloys were irradiated in the ORR MFE-11 test
and sent to HEDL for distribution to other DAFS investigators

or for examination. This experiment investigated the effect of
helium concentration, initial heliwn distribution and material
starting condition on the swelling and microstructural develop-
ment in the materials. The specimens have been sorted, inter-
ested investigators have been notified and a selected number of

specimens have been scheduled for immersion density, electron
microscopy and microhardness measurements at HEDL.
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CHAPTER 1

IRRADIATION TEST FACILITIES






. PROGRAM

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

11.  OBJECTIVE

The objectives of this work are operation of OFE's RTNS-I1 (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 in other

neutron spectra.

III. RELEVANT DAFS PROGRAM TASK/SUBTASK

TASK 1. A 2,3,4,
TASK II.B.3,4.

TASK I1.C.1,2,6,17,18.
V. SUMMARY

Irradiations were performed for eight different experimenters from
five different laboratories. These include five "piggyback" experiments.

No major unscheduled outages occurred during this period.

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
the dominant irradiation performed during this period. The present
irradiation series for R Jones (PNL) was completed. The following
"piggyback" experiments were performed during this quarter:

1} Activation analysis of strontium nitrate, 1.Bender (LANL).

2} Irradiation of electronic components, J. Srour (Northrop).

3) Radiation effects on the thermal/mechanical properties of

TFTR insulators, G Hurley (LANL).
4) Tritium-activated air detector instrumentation development,
R Jalbert {LANL)

5) A low fluence irradiation of Cu, Cu-Al and Cu-M samples

investigating cascade-cascade effects, H Brager (HEDL).

B. RINS-II Status = C. M. Logan and D. W. Heikkinen (LLNL).

The 50-cm target test assembly in the right target room i s now
virtually complete both mechanically and electrically. The Remotely

Operated Vehicle Experiment Retriever (ROVER) has been completed and
passed final tests. A new larger capacity horizontal turbo pump has been
installed in the high voltage terminal. This replaces the original ver-
tical turbo pump and is expected T be more reliable in addition to
providing larger pumping capacity. The DFE radioactivity control review
was completed satisfactorily. The panel's written report and recommen-

dations are being prepared. No major deficiencies were found.

VIl.  FUTURE WORK
During the quarter, irradiations will be continued using the HEDL-5
furnace. In addition irradiations are planned for Barmore (LLNL), Jalbert

(LANL) and Bradley (PNL). A further "piggyback" experiment for Srour
(Northrop) will be done.

VIIl. PUBLICATIONS

Effects of Fusion Meutrons on Thermocouples, C. M. Logan, D. W.
Heikkinen, B. J. Schumacher, and P. A House, UCRL 85452
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I11.

V.

PROGRAM

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

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.

RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

All tasks that are relevant to FMIT use, with emphasis upon:
SUBTASK 11.A.2.3 Flux spectra definition in FMIT

TASK I.A.4 Gas Generation Rates

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

SUMMARY

Evaluation of deuteron-induced activation of gold and aluminum was
done and residual doses were calculated.

The volume for regions of highest flux decreased by about a factor
of 2 for 35-MeV operation as compared to 35-MeV operation.

ACCOMPLISHMENTS AND STATUS

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




Activation of FMIT materials by deuterons will produce major contri-
butions 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.

In the FMIT facility small losses of the deuteron beam will occur
all along the linear accelerator and the high energy beam trans-
port system. Losses are currently estimated to be 3yA per linear
meter with TOuA or more lost at certain hot spots. Large residual
doses will result from direct deuteron activation of components
exposed to beam losses and also from activation by neutrons pro-
duced by the same beam losses.

Gold is currently planned as the material to plate the surfaces
of the linear accelerator drift tubes that are exposed to beam
losses. Gold is known to have less deuteron induced activation
and neutron production than when bare copper drift tubes are
exposed to FMIT deuterons.

An updated analysis of measurements of the activation of gold by
35 MeV deuterons was completed. The residual gamma dose was then
calculated using radionuclide production rates obtained from this
experiment. Figure 1 shows the dose from a 20 year bombardment of
thick gold by 35 MeV deuterons. The dose corresponds to a dis-
tance of 1 meter from a point source activated by a steady deuteron
beam current of 1 A. The dose is shown as a function of cooling
time for the unshielded case and also for attenuation by various
materials to illustrate their effectiveness for shielding.

The unshielded dose remains high for long cooling times. However,
a small thickness of shielding such as lead or iron is very effec-
tive at reducing the dose, especially for cooling tirnes longer than

[ ]



VI.

about 10 days. A large number of radionuclides contribute to the
unshielded dose, however, many of these have low energy decay
gamma rays that are easily attenuated. For example, for the dose
through one inch of iron (similar to the tank wall of the linear
accelerator) 5 radionuclides provide about 99% of the total. These
radionuclides are respectively '?fAu{6.2 days), !?®Au{2.7 days),
195MHg (40 hours), '?°Hg(9.5 hours) and °*Au(39.5 hours).

Aluminum is the material currently planned for the beam tubes
between the accelerator and target and will also be activated by
beam losses. Analysis of measurements of the activation of thick
aluminum by 35-MeV deuterons was completed. Calculations of the
residual gamma dose were then done using the measured radionuclide
production rates. Figure 2 shows the dose as a function of cool-
ing time for the same conditions described for activation of gold.

For cooling times less than about a week, the dose is dominated
by *“Na(15 hours). For longer cooling times, *2Na(2.6 years) is
the dominant contributor.

B. Flux-Volume Relations --
F.M.Mann (HEDL)

The spectra and flux-volume relations for 30 and 32 MeV incident
deuterons were calculated. The volume for regions of highest flux
decreases by about a factor of 2 for 32 MeV operation as compared
to 35 MeV operation. The flux contours for 32 MeV, 100 mA opera-
tion are quite similar to 35 MeV, 80 mA operation.

REFERENCES

1. D.L.Johnson and F.M.Mann, Damage Analysis and Fundamental

Studies Quarterly Progress Report, January-March 1980, DOE/ER-
0046/1 May 1980 pgs. 5-109.



VI,

VI,

2. D.L.Johnson and F.M.Mann, Damage Analysis and Fundamental
Studies, Quarterly Progress Report, July-September 1980,
DOE/ER-0046/3, Nov. 1980, pys. 6-13.

FUTURE WORK

Evaluation of activation and neutron sources associated with beam
stops for accelerator tuning.

Resolve discrepancy between calculated and experimental results

for the transmission of FMIT neutrons through thick iron (described
in DAFS July-Sept. 1980 Quarterly Report(2).

Provide sources of radiation for use in beam diagnostics near the
target.

PUBLICATIONS

¢.Xalbach and F.M.Mann, "Phenomenology of Continuum Angular Distri-
butions. |. Systematics and Parameterization,"” Phys. Rev. (23
(1981) 112.

C.Kalbach, "Phenomenology of Continuum Angular Distributions.
i1, Griffin Preequilibrium Model." Phys. Rev. €23 (1981) 124.

F.P.8rady, J.L.Romero, C.I.Zanelli, M. L.Johnson, G.A.Needham,
J.L.Y11mann, P.P.Urone, and D.L.Johnson, "A Method for Measuring
Neutron Total Non-Elastic Cross Sections.™ Nucl. Instr. & Methods
178 (1980) 427.

C.l.zane11i, P.?.Urone, J.L.Romero, F.P.Brady, M. L. Johnson,
G.A.Neadham, J.L.U1tmann, and D.L.Johnson, "Total Non-Elastic
Cross Sections of Neutrons on C, O, Ca, and Fe at 40.3 and 50.4
MeV," Phys. Rev. C23 (1981) 1015.
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CHAPTER 2

DOSIMETRY AND DAMAGE PARAMETERS
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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
reactors and to provide dosimetry and damage analysis for OFE experiments.

IIT. RELEVANT DAFS PROGRAM TASK/SUBTASK

TASK 11.A.1 Fission Reactor Dosimetry.

V. SUMMARY

Dosimetry has been completed for the ORR-MFE2 irradiation. Reaction
rates appear to be consistent with our previous spectral measurement at
low power. Dosimeters have also been counted from the EBRII-X287 irradi-
ation; analysis is now in progress. The status of all other fission reac-
tor dosimetry i s summarized in Table 1.

V. ACCOMPLISHMENTS AND STATUS

A, Dosimetry Results for the ORR-MFE2 Experiment
L. R. Greenwood (ANL}

Dosimeters have been counted from the ORR-MFE2 experiment which
was irradiated from September 1, 1978 to March 24, 1980 in position E7 of
the Oak Ridge Research Reactor. The sample was out of the reactor for
154 days; hence, the total time in core was 416 days. The average power
level was 19.24 MN (26.4 MN in core) and the accumulated exposure was
10,972 MWD. Sixteen small dosimetry capsules (Co-Al, Fe, Ni, and Ti
wires) were included with the experimental assemblies, one in each assem-
bly on levels 1-4, labeled E-V. Two 30-cm long dosimetry tubes were
welded to the outside of the assembly on the east side. One tube con-
tained the above mentioned wires. The other contained helium accumulation

13



TABLE 1

STATUS OF REACTOR EXPERIMENTS

Facility/Experiment

ORR -

HFIR

Omega West

EBR 11

MFE1
M2
ME3
MFE4A, B
TBCO7
TRIO

CTR 30,31,32
Ti,72

RB1

Spectral Run
HEDL/LLLY

ESG-OWR1

X287

Status and Comments

Analysis complete
Analysis complete (3/81)
Planning in progress
Samples expected 4/81
Analysis complete

Planning in progress

Irradiation in progress
Irradiation in progress

Planning in progress

Analysis complete
Samples expected 4/81
Planned for 6/81

Samples counted by 4/81



monitors and radiometric wires. All radiometric samples have been gamma
counted as well as selected helium samples. The latter have been sent to
Rockwell International (D. Kneff and H Farrar IV) for helium analysis.

Six reactions were analyzed from the dosimetry wires, namely,
59Co(n,y), 58Fe(n,y), 94Fe(n,p}, 46Ti(n,p), 38Ni(n,p), and 6ONi(n,p).
However, as was found with MFE1, the two nickel reactions have very large
burnup corrections since 58Co is converted to 60co in the high thermal
flux,,. Hence, the nickel reactions are considered highly unreliable and
have not been used. Additional measurements were obtained from the helium
samples, namely, €3Cu(n,q) and 93Nb(n,y) at selected locations.

Table 2 lists the mean measured reactionrates for each level.
Horizontal gradients on each level appear to be less than 10%in all cases
and are usually less than the +2% statistical variations in the data.

Fluence values can be derived from the reaction rates assuming
that the spectrum is known. The spectrum was measured previously in
position E7 at low power during January 1979.(1) A comparison of the
present reaction rates with those measured previously should roughly scale
with the difference in reactor power (19.24 MW/0.965 W = 19.94). The
measured ratio is 17.3 at the peak flux position (level 4}, and vertical
gradients appear to be quite close to those measured previously. This
difference is probably due to differences in fuel loading.

The five reaction rates at each level in Table 2 were thus
used with the STAYSL computer code to adjust the spectrum measured at low
power with 28 reactions, cadmium covers, and fission foils. The final
fluence values are listed in Table 3. The spectral analysis showed no
evidence for any spectral shift between high power (30 MW} and low power
{1 MW). In fact, all flux groups and reaction rates were adjusted by less
than 10%.

Vertical flux gradient data is now being analyzed. Damage cal-
culations will also be performed and detailed results will be circulated
to the experimenters.

15



TABLE 2
MEAN REACTION RATES FOR ORR-MFEZ

Position E7; average power = 19.24 MV
(26.4 MW during reactor operation).

Values are mean of four samples on
each level; accuracy *5%.

o4 (atom/atom-s)

59Co(n,y) 59Fe(n,y) S4re(n,p) 46Ti(n,p) ©63cCu(n,a)C
Level Height, cm@ (x 10-9) (x 10-11} (x 10-12} (x 10-13) (x 10-14)

1 11.4 2.63 7.00 5.00 6.46 3.17
2 5.0 3.13 8.67 5.59 7.53 3.64
3 2.4 3.31 9.31 5.93 8.00 3.83
4 -9.1 3.82 10.89 6.38 8.80 4.06

aHeight above vertical midplane. Capsules were located at the bottom of
levels 1, 2, and 4 and at the top of level 3.

bBurnup corrections included; self-shielding negligible.
‘Data extrapolated from helium tube position; accuracy =7%.

16



TABLE 3
FLUENCES FOR ORR-MFE2

(STAYSL adjusted values based on reaction rates
in Table 2 and low power spectral measurement)

Fluence {x 1021 n/em?)

Thermalb >.11 MV >1 MV Total

Level Height, ¢md (+12%) (£12%) (+15%) {+9%
1 11.4 3.27 5.13 2.44 7 12.59
2 5.0 3.99 5.92 2.78 14.75
3 2.4 4.26 6.28 2.95 15.64
4 -9.1 4,96 6.87 3.21 17.46

aHeight above vertical midplane.
PErux less than 055 ev.

17



VI.  REFERENCES

1. L. R. Greenwood and R. R. Heinrich, DOE/ET-0065/6, p. 13,
June 1979.

VIl.  FUTURE WORK

Radiometric samples are expected in April from ORR-MFE4A
(M. Grossbeck) and from the first HEDL/LLL experiment in the Omega West
Reactor (N. Panayotou). Most of the samples from the EBR II - X287
experiment have now been gamma counted; analysis is now in progress.

Fluence and damage parameter gradients will be generated for the
ORR-MFE2 experiment. Results will also be combined with helium analyses
from Rockwell International. More specific damage analyses will be fur-
nished to experimenters On request.

VIIT.  PUBLICATIONS

None.
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I PROGRAM

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

IT  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.

I11. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11.A.2.2 Flux-Spectral Definition in RTNS-I1
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 completed for all samples of Mo, Zr, and
the seven separated isotopes of Mo irradiated in the RTNS-I, RTNS-II, and
Be(d,n) neutron spectra, and for all V samples irradiated in the RTNS-I
and Be{d,n) spectra. The RTNS-I data were then used to determine the
total helium generation cross sections for these materials for 14.8-MeV
neutrons. Helium analyses have been completed for the Cu, Ni, Fe, and Au
helium accumulation dosimetry materials irradiated in the RTNS~II neutron
characterization experiment. These results will be used in mapping the
neutron fluence distribution for this irradiation and will provide addi-
tional cross section determinations for these materials.

19



V. ACCOMPLISHMENTS AND STATUS

Helium Generation Cross Sections for Fast Neutrons -— B. M. Oliver,
D. W. Kneff, M. M. Nakata, and Harry Farrar IV (Rockwell International,

Energy Systems Group)

Helium analyses have now been completed for all samples of zirconium,
molybdenum, and the seven separated isotopes of molybdenum irradiated in
the T(d,n) Rotating Target Neutron Sources-1 and -II (RTNS-I, I1), and in
an -0-32 MeV Be(d,n) neutron field produced with 30-MeV deuterons. Anal-
yses have also been completed for all vanadium samples irradiated in the
RTNS-I and Be{d,n) neutron spectra. These irradiations, performed at
Lawrence Liveriiiore National Laboratory (LLNL) and the Crocker Nuclear

Laboratory of the University of California at Davis, respectively, have

been described in detail in previous reports and publications. (1-3) In
general, the characterization of the neutron spectra and the analysis of

helium in pure elements are sponsored by the Office of Fusion Energy. The
cross section measurements for the separated isotopes are sponsored by the

Office of Gasic Energy Sciences of the U.S. Department of Energy.

The irradiated materials were etched (to remove helium enhancement
and depletion effects due to alpha recoils), segmented, and weighed before
analysis. The analyses were performed using small resistance-heated
graphite crucibles to release the helium. The use of these crucibles was
based on the results of helium analysis tests described in the previous
progress report for low-level helium measurements. (4) A total of 107
analyses were made for pure element and separated isotope molybdenum
samples, 23 analyses were made for zirconium, and 15 were made for

vanadium.
Cross section determinations have been made for the RTNS-I-irradiated

materials, and the results are given in Table 1. Cross sections for the
RTNS-II- and Be{d,n}-irradiated materials will be reported later when the

2N



Cross Section Cross Section

Material (mb) Material (mb)

v 18.7 * 1.4 92MO 31 + 2
o 22 & 2

71 10.2 + 0.8 Pnmo 17 + 2

%o 111+ 1

Mo 15+ 2 o 10+ 1
98Moa 23 £ 2
100y, 3.8 & 05

4see text

fluence mapping and dosimetry correlations for these experiments have been
completed. The RTNS-I cross sections were obtained by combining the
helium generation measurements with the neutron fluence map(l) constructed
for the irradiation volume. This map was based on a combination of helium
accumulation and radiometric dosimetry included as a part of the experi-
ment. The radiometric dosimetry data were provided by Argonne National
Laboratory (ANL) and LLNL. The average neutron energy was 14.8 + 0.1 MeV,
and the spectrum distribution had a full-width-at-half-maximumof -0.6 MeV.

The results presented in Table 1 are preliminary in that the data
from the additional samples irradiated in RTNS-II have not yet been
included. The results from the multiple sample analyses of the RTNS-I
materials are in excellent agreement, having an average helium analysis
reproducibility of 1%. The final results in Table 1 include the addi-
tional uncertainties associated with the neutron fluence. The results for
the pure elements are in excellent agreement with those obtained from an
earlier RTNS-I experiment(s) (viz. 18+ 2, 10+ 2, and 15+ 2 mb for V,

Zr, and Mo, respectively).
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W believe that there is some basis for questioning the value
obtained for Byo (a value also obtained in preliminary RTNS-II results).
The %8 isotopic material had a different appearance and released signif-
icantly more non-helium gases during the analysis procedure than the other
separated molybdenum isotopes. Its unexpectedly high cross section value
could also explain the difference between the measured natural molybdenum
cross section (15 + 2 mb) and that derived from a weighted average of the
measured isotopic cross sections (18 + 1 mb). Chemical analyses conducted
so far on the 98Mo isotopic material indicate insufficient chemical
impurity concentrations to generate significant helium. Other isotopes
present in each separated isotope material were corrected for by solving a
matrix of equations using the ORNL-supplied isotopic abundances.

Helium analyses have also been completed for the Cu, Ni, Fe, and Au
pure element helium accumulation dosimetry rings irradiated in the RTNS-II
neutron characterization experiment.(3) These analyses represent an addi-
tional 70 RTNS-II helium generation measurements performed to date. These
results will be combined with the ANL and LLNL radiometric dosimetry data
to construct the first comprehensive map of the neutron fluence distribu-
tion for this facility. The results will also provide additional cross
section determinations for these materials.

VI.  REFERENCES

1. 0. W. Kneff, B. M. Oliver, M. M. Nakata, and H. Farrar |V,
"Helium Generation Cross Sections for Fast Neutrons," in Proc.
Symp. on Neutron Cross-sections from 10 to 50 MeV, M. R. Bhat
and S. Pearlstein, eds., BNL-NCS-51245, Brookhaven National
Laboratory, N.Y., p. 289 (1980).

2. D. W. Kneff, H. Farrar IV, L. R. Greenwood, and M. W. Guinan,
"Characterization of the Be(d,n) Neutron Field by Passive
Dosimetry Techniques,” in Proc. Symp. on Neutron Cross-sections
from 10 to 50 MeV, M. R. Bhat and S. Pearlstein, eds., BNL-NCS-
51245, Brookhaven National Laboratory, N.Y., p. 113 (1980).
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3. D. W. Kneff, B. M. Oliver, M. M. Nakata, and H. Farrar IV,
"Characterization of the RTNS-I1 Neutron Field,” in Damage
Analysis and Fundamental Studies, Quarterly Progress Report
July-September 1980, DOE/ER-0046/3, U.S. Department of Energy
(1980).

4, D. W. Kneff, B. M. Oliver, M. M. Nakata, and H. Farrar IV,
"Helium Production by Fast Neutrons," in Damage Analysis and
Fundamental Studies, Quarterly Progress Report October-December
1980, DOE/ER-0046/4, Vol. 1, U.S. Department of Energy (19817}.

5. H. Farrar IV and D. W. Kneff, "Helium Generation in Twelve Pure
Elements by 14.8-MeV Neutrons,” Trans. Am. Nucl. Soc. 28, 197
(1978).

VIl. FUTURE WORK

Analyses of additional pure elements and their separated isotopes
irradiated in the RTNS-I, RTNS-II, and Be{d,n) neutron spectra will con-
tinue during the next quarter, with emphasis on Nb, Co, and the separated
isotopes of Fe, Ni, and Cu. Neutron fluence mapping of the high-flux
region of the RTNS-II neutron environment will be initiated.

VIII.PUBLICATIONS

The following two abstracts were submitted during the quarter for the
presentation of papers at upcoming conferences:

"Experimental Helium Generation Cross Sections for Fast Neutrons,” by
D. W. Kneff, B. M. Oliver, M. M. Nakata, and Harry Farrar |V, sub-
mitted to the Second Topical Meeting on Fusion Reactor Materials,
Seattle, August 1981.

"A Review of Helium Accumulation Neutron Dosimetry for Fusion Neutron
Test Environments,” by D. W. Kneff, Harry Farrar |V (Rockwell Inter-
national), and L. R. Greenwood (ANL), submitted to the Fourth ASTM-

EURATOM Symposium on Reactor Dosimetry, Washington, D.C., March 1982.
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1. PROGRAM

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

IT. OBJECTIVE

To establish standardized dosimetry procedures in order to reduce
uncertainties in damage analysis and correlation procedures.

ITI. RELEVANT DAFS PROGRAM TASK/SUBTASK

TASK 11.A.6 Dosimetry Standardization.

V.  SUMMARY

Dosimetry data have been provided to the international REAL-80
Project (IAEA) to compare spectral unfolding and damage analysis data and
techniques. Data from our spectral analysis of ORR have been chosen as
one test case. Cross section intercomparisons have revealed some minor
problems with our multigroup computer code RESCAL, which have now been

corrected.

V. ACCOMPLISHMENTS AND STATUS

A.  International Comparison of Dosimetry Cross Sections (REAL-80)
L. R. Greenwood [ANL}

Argonne is participating in the REAL-80 Project sponsored by
the International Atomic Energy Agency (Vienna) to compare dosimetry data
and techniques. Our spectral measurement in ORR has been chosen as one
test case due to the large number of reaction rates (28) and our develop-
ment of the STAYSL computer code. Calculations have also been performed
for the YAYOI reactor (M. Nakawaza, Japan). Data are being assembled for
other reactors, and the first results of the exercise will be reported at
the Fourth ASTM-EURATOM Symposium on Reactor Dosimetry i n Washington, DC
in March 1982. Such international comparisons have proven quite useful
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in the past in uncovering differences in nuclear data and spectral un-
folding computer codes. This exercise will also include nuclear cross
section covariances and displacement damage rates.

As part of this comparison, our dosimetry cross sections were
compared to those provided by W. L. Zijp {ECN, petten).{1) Reaction rates
generally agreed within a percent; however, unexplained differences in the
data were clearly evident in the resolved resonance region. Most differ-
ences were traced to the fact that our multigroup processing code (RESCAL)
used a fixed energy grid and, thus, can miss some narrow resonances at
higher energies. Although these differences are relatively minor from the
dosimetry point of view, itwas felt that they should be eliminated since
they complicate the whole comparison.

The RESCAL code{2) was thus improved to include an integral
approximation of Breit-Wigner resonances when they are narrower than our
subintervals (13,000 energy points). Since our subintervals are small
enough that the neutron wave number, penetrability, and phase shifts are
nearly constant over the interval, then the Breit-Wigner expression can
be integrated in closed form as follows:

fo{E}dE/sdE

a

= _"_9-2 [arctan Dy - arctan Dp]

DE k T

where k i s the neutron wave number, T is the total resonance width, rn is
the neutron width, and rr is the reaction width. Dy and Dz are equal to
the difference between the end points of the interval and the resonance
energy divided by one-half the total width. 1t can be shown that this
approximation is accurate to within 0.1% for our broadest energy sub-

intervals.

It was also found that the precision of our calculations could
be improved by using integral expressions for the interpolation of the
ENDF cross section files as listed in the following table.
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ENDF Form Integral Group Average

Evs ¢ 1/2 {61 + o)
(EZU2 - Elcl) (02 - 01)
Tn E vs. ¢ ] "= TrE
(EZ_ El 2 1
a a
2 -1
E'vs. 1no 1no-'|1ncr1

(Efc'ﬁ - E].Ul) In (E7/El)
i1 {
-ln E VS. ]n J {E — El; -ln \UZEZ/GTE:D'

where 1n means the natural log to the base e. Care must be taken with all

the above formulasinvolving the arctan and 1n functions to ensure adequate
precision.

All of our dosimetry multigroup cross sections have been re-
evaluated with the above improvements in our RESCAL computer code.
Detailed comparisons with 620 group files provided by W. L. Zijp show that
most groups now agree within 1%. However, there are still a few unex-
plained differences which are being investigated. At the moment, no other
data file is available for comparison. A file was released by B. Magurno
(BNL);{3) however, errors have been detected and the file is now being re-
done. 'D. E. Cullen is presently preparing a file for comparison.{4)

In order to test our data in a dosimetry application, our
spectral-averaged cross sections are compared to those calculated using
Zijp's data in Table 1. As can be seen, except where different cross sec-
tion data have been used, all integrals agree within 0.14% except for Np.
Sharp differences were found in the unresolved resonance region for Np
which are not presently understood.
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TABLE 1
COMPARISON CF ORR SPECTRA - AVERAGED CROSS SECTIONS (BARNS)

(ANL data revised March 1981; 98 energy groups.)

DIFF (%)
Reaction ANL 71Jpa (ANL-Z 1JP)

NA236 1.2052-1 1.2048-1 0.03
MG24P 3.9024-4 3.8674-4 0.91b
AL27P 1.0423-3 1.0423-3 0
AL2TA 1.7606-4 1.7605-4 0
SC456 6.1173 6.1253 -0.13
T146P 2.7293-3 2.7295-3 0
TL47P 5.6976-3 5.6954-3 0.04
T148P 7.0949-5 7.0927-5 0.03
MN55G 3.1298 3.1662 -1.16b
FE54P 2.0075-2 2.0075-2 0
FES4A 1.9112-4 2.3336-4 22.1b
FE56P 2.5827-4 2.5828-4 0
FE58G 2.7298-1 2.7337-1 -0.14
C0596 9.8302 9.8368 -0.07
CO59A 3.7286-5 3.7438-5 -0.41b
NI58P 2.6202-2 2.6201-2 0
NI6OP 6.4037-4 6.4052-4 -0.02
IN115N 4.,9146-2 4.9148-2 0
W186G 3.0562 +1 3.0558+1 0.01
AU1972 7.8009-4 7.7733-4 0.36P
AU1976 6.3395+1 6.3432+1 -0.06
U235F 1.3034+2 1.3034+2 0
U238F 8.2305-2 8.2293-2 0.02
U238G 1.0358+1 1.0368+1 -0.09
NP237F 4.2895-1 4.2782-1 0.26
NP2376 5.8902+1 5.8950+1 -0.08

%ata reported by D. E. Cullen (REAL 80).

bDifferent cross section data used.
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VI, REFERENCES

1 W L. Zijp {ECN, Petten); data transmitted by D. E. Cullen
(IAEA} March 1981.

2. RESCAL computer code written by L. R. Greenwood (ANL),
unpublished.

3. B. A Magurno (BNL), private communication (March 1981).
4. 0. E. Cullen, Program SIGMA1l, UCRL-50400, Vol. 17, Part B,
Rev. 2 (1979).
VII.  FUTURE WORK

Although most data files agree closely with other available refer-
ences, especially for dosimetry applications, an effort will be made to

resolve the few remaining differences between our code and those of
W. L. Zijp, B. A. Magurno, and D. E. Cullen.(4)

Additional calculations will be performed for the REAL-80 Project
including reference spectra for CFRMF, BIG10, SIGMA-SIGMA, EBR II, and

other facilities.

VIIT. PUBLICATIONS

None.
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.  PROGRAM

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

1. OBJECTIVE

To describe the production of displaced atoms in materials and en-
vironments of interest in MR development. Specifically, to include (n,y)
and beta-decay effects and revise all data according to ENDF/B-V.

II1. RELEVANT DAFS PROGRAM TASK/SUBTASK

TASK [1.B.I Calculation of Defect Production Cross Sections.

V. SUMMARY

All of our displacement cross sections are now being revised
according to ENDF/B-V.

The theory i s being developed to include {(n,y} and beta-decay dis-
placements. Recoil atom energy distributions are being computed consider-
ing the effects of incident neutron energy, y-y angular correlations, and
E-neutrino and 8-y angular correlations. Examples are shown for Al.

V. ACCOMPLISHMENTS AND STATUS

A.  Description of Neutron Capture and Beta-Decay
Processes Leading to Displacement Production
R. K. Smither and L. R. Greenwood {ANL}

Previous attempts{1,2) to include the (n,vy) reaction in the cal-
culation of nuclear displacements have generally made a number of simpli-
fying approximations. All gammas following capture are usually considered
independently, regardless of cascades, y=-y correlations, or lifetime con-
siderations. The effect of the incident momentum of the incoming neutron
has also usually been neglected. It is also interesting to note that many
{n,y) reactions (as well as other reactions) produce short-lived products
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which beta-decay. |If the end-point energy is high, then this subsequent
beta-decay (and possibly further gamma decays) can significantly increase
the number of displacements. W have developed a description of both pro-
cesses for inclusion in our displacement cross section data files. Recoil
atom energy distributions will also be included. Our treatment includes
the effects of the momentum of the captured neutron, the angular correla-
tion between the reaction momentum and the y-ray recoil momentum, the y-y
angular correlations, the lifetimes of intermediate states, and beta-
neutrino angular correlations. Experimental measurements of the primary
gamma spectrum, secondary branching ratios, sequential gamma-emission
sequences, and measured lifetimes of intermediate states are used when
possible. When experimental information is not available, a multistepped
cascade model i s used assuming level spacings and lifetimes for the inter-
mediate states that are based on averages measured in similar nuclei. A
second calculation is made for the 8-decay events that includes the angu-
lar correlation of the neutrino with the emitted 8-particle and also with
the subsequently emitted y-ray or gamma rays.

1 {n,y) Recoils

Figure 1 illustrates the neutron capture process followed
by multiple gamma emission where n represents the incoming neutron, A the
capturing nucleus, A+l the product nucleus, o1 the angle between the
neutron induced recoil and the direction of the first gamma ray, ©p the
angle between the neutron induced recoil and the second y-ray, ¢1 the
angle of the recoiling product nucleus A+l after y-emission measured from
the initial neutron induced recoil, ¢2 the same following the emission of
the second y-ray, etc., a is the distance to the nearest neighbor nuclei,
d; is the distance traveled by the recoiling nucleus before the first
gamma ray is emitted, and d» the distance traveled between the emission
of the first and second y-rays, etc. The basic equation used to calculate

the primary recoil energy i s given by Equation (1):

1 | £ 2 2
E recoil {nty) = Y o+ 2E - 2E 5 C0S 6 (1)
2(A+1) |_m0c2 Y Ume
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where E, is the y-ray energy, Ep the neutron energy, my is one atomic
mass unit, A the atomic weight of the initial atoms, and & the angle be-
tween the direction of the incoming neutron and the direction of the y-
ray. After each recoil event the distance traveled i s calculated and this
is added to the distance that will be traveled before the next y-ray is
emitted. If the total distance traveled is.less than the distance to the
nearest neighbor atom, the process is continued. For the case of s-wave
capture, the emission of the first gamma isisotropic. The appropriate
weighting factor in this case is 2rsinede and the average recoil energy
will be given by Equation {2):

1 B
E recoil (nty) = YZ + 2E (2)
2{A+1) | m_c
0
For the case of p-wave capture, there will be an angular distribution

of the emitted y-ray relative to the neutron momentum and a more general
weighting factor (1+ajcose) 2rsinede must be used.

The recoil energy following the emission of the second
y-ray is given by Equation {3}:

1 3 12 2, E 22
E recoil (n+y+y) = Y + 2E - 2E cos 0 + =
2(A+1) | m (:2 f d 02 mc2
0 m 0
E22 1/2 _Ezl ZEn 172
- 5 L 2E - 2EYl 5 C0S © cos {e - ¢1) (3)
mC mc m.C )

The angular distribution between the first and second y-ray must be taken
into account at this point so an additional (l+ascose) term will appear
in the weighting factor. The primary recoil spectrum resulting from the
(n,y) reaction will be a weighted average of the many y-ray cascades that
follow neutron capture. Figure 2 compares the recoil energy spectrum
produced by two y-rays in cascade when the half life of the intermediate
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RELATIVE INTENSITY

' CASE B

CASE A

B Sy

Figure 2.

T 1

i [
.0 300.8G 600. 0 9C0.0 1200.5 1580.0

RECOIL ENERGY, eV

Recoil energy spectrum for a two step y-ray cascade where the
primary y-energy i s 70% of the neutron binding energy (in 28A1)
and the energy of the second y-ray is 30%of the neutron
binding energy. Case A is the spectrum produced when the half
life of the intermediate state is short compared to the time
between collisions, and Case B is the spectrum for the case
when the lifetime of the intermediate state is long compared
to the average collision time.
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state is short compared to the time between collisions (case A) with the
recoil energy spectrum produced when the half life of the intermediate
state is long compared with the collision time and the recoiling nucleus
comes to rest before the second y-ray is emitted (case B). The first
spectra (case A} is a broad distribution whose upper limit is the same as
the recoil energy for a gamma-ray whose energy is equal to the sum of the
energies of the two cascading y-rays. The recoil energy spectrum for the
long-lived intermediate state cascade, case B, is just two sharp lines.
There are twice as many events in case B as there are in case A but
average energy and peak energy of the spectrum are much higher in case A
The two effects tend to cancel each other, but the net effect is that more
displacement damage will result in case B than in case A It should be
noted that the primary y-ray spectrum following p-wave capture is differ-
ent than that produced by s-wave capture, because the parity and the range
of possible spins for the capture states are different.

2. 6-Decay Recoil

Quite frequently the {n,y} reaction is followed by the g-
decay of the product nucleus. |If the end point energy of the 6-decay is
a few MeV, there may be (depending on the mass of the product nucleus)
enough recoil momentum from the 6-decay to displace the product atom. For
light nuclei like 2871 a displacement will occur for virtually every g-
decay. The recoil energy of .the product nucleus following 6-decay is a
function of both the E-energy and the neutrino energy, and it is necessary
to take into account the appropriate angular correlation between the 6
and the neutrino in the calculation. This angular correlation is dif-
ferent for the different classes of 6-decay. The recoil energy is given
by Equation (4}:

£ recoil (B,v) = 1 5 {E(E + 2m c2) + (E_ - E)2
2(A+1)m c - 2
+ 2[E(E + 2mec2)]1/2 (Eo - E) cos 9} (4)
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where E is the electron energy, E, is the end point energy, (E5 = E) is
the neutrino energy, © is the angle between the neutrino and the electron,
and mg is the mass of the electron and my is the mass of one atomic mass
unit. 1t is convenient to parameterize this expression in terms of the

end point energy. Equation (5) is Equation {4) with the normalized energy
parameter "a":

E 2
E recoil (B,v) = 0 {a(a+b) + (1-a)2
2(A+1)m _c®
0
+ Z[a(a+b)]l/2 (1-a) cos e} (5}

where a = E/E5 and b = mecz/EO. The appropriate weighting factor for the
recoil distribution in terms of this same normalized E-energy is given in
Equation {6):

E recoil factor = {a+b)2 (1-a)2 (l+cacose) {(2rsine) Fg(s) (6)

where E = Ve/c, Ve = electron velocity, and Fg{8) is, a slowly varying
function of 6 and i s approximately =1 in most cases. The coefficient ¢
depends upon the character of the 8-decay process, allowed (Gamow-Teller),
scaler, polar vector (Fermi), etc. Figure 3 shows the recoil spectrum for
the E-decay of 28A1 [E, = 2.871 MeV, axial vector (Gamow-Teller)]. In
this case "c¢" the coefficient in the angular correlation between the neu-
trino and the electron is equal to -1/3. The 8-decay of 28aA1 to 28sj is
followed by the emission of a 1.8 MeV y-ray. The lifetime of the inter-
mediate state is 0.5 x 10-12 sec; which is long enough so that most of the
6-related recoils have been stopped before the y-ray i s emitted. 1In this

case, the recoil caused by the y-ray i s treated as a separate event.

B. Revision of Displacement Cross Sections with ENDF/B-V
L. R. Greenwood {ANL)

All of our cross section files are now being revised according
to ENDF/B-V using the DISCS computer code. (3) Preliminary indications are
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Figure 3. Recoil energy spectrum from 28A1 E-decay to 28Si. The recoil
spectrum of the gamma-ray transition in 285i is not included
inthis spectrum.
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that most changes are relatively small and that spectral-averaged cross
sections will generally agree within 10%of those computed using ENDF/B-
IV. Several rew elements have also been included; namely, Na, K, Ca, and
Ta, bringing our list to 25. Following these revisions, we plan to extend
as many files as possible to 50 MV for applications at Be or Li {d,n)
accelerators or spallation neutron sources.

VI.  REFERENCES
1. D. G. Doran and N. J. Graves, HEDL-TME 76-60 (1976).
2. T. A Gabriel (ORNL), private communication {1980).
3. G. R. Odette and D. R. Doiran, Nucl. Technol. 29, 346 (1976).

VII.  FUTURE WORK

Displacement damage cross sections and recoil atom distributions
will be computed for the 25 elements currently contained in our damage
parameter data files. All cross sections will be based on ENDF/B-V, and
the (n,y) and E-decay effects will be included. All files will then be
replaced at the Magnetic Fusion Energy Computer Center at Lawrence Liver-
more Laboratory.

VIII.  PUBLICATIONS

None.
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1. PROGRAM

Title: Radiation Damage Analysis and Computer Simulation

Principal Investigator: Don M. Parkin
Affiliation: Los Alamos National Laboratory of the

University of California

II  OBJECTIVE

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

IITI. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK II.B.2.3 Cascade Production Methodology
1.B.4.1 Interface with other designs and other tasks
[1.B.4.2 Develop theory of spectral and rate effects

V. SUMMARY

Analysis of displacement cascades in Mg0, Al,03 and Ta0 is reported
using data obtained with the specified-projectile displacement function.
This function describes the specific collision events that produce dis-
placements. The results show that the importance of specific collision-
pairs in producing displacements is a function of initial PKA energy and

mass ratio.

V. ACCOMPLISHMENTS AND STATUS

A. Specified-Projectile Displacement Function Results for Mg0,
A170; and TaQ -- D. M. Parkin (Los Alamos) and C. A. Coulter
(The University of Alabama)
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The specified-projectile displacement function, pijk(E)’ is defined
as the average number of type-k atoms which are displaced from their
sites by type-j atoms in a displacement cascade initiated by a PKA of type
i and energy E. The definition of ijk(E) was given in a previous report'
and will not be repeated here. Results from calculations for Mg0,

;"\1203 and Ta0 will be presented.

To describe the role of the displacing collision-pairs it is

convenient to define the displacing-atom fraction Rijk(E) as

n
Rijk(E) = pijk(E/J; Pijk(E)

This function gives the fraction of type-k displacements produced by
type-j atoms for fixed i and k.

Values of Ri'jk(E) for Mg0(62,62,62,62) are shown in Figs. 1 and 2.
Asymptotic values of Ri'Jk are not equal to 0.5 and are not the same for
My and 0 PKA's. This difference occurs because of the mass ratio effect
described previously." It is more efficient to have the kinetic energy
residing as moving heavy atoms (Mg) than with the light atoms (0). Thus
this effect is more pronounced for My PKA's than for 0 PKA's.

The largest values of Rijk(E) are for i=j=k,which just reflects that
the energy transfer efficiency is less than one for unequal mass colli-
sions. When the displaced atom is not the same as the PKA type, then
R_.l_.lj(E) > Rijj(E) i#j. This shows that the low enerqy transfer collisions
(E ~ £d) between unlike atoms dominate over higher energy collisions
(> ed).

Figs. 3 and 4 present data for A1203 (18,45,45,72). The important
difference between these data and the Mg0 data is that for Al,0, ve have
used different displacement threshold energies for A1(18 eV) and 0(72 eV).
Generally, the results are very similar to the equal displacement thres-
hold case (e.g.,.Mg0). However, the fact that A1 atoms are easier to
displace than O atoms does affect the results. R121(E) for #\1203 is
larger than for Mg0. This reflects the fact that at energies near the
threshold for displacing an 0 atom where R121(E) becomes greater than

zero, Al displacement can be produced by the O atom with a much higher
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probability than O displacements. As the PKA energy increases, this
effect becomes less important. A similar effect for RZH(E) IS seen.

The results for Ta0 in Figs. 5 and 6 show the behavior when the
mass ratio is large. In this case, R]” >> R121, whereas for high PKA
energies an v R122. Relative to the small mass ratio results (MgQ,
A1203), for the Ta PKA's (heavy atom), displacement collisions between
like atoms are the more frequent. The most striking difference occurs
for the light atom (0) recoils. Here the dominant factor is the
enhanced efficiency of getting energy into moving Ta atoms. R (E)
becomes much greater than R,,q(E). 211

Fgr all the results, asymptotic values of Ri'jk(E) are reached for
E > 10 eV. Thus until rather large PKA energies are reached, the
specific collision pairs that are producing displacementsarnchanging.
This energy dependence is similar to that found for the distribution of
displaced atom types.3

VI. REFERENCES
1. Don M. Parkin, OAFS Quarterly Progress Report, DOE/ET-0065/6 (1979).

2. C. Alton Coulter and Dn M. Parkin, J. Hucl. Mater. 88, 249 (1980).
3. Don M. Parkin, OAFS Quarterly Progress Report., DOE/ER-0046/2 (1980).

VII.  FUTURE WORK
Analysis of the nature of displacement cascades in polyatomic
materials is nearing completion.

VIIIl.  PUBLICATIONS

1. C. Alton Coulter and Don M. Parkin, "Total and Net Displace-
ment Functions for Monatomic Materials,” J. Nucl. Mater. 95, 193 (1980)

2. Don A Parkin and C. Alton Coulter, "Total and Net Displacement
Functions for Polyatomic Materials,” submitted to J. Nucl. Mater.
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V.

PROGRAM

Title: Nuclear Data for Damage Studies (AKJ)

Principal Investigator: D.G. Doran

Affiliation: Hanford Engineering Development Laboratory

OBJECTIVE

The objective of this work is to apply nuclear data to radiation
damage studies.

RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

I1.LA.3 Sensitivity Studies

IILA.4.5 Gas Generation Rates

I1.A.6.3 Dosimetry Standardization

I1.B.I Calculation of Defect Production Cross Sections

11.C.4.1 Effects of Solid Transmutation Products on Microstructure

UMMARY

The nuclear data processing code NOY is being updated to process
cross sections induced by high energy neutrons.

A code to calculate solid and gas transmutation is being written.

An examination was made of potential self-shielding corrections to
calculated displacement rates for specimens irradiated in FFTF.
Monte Carlo calculations show that for 5-cm Fe spheres the volume
averaged displacement rates will be about 15% lower than inferred
from a knowledge of the surface flux and data from small samples.
This reduction arises in approximately equal amounts from broad

group flux modification due to downscattering and absorption and
fine group flux modification due to resonance effects.
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V.

ACCOMPLISHMENTS AND STATUS

A. Calculation of Displacement Cross Sections --
F.M.Mann (HEDL)

The Los Alamos computer code NJOY(1) processes nuclear data from
ENDF/8 (the Evaluated Muclear Data File) into formats usable by
applications codes. ENDF/B IS the standard nuclear data library
for U.S. energy applications with evaluations approved by the 00t-
sponsored Cross Section Evaluation Working Group (CSEWG). Besides
producing data for reactor physics applications, NJOY calculates
damage energy, helium production, and KERMA (Kinetic Energy Release
In Materials) cross sections.

The MFECC version of the code is being revised to handle the new
high energy neutron and charged particle formats being proposed
by R.E.MacFarlane (LANL). Evaluations for Ca (ORNL), Cr (BNL),
Fe (LANL), and Ni (LANL) for neutron energies to 40 MeV will be
put into these new formats.

B. Solid and Gas Transmutation Production --
.M. Mann (HEDL)

The computer code system REAC is being written to calculate the produc-
tion of solid and gas transmutants for various reactor facilities. The
code is heavily based on the NEUACT code™ ¥) which is being used to cal-
culate neutron activation. NEUACT cross section libraries will be ex-
tended to include stable nuclides as well as gaseous nuclides.

C. Damage Rates in Large Samples in the FFTF --
F.M.Mann (HEDL)

1. INTRODUCTION
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Because of the large test volumes available, the Fast Flux Test
Facility (FFTF) will be used to test materials that may be used in
fusion facilities. Some of the samples may be much larger than

have been used in previous irradiations and self-shielding may affect
reaction rates for such large samples.

Reaction rates can be calculated from

R = §<¢VU>1 (1)
where R is the reaction rate, ¢>V is the perturbed flux, ais the
reaction cross section, and the brackets < > denote an average over
the volume of interest and an integration over the energy group 1.
However, normally only the unperturbed surface flux (¢.); is known.
Equation 1 can be rewritten in terms of (¢.}.,

R = T (8),(0);

s1o1f1'91' (2)

where (‘%)i is the infinitely dilute cross section, fy is the
resonance self shielding factor for group i

<h C>,
q)V 1

i <¢V> (Go)i

, (3)

and of is the broad group flux-modification factor for group i which
provides the relationship between surface flux and the flux inside
the sphere,

v i (4)
For very small volumes f. and g; tend to unity.
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METHOD

To determine the magnitude of self shielding, the Monte Carlo
code MCNP(3) using ENDF/B-IV cross sections was used to calculate

(o), T,

in Maxwellian fission spectra having temperatures of 0.5, 1.0,

» and g; as a function of radius for iron spheres immersed

and 1.5 MeV. The resulting fluxes (cbV and ¢S) and volume averaged
reactions for elastic scattering and KERMA reaction rates <¢,0>
were multigrouped into the 12 energy groups shown in Table I.

KERMA (total locally produced energy) cross sections were used
instead of dpa cross sections as the MCNP libraries do not con-
tain dpa cross sections. This substitution should still yield
accurate results since below the {n,p) threshold at 3 MeV KERMA
is solely due to nuclear recoil. Unfortunately the KERMA cross
section in the MCNP library is void of resonances, and hence the
effect of resonance self shielding (fi) was estimated using the
elastic cross section. KERMA in the Fe resonance region is
mainly due to elastic scattering, so this should also be a good
approximation.

DISCUSSION

The calculations show that, within the accuracies (v 2-3%) of the
Monte Carlo runs, the f1. are independent of the Maxwellian fission
temperature but dependent on the radius of the Fe sphere. The
broad group modification factors 9; depend on both the sphere
radius and the Maxwellian temperature T. The infinitely dilute
cross sections are independent of both r and T.

Table | presents the fi(r‘) and gi(r,T) multigroup values for
r=5,0 an and for 7=0.5, 1.0, and 1.5 MeV. AS can be
seen, for the higher energy groups there is less flux inside the

sphere than on the surface, while for the lower energy groups
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downscattering has increased the flux inside the sphere. Since
Fe has such a small absorption cross section, the total flux is
nearly conserved, resulting in only a shape change. The resonance
self-shielding factor varies from 0.74 to 1.00 for a 5 aen sphere.

APPLICATIONS

The FFTF core spectrum is not a pure Maxwellian fission spectrum;
however, between 0.2 and 2 MV the core spectrum closely resem-
bles a Maxwellian fission spectrum with a temperature of 1 M.

Table II presents the relative (to r=0.001 cm) KERMA reaction rate
as a function of sphere radius using the 9, factors corresponding
to T=I MV and the collapsed FFTF core center spectrum. The total
self-shielding effect is statistically not important for Fe spheres
of 0.5 an or less. If a softer spectrum is used (Maxwellian
temperature = 0.5 MeV), the relative reaction rate decreases from
0.85 to 0.83. A harder spectrum (T=1.5) increases the relative
rate to 0.91. Such a hard spectrum is not typical of a mixed-
oxide reactor like FFTF.

The typical experiment will not have pure Fe samples. As other
elements are added, the resonance self-shielding effect will
increase toward unity. Using the Bondarenko method, the resonance
self-shielding correction for stainless steel is predicted to be
0.96 for a 5 an sphere as compared to 0.93 given in Table II for
pure Fe. Because the major constituents of stainless steels have
cross sections similar to Fe for FFTF energies, the broad group
flux modification factors should not significantly change.



VI.

VIl

1.

2.
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FUTURE WORK

Finish  modification of NJOY computer code and process high energy

evaluations.

Produce transmutation histories for typical MFE irradiation facili-

ties.
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TABLE 1

MULTIGROUP CORRECTION FACTORS FOR Fe SPHERES

FOR r=5.0 cm@
&y b
Upper Energy <oy /g <$y0e>/$y 1=5.0
(MeV) T7=0.5 MeV  T'=1.0 MeV  T'=1.5 Mev ( <y /iy jr=o_.‘o)
20.0 .75 0.76 0. 78 1.00
5.0 0.85 0.89 0.88 0.99
2.0 0.91 0.93 1.00 0.95
1.5 0.97 0.96 1.02 0.91
1.2 0.97 1.00 1.01 0.90
1.0 0.95 1.02 1.06 0.92
0.8 1.00 1.02 1.16 0.86
0.6 0.98 1.08 1.05 0.91
0.4 0.98 1.05 1.10 0.80
0.3 1.02 0.96 1.15 0,87
0.2 0.94 1.02 1.04 UL 74
0.1 1.00 1.10 1.30 U.74

0.01 - - - —

@ wuncertainties are ™“37%
+ T is the temperature of a Maxwellian fission spectrum

The resonance self-shielding factors were computed for a Maxwellian
fission temperature of 1.50 MeV
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TABLE 2

RELATIVE KERMA REACTION RATE AS A FUNCTION OF R.ADIUS+
FOR AN FFTF CORE SPECTRUM

r Resonance Spatial
m Shielding only Shielding only Both
0.001 1.0 1.0 1.0
0.01 1.0 1.0 1.0
0.1 1.0 1.0 1.0
0.5 0.98 1.0 0.98
10 0.97 0.99 0.96
2.0 0.95 0.96 0.92
5.0 0.93 0.95 0.85

+ Monte Carlo uncertainties are ~ 3% for all numbers
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1. PROGRAM

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

11. OBJECTIVE

The objective of this work is to develop computer models for the simulation
of high energy cascades which will be used to generate defect production func-

tions for correlation analyses of radiation effects.

111. RELEVANT DAFS PROGRAM TASK/SUBTASK

Subtask II.B.2.3 Cascade Production Methodology

V. SUMMARY

Cascade sizes, as represented by the dimensions of the distributions of
defects in simulated cascades in ordered CuszAu, were compared with dimensions
of disordered regions measured in recent TEM experiments in ordered CusAu ir-
radiated with Cu* ions having energies from 5 to 200 keV¥. The average areas
of the simulated and observed cascades, measured transverse to the incident
ion direction, compare favorably at all energies, but the maximum dimensions
of the simulated cascades are much larger than those experimentally measured
at the higher energies. When the small foil thickness necessary for the ob-
servations is taken into account, much better agreement is obtained.

V. ACCOMPLISHMENTS AND STATUS

A. A Comparison of Simulated and Experimental Cascade Dimensions in
€3 - H L. Heinisch and M. P. Morford (HEDL)

Disordered zones resulting from individual displacement cascades can
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be imaged in an electron microscope because of the difference in structure factor
for super lattice reflections between the disordered zones and the ordered matrix.
Through this technique, microscopy can yield information on the sizes and shapes

of displacement cascades, as exemplified in the results of the recent investi-
gations of ion irradiated ordered CujAu.(1-3)

This information can be directly compared with the sizes and shapes
of computer simulated cascades, thus providing a vital link between modeling
and experiments.

In principle, it IS possible to determine the configuration of the
disordered region produced by a high energy displacement cascade modeled at an
atomistic level. In practice, the binary collision computer code MARLOWE, which
We use to model high energy cascades, is not set up to do this, so we have simply
compared the spatial distribution of point defects produced with MARLOWE to the
observed disordered regions for cascades of the same energy. The experiments
on Cut ion irradiations at room temperature of ordered CujAu by Jenkins et al.(1-2)
were simulated with MARLOWE by Cu primary knock-on atoms (PKAs} of the same
energies in ordered CusAu.

The TEM was done on very thin (20-30 nm) areas of specimens which had
been irradiated by Cu’ ions at normal incidence. The disordered regions observed
are thus representative of the lateral dimensions of the cascades. The MARLOWE
cascades were therefore analyzed by measuring the extent of regions containing
defects projected onto a plane normal to the randomly chosen PKA directions.

To make a fair comparison, the visibility criteria of the TEM image
must be considered. The visibility of a disordered region depends on the thick-
ness of the disordered region and its average level of disorder, as well as on
its lateral dimension.“) The depth of the zone within the foil and the foil
thickness are also important. Regions thinned to about 30 nm or less are
necessary. Jenkins et al. studied specimens bombarded with cu’ ions with
energies from 5 to 200 kev. No disordered regions were observed for 5 keV
cu® ions, but at and above 10 keV each ion apparently produced a visible zone
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of disorder. Above about 30 keV, and especially at the higher energies, closely
separated disordered zones were identified as subcascades resulting from a
single ion. The multiple zones representing subcascades were treated collec-
tively as a single zone by Jenkins et al. Two measurements were reported at
each ion energy, the average diameter D and the average maximum dimension ﬁma
of the cascade. D is the diameter of a circle having the same area as the
disordered zone (or the sum of the areas of the individual subcascades) for a
cascade. D is the maximum extent of the disordered zone (or of the total

max
region occupied by the multiple zones representing sub-cascades from a single

X

event).

Cascades generated with MARLOWE from 5 to 100 keV were initially
analyzed by determining numerically the areas of simple geometric shapes con-
taining the defects for each cascade. This was found to be unsatisfactory
because of the irregular ,shapes and subcascades of the higher energy cascades.
The following method was then devised: the cascade region was divided into a
grid of squares and the number of defects in each square was determined. A
plot showing the number of defects in each square was made (Figure 1), which
produced a density profile for the cascade. These density profiles were then
analyzed much as if they were TEM micrographs. That is, visibility criteria
based on the density of defects and the sizes and regularity of the dense regions
were applied uniformly to the cascades at all energies. Simply measuring the
total area containing defect densities greater than some minimum value is not
sufficient, because the dense areas of a single cascade are not always conti-
guous. The criteria were determined by choosing a minimum visible defect density
which produced a good fit to the experimental value of D at 20 keV, and by using
the fact that 5 keV cascades produced no disordered zones visible by TEM. This
graphical approach was found necessary in order to not include {i.e., to deem
invisible) some small isolated areas of high density as well as to include as
part of the visible region those small, less dense areas which are enclosed

within dense regions.

The results for about ten cascades at each energy are shown in Figure 2,
compared to the experimental results (smooth lines). There is good agreement for
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D at all energies, and for Dmax for energies of about 20 keV or less. However,
the differences between the theoretical and experimental values of Dmax become
much larger with increasing energy.

The microscopy must be done in extremely thin regions of the foil, and
there is a possibility that some high energy cascades may not be completely con-
tained within the inspected region. To simulate this, the 50 and 100 keV cas-
cades were analyzed after allowing only the defects occuring in the first 30 m
along the PKA direction to be included. For two of the ten cascades at 100 keV
the additional assumption was made that several subcascades were widely enough
separated from each other that they would be considered as individual cascades
in a micrograph. The results of this analysis are shown in Figure 3, where
there is considerably better agreement for Dmax.

Of course, the simulation has shortcomings. For example, thermal
effects were not included, and the interatomic potentials, while plausible,
are untested against other experimental data. Also, the number of simulated
cascades examined is small; larger statistical samples are needed, along with
three-dimensional graphical examinations of the simulated cascades to establish
better visibility criteria for the analysis. The foil thickness used in the
analysis is conservative, 30 mm being the upper limit of thicknesses reported
for the observations. The dependence on foil thickness of the simulation

results should be determined.

The significant result of the investigation so far is that the values
of Dmax for the simulated cascades changed dramatically when the foil thickness
was taken into account. While Jenkins et al. were certainly aware of the pos-
sibility that the high energy cascades might not be totally contained within
the thin foils, they apparently underestimated this effect. Thus, the neces-
sity of thin foils for this TEM technique would seem to place a severe limita-
tion on its usefulness for high energy cascades.

VI. REFERENCES
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VII.  FUTURE WORK

More cascades Will be analyzed for better statistics, and higher recoil
energies will be investigated.
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FIGURE 2.

20 40 60 80 100 120
INCIDENT ION ENERGY (keV}

HEDL 8104-098 1
Average Diameter D and Average Maximum Dimension Dmax as a Function
of Energy. The_curves summarize the experimental measurements of
Jenkins et al. 1-3§ of disordered zones produced by cu* ions in
ordered CusAu. The points refer to the distributions of point defects
gor_sir_nulated Cu PKAs in ordered CujAu. Error bars are + one standard
eviation.
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. PROGRAM

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

II. OBJECTIVES

1. Determine defect survivability in copper alloys irradiated at
25°C and the influence of solute additions and neutron fluence.

2. Determine the validity of using TEM and microhardness measure-
ments to study the dependence of survivability on neutron
energy and solute additions.

3. Study the nature of microstructural evolution during 14 MeV
neutron irradiations for later comparison to fission reactor

data.

III. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11.B.3.2 Experimental Characterization of Primary Damage
State; Studies of Metals
11.C.6.3 Effects of Damage Rate and Cascade Structure on
Microstructure; Low-Energy/High-Energy Neutron
Correlations.

V. SUMMARY

Additional examinations of the copper-alloy series irradiated in
RTNS-II at 25°C confirm the validity of conclusions drawn in previous
studies of point defect production and clustering. Microscopy has beer-
performed on four specimens from the nickel-alloy series and analysis is
in progress.
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V. ACCOMPLISHMENTS AND STATUS

A. Microstructural Analysis of Specimens Irradiated in RTNS-II -
H. R Brager and F. A. Garner.

1. Introduction

In a previous report it was shown that microscopy and
microhardness measurements had been made on pure copper and copper with
5% of either Al, Ni, or Mn. All of these metals had been irradiated in
RTNS-II at 25°C to fluences as large as 7.5 x 107 n]cm2.(1) The analy-
sis of these data showed that a substantial fraction of the defects were
below the resolutionlimit of the microscope and accounted for a large
amount of the hardening that results from irradiation. It also appeared
that each cascade event and its subsequent internal rearrangements
could be considered at this flux and fluence to be a separate event, both
In time and space. It was shown that some solutes such as aluminum lead
to substantial differences in clustering of point defects within the cas-
cade and thus affect the subsequent visibility of the clusters. There
did not appear to be any substantial effect of any solute studied on the
number of defects surviving the cascade event. The fraction of defects
surviving the original cascade event appeared to be at least Y.

Since that time the effort has been continued. Several
other specimens of the copper alloy series have been examined to assess
the validity of the earlier conclusions. The effort has also been
expanded to include an alloy series based on nickel rather than copper.

2. Pure Copper Irradiated to a Lower Fluence Level

In the previous report(l) pure copper was examined after
irradiation to a fluence of 2.7 X 10*7 n/cm®> (14MeV). A specimen has
now been examined after irradiation to 0.76 X 107 nzem®. Typical defect
populations are shown in Figure 1. As shown in Table I the mean diameter
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FIGURE 1. Weak Beam Dark Field Imaging of Defect Clusters Formed in

Copper Irradiated at 25°C to 7.6 x 10%® n/cm?

TABLE 1

(E = 14 Mev)

MICROSCOPY DATA = RTNS-II COPPER BINARY SERIES

ot d P (p/4t)

Neutron Cluster Cluster Cluster

Fluence Di?me)ter Conc. Conc. per

Alloy (10*7 n/cm?) nm (10*7/cm?) Unit ¢t
cu 2.7 2.6 13 0.48
cu* 0.76 3.0 0.25 0.33
Qi + 5% My 7.4 2.7 3.4 0.46
Qi + 5% Ni 76 2.3 3.6 0.47
Qu + 5% Al 71 2.0 1.7 1.08
Cu + 5% Al* 6.8 2.5 6.2 0.91

*Denotes new specimens
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of the defects in the lower fluence specimen was ~3.0 nm at a density

of 2.5 X 10*® defects/cm®. These numbers are considered to be preliminary
estimates at this time but confirm the conclusion drawn before that each
cascade event is roughly independent of all other cascade events. Note
that the mean size of the clusters does not increase with accumulated
fluence. The slightly lower number density per unit fluence may reflect
either an overestimated foil thickness or the larger uncertainty associ-
ated with the smaller number of defects counted in this specimen.

3. Examination of Another Copper + 5% Aluminum Specimen

As shown in Table I, the previous study concluded that
aluminum additions to copper lead to enhanced visibility of defect
clustering while nickel and manganese additions do not. In order to con-
firm this conclusion another specimen of this alloy was examined at a
similar fluence of 6.8 x 107 n/em?®. As shown in Table | an aluminum
addition of 5% leads to substantially enhanced visible number densities
per unit fluence. This indicates that aluminum plays a role that is
substantially different from that played by nickel and manganese.

4. Examination of the Nickel Series Alloys

A similar analysis is proceeding on the nickel-5%solute
series irradiated in RTNS-II to fluences as large as 6.6 x 107 n/cm® at
25°C. To date four specimens have been examined. Analysis of the micro-
graphs is in progress.

5. Conclusions

Additional examinations of the copper-alloy series irra-
diated in RTNS-II at 25°C confirm conclusions drawn in previous studies
of point defect production and clustering. Microscopy has been performed
on four specimens from the nickel solute series and analysis is in pro-
gress.
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TABLE 2
NICKEL SERIES SPECIMENS

Identification Code Al10y Neutron Fluence n/cm?
ITVZ Pure Ni 2.6 x 107
55Vu Ni + 5% Si 6.6 x 107
53Uz NI + 5% Al 6.1 x 1027
59x3 Ni + 5% Mn 6.9 x 107

VI. REFERENCES

1. H. R. Brager, F. A. Garner and N. F. Panayotou, "14 MeV
Neutron Irradiation of Copper Alloy at €8R-11," OAFS Quarterly
Progress Report, DOE/ER-G046/3, p. 8I1.

VI'l. FUTURE WORK

The analysis of the copper-solute and nickel-solute series will
continue. The identity of the point defect clusters will be pursued
using the black-white contrast technique. The theoretical considerations
of solute size, weight, and interaction with point defects will also be

examined.

VIII. PUBLICATIONS

An abstract entitled, "Damage Development and Hardening in 14 MeV
Neutron Irradiation of Copper Ailoys at 25°C," (HEDL-SA-2357A) has been
submitted for presentation at the Second Topical Meeting on Fusion
Reactor Materials to be held August 9-12, 1981 in Seattle, Washington.



l. PROGRAM

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

IT  OBECTIVE

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 the current work are the development of techniques to extract
from miniature specimen geometries information on the change in mechanical
properties of neutron irradiated metals.

I1I. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SBTAXK 11.B. 3.2  Experimental Characterization of Primary Damage

State; Studies of Metals

11.C.6.3 Effects of Damage Rate and Cascade Structure on
Microstructure; Low-Energy/High-Energy Neutron
Correlations

I1.C.11.4 Effects of Cascades and Flux on Flow; High-Energy
Neutron Irradiations

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

V.  SUMVARY

A major goal of the DAFS program involves obtaining accurate measure-
ments of the changes in the flow behavior of neutron irradiated metals from
miniature specimen geometries. Indenter type hardness techniques have been
applied to TEM disk type specimens in an effort to extract relative harden-
ing data. Since microhardness tests are localized, they do not preclude
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either the continued irradiation or the further study of the TEM disk speci-
mens by other post irradiation analytical techniques.

It has been determined that the relative increase in the Vickers hard-
ness of copper irradiated to a dose level of 1 x 1017 n/cm2, En14 MRV, s
directly proportional to the increase in the 0.2 percent offset yield
strength of copper. This finding resolves a previously reported discrep-
ancy between measured changes in the offset yield strength and estimates
based on hardness measurements. 1t remains to be shown that similar corre-
lations can also be obtained, both at higher dose levels and for metals
other than copper.

V.  ACCOVPLISHVENTS AND STATUS

Prediction of the Change in the Offset Yield Strength of Copper Duwe to
High Energy Neutron Irradiation Using Vickers Microhardness Data --
N. F. Panayotou (HEDL)

A. Introduction

In a previous quarterly report a discrepancy was reported between
measurements of the increase in the 0.2 percent offset yield strength of
Cominco and LLNL copper irradiated at 25°C at RTNS-l and values of the 0.2
percent offset yield strength calculated from hardness measurements on QAFS
copper irradiated at 25°C at RTNS—-II(” For convienience the result of
the original attempt to correlate these strengthening results is reproduced
in Figure 1. Possible causes for this discrepancy include differences in
the composition and/or the prior history of the metals and the assumed
relationship between offset yield strength and hardness.

The solute content of Cominco and LLNL copper is on the order of
500 ppm while DAFS copper has a solute content of about 25 ppm. All three
types of copper were irradiated in an annealed condition. Although it
could be argued that the difference in composition could be the basis of
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HAGURE 1. Original Attempt to Correlate Measured Strengthening and Calcu-
lated Strengthening Based on Hardness Data for Irradiated
Copper.

: n{1)

Calculation assumes a = K(DPH)B .

the reported discrepancy, the microstructure of the irradiated metals showed
no significant differences in the number or size of visible defects. (1)
Furthermore recent work, a confirmation of which appears in this quarterly
report, indicates that a much larger addition of solute, up to 5 atomic
percent, does not affect the relative irradiation induced hardening of cop-
per or copper binary alloys. (2) I't appears therefore, that the relatively
small differences in solute content of the Cominco or LLNL and DAFS copper
is not responsible for the reported discrepancy in strengthening results.
Another potential source of the reported discrepancy is the assumed
relationship between offset yield strength and hardness.

The calculated values of the increased in offset yield strength shown in
Figure 1 assumed that
aY:KDM(Bﬁ (1)
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where UY is the 0.2 percent offset yield strength expressed in MPa, K is a
numerical constant equal to 3.27, DPH is the Vickers hardness number in
kg/mm?, B is a constant and n i s the work hardening coefficient. The values
of both B and n were taken to be constant and equal to 0.1 and 0.414 respec-
tively. The calculated values of Strengthening, Figure 1, did not aqree
with the data of Mitchell et.al. However, as will be discussed below, a
good correlation between measured and calculated values of strengthening
based on hardness can be obtained by assuming that

L\.UY(MPa) = 3.27 ADPH(kg/mm?2) (2)

where noY and ADPH are the changes in the 0.2 percent offset yield strength
and the Vickers hardness number, respectively.

B. Experimental Procedure and Results

Tensile data for LLNL and Cominco copper obtained by Mitchell
et.al. which were taken from plots of Agy Versus dose are summarized in

Table 1 and appear in Figure 2 as a trend curve. The tensile specimens of
Cominco and LLNL copper were irradiated at 25°C at the RTNS-I facility.

The details of the experimental procedure of Mitchell et.al. have been
reported elsewhere. (3) According to Mitchell, the yield strengths of
unirradiated Cominco and LLNL copper were 52 and 62 MPa, respectively.
Hardness data for DAFS copper are also summarized in Table 1 and plotted

in Figure 2. The specimens used to obtain hardness data were 3 mm diameter
TEM disk type specimens. The disks were punched from 0.254 mm thick annealed
sheet stock of high purity copper obtained from A. D. Mackey Co. The total
solute content of the stock was about 25 ppm. In order to minimize speci-
men deformation during the punching operation, a punch which supports both
sides of the stock material was used. Specimens were also given a stress
relief heat treatment, 400°C/15 min/Air Cool, after forming. This treatment
produced a grain size of ASTM 5-6 (agerage grain diameter of 55 um} and an
initial Vickers hardness of 56.622.3 kg/mm? at a load of 50 gn. The average
grain diameter of the LLNL and Cominco copper was about 50 um. All hardness
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TABLE 1
COPPER STRENGTHENING DATA

Tensile Data (3) Hardness Data

Dose Agy Dose ADPH Aoy
Copper Type 1017 n/cm?2  MPa Copper Type 107 n/cm?  kg/mm2  MPa
Cominco 0.11 6
LLNL 0.24 8 OAFS .25 0£5.5 0£18
Cominco 0.30 10 OAFS .25 8k5.9 26x19
Cominco 0.55 26 DAFS .58 0i-4.2 Oi-14
Cominco 0.70 36 OAFS .59 15:3.0  49x10
LLNL 0.90 41
LLNL 0.95 45
Cominco 1.1 48
LLNL 1.4 55
LLNL 1.6 61 OAFS 1.7 19t3.3 62«11
LLNL 2.0 69 OAFS 1.7 24t4.4 79+14
Cominco 2.1 74 DAFS 1.9 11+2.9  36+10
LLNL 2.3 76 DAFS 2.1 24t3.8 7912
Cominco 3.0 88 OAFS 2.8 26+2.9  85+10
Cominco 4.0 95 OAFS 3.0 26t4.4  85+14
Cominco 6.5 117 OAFS 4.0 27t2.9 8810

tests were performed using a Tukon type hardness tester fitted with a stan-
dard Vickers indenter and at a load of 50 gn. The lengths of the diagonals
of each indent were measured using a Filar type eyepiece accurate to 0.5 ym.
The disk type specimens of OAFS copper were irradiated at 25°C at the RTNS-II
facility.

The hardness data summarized in Table 1 are the average of at
least five indents. The uncertainty reported is the 15 spread of the mea-
sured hardness and the calculated strength values. The tabulated values of
AcY were calculated using Equation 2. Using this relationship, changes in
the 0.2 percent offset yield strength of copper calculated from hardness
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HGURE 2. Correlation Between Measured Strengthening and Calculated
Strengthening Based on Hardness Data for Irradiated Copper.

Calculation assumes ac ~ ADPH.

data were found to be generally within +10 percent of the values measured
by Mitchell et.al. using tensile specimens.

C. Discussion

Equation 2 is based on the well known relationship between inden-
ter hardness DPH, and the true flow stress, o, of a metal, o ~ DPH/3.(4’5)
Essentially, the indenter hardness number (units of pressure) is taken to
be proportional to the true flow stress at the true strain value which is
characteristic of the indentation. For a Vickers type indenter, the aver-
age strain is about 8%. This relationship between the strength measured by
a Vickers hardness indenter and the 0.2% offset yield strength is illus-
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strated in Figure 3, curve a. Clearly, in order to calculate oy » the 0.2
percent offset yield strength, directly from DPH/3, the form of the stress-
strain curve between yield and 8 percent strain must be known. However, if
the stress-strain behavior of the metal changes only slightly with harden-
ing, e.g. curve b Figure 3, it can be argued that the change in the flow
stress at 8 percent strain, asppy: should be proportional to the change in
the offset yield strength, AUy. Qualitatively, this type of change in stress-
strain behavior has been observed for copper which was irradiated to dose
levels where its yield strength had increased by a factor of four. (6) The
maximum strengthening reported by Mitchell et.al. was about a factor of two.
Therefore it is reasonable to expect that aDPH Or Aoppy should be propor-
tional to ag, for the dose level covered by this work. It should also be
noted that, in the limit of high neutron dose, DPH/3 can become a direct mea-
sure of oy Makin reports that highly irradiated copper shows little strain
hardening during tensile testing.(ﬁ) This type of stress-strain behavior is
illustrated in Figure 3, curve C. Clearly, the strength at 8 percent strain
is a good approximation to the yield strength in this case. An attempt to
extend this type of correlation to other metal systems is in progress. Pre-
liminary results for both irradiated DAFS nickel and cold worked AISI 316
stainless steel show good correlations between measured strengthening and
calculated strengthening based on hardness. The initial hardness and work
hardening coefficients of these metals are significantly different than
those of annealed copper. Accordingly, it appears that the relationship

AUY ~ ADPH may be valid for metals other than just annealed copper.

The original attempt to develop a hardness-strength correlation
made several assumptions which have since been determined to be invalid.
The value of n, in Equation 1, was originally assumed to be constant, inde-
pendent of irradiation. Actually n decreases as a metal is hardened. (7)
Even though a reasonable correlation can be obtained using Equation {1),
if nis allowed to decrease as a function of fluence, a further problem
remains in that Equation (1) implicity assumes a power law type stress-
strain behavior. It has been determined that such an assumption is not
valid for copper.(g) In order to verify this assessment, measurements of
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D.

Conclusions

The original attempt to correlate hardness and strength data of

irradiated copper was determined to be inadequate. However, by simply
assuming that Boy #DPH, a correlation, accurate to about £10%, was obtained
between measured strengthening and the strengthening of irradiated copper
calculated from indenter type hardness data. Preliminary results indicate
that this correlation may be valid for other metal systems which have sus-
tained a comparable degree of hardening.

VI.

—
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the value of n for irradiated copper TEM disk specimens are In progress
using the Meyers hardness technique.(ﬁ) Tha ability to measure n and An is
also important since values of n can be correlated with tensile ductility
and can be used to evaluate the effect of irradiation on stress-strain
behavior.
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VII. FUTURE WORK
Extend AUY ~ ADPH correlation to other metal systems.

Continue development of techniques to measure work hardening coefficients
using irradiated TEM disk specimens.
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1. Title: Effects of Irradiation on Fusion Reactor Materials
Principal Investigator: A P. L. Turner
Affiliation: Argonne National Laboratory

11. OBJECTIVE

The objective of this work is to establish the effects of
changes in irradiation flux on the rate of radiation assisted creep.

111. SUMMARY

Two types of creep rate transients were observed at the
termination of irradiation during creep deformation of Ni-4 at. % Si
alloy at 350°C. A short term transient saturated in less than one
minute and a long term transient lasted for about 10 hours. The rapid
transient appears to be too large to be explained by a change in
temperature distribution (shear modulus change) in the specimen. It
may be evidence for enhanced creep resulting from glide of
dislocations released from obstacles by the climb caused by the
absorption of surplus vacancies after the irradiation was stopped.
The long term transient may have resulted from a change in the
dislocation structure. A change in structure in the opposite sense

may also be responsible for a creep transient with a moderate duration
observed at the onset of irradiation.

V. ACCOMPLISHMENTS AND STATUS

A Irradiation Creep Transient in Ni-4 at. % Si -- J. Nagakawa
and V. K. Sethi

1 Introduction

There have been reports on a significant creep rate
enhancement at the initiation and termination of irradiation(l) or by
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a cyclic irradiation ﬂux(z) during irradiation creep. Such a cyclic
enhancement added to the irradiation creep is very detrimental for
fusion reactor materials because irradiation conditions in at least
the initial generation of fusion reactors will be cyclic. Rapid creep
during cyclic irradiation has been explained in terms of the
transients in the flow of point defects to sinks when the irradiation
flux is changed.(l’z) Dislocation climb is enhanced by a surplus
interstitial flux when the irradiation is turned on and by a surplus
vacancy flux when the irradiation is stopped. |If the enhanced climb
liberates dislocations from pinning points allowing strain by glide,
an enhanced creep rate can result from climb in either vacancy or
interstitial absorbing directions.

In the course of a light-ion irradiation creep study of
Ni-4 at. % Si alloy at 350°C creep transients were observed at the

beginning and at the end of irradiation. These creep transients are
analyzed in this report.

2. Experimental Procedure

Details of experimental procedures and the torsional
creep apparatus have been described in previous progress reports. All
experiments were performed with 21 MeV deuterons and a specimen
temperature of 3509C. |n order to eliminate sample to sample
variations all experiments were performed using the same specimen (Ni-
45i-9), after it had been irradiated to 0.031 dpa which is sufficient
to nearly saturate the irradiation induced hardening. The
postirradiation creep rate of this specimen showed a stress exponent
of 3 throughout the stress range examined.

3. Results and Discussion

Figure 1 shows strain vs. time curves for the last
portions of irradiation creep experiments and the beginnings of
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subsequent postirradiation thermal creep experiments. Two different
creep transients can be seen: an abrupt change in strain when the
beam is turned off which is neglibibly small at low stress, and a long
term transient which is significant at any stress. The short
transients were almost completed within a minute whereas the long
transients lasted for nearly 10 hours. Accelerated transient creep of

rather moderate duration (about 30 minutes) was observed at the
beginning of irradiation as has been reported previously.(3)

It is possible that the short term transient could
result from a change in temperature distribution in the specimen
associated with the termination of irradiation. Such a temperature
distribution change can cause a change in elastic strain (rotation)
through a change in the shear modulus. However, the detailed analysis
described below indicates that the amount of strain observed is too
large to result entirely from the temperature change and does not have
the proper dependence on the applied stress. Figure 2 shows a
schematic representation of the temperature distribution in the
specimen during irradiation creep at 1.3 X 10-6 dpa s71 and a
subsequent thermal creep experiment. Before irradiation, the specimen
is heated only by a helium gas at 290°C. After the deuteron beam is
aligned on the specimen, Seam heating of 30° is added to the

irradiated gauge portion %5, of the specimen. 2 is defined by a

slit. The sample is then heated further by direc;”rnesistance heating
to bring the gauge section to 350°C. When the irradiation is
completed, the resistance heating is increased simultaneously as the
beam is shut off in order to keep the gauge section at 350°C. A rapid
increase in strain (rotation) was observed when the specimen
temperature was increased to 350%C by turning on the direct resistance
heating at the beginning of irradiation after completion of beam
alignment. The amount of this strain, which is denoted by AY?—: is
plotted in Fig. 3 as a function of the maximum shear stress. The
straight line in the figure shows the calculated increase in strain

associated with the temperature distribution change. Although there
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is a rather large scatter resulting from unstable conditions during
the early period of irradiation, coincidence between the observed and
the calculated AY? I's remarkably good. A linear stress dependence is
obtained as expected. The strain associated with the short transient,
denoted by Mg is not linear in stress and is much larger than the
strain increase expected from the temperature distribution effect,
denoted by AY$ in Fig. 4 Therefore, the short creep transient is
very unlikely to be a result of temperature distribution change.

This short creep transient may result from a surplus
flux of vacancies to dislocations during the initial stage of the
beam-off period after the interstitial defects have rapidly drained
from the lattice. Vacancy flow enhances dislocation climb so that the
dislocations can overcome pinning points and produce strain by a
subsequent glide motion. Point defect concentrations during this
point are given by

C, = {C, - TZ) exp(-D,20%,t) + T &,

*
where C, is the vacancy concentration at the onset of annealing
period, 'Cs is the equilibrium vacancy concentration a an average
dislocation, D, is the vacancy diffusivity, 2% is the vacancy bias
factor, and Pt is the total dislcoation density.(z) The climb-gtide

creep rate écg is expressed by

Eeq = PplA/MIDIV,T, (2)

where pp is the mobile dislocation density, Aa/h is the ratio of the
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obstacle spacing to its height, b is the strength of the Burgers

vector, and V. is the climb rate of an average dislocation. V. under
the condition of Eq. (1) is(2)

_Z\?Dv * = e 0
VC = = (CV - C v) exp(—Dvaptt) . (3)
Thus, from Egs. (2) and (3)
. ~ O 0
Seq = Pp{MMIZ D Coexp(-D Z b t) (4)
*

where C v €s neglected because Cv » C °. The transient creep strain,

~— < (D

.’_\ecg(t), is given by integrating Eg. (4) with respect to time, t,

pegg(t) = (o,/p) (/RICIL = exp(-D 200, )} . (5)

The time dependence of Ae., originates from the term

€9

1 - exp(—szep t) } and Aecgq saturates at the value

{ (ep/ot)(A/h) CV} which must be dependent on stress. Figure 5

A

shows {1 = nvn(—“\ﬁoo t)} vs. t for 79 - 1.76, pr = 1x 101%m2 and Dv
= 3.72 X 10‘15m2/s(¥)tand also for DVV: 274 x 10716m2/s which was
calculated from a migration energy of 1.38 ev(4:3) and vibration
frequency factor of 5 x 1013571 (6)  Both cases indicate that Aecq has
nearly reached saturation in a minute as has been observed in the
experiments. Therefore, the duration of the short creep transient
observed at the onset of the beam-off (annealing) period agrees well
with that predicted to result from surplus vacancy flux which causes
enhanced climb-glide of dislocations. The magnitude of the strain
produced depends on details of the model and the quantities py,/p¢ and
Xx/h which cannot be estimated accurately enough to make comparison
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meaningful.

The long term transient, Ay, cannot be explained by
the transients in point defect fluxes to sinks because it persists for
too long. It may be the result of a change in dislocation
structure. The transient creep of moderate duration observed at the
onset of irradiation also persists for too long to be related to
transients in the point defect fluxes because these should reach their
steady state values under irradiation more quickly. This transient
might also be the result of a change in dislocation structure. A
creep transient associated with surplus interstitial flux at the onset
of irradiation(l’z) may have occurred, but not been recognized because
of the non-steady conditions during the alignment of the deuteron beam
pn the sample.
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during irradiation creep and thermal creep experiments.
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due to a temperature distribution (shear modulus) change.
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The magnitude of the rapid strain increase observed when
the specimen temperature was increased to 350°C by turning
on the resistance heating after the beam was aligned. The
strain increase calculated from the shear modulus change
associated with the temperature distribution change is
shown by a straight line with a slope of one. Fairly good
agreement between the observed and the calculated values
can be noticed.

86



0 T T [ TTTT . .
Ni-4%
350°C
21 MeV DEUTERONS
13 1078 dpa-s”'
oy
SLOPE = 1.3
10
YA
O SLOPE=25
=
F
. by icaLcuLaTeD)
/ SLOPE-I
p BEAM OFF
0" A 0 L [ S B
50 (00 500
Tmnau (MPa}

Figure 4. Stress dependencies of the observed strain associated with
the short-(ayg) and long-{ay ) term transients as well as
the calculated strain change due to temperature
distribution change (avk) when the beam wes turned ofr.

Both AYg and Ay, are much larger than M% and are not
linear in stress.
a7



= o
o 10 Dy=2.74x1076 m?/s —
~J
o
5 _
3
I
152 79:176 N
Pt = x 1014 m2
0™
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. PROGRAM

Title: Fundamental Studies of Radiation Damage Analysis
Principal Investigators: G.R. Odette and G.E. Lucas
Affiliation: University of California, Santa Barbara

11.  OBJECTIVE

The objective of this work is to develop physical models describing
the influence of metallurgical and irradiation variables on the alteration
of mechanical properties. These models will be used to correlate avail-
able data, to plan and analyze new experiments and, ultimately, to extra-
polate to fusion reactor conditions.

IT1.  RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11.C.14.1 Modeling of Flow and Fracture Under Irradiation-
Model Development ) )

SUBTASK I1.c¢.16.1 Composite Correlation Models and txperiments-
Correlation Model Development

IV.  SUMMARY

Mechanical Properties Modeling

Creep fracture behavior of both unirradiated and irradiated (and
nelium implanted) austenitic stainless steel has been modeled using simple
creep fracture mechanisms. A creep fracture map for the solution annealed
316 stainless steel has been developed and the predictions of the map are
in good agreement with the experimental data on times-to-fracture. An
irradiated rupture model has been developed based on 1) a size distribu-
tion of pre-existing helium bubbles, 2) stress induced nucleation of creep
cavities on helium bubbles, and 3) a creep constrained cavity growth mechan-
ism. The predictions of the model are in excellent agreement with the
rupture times and ductilities for both the helium injected and neutron
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irradiated Ti-stabilized stainless steel. However, the models developed
are preliminary and they do not include all the critical processes, such

as phase instabilities.

V. ACCOMPLISHMENTS AND STATUS
Creep Fracture Mechanisms in Unirradiated and Irradiated Stain-
less Steels -- S.S. Vagarali and G.R. Odette

(University of California, Santa Barbara).

A. Introduction

Commercial fusion reactor structural components will operate at
temperature-stress regimes in which creep fracture is one of the signifi-
cant failure modes. Fracture mechanism maps are convenient for represent-
ing the major mechanistic regimes [1]. A regime of prime engineering
significance is at intermediate temperatures and at low stresses charac-
teristic of service conditions; however, because of the very long rupture
times implicit, very little data is available for these conditions.
Limited experimental data indicates that grain boundary cavitation failure
dominates this regime [2,3]. A fracture map for unirradiated solution
annealed 316 stainless steel was recently developed by us as shown in
Figure 1{4]. The map indicates that at intermediate temperatures and low
stresses, diffusion controlled cavitation fracture is dominant. However,
recent studies have shown that cavitation fracture may often be creep
controlled [5-7]. In the present work, the map given in Figure 1 is
modified by incorporating creep controlled cavitation fracture mechanism.

Of course, the major concern is the creep-rupture properties of

materials in actual service including, but not limited to, the effects of

irradiation. It is well established that the microstructural and micro-
chemical evolution which occurs in irradiated alloys can significantly
alter fracture modes and generally reduce creep ductilities and rupture
times. Unfortunately, the effects of irradiation are highly complex and

not well wunderstood. For example, significant differences have been
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observed between the results of in-situ versus post-irradiation creep
rupture testing [8]; in some cases irradiation has been observed to
increase rupture times [9].

In spite of such complexity, there may be some circumstances
which one particular aspect of irradiation damage is dominant and amenable
to simple modeling. This may occur, for example, when there are high
concentrations of transmutant helium leading to a significant increase in
the number of grain boundary creep cavities which form on preexisting
helium bubbles. Hence, a creep rupture model has been developed based on:
1) a size distribution of preexisting helium bubbles; 2) stress induced
formation of creep cavities on a fraction of this bubble distribution; and
3) a creep constrained cavity growth mechanism. The predictions of the
model are compared with rupture times and ductilities for both helium

injected and neutron irradiated Ti-stabilized stainless steel.

8. Creep Fracture Mechanisms

Elevated temperature fracture behavior of polycrystalline mater-
ials may be divided into two categories: a) transgranular creep frac-
ture; b) intergranular creep fracture.

The fracture process involves nucleation and growth of voids or
cracks, viz. time-to-fracture, tf, is essentially determined by the time

required for the voids or cracks to form, grow and coalesce.

B.1 Transgranular Creep Fracture

In this mode of fracture, voids nucleate at second phase parti-
cles and grow by local creep of matrix. Ashby [1] has analyzed the frac-

ture process and t]c is given by

1 n 0.7 .
t, =g+ n( -l)]/a (1)
f [n 1.8 n-1 — o

fv
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where €, an effective nucleation strain', fv i s volume fraction of second
phase particles, €. is the creep rate and n is the stress exponent; the
second term in the brackets is a post-nucleation ductility parameter which
is the strain needed to grow matrix voids to final fracture instability.

B.2 Intergranular Creep Fracture

For intergranular fracture mode voids or cracks nucleate and
grow in the plane of the grain boundary. Failure often occurs suddenly
without neck formation. There are two types of intergranular fracture

mechanisms: 1) triple point cracking; 2) cavitation fracture.

B.3 Triple Point Cracking

This mode of fracture is important at low temperatures and high
stresses. Grain boundary sliding in polycrystals leads to stress concen-
tration at the grain boundary triple junctions which may often be relieved
by nucleation of a crack, and following nucleation, the crack grows by
wedging action of the sliding process. Williams ({10,11] has analyzed the

fracture process and time-to-fracture is given by
2y
N eff - -1
ts 'I:o d £ * En]‘c‘c (2)

here Yoif is the effective surface energy of fracture, & is the ratio of
the strain contribution due to sliding to the total strain, o is applied
stress and d is grain size. Note that the value of £ may not be the same
for the various mechanisms; it is often set at zero for triple point
cracking.

B.4 Cavitation Fracture

Cavitation fracture occurs under conditions of low stresses and

high temperatures by nucleation and growth of cavities on grain boundaries

0T course, primary creep rates are higher than the steady-state £ values
used to estimate void nucleation times; hence, the & _ value shéuld be
viewed as an 'effective' strain parameter in the preserpt context.
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Nucleation of creep cavities is not well understood. Several phenomeno-
logical models and considerable experimental evidence suggest that nuclea-
tion 1is strain controlled, and perhaps continuous during early stages of
creep [12]. Other models are based on stress induced nucleation at
favored "low-energy' sites [13]; however, even in this case some local
strain, for example due to boundary sliding, 1s probably needed to produce
stress concentrations sufficient to induce nucleation. Hence, It 1Is
likely that both stress and strain are necessary to nucleate creep cavi-
ties. For either mechanism there is a clear association between creep
cavities and grain boundary microstructural features such as triple
points, precipitates and slip-band intersections.

Because of this complexity, we have modeled the nucleation
process parametrically. For unirradiated steels, creep cavity grain
boundary densities are taken as a constant independent of stress and
temperature. Typical values are ~ 10t% w72 or a mean cavity half spacing
A = sum; this is consistent with experimental observation. In the case of
irradiated alloys containing grain boundary helium bubbles, a stress
dependent creep cavity model s used as discussed in Section 111. Nuclea-
tion times are calculated based on an effective nucleation strain divided
by creep rate relation as in Equation (D)-

The modes of cavitation fracture are further subdivided into two
types depending on the cavity growth mechanism as: @ unconstrained
diffusion growth; and ») constrained diffusion growth.

In general, these two mechanisms operate together in sequence;
that is, the mechanism predicting lower cavity growth rate or higher
time-to-fracture will be rate limiting.

8.4.1 Unconstrained Diffusion Growth

In this model the growth of cavities is assumed to occur by
vacancy diffusion along the grain boundary. Diffusion growth model was
first proposed by Hull and Rimmer {14] and has been further modified by
several workers [15-17]. Raj et al. (18] have estimated time-to-fracture
assuming a fixed number of cavities per unit area of the boundary as
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3
_ 0.05kT A™ . .
Yt e, mo  Gn'fn (3)

B
where A is the average half-spacing between the cavities. As in case of
triple point cracking this model also assumes that the nucleation strain
for cavities is negligible. In this case, the nucleation strains are

often set equal to zero.

8.4.2 Constrained Diffusion Growth

For unconstrained diffusion growth of cavities the grain boun-
daries must be perfect sources for vacancies and the plating of atoms on
the grain boundary must occur freely and uniformly. The latter condition
requires that the cavity distribution is uniform along the grain boundary.
These conditions may be met only rarely in practice. Commercial alloys
such as 316 stainless steel contain intergranular precipitates which may
inhibit the ability of grain boundaries to act as perfect sources for
vacancies [19]. Further, the cavity spacing is not uniform and they are
observed on a fraction of grain boundaries oriented normal to the stress
axis [12,20]. These factors will result in cavity growth rate lower than
that predicted by unconstrained diffusion growth model and give rise to
constrained diffusion growth. Oyson [5] has analyzed this problem for a
boundary containing cavities which is surrounded by boundaries without
cavities. However, Edward and Ashby [6] have considered local constraints
around a cavity in which the cavity growth rate is limited by a cage of
surrounding material which is deforming by power law creep. The results
of both these constrained growth models, although developed for different
mechanisms, give roughly similar results. Thus, even though the cavity
growth occurs by vacancy diffusion along the grain boundaries, its rate is
limited by the creep of surrounding matrix. In this work we adopt the
model of Edward and Ashby {6] model which is given by

t. =]le_ +=1n (1+p)n
f n n n_/-_
{(1+P) -{1-n fi)

)77 (4)
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where f]. is the initial area fraction of grain boundary cavities and P is
a dimensionless quantity given by

.2.
1| 4600 o, ( )1" n
P [ —— (5)
10 A kT e
where éo’ o, are related to steady state creep rate, éc’ and stress, g, as
n
L] _ - 0’
e, = EO(E—) . (6)

0

Further it can be shown that

0 iofid)

= . (N
% Fc ¢
Substituting equation (7) into (5), the parameter P is given by
2
1 4<SDBQ s 1IN
PR |3 (8)
ATKT ¢

Table 1 summarizes the rate equations for the high temperature
deformation mechanisms, viz. dislocation creep and grain boundary sliding
and equations for the times-to-fracture for the creep fracture mechanisms
are given in Table 2. The basis for these equations is given in Refer-
ence [4].

Note that we have not exhausted all possible mechanisms; for
example, at high stresses grain boundary cavities may grow by pure creep
mechanisms [1]. Further, surface diffusion kinetics may be rate limiting
in some cases [21,22]; in order to model this situation where elongated
crack-like cavities may form a number of additional parameters are needed
and the mathematical formulation is rather complex. Hence, we have
treated only the less complex mechanisms in this work.
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TABLE 1

HIGH TEMPERATURE DEFORMATION MECHANISMS

Mechanisms Rate Equation for Steady-State Creep Rate
Dislocation Creep éc = 1033 (%)6 [1+2x101° (%)6] exp(~ 45%)00) g1

Grain Boundary Sliding e, =& x €

gbs c

- - 000
2.2(%)1e 100000)

; _ -8,0
where : £ =57 x 10 (E) xp{ RT
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Mechanism

TABLE 2

HIGH TEMPERATURE FRACTURE MECHANISMS

Equation for Time-to-Fracture

Transgranular

Triple Point Cracking

Cavitation
(Diffusion Control)

Cavitation
(Creep Control)

1 n 0.7 - -1
t.={e + Tn( - DY () {13
f n 1.8 n-1 c
J,
2y J
_|# Yesr - -1
tf *[m— + En (EC) [7]
0.05kT AS . En
e = Tonsdy I L5
£
C
_ 1 (1+p)" : -1
te=le, * = In (ﬁc) [3]

(1+P)" - (1-nf)
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C. Creep Fracture Map

A creep fracture map is constructed for annealed type 316 stain-
less steel with a 50-um grain size using the method suggested by Ashby [1]
as shown in Figure 2. The two mechanisms of cavitation fracture, viz.
creep and diffusion control, operate sequentially so that the model pre-
dicting higher time-to-fracture will determine the mode of cavitation
fracture. Further, the three fracture modes, viz. transgranular creep
fracture, triple point cracking and cavitation fracture were assumed to be
operating independently of each other, so that the failure occurs by the
process predicting the lowest value for time-to-fracture. As noted by
Ashby [1], this is an oversimplification of the real situation since mixed
modes of fracture are very common in practice and the damage introduced by
one process may influence operation of other modes of fracture. Further,
it was assumed that at o/G = 6.3x10-3 low temperature ductile fracture is
dominant. The parameters used in the construction of the map are given in
Table 3.

At this point it is important to note the influence of grain
size on the fracture map. Of the three fracture mechanisms considered
here, two of them, wviz. transgranular creep fracture and cavitation frac-
ture predict tf at independent of grain size, the remaining process,
triple point cracking, predicts tf a 1/d (Table 2). Since the rate
equation for grain boundary sliding has the same grain size dependence, tf
for this process will also be independent of grain size. This might
suggest that the fracture map given in Figure 2 is independent of grain
size and hence can be applied for 316 stainless steel of any grain size.
However, the rate equations for dislocation creep and grain boundary
sliding, given in Table 1, and used in the construction of the map were
based on the analysis of experimental data over a narrow grain size range
of 50-120 upm. Hence, the map given in Figure 2 is applicable over the
same grain size range.

The fracture map is divided into several fields within which one
fracture mode is dominant. At the field boundaries the fracture modes on
either side of the boundary predict equal times to fracture. Contours of
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TABLE 3

PARAMETERS usen IN THE CONSTRUCTION OF
CREEP FRACTURE MAP

Parameter Values Reference
Q 1.20 x 10729 43
b 2.58 x 1010
T 1810 K
R 8.314J mole ! k1
K 1,33 x 10723 J ¢}
G 8.1x 10%(1 - 4.7 x 107%(T-300) Mpa [30]
0, 4.4% 107 exp(-280000/RT)n2 s~1 [31]
60y 3.6 X 107 1% exp(~193000/8T)n3 s°1 [31]
€ 0.10
+
& 0.0
f 0.05
Vafs 70 J m-2 [32]
A 2.5 x 10_6 m
-3
f. 10
Y 2.572- (T-273) X 3.6 X 1074 J ™2 [29]

for transgranular and creep controlled cavitation fracture modes.

+ for triple point cracking and diffusion controlled fracture modes.
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Figure 1. A creep fracture map for solution annealed 316

stainless steel having grain size of 50 um
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10 seconds) are shown on the map in the

constant time-to-fracture (102-10
form of thin lines and these lines cover the entire range of practical
interest.

The fracture map highlights several important features. Trans~
granular fracture occurs at high stresses and high temperatures, and
generally has a small time-to-fracture (t]c < 105 sec.) and intergranular
fracture is dominant at low stresses. Of the two modes of intergranular
fracture, triple point cracking is dominant at high stresses and low
temperatures in contrast to cavitation fracture which mainly occurs at low
stresses and high temperatures. further, creep controlled cavitation
fracture occurs over much wider range of stress and temperature than the
diffusion controlled cavitation fracture mode. The region of diffusion
controlled cavitation fracture is very narrow and is sandwiched between
regions of transgranular creep fracture and creep controlled cavitation
fracture. This would suggest that with increasing stress there will be
changes in fracture mode from creep controlled cavitation fracture to
diffusion controlled cavitation fracture to transgranular creep fracture.
Such a behavior has been qualitatively suggested by Miller and Langdon
[7}. Furthermore, the narrow region of diffusion.controlled cavitation
fracture may be in part responsible for the absence of experimental evi-
dence for this mode of fracture. Itwas also observed that the region of
diffusion controlled cavitation fracture was fairly insensitive to cavity
half-spacing parameter, A, over the range from 1 to 5 um. This occurs
because with change in A, the shift in boundary between transgranular and

diffusion controlled cavitation fracture and that between diffusion and

creep controlled cavitation fracture occur in the same direction. For
example, lowering of A will result in lower tf for both diffusion and
creep controlled fracture modes and hence will shift the boundaries upward

i.e. higher stresses. Hence, the region of diffusion controlled cavita-
tion fracture is insensitive to cavity half-spacing parameters. Of
course, the actual fracture times are a sensitive function of cavity
spacing.

The creep fracture map shown in Figure 2 differs in several
respects from the map shown in Figure 1. One important difference is in
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the region of cavitation fracture. Figure 1 shows that diffusion con-
trolled cavitation fracture is dominant at low stresses whereas the map
developed in the present work indicates that creep controlled cavitation
Is dominant at low stresses and diffusion controlled cavitation fracture
occurs over a very narrow range of stress and temperature. Another not-
able difference is in the region of triple point cracking. Figure 2 shows
that triple point cracking is dominant at low temperatures where as figure
1 indicates that it is important even at high temperatures.

The predictions of the model based map were compared with the
experimental data on creep fracture. The creep fracture of annealed 316
stainless steel with grain size in the vicinity of 50 un has been investi-
gated by several workers [3,23-25]. Logarithmic values of experimentally
obtained times-to-fracture to base ten are superimposed on the fracture
map as shown in figure 3. for simplicity only a few values of time-to-
fracture, t., have been given. Excellent agreement is obtained between
the experimental and the predicted values of time-to-fracture. Most signi-
ficantly in contrast to Figure 1, the data in figure 2 spans all three
significant creep fracture mode regimes, and the map 1S more consistent
with fractography observations. further, in extrapolating beyond the data
base to longer rupture times no large change in stress dependence IS
indicated.*

0. Creep Fracture of Helium Implanted and Irradiated Stainless
Steel

While it is well established that the microstructural and the
microchemical changes which take place in irradiated alloys significantly
alter the fracture modes, creep ductilities and rupture times {3,24,25].
The processes are quite complex and are not well understood. Generally,
creep ductility is reduced and intergranular failure is enhanced [24]

X"These models do not contain all mechanisms which may be significant; for
example, under some conditions the temperature (and perhaps stress) con-
trolled rate at which brittle phases precipitate may govern fracture
times.

103



G/

10'

10'

10

10

10

Temperature, K

600 800 1000 1200 1400
1 1 [ 1 1 1
Ductile Fracture
Transgranular
Triple Point !
Cracking f
11
0
i
1
Guvitation Cavitation 1(
(Creep Control) " fto ) Gf
10
® Garofalo et al. (1963) TDE
9 Bloom and Stiegler (1973) 108
A Lovell (1975) ol
0 Morris and Harris (1978)
1 ] | i
0.3 0.4 0.5 0.6 0.7 0.8

T/ Tm

Figure 3. Comparison of the experimental creep rupture data
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However, the effect of irradiation on rupture times is not simple. Itis
observed that irradiation under some conditions may retard rupture or may
enhance it [9]}. For conditions involving high helium concentrations, the
dominant effect of irradiation is to significantly increase the number of
grain boundary creep cavities because helium bubbles act as nucleation
sites. Hence, irradiation and/or helium implantation promotes intergran-
ular cavitation fracture mode. A creep rupture model is presented here
based on a distribution of helium bubbles and creep constrained cavity

growth mechanism.

Inthis model it is assumed that the helium bubbles on the grain
boundaries act as preferred sites for cavity nucleation. Further, 1t is
assumed that the helium bubbles are distributed in size and/or gas con-
tent. Various distributions might be assumed, i.e. gaussian, exponential,
or others which have been derived specifically for gas bubble character-
istics; further, one might utilize directly experimentally observed dis-
tributions.

For simplicity in the present work, the distribution of helium
bubbles is assumed to be exponential such that the bubble density, Nb, is
given by

N, = No *+ exp ('R/RO) (9)

b

where No is the number of helium bubbles per unit area of grain boundary
and R0 is the average radius of the helium bubble. The creep cavity

density is given by
— X
Nc = N, exp (-r*/R ) (10)

where r* is the critical radius given by the instability criterion for
stress induced growth of bubbles as

0.77 Yq

S (11)

r*

where Yg is surface energy. Figure 4 illustrates this model schemati-

cally.
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Hence bubbles with r > r* act as creep cavities and grow under
the influence of applied stress by creep constrained cavity growth mechan-
ism. Thus the model predicts increase in cavity density at higher
stresses. Further, the cavity half-spacing, A, and the initial area
fraction of grain boundary cavities, fi’ change with stress and are given
by

A= (12)
2N
C
R,.2
f, =G (13)

The time-to-fracture predicted by the model is given by

11 (1+p)" .« \-1
t. == 1n £ {14)
(1+P)" - (1-nf.) ( C)

where P is given by Equation (8). Equation (14) is the same as Equation
(4) except the nucleation strain has been set to zero €. = 0.

The predictions of the model are compared with the post-irradia-
tion creep rupture data of Andreko et al [26] and Wassilew and Schirra
[27] and post-helium implantation creep rupture data of Sagues [28] on a
Titanium stabilized austenitic stainless steel as shown in Fig. 5. The
parameters used in the correlation are

_ .Al3 -2
N0—10 m

Ro

3x 10 2 m

which are consistent with TEM observations of Sagues [28]. The creep
rate, €., for the material was fit to data given by Sagues [28] and is

_ 9 .o(. 523000, -1
g. = 0.35 o~ exp( o }s {(15)

»

where o is in MPa. The surface energy, Yoo for the alloy is taken as [29]
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y, = 2.572- (T273) x 3.6 x 10 I m 2. (16)

The times-to-fracture predicted by the model are in excellent
agreement with the data particularly for temperatures from 650 to 300°C.
Further, the creep ductilities predicted by the model are in the range of
0.1 to 3%which is consistent with the ductilities reported by Andreko et
al (258] and Sagues (28]. However, a discrepancy Is observed between the
cavity spacings predicted by the nucleation model and the experimental
observations. Sagues (23] has reported cavity spacings of 0.5 - 1.0um
for a creep test at 130 MPa at 800°C. The nucleation model predicts
cavity spacing decreasing with increase In stress from 0.75um at 350 MPa
to 3.3 um at 125 MPa at 800°C. However, these are somewhat smaller than
typical creep cavity spacings of ~ 5-10 um in stainless steels.

The significance of the model as a correlation tool is as
follows: simply using the minimum creep rate and rupture time data from
relatively short-time tests, supplemented by direct microstructural obser-
vations when available, reasonable estimates of long-term behavior may be
possible. Of course, this requires that the model accurately describe the
basic mechanism of creep rupture for the material condition of interest.

The rupture times found by Sagues (28] for uninjected specimens
were about the same as the injected specimens. However in this case, the
mode of fracture was transgranular rather than grain boundary cavitation.
Notably, this observation is consistent with the map for normal 316 solu-
tion annealed stainless steel shown in Figure 2; however, the significance
of this agreement is difficult to establish due to both possible material
differences, and the atypical form of Sagues® specimens (thin foils which
failed by propagation of edge cracks).

As an exercise of the basic approach, however, a fracture map
for 316 steels was constructed using Equations 9 to 14 and the parameters
used to fit the irradiatad/injected data; parameters for the noncavitation
regimes and the deformation equations were taken as the same as in Section
A2. (See Tables 1 and 2.) The map is shown in Figure 6. It is
evident that the major effect of the irradiation/injection-induced micro-
structure 1is primarily a shift to lower temperatures in the regime of

109



107

107

[

107"

10

107

Temperature, K

600 800 1000 1200 1400
I 1 1 1 1 ] I I T
Ductile Fracture
Transgranular
Trinle Point \
Cracking \\\\\
\ 102
9 ,
10 4
]08 10
Cavitation 7
(Diffusion 10
Control) 6
Cavitation 10
(creep control)
0.3 0.4 0.5 0.6 0.7 0

T/Tm

Figure 6. Modification of the creep fracture map given in

Figure 2 by considering an exponential distribution
of cavities.

110




dominance of creep controlled cavitational fracture and a small reduction
in the rupture life in this fracture regime; the behavior in the trans-
granular regime 1s, of course, not affected.

We must emphasize that this preliminary model for Pl creep
rupture behavior does not treat a member of potentially important factors
including effects of in-situ irradiation creep, competitive process of
thermal, stress and irradiation induced damage structures (microstructural
and microchemical), etc. The possible influence of these factors will be
investigated in future research.

E. Summary and Conclusions

A creep fracture map for solution annealed 316 stainless steel
has been developed. Unlike previous maps, the regime of creep constrained
cavitation fracture 1s dominant at intermediate temperatures and low
stresses. The predictions of the map are in good agreement with experi-
mental data on creep fracture for the alloy.

A creep rupture model has been developed based on the nucleation
of creep cavities on the distribution of helium bubbles and their growth
by creep constrained grain boundary diffusion. Application of the model
to both helium injected and neutron irradiated titanium stabilized stain-
less steel data also produced good agreement between the predicted and the
measured post-injection/irradiation rupture times and ductilities.
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VITI. FUTURE WORK

Deformation and fracture maps will be developed for unirradiated 20%
CW 316 stainless steel. Data on post-irradiation creep rupture of 20% cw
316 will be used, along with the model, to develop a preliminary map for
this material condition.

A large creep rupture data base is being assembled from the litera-
ture for both irradiated and unirradiated stainless steels, including some
in-situ data. This data will be analyzed with the model to test its
ability to correlate and predict data as described above.

Finally, the model will be extended to treat other irradiation
Induced mechanisms - e.g. irradiation creep.
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1. PROGRAM

Title: Mechanical Properties
Principal Investigator: R. H. Jones

Affiliation: Pacific Northwest Laboratories
Operated by Battelle Memorial Institute

11. OBJECTIVE

The purpose of this work is to determine the effect of irradiation
on the grain boundaries segregation of minor and impurity elements in
fusion reactor alloys.

ITI. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK [1.C.14 Models of Flow and Fracture Under Irradiation
SUBTASK [I.C.I Effect of Material Parameters on Microstructure

V. SUMMARY

The effect of radiation on surface segregation of minor and impurity
elements has been studied in four alloys. Radiation induced surface
segregation of phosphorus was found in both 316 type stainless steel and
in Nimonic PE-16. Segregation and depletion of the other alloying
elements in 316 stainless steel agreed with that reported by other
investigators. No significant radiation enhanced or induced segregation
was observed in the ferritic HT-9 or Ti-6A1-4V alloy.

V. ACCOMPLISHMENTS AND STATUS

A Radiation Enhanced Segregation to Grain Boundaries -
J. L. Brimhall (PNL).
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The influence of irradiation on the segregation or depletion of
minor and impurity elements was investigated in four alloys: 316 type
stainless steel, Nimonic PE-16, Ferritic HT-9 and Ti-6A1-4V. The alloys
were heat treated to a stable metallurgical condition prior to ion
bombardment with 5 MV Ni'* fons. The dose at the surface was 2 atom
displacements per atom (dpa) and the irradiation temperature varied from
450-650°C, depending on the alloy. Auger Electron Spectroscopy (AES)
combined with a continuous sputter removal of the surface was used to
determine the concentration gradient of elements away from the surface
region. A maximum of six elements could be continuously monitored during
the sputter profiling. A complete AES scan for all elements was
periodically taken during the sputter removal. Thermal control specimens
that were annealed in the irradiation chamber for a time equivalent to
the irradiation time were also analyzed.

Enhanced segregation of Si and depletion of Mo near the surface
after irradiation was noted in the 316 stainless steel, Fig. 1 Some
enhancement of nickel and depletion of iron as a result of irradiation
was also observed but are not shown for the sake of clarity. These
observation are in qualitative agreement with the results of similar
studies on 316 stainless steel reported by Okamoto and Rehn.(l) There
was no significant effect of irradiation on the Cr or S concentration
profiles. Phosphorus was not analyzed in the sputter profiling but the
AES scans taken at periodic time intervals do show an enhanced phosphorous
concentration just below the surface, Table 1. Evidence of phosphorous

segregation to grain boundaries in neutron irradiated 304 stainless steel
has been reported. (2)

An enhanced surface segregation of phosphorous and surface depletion
of molybdenum were the main effects of the irradiation in PE-16, Fig 2
These results are similar to those from 316 stainless steel. Al, Ti, Cr
and S were also analyzed but there was no marked difference between the
irradiated and the thermal control specimens. |n both cases, Al, Ti and
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FIGURE 1. AES Sputter Profiles of Si and Mo in Type 316 Stainless
Steel, lon Bombarded at 500°C. Profiles of thermal
specimen also shown.

TABLE 1. PHOSPHORUS CONCENTRATION IN 316 STAINLESS
STEEL AT VARIOUS DEPTHS FROM SURFACE

% Phosphorus

Condition Surface 20-40A 180-250A
Irrad 500°C 0.4 7.75 0.09
Irrad 600°C 0.6 1.63 0.22
Non Irrad (500°C) 0.5 0.37 0.27
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FIGURE 2. AES Sputter Profiles of P and M in PE-16, lon Bombarded
at 500°C. Profiles of thermal control specimen also shown.

Cr showed marked segregation very close to the surface and are probably
combined in an oxide.

Neither the HT-9 nor the Ti-6A1-4V alloy showed any marked radiation
enhancement of a segregation phenomena. Si, S, P, N, Mo and Cr were
analyzed in the HT-9 and the results were similar in both the irradiated
and the thermal control specimens. However, there was some evidence that
nitrogen surface segregation was enhanced by irradiation. In the titanium
alloy, carbon, oxygen and sulfur showed high surface concentration in both
the irradiated and the thermal control specimens. There was also evidence
for significant oxide formation which greatly complicated the analysis.
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VIl. FUTURE WORK

Experiments on 316 type stainless steel will be repeated with

particular emphasis on the analysis of phosphorous segregation using

sputter profiling. Some experiments on HT-9 will also be repeated to

confirm the current observations.
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CORRELATION METHODOLOGY
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l. PROGRAM

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

II. OBJECTIVE

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

III. RELEVANT DAFS PROGRAM TASK/SUBTASK

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

V. SUMMARY

Analytical electron microscopy of acicular precipitates in dual ion
bombarded SA 316 SS shows them to be rich in Ni, Si and P. The results
are in qualitative agreement with acicular precipitate compositions in
austenitic stainless steels after long term aging or fission reactor
irradiation. An unexpected inhomogeneity in Ti concentration in SA 316
from the MFE heat has been observed. Regions with high Ti content
exhibit more than one precipitate morphology and do not experience rapid
anomolous cavity growth. Parametric studies of the dependence of critical
cavity size on the magnitude and temperature dependence of surface energy
and Van der Waals exclusion volume are reported. 1t is demonstrated that
large variations in these parameters have only a minimal effect at
temperatures below ~ 650°C.
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v. ACCOMPLISHMENTS AND STATUS

A. Precipitation in 316 55

Acicular or needle-like precipitates have been observed in aged, {1}

3,4) austenitic stainless steels.

neutron—irr‘adiated(z) and ion—bombarded(
Bentley and Leitnaker(” observed a phase in 321 SS whose composition was
277i1-4Cr-27Fe-17Ni-7P and 18As. In comparison, Lee et al(z) investigated
316 + Ti and observed a phase whose average composition was 165i-19Cr-
29Fe-27Ni-5P-4S. The elements Si, P, S and Ni were all highly enriched
in this phase with respect to the composition of the base matrix. These
results are in good agreement with some recent data obtained in this
study from SA 316 SS from the MFE heat. The specimen was solution
annealed at 1050°C for 0.5h prior to being simultaneously bombarded with
20 Mev 0**

data were obtained at a section depth corresponding to ~ 4 dpa and 83
4

and ¢ 2 MevV helium at 600°C. All microscopy and compositional
appm He (i.e. ~ 1.2 x 10" " dpa/s and 2.4 x 1073 appm He/s). Figure 1
shows some typical scanning transmission electron microscopy (STEM)
images of the acicular phase observed in this material, together with the
locations of various energy dispersive X-ray spectroscopy (EDS) analyses
(performed with a 1003 diameter probe size on a Philips 400 STEM). Com-
parison of the compositions at points 5 and 7 or 6 and 8, for example,
always revealed an enrichment of Si, P and Ni at the precipitate {i.e.

at 5 and 6). Thus, although it is recognized that, for an in-foil
analysis of this type, the matrix is contributing a large portion of the
total X-ray counts, the statistical evidence clearly shows that the pre-
cipitates are enriched in these elements. Figure 2 compares typical EDS
spectra from matrix and precipitate illustrating this point. Quantita-
tive compositional information cannot be obtained without extracting the
second phase particles from the matrix. This technique is currently
being developed and further work will follow. 1t should also be noted
that the Ni, Si, P enrichment is in agreement with earlier unreported
data on Si+6 bombarded 316 SS. Orientation of the precipitates was
determined (Figure 3) to be along <001> directions in the 316 SS which
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(1,2)

agrees with previous results in 321 and 316 + Ti. (Note that the

area shown in Figure 3¢ had a (001) orientation).

A further interesting fact revealed by the EDS analyses (Figure 2)
is the very high Ti content of the austenite matrix (calculated by the
thin foil program to be ~ 2.3 to 2.7 wt%). This value is not at all con-
sistent with the bulk matrix composition determined earlier to be < 0.001
wt% by spectrographic analysis.(5) Itis also not due to either specimen
contamination during preparation or to some anomalous effect in the micro-
scope because a 304 SS specimen examined under identical conditions
yielded a composition with absolutely no Ti. Thus, it is deduced that
the MFE heat of 316 SS is not as homogeneous as previously thought.
Additional matrix analyses on other specimens are now in progress to
elucidate this point. In particular, specimens showing the anomalous
cavity growth phenomenon(4) are being examined. The oxygen bombarded
specimen investigated in this report was bombarded under conditions
expected to yield the explosive growth observed at 600°C in samples

b ions. However, the resultant microstructure was instead

damaged by it
composed of a very high number density of small bubbles (generally < 60/3
diameter) with only a few larger cavities (Figure 3). Many of the bubbles
are associated with precipitates, which appear to be of two types: the

acicular phase examined by EDS plus small, blocky particles (indicated by

the arrows) often sympathetically nucleated with the needle precipitates.
It is now suspected that the equiaxed phase is MC carbide which precipi-

tated because of the high Ti content of the matrix and that the basic
matrix chemistry prevented explosive cavity growth from occurring.

B. Variation of Maximum Equilibrium Bubble Size with Surface

Energy and Van der Waals Constant

The concept of a critical cavity size (Dg) for a transition from gas-

driven to bias-driven cavity growth and the necessity of experimentally

obtaining an estimate of Dg to determine helium partitioning was discussed

(6)

in a previous report. A multi-key access computer code has been used
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continually in conjunction with the dual ion experiments on 316 SS to

calculate Dc (= 2r'c), the maximum equilibrium bubble diameter which is

regarded as an upper estimate of D‘é.”’g) The code utilizes the Van der

Waals equation of state to calculate the number of helium atoms in a

cavity of a given size:

8 Y‘-Z Y

nm = 3&%2—%'—\(”1.5 (1)

where:
ns = number of helium atoms in a bubble of radius r
ry = radius of bubble in class i in an
= surface energy in ergs cm'2
= gas constant = 1.38 x 10716 erg atom ! deg']
= absolute temperature in °K
B' = Van der Waals constant in cn°/atom

By means of an iterative procedure, the code then sums n; over all cavi-
ties in the size distribution, assuming that even those cavities with

D > Dc contain an amount of helium sufficient to have stabilized them as
equilibrium bubbles when their diameter was equal to Dg. The process is
continued until the helium accounted for is equal to the amount of helium
available. In its most simple form, the code uses the total implanted
helium concentration at that section for this latter value. However, a
subsequent modification was made whereby some of the helium was partitioned

to dislocations.(g) The fraction of helium partitioned to cavities was

defined as
_] . z; 4'” r,i N,i
¢ (2)
Z 4TT Y‘_i Nl + pD
]
where:
Ni = number of cavities in class 1
Pp T dislocation density
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Thus, when Q = 1, all helium was allocated to cavities and when Q # 1

(@ > 1) some of the helium was partitioned to dislocations, depending on
°p- Curves in this report are simply labeled according to Q = 1 or Q # 1
consistent with the above approach.

Since there has recently been some concern expressed about utiliza-
tion of specific surface energy values and values of B', in this reporting
period the code was used to investigate the dependence of Dc on y and B'
for the cavity size distributions observed in dual-ion bombarded 316 SS.
Three material conditions were investigated - SA 316 SS (1050°C for 0.5h),
20% CW 316 SS and aged 316 SS (50%cold rolled + SA at 1050°C for 0.5h
+ aged at 800°C for 10h). Cavity size distributions were obtained from
sections corresponding to 12-15 dpa and appm He/dpa ratio of 11-15.
Results for the aged 316 SS are presented in Figures 4, 5 and 6. Five
different surface energy - temperature dependencies were used. In
Figure 4a, vy was set at 1000 er*gs/cm2 and made independent of T; in
Figure 4b, v was set at 1200 ergs/crn2 at 750°C and made linearly depen-

dent on T with a slope of -1.9 ergs . em™ 2, deg']

s similarly, in
Figures 4c and 5b, vy was set at 2750 ergs/cm2 or 500 ergs/cmz, respec-
tively, at 750°C with the same slope; and finally, in Figure 5a, y was
set at 500 ergs/cmz, constant. All curves presented in Figures 4 and 5
were calculated with 8' = 16.4 cm3/atom. Figures 4¢ and 6b represent
data obtained 'mormal' values for y and B' {i.e. those which are believed
to be most accurate). Comparison of Figures 4 and 5 shows that, for
temperatures ¢ 650°C, there is essentially no change in Dc with vy for
either Q = 1 (no partitioning to dislocations) or Q # 1 (partitioning
included). At 700°C, some dependence was observed for both cases, but
more for @ = 1. Variation of B* to simulate softer or harder interatomic
potentials (within the range of published values) (Figure 6) utilizing
the normal y values (2750 er‘gs/cm2 at 750°C, etc.) yielded no dependency
of Dc' All curves show the typical temperature dependence predicted by

(9)

surface energy changes invoked were rather surprising, and it is believed

the rate theory for Dg. These results, particularly for the drastic

that their explanation is directly linked to the cavity size distributions
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observed in these specimens, as well as the inherent dependencies within
the Van der Waals equation.

Inspection of equation 1 intuitively suggests that a decrease in v
for a given rys T and B' should yield a reduction in ns since the v-term
in the denominator is small. A quick calculation, taking T = 923°C,
ry =35 mm B' = 16.4 X 10'24 cm3/atom and v = 2925 and 500 ergs/cmz,
shows that the corresponding n; values are 7.48 x 103 and 2.95 x 103
atoms, respectively. Thus, since n; does decrease with decreasing y (by
a factor of 25 in this example), DC IS expected to increase as vy
decreases, and vice versa. This trend was, in fact, observed (see Table 1

for better clarification).

At 650°C (923°K), the change in D, is relatively small, however,
because (a) Dc is not large even for y = 2925 ergs/cm2 and {b) because of
the shape of the size distribution (Figure 7a). This specimen has a
bimodal cavity size histogram with a high number density of small cavities.
Thus, since DC (y = 2925 ergs/cmz, Q =1) is located at the center of this
large peak in the number density, the extra helium atoms made available
to other cavities by a reduction in v are rapidly taken up (numerically)
by the next size class and thus, no extreme change in Dc is manifested.
This argument is further supported by the Q # 1 case, since here, Dc is
of course smaller for y = 2925 ergs/cm2 and thus has an even higher
relative number density in the next size class to accommodate the 'extra’

helium.

At 700°C, the cavity size histogram is not bimodal and is more bell-
shaped (Figure 7b). Here, the lack of a strong dependence o f Dc ony is
due to the high number of cavities with D1. > DC (which, according to the
code calculation, all contain the same number of helium atoms as a bubble
with D; = D. because they passed through this size class). Here, changes
inn, for a size class around B; =0, will be accommodated by the
remainder of the cavities in the distribution, although not quite so

rapidly as in the previous example because B, is much larger (29.6 mm
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for y = 2750°C at 750°C). A quick calculation shows that for T = 973°K,
y = 2925 emr‘gs/t:rn2 and ry = 15 nm, n; = 2.69 x 106 atoms.  However,
reducing y to 500 er‘gs/cm2 reduces n; to 6.49 x 104 atoms = a very large
change compared to that which occurs for the smaller bubbles. Thus, one
anticipates a greater dependence of Dc on v for the distribution shown

in Figure 7b compared to that in Figure 7a which is what i s observed.

Figure 6 and Table 2 document the variation of D, with B and tempera-
2750 err'gs/c:m2 at 750°C and a linear variation of y with T.
1 and Q # 1 (no partitioning and partitioning to dislocations,

ture for ¥y
For both Q

respectively), essentially no dependence of DC on B' was found. This is

because the dependence of n; on B' is inherently weak in equation 1,

TS 15 nm since the second term in the denominator then
becomes very small. Thus, it could be predicted that at 700°C, where DC
is comparatively large, its dependence on B' should be less than at the

lower temperatures, which was indeed observed. 1t is thus concluded that,

particularly for r

despite current controversy about the value of B' utilized for these
types of calculations, for the cavity size distributions observed in the
316 SS, this is not an important consideration.

Results obtained for SA and CW 316 SS were very similar to those
presented for the aged material. Representative curves are shown in
Figures 8 and 9 for the case where B' = 16.4 cm3/atom and y has a linear
temperature dependence such that v = 2750 ergs/cm2 at 750°C. Specimen
105 (Figure 9, 600°C) was a beam history experiment in which the helium

b bombardment

was implanted during the first and last quarters of the sit
only, although the total amount of helium implanted was the same as the
other specimens (~ 20 appm at that section). Fluences were 2.5-5 dpa.
Figure 9 suggests that this sample has a much higher Dc value than might
be predicted by the theory for dual ion bombardment because of the
increase in the curve at 600°C. (9) This is contrary to some recent
results in 304 SS(]O) which yielded little dependence of Dc on beam
history for a given fluence, helium concentration and temperature, and

this result in the 316 SS is being analyzed further. With the exception
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of data points from this specimen, both 20% CW and SA 316 SS yielded a
dependence of Dc on temperature predicted by the rate theory for the

critical cavity size, DE. Itis interesting to note that for a given

c

temperature, Dc appears to be relatively insensitive to the condition of

the material (compare Figures 6b, 8, 9).
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VIl.  FUTURE WORK

Analytical microscopy measurements of precipitate and matrix compo-
sitions and crystal structures at different helium levels and damage rates
in dual ion bombarded 316 SS (SA, 20%CR. and aged conditions) will con-
tinue. A set of algorithms to deduce self-consistent average helium

distances from microstructural data will be developed.
VIIT. PUBLICATIONS
None.
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TABLE 2

MAXIMUM EQUILIBRIUM BUBBLE SIZES |IN AGED 316 S5
CALCULATED WITH v = 2750 er‘gs/l::m2 AT 750°C

= -24 -24 b =
B'=13.6x10 B'=16.4x]0 B'=19.2x10 24

Temp 3 t cm3/atqm cm3[atgm
Specimen °C Q=1 Q#1 Q=1 Q#£1 Q=1 Q£1
113.2* 550 4.6 3.8 4.9 4.0 5.1 4.2
115.1 600 5.8 3.0 6.3 3.2 6.9 3.4
1171 650 6.0 4.4 6.4 4.6 6.7 4.8
119.2 700 28.8 12.7 29.6 13.2 30.3 13.6

*
Indicates Specimen 113, Section 2.
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FIGURE 2. EDS Analyses.
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FIGURE 1. STEM Micrographs Obtained From SA 316 SS Dually Bombarded Witl
or* and Helium at 600°C to ~4 dpa and 83 ap?m e. Arrows
indicate locations of EDS analyses on acicular precipitates
and the matrix.
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Variation of the Madamum Equilibrium Bubble Size, Dc, With
Temperature for SA 316 SS. Calculations were performed with

the Irwin code using B' = 16.4 cm3/atom.
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I.  PROGRAM

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

11. OBIJECTIVE

To determine the dependence of the radiation-induced microchemical
evolution of AISI 316 on variables such as thermal-mechanical starting
condition, temperature, stress, neutron flux and fluence.

111, SUMMARY

Extraction and analysis of precipitates in irradiated AISI 316 have
shown that the microchemical evolution is sensitive to some variables but
not others. There is an acceleration with applied stress of the radiation-
induced nickel removal process at 550°C but not at 400°C, an observation
which is in agreement with the results of other studies. The relative
swelling behavior of various specimens can be correlated with the amount
of nickel removal from the alloy matrix. At 400°C there appears t0 be a
sensitivity of the level of precipitation to neutron flux and/or time in
reactor. At 400°C the microchemical evolution is very sluggish and still
in progress at 14 x 10%% n/cm® (E >0.1 Mev). At 550°C the evolution is not
so sluggish and still in progress at 7 x 10** n/cm®,

V.  ACCOVPLISHVENTS AND STATUS

A.  The Influence of Microchemical Evolution on the Swelling of
AISI 316 and Its Dependence on Stress, Temperature and Heat
Treatment - D. L. Porter (ANL-Idaho Falls) and F. A. Garner
(HEDL)
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1. Introduction

It has been recently shown that the onset and acceleration of void
swelling in AISI 316 can be correlated to the microchemical evolution of the
precipitate and matrix compositions, and that the influence of various
material and environmental parameters on swelling and irradiation creep
can be observed in their concurrent effect on precipitate evolution. {1-4)
The majority of the data supporting this correlation come from comparative
irradiations at single fluence levels and are usually based on microscopy
observations of very small but presumably typical specimen volumes.

Another type of data has recently become available which not only
gives bulk-averaged microchemical data but also is available over a range
of neutron fluences. In these experiments the precipitates are extracted
and their volune and metallic element composition are determined. (5-6)
There is no assurance as yet that all of the precipitates are extracted.
The identity of the various precipitates is also not determined, but these
are in general known from the microscopy studies. The material described
in this report is AISI 316 in several starting conditions, and was used
to construct pressurized tubes. These tubes were maintained at constant
temperatures of either 400 or 550°C. The length of the 400°C tubes was
forty inches and that of the 550°C tubes was ten inches. The steel is the
V87210 reference heat used in the US. Breeder Reactor Program. It was
irradiated in EBR-II either as solution-annealed, 10%or 20%cold-worked,
or Heat Treat D. The HTD condition was 20%cold worked and then aged
(24 hours at 482°C, air quenched, 216 hours at 704°C, air quenched).

In general the relative swelling of this material is HID >annealed
>10% cold worked >20% cold worked. (8)

2. Experimental Results

Although the full compositional data are available and will be
presented in later reports, it is sufficient for the present purpose to
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focus only on the nickel content of the precipitates and their relative
fractional amount. The total nickel removal appears to be a very reliable
index of the extent of the microchemical evolution. In the following graphs
the stress shown beside each data point is the nominal hoop stress of the
tube. Subsequent analyses will use the actual, slightly different hoop
stresses determined upon postirradiation examination.

Figure 1 shows the mole fraction of nickel (relative to the total
of iron, nickel, chromium and molybdenum atoms only) in 10 and 20%cold
worked AISI 316 during irradiation at 400°C. Note that the single curve
drawn through these data signifies an independence of stress and cold-work
level in the 10-20%range. The total precipitate levels are only available
for 10%cold work at this time and show no discernible dependence on stress
level, as shown in Figure 2. It is significant that the evolution at
400°C is still in progress at 14 x 10** n/em* (E >0.1 MeV). This demonstrates
that the evolution is very sluggish and is proceeding toward yet a higher
level of nickel enrichment. It is this potentially higher level of nickel

removal that can be reached in not quite so sluggish a fashion for certain
temperature histories which give substantially higher levels of swelling.{4.7)

Figure 3 shows a comparison of the cold-worked data at 400°C with
that of HTD. The effect of stress, if one exists, cannot be discerned from
this data set. The onset of an accelerated microchemical evolution to a
much higher precipitate nickel level is obvious however and is consistent
with the higher swelling of HTD compared to that of both annealed and cold
worked material. (8) Figure 4 shows that at 550°C the nickel concentration
process proceeds at a higher rate than that observed at 400°C. There is
also some hint that stress may accelerate the precipitation process. Note
that at 7.3 x 10%2 n/cm? there is a slight increase in both the amount of
precipitate and the nickel mole fraction with increasing stress level.

In 10%cold worked AISI 316 at 550°C the effect of stress on swelling
is much more obvious as shown in Figure 5. At 3.9 x 10%2 n/cm? the effect
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of stress on the total nickel removal is hard to discern but at 6.3 x 1022
n/cm? a late term acceleration of both the precipitate amount and mole
fraction of nickel has occurred. The very high nickel level of ~50% has

(9-10) or may represent an average of

been observed in G-phase precipitates
several phases, some of which are as high as 75%nickel (NisSi). Brager

and Garner earlier found that the formation of Ni3;Si was apparently insensi-
tive to stress at 500°C however. (3,4)

Figure 6 shows that at 550°C both solution-annealed and 20%cold
worked steels continue to develop precipitates which are progressively
richer in nickel content. As expected the nickel content of precipitates
in the annealed steel i s somewhat ahead of that in the 20%cold worked steel
The annealed curve may represent material which was not stressed at the
nominal 207 MPa level however. Although this tube started at a hoop stress
of 207 MPa, it leaked at some unknown time and rate during irradiation and
had only 24.4 MPa at the end of the experiment. If the stress was reduced
prior to the end of the swelling incubation period, then the nickel removal
and swelling levels might be larger (than shown in Figure 6) for conditions
of constant stress.

The relative swelling behavior of each condition (8) and the observed

stress dependence of swelling(”_m) are quite consistent with the concept

of earlier swelling with accelerated nickel removal. There is also some
data that indicate a sensitivity to displacement rate or time in reactor at
400°C in 20%cold-worked AISI 316. As shown in Table 0Bthe amount of
precipitate is greatest for low flux irradiation. Whereas one might expect
more precipitates to form in those specimens exposed to the highest fluence,
the lower fluence specimens which spent a long time in reactor at lower flux
had roughly twice as much precipitate.

4, Conclusions

Extraction and analysis of precipitates in irradiated AISI 316 have
shown that the microchemical evolution is sensitive to some variables but
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not others. There is an acceleration with stress of the radiation-induced
nickel removal process at 550°C but not at 400°C, an observation which is
in agreement with the results of other studies. The relative swelling
behavior of various specimens can be correlated with the amount of nickel
removal from the alloy matrix. At 400°C there appears to be a sensitivity
of the level of precipitation to neutron flux and/or time in reactor.

At 400°C the microchemical evolution is very sluggish and still in
progress at 14 x 10%% n/em® (E >0.1 MeV). At 550°C the evolution is not
so sluggish and still in progress at 7 X 1022 n/cm?,
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FUTURE WORK

This work will continue as more data becomes available.
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FIGURE 3. Comparison of Nickel Content of Precipitates in Heat-Treat D and
Cold-Worked AISI 316 at 400°C.
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FIGURE 4. Comparison of Nickel Segregation Behavior in Heat-Treat D at 400°C
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TABLE 1

PRECIPITATION IN 20% COLD-WORKED

AIST 316 AT 400°C

ot (E >0.1 MD) Time at Temperature Relative Amount of Mole Fraction

{1022 n/cm?) hours ot/ tine Precipitation Nickel
4.6 12,185 3.78 x 1018 5.5 x 10- * 0.040
4.15 12,185 341 x 1018 6.1 x 10° " 0.030
3.2 16,522 1.94 x 1018 1.36 x 1073 0.033
3.1 16,522 1.88 x 1018 1.06 x 1073 0.048
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I PROGRAM

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

II. OBECTIVE
The objective of this effort is to explore the role and impact of the
radiation-induced microchemical evolution on the development of changes in

either dimension or mechanical property in stainless steels.

IIT. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

[1.C.T Effect of Material Parameters on Microstructure
I1.C.2.4 Modeling

I1.C.14  Models of Flow and Fracture Under Irradiation
II.C.76  Composite Correlation Models and Experiment

V.  SUMVARY
It recently has been shown that the precipitates that develop during

irradiation play the dominant role in the response of 300 series alloys.
This role is expressed primarily in a large change in matrix composition

that may significantly alter the diffusional properties of point defects.

It may also substantially alter the rate of acceptance of point defects
flowing to dislocations and voids. The major elemental participants have
been identified as carbon, nickel and silicon. Carbon appears to function
as a major governing factor of the route and rate by which the radiation-
induced evolution proceeds. It is the sensitivity of carbon's response to
a wide range of variables that accounts for much of the variability observed
in the swelling of 316 stainless steel.

Silicon's role is two-fold. While in solution it depresses void
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nucleation and determines the duration of the void incubation period. It
also coprecipitates with nickel. The eventual level of nickel in the alloy
matrix appears to control the steady-state swelling rate and is determined
by the silicon and carbon content. The other participating elements appear
to affect primarily the distribution and activity of carbon. Dislocations
introduced either by irradiation or cold work likewise appear to influence
the role of carbon.

In these studies, several rew physical mechanisms appear to be operating.
These are the Inverse Kirkendall effect, interstitial-altered phase stability,
solute-interstitial binding, the infiltration-exchange process, and the cre-
ation of radiation-stable precipitates. The sensitivity of the latter phe-
nomenon to temperature and flux has been shown to account for much of the
unusual behavior of AISI 316 during irradiation.

V. ACCOMPLISHMENTS AND STATUS

A.  The Microchemical Evolution of Irradiated Stainless Steel -
F. A. Garner (HEDL)

1. Introduction

The neutron irradiation on various 300 series stainless steels in
fast breeder reactors has recently been shown to lead to two concurrent and
interactive evolutions, one involving the microstructural components associated
with swelling and irradiation creep (1) and another "microchemical” evolution
involving extensive repartitioning of elements between the matrix and various
precipitate phases. While the majority of the published data on the micro-
chemical processes have been concerned with AISI 316 stainless steel (2-14)

data“hgv?7 SO been pu(wllécq%d on silicon and titanium modifications of AISI
316 , AISI 304 , and the niobium-stabilized alloy Fv548.(19)

Microscopy and energy dispersive X-ray studies have now provided a
basis for understanding the nature of the processes driving the evolution of
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these steels. The wide range of void swelling behavior observed in AISI 316
has been shown to arise from the inherent metastability of this steel, a con-
dition which is not only substantially altered and accentuated by irradiation,
but one which is very sensitive to many material and environmental variables.

The magnitude of this metastability and its consequences on alloy
behavior during irradiation have not previously been fully appreciated, par-
ticularly in theoretical descriptions. In the modeling of irradiation-induced
dimensional and mechanical property changes, several implicit assumptions are
often incorporated into theoretical descriptions. In effect it is assumed
that the property change of interest can be described in terms of a micro-
structural scenario in which precipitates are assigned relatively small roles
such as sites for void nucleation or reservoirs for minor solute atoms. The
major components of the microstructure (voids, Frank loops, dislocations) are
also assumed to have preferences or "biases"™ for point defects which are not
strong functions of alloy matrix composition. It is also implicitly assumed
that the concentrations of the major elements in the matrix do not change
during irradiation. In such scenarios the diffusional properties of the
matrix are thought to be influenced only by the irradiation temperature,
displacement rate, and the matrix level of solute atoms which act as traps
for point defects.

It is the purpose of this paper to show that the precipitates that
develop during irradiation in AISI 316 and other alloys play a dominant role
in the alloy response. This role is expressed primarily in a large change in
matrix composition that may significantly alter the diffusional properties of
point defects. |t may also substantially alter the rate of acceptance of
point defects at dislocations and voids.

The major elemental participants in the microchemical evolution have
been identified as well as most of the participating phases and the physical
mechanisms driving the evolution. These will be reviewed along with examples
of consequences of the sensitivity of this evolution as seen in the swelling,
creep and yield stress of AISI 316.
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In the majority of what follows, the conclusions are firmly supported
by data. In a few instances the conclusions presented are either inferred from
macroscopic property changes or possible coincidental correlations. Specula-
tive conclusions or proposals are identified as such.

2. Overview of the Microstructural/Microchemical Evolution

Although there are many similarities between the response of the
various 300 series alloys to irradiation, there are small but significant
divergences that reflect differences in alloy composition. Since the data on
alloys other than AISI 316 are rather sparse, the evolutionary scenario pre-
sented here is based only on the observed response of AISI 316. Divergent
behavior in other alloys will be discussed in the following sections where
appropriate.

During irradiation, the development of dislocation and loop micro-
structure proceeds toward a saturation state, composed of number densities and
component identities which eventually become independent of starting micro-
structure. (') Both the rate of approach to saturation and the saturation level
of Frank loops are strongly dependent on temperature, stress and displacement
rate but surprisingly the saturation dislocation network that evolves is es-
sentially independent of these variables. (i 5202 The microchemical evolu-
tion induced by radiation also appears to proceed toward a saturation state
but at a much more sluggish pace, (3,5-6) although certain temperature paths
or preirradiation treatments can short-circuit the sluggishness. 4‘5’235)

Long-term thermal aging of AISI 316 has shown the alloy to be meta-
stable and to form second-phase precipitates of various carbides and inter-
metal lic compounds.(24'25) These phases segregate specific elements from the
matrix. Whn this alloy is placed in reactor, however, the radiation-induced
microstructural components interact with the defect fluxes. Those components
which act as sinks induce in their vicinity point defect gradients which func-

tion as a new and potent driving force for segregation. The element nickel
seems particularly prone to concentrate at the bottom of such gradients.(2,6)
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The matrix nickel content away from sinks is then reduced, although not by

much unless solutes such as silicon and carbon are present. (15) These elements
coprecipitate with nickel at microstructural sinks such as dislocations, loops
and precipitates. Such sinks form a microchemical reservior capable of re-
moving from the matrix approximately three atoms of nickel for each silicon
(and possibly carbon) atom. In AISI 316 with a nominal silicon level of 0.5
weight percent, this leads to a reduction in matrix nickel from typically

13.5 to approximately 9 weight percent.

The most interesting feature of the precipitate-related segregation
process is that the path by which the segregation proceeds does not appear to
greatly influence the eventual nickel composition of the matrix. The satura-
tion level of 9% has been observed in 20%cold worked 316 at four temperatures
spanning different phase regimes. It has also been observed in solution an-
nealed steel at several temperatures. This independence of path has also been
demonstrated on a microscopic level 2) in AISI 316 and will be discussed in
a later section. Porter (12-13) has also shown that in AISI 316 the saturation
amount of precipitate and its nickel content are the same in aged, solution
annealed or 20%cold worked steels. /As shown in Figure 1, the nickel level
of the precipitates evolves with fluence in each alloy but is independent of
the amount of precipitate. Porter (13) notes that large pre-existing chromium-
rich carbides in the aged steel dissolve during irradiation at 550°C to accomo-
date the new nickel-rich precipitates.

A large variety and balance of phases can develop in AISI 316, de-
pending strongly on irradiation temperature and history as well as minor
variations in composition and preirradiation thermal-mechanical treatment.(B_
The balance of phases can also change within a single grain.(6'7)

7)

The precipitate types formed in AISI 316 during irradiaiton can be
summarized into four classes.(7) There are precipitates such as M;3Cs and
Laves phase which retain their expected crystal structure but which are pro-
gressively changed in composition during irradiation. There are precipitates

which may form during thermal aging but which are accelerated by irradiation,
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FIGURE 1. Measurements of Extracted Precipitates and Their Nickel Content For
Both 20% Cold-Worked and Aged (24 hr at 482°C, air quenched, 216 hr
at 704°C, air quenched) AISI 316 After Irradiation at 550°C. {13)

The nickel level of the precipitates is independent of the amount
of precipitation.

such as n-silicide. Another class of precipitates is induced by and only stable
under irradiation, such as y' (Ni3Si) and G-phase (nickel-rich metal silicide).

It also appears that some precipitates may form from the crystallographic trans-
formation of other particles whose composition has been substantially changed

by irradiation, such as MgC from transformed M,3C;. The slowest phase to form

in this steel is generally the y' phase, although there are substantial heat-
to-heat differences in the irradiation time required to develop this phase. (3,11)

All of these phases exhibit one characteristic, however. They either
form as nickel and silicon-rich phases or become progressively richer in these
elements as the irradiation proceeds. With one significant exception, this

scharacteristic has also been observed in all precipitates in all 300 series
alloys referenced in this study. The exception is titanium-rich MC precipi-
tates that form in titanium-modified stainless steel.(?‘G) This precipitate in
both irradiated and unirradiated conditions is strongly enriched in Ti, Mo, V
and No and depleted in Si, Ni, O and Fe. The significance of this observation
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will be discussed later.

The identity of the various phases formed during irradiation is sensi-
tive to major changes in alloy composition as well. While all the phases formed
in AISI 304 have not yet been definitively identified, it appears that there
exists a range of precipitates as varied as that in AIS| 316. Note that in
Figure 2 the nickel content of extracted precipitates not only shifts with tem-
perature and fluence but falls into two distinct categories.

No y' has yet been found in AlSI 304, which has the same silicon level
but a lower nickel content than AISI 316 (9% versus 13-14%). In AlISI| 316 the
presence of y' is only observed at moderate to high silicon levels (5) and extends
to some high temperature limit which increases with the sil.con level. {15) An
increase in stability is predicted (and observed in binary alloys) for NizX-type
phases as the concentration of either element is increased or as the displacement
rate is raised.(27) The titanium and niobium-modified alloys appear to develop
not only titanium and niobium carbides but also the G-phase. This latter phase
forms only under irradiation, and corresponds to known stable phases such as
NbgNiqgSiz (28) and TigNigSiy (17) in other alloy systems.
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FIGURE 2. Measurement of the Nickel Concentratiop of Precipitates Extracted
From Irradiated Annealed AIS| 304L. 12? There appears to be two
types of precipitates existing in different temperature ranges. The
apparent fluence dependence reflects the strong temperature depen-
dence of precipitation of each phase rather than rejection of nickel
from the precipitates. The total precipitate volume increases with
fluence and is relatively insensitive to irradiation temperature.(12)
(The temperatures increase fam left to right on each curve).
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The precipitation and segregation sequences that develop during irra-
diation have important consequences on the further evolution of the alloy matrix.
The first of these consequences has been discussed in detail elsewhere (2-6)
will be only briefly discussed here. There is almost always a correlation between
the onset of swelling and the formation of nickel-rich precipitates. Figure 3
shows a typical example of this correlated microstructural development. As shown
in the inset, two adjacent points along a fuel pin clad tube suffered a large
difference in swelling over a temperature interval of only 25°C. The neutron
fluxes and fluences at these positions were essentially identical. The large
amount of swelling at one position was accompanied by a substantial amount of
precipitates of the y' phase. The low swelling position had just begun to develop

precipitates.

and

20% CW 316
PNL -11-9%

ap/eg

2110 | 20 6284

o1~ 98X 102 nicm? T~ 455% ot~ 100 X 162 nicn’ T~ 480%;

FIGURE 3. Correlated Development of Voids and y' Precipitates (shown in dark
field) Observed in Cladding of the PNL-11-9R Fuel Pin. The density
change profile shown in the inset shows that the swelling varies
strongly as a function of position.
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Another consequence of the nickel segregation process on phase stability
can be quite significant. If the silicon content is increased over the nominal
specification for AISI 316, the matrix nickel content can be driven so low as to
initiate the transformation of substantial amounts of matrix austenite to
ferrite. (15) In AISI 304 the initial nickel level is only 9 weight percent and
the nominal 05 percent silicon is sufficient to cause the transformation. (13,18}
I n both alloys, the segregation of nickel to void surfaces causes the voids to
remain encased in austenite shells. The higher nickel content near the void
surface resists'the transformation.

Once ferrite forms the swelling rate of the transformed regions
decreases sharply. (15) This decrease is comouflaged initially by the 2% volume
increase that accompanies the transformation. Magnetic measurements of neutron
irradiated AISI 316 have also indicated the formation of ferritic phases at
relatively low fluences in AISI 316 of moderate silicon content. In these
studies, microscopy was either not performed (29) or revealed no observable
ferritic phases. (12,30-31) In one of these experiments (29) there was also
no correlation found between the magnetic profile and that of the swelling.

3. Mechanisms Driving the Microchemical Evolution

The data indicate that there appears to be a number of new phenomena
peculiar to irradiation environments that operate in addition to more ordinary
mechanisms which may also be altered by irradiation.

Diffusional processes based on vacancy exchalige mechanisms wi i ob-
viously bt accentuated, but not necessarily unaltered in nature by the presence
of irradiation-induced point defects. The use of line-of-sight integrated mea-
surements through a thin foil using energy dispersive X-ray (EDX) determination
of concentration profiles near microstructural sinks has conclusively demonstrated
that the inverse Kirkendall (32) effect operates in AISI 316 during irradia-
tion. 258,15 This results in the concentration of slower diffusing species

(6)

such as nickel at the bottom of vacancy gradients near microstructural sinks.
The concentration of these slower atoms is balanced by an outflow of faster
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diffusing species such as chromium. The evidence also supports the segregation
of silicon by binding interactions with point defects, probably interstitials.

34)

Since silicon in known to be both a fast-diffusing element ( and

a possible candidate for binding reactions with interstitia]s,(32'33) one would
expect that the competition between these two processes would be dependent on
temperature and lead to a different segregation behavior at each type of sink.
In AISI 316 void surfaces have not been found to segregate silicon but the ¥'
phase (Ni;Si) appears to form on dislocations and Frank 1oops.(3’11) This
suggests that the slight excess of vacancies arriving at voids causes the
transport of silicon away from the void by the inverse Kirkendall effect to
overwhelm silicon transport toward the void by interstitial biiding. The cor-
responding excess of interstitials arriving at dislocations could then cause
a reversal of the silicon flow, leading to the coprecipitation of silicon and
nickel. The element nickel is postulated to be concentrated by both inverse
Kirkendall and binding with interstitials.(33)

The balance of these two competing segregation mechanisms at disloca-
tions may in itself be sufficient to explain the phenomenon of radiation-stable
phases such as y' and G-phase. Perhaps it is only fortuitous that the number
densities and sizes of y' precipitates in AISI 316 vary with temperature (14,35)
in a manner similar to that of Frank loops (1) and the y' phase inhabits the
temperature regime (3) characteristic of Frank loops for nominal silicon con-
centrations. However, as shown in Figure 4, Lee has provided microscopy
evidence of the nucleation of yv' on the edge of Frank loops in AISI 316.

P. J. Maziasz and I. J. S. Yang have speculated on a direct role of
the interstitial in the formation of radiation-stable phases. Whereas M,3C¢
and Laves in unirradiated alloys grow by a mechanism involving absorption of
vacancies fam the matrix, (36) itis possible that y' and G-phase grow by
incorporating the excess interstitials, particularly elements of the desired
identity. The magnitude and sign of the precipitate-matrix misfit would de-
termine whether vacancies or interstitials contributed to the altered stability
of any phase.
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FIGURE 4. Formation of y¥' on the Edge of Frank Loops in Silicon-Modified AlSI
316 Irradiated in EBR-II at 482°C. (Courtesy of E. H. Lee of ORNL).

An interesting feature of the radiation-stable phases is their in-
stability in the absence of irradiation. Postirradiation aging of both the
G-phase and the y' phase in AISI| 316 has shown them to slowly dissolve at the
temperature of their in-reactor formation. (5,7) There also appears to be a
limitation to the temperature range of v' stability at a given displacement
rate.(3’7) Both the y' and nickel-rich My3Cq-formed in neutron-irradiated
316 were also observed to dissolve when irradiated with nickel ions at higher
displacement rates.(37) This indicates that the stability of a given precipi-
tate in any alloy may be confined to a certain regime of damage rate and tem-
perature.

Another new phenomenon observed in these studies is the infiltration-
exchange process, (2,6) wherein precipitates such as M,3Cg-and Laves become pro-
gressively enriched in nickel and silicon at the expense of other elements such
as chromium and molybdenum. Porter's data clearly show this evolution in measure-
ments of extracted precipitates. (13) Line-of-sight EDX profiles show that this
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process manifests itself in gradients of these elements near the precipitate
surfaces, particularly when swelling is at low levels. (2,6) At higher fluences
and levels of swelling the gradients are no longer maintained and the matrix
conpositions of the participating elements are established at new levels. The
use of line-of-sight profiles has notyet allowed the identification of the
balance of mechansims involved. Itis expected, however, that inverse Kirkendall,
solute-defect binding and perhaps even interstitial-altered phase stability ney
all contribute to the phenomenon.

It might be speculated that the operating processes are self-accelerating
in that the removal of various elements such as nickel and silicon changes the
diffusivities of both the elemental components and the point defects, and also
alters the lattice parameter of the matrix. This latter consideration would not

only alter the misfit between the precipitate and the matrix but would also alter
the strain fields associated with the point defects. This would change the pre-

ference of the various sinks for each point defect.

4. The Microchemical Role of Carbon, Silicon and Nickel

Although the swelling of AISI 316 has been found to be sensitive to
the concentration of many elements, (38-39) it appears that the microchemical
evolution primarily involves the action of carbon, silicon and nickel. 1t has
been shown that even in Fe-Ni-Cr alloys without solute the swelling is criti-
cally dependent on the nickel concentration at levels below approximately 35%.(40)
This suggests that the nickel level strongly affects either the diffusional
properties of the matrix or the capture efficiencies of each microstructural
component. The former possibility has been discussed by Venker and Ehrlich
but experiments directed toward this proposal do not support the concept of a
substantial modification of diffusional properties with nickel content. (42-43)
A large dependence of the irradiation-induced dislocation density on nickel
content has also not been observed. Since many properties of Fe-Ni-Cr alloys
(stacking fault energy, modulus, lattice constant, thermal expansion coefficient,
and magnetic properties) show a pronounced sensitivity to the nickel content, it
appears that the point defect capture efficiencies of dislocations and voids

(41)
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might also be sensitive to the nickel content. As shown in Figure 5, it appears
that a parallel can be drawn between the dependence of swelling on initial nickel
content and the acceleration of swelling with declining nickel content. Just as
the initial nickel concentration Cﬁi has been shown to be the major factor deter-
mining the magnitude of swe'l]ing,(39) the declining instantaneous nickel content
ina %gesc)ific alloy has been correlated with,the acceleration of the swelling
rate. \¢s

INSTANTANEOUS
INITIAL CONTENT MATRIX CONTENT

AV

13.5%

C°n; FLUENCE

FIGURE 5. Schematic Representation of the Correlation Observed Between Swelling
Versus the Original Alloy Nickel Content and Swelling Versus the(~
Average Instantaneous Nickel Content in the Matrix of AISI 316. 40)

In examination of AISI| 316 of nominal composition,(3’5'6) AlSI 316 of
varying silicon levels, (15) and the titanium and silicon-modified 316 designated
LS1 (16-17) a rou%h correlation has been developed which predicts the nickel
saturation level. 2) When the average matrix nickel content reaches the level
Cﬁi Y CI?H - S(CST + CC), where CSi and CC are the atomic concentrations of
silicon and carbon, the steady state swelling is essentially established.

The decomposition of the austenite matrix of AIS| 316 has been shown
to occur in a very inhomogeneous manner, particularly in the cold worked condi-
tion. On a microscopic level, however, the correlation between the onset of
void growth and the local nickel content has been demonstrated quite clearly
in a study where the elemental concentrations in many small volumes throughout
the matrix of irradiated AISI 316 were sampled by energy dispersive X-ray
analysis. In Figure 6, the distribution of matrix nickel contents is presented
for two AISI| 316 specimens made from identical material but of different
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FIGURE 6. Distribution of Nickel Content in May Small Matrix Locations in
Irradiated AISI 316 Specimens {lr adiated at 650°C to a Fluence of
1.0 X 1023 n/em? (E »0.1 MeV).{2) Voided regions exist in areas
with nickel contents below -11%.

starting conditions. They were irradiated together. Both the solution annealed
and 20% cold worked specimens wen? found to contain Laves precipitates which
were substantially enriched in nickel and silicon. The mean levels of these
elements in the precipitates of the solution annealed specimens were higher
than those of the 20%cold worked specimen. Note that the average nickel

level of the matrix of the annealed specimen has been reduced from the original
13.5%level to about 9%. The cold worked specimen at these conditions has a
matrix nickel content that has been reduced to an average of 10.4%, a value
approaching that of the solution annealed matrix, but the distribution is much
broader. The void swelling of the annealed specimen was about 8% and relatively
homogeneously distributed, while the void swelling of the cold worked specimen
was only 0.6% and quite nonuniformly distributed. In general, X-ray analysis

of voided precipitate-free areas (about 0.5 microns in diameter) in the cold
worked specimenshowedthe nickel content to be in the <10% range while areas
containing >11% nickel had not yet begun to swell.

The role of silicon appears to be two-fold as shown in Fiquure 7. While
in solution the silicon causes a suppression of void nucleation. 5 As the matrix
d.“5’39'40) Thiils
behavior has been explained in terms of silicon’s simultaneous role in intersti-
tial-solute binding and enhanced vacancy mobi]ity.(44"45) When silicon leaves

silicon level is increased, the void incubation period is extende
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HGURE 7. Schematic Representations of the Dual Role of Silicon in Void Swelling
of AISI 316. The addition of silicon leads to an extension of the in-
cubation period but a later increase in the swelling rate.{15) The
"pure” 316 data are presented in Reference 46 and establish that the
swelling rate 1S independent of temperature over a wide range of tem-
peratures. The "comnercial™ 316 curve is drawn for the peak swelling
rate which occurs at approximately 590°C. (65)

solution the effective vacancy diffusivity decreases and void nucleation rates
increase. At the same time, the coprecipitation of nickel and silicon results
in a substantial reduction in the matrix nickel content. This causes an in-
creased swelling rate at higher fluence. Therefore, any short-term benefit of
reduced swelling with additional silicon is lost at higher fluences. For ex-
ample, Figure 7 also shows a comparison between the observed swelling behavior
of two nominally similar steels, both with the same major element composition,
but one without solutes (carbon and silicon). The "pure" 316 alloy exhibits

a very short incubation period and a swelling rate of only 2%/1022 n/cm? (E >
0.1 M&V) which is essentially independent of irradiation temperature.(46) The
"commercial" 316 alloy, on the other hand, exhibits the expected long incubation
period and a swelling rate that was 50%higher, as would be expected for an
alloy matrix with a much lower saturation level of nickel. A shown in Figure 8,
the simultaneous removal of nickel and silicon can also be observed on a micro-
scopic level.

Carbon appears to control the rate, path and extent of the initial
phase development. This role shifts with temperature. At relatively low tem-
peratures (<525°C) the addition of carbon depresses swelling in AlSI 316,(35’38’47)
primarily by extending the incubation period, as shown in Figure 9. The mechanism
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Simultaneous Determinations of Elemental Compositions at Many Areas
in 20% Cold-Worked AISI 316 Irradiated at 650°C to a Fluence of 1.0
x 1023 n/em® (E >0.1 MeV).(2,6) The lines are determined by least
squares fit. Note that nickel and silicon tend to be high together
while molybdenum is Tow. This indicates that nickel and silicon flow
together and against the flow of molybdenum. There are large local
variations in all elements, however.
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HGURE 9. Effect of Carbon Content on the Swelling of Four British 316 Stainless
Steels Irradiated at 425°C. (35)

proposed to explain this behavior is steel somewhat speculative but it appears
that carbon interferes with the development of the dominant precipitate that
forms at low temperature in annealed AISI 316. This precipitate has been found
at 6 X 1022 n/cm? and 385°C to be 40.3Cr-17.5Fe-26.9Ni-8.351-6.4Mo (wt.%).(5-7)
The lattice constant (1.13 nm) and the fcc crystal structure appear to signal

another G-phase, this one based on chromium. Cold work has been also shown to
completely suppress the formation of this phase and its associated swelling. (4-5)

At higher temperatures (>550°C) carbon additions increase the swelling
of AISI 316,(39) as shown in Figure 10. At these temperatures carbides are pre-
cursors to the formation of intermetallic phases such as Laves. |t is the in-
filtration of these phases by nickel and silicon that controls the swelling rate
at temperatures above approximately 550°C.(2’6) Thus, adding carbon accelerates
the microchemical evolution by accelerating the development of the carbide and
Laves phases. The reversal in carbon's role occurs in the regions near 550°C

and this probably accounts for the lack of consistent swelling behavior versus
carbon content observed at temperatures of 525 +25°C. (35)
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FIGURE 10. Carbon Increases Swelling of AISI 316 in Various Starting Conditions
at High Temperature and Fluence.{39) Note the synergism with nitrogen.

Although the possible roles of carbon while in solution have not been
identified at this time, it appears that carbon's major role in swelling of
AIS| 316 is to trigger or influence the path and time by which the initial
phase development occurs. Irradiation temperature, displacement rate, and
thermal-mechanical starting condition are variables expected to be important
inthe initial distribution of carbon and the rate and route by which it pre-
cipitates. The relationship between carbon precipitation and the temperature
dependence of swelling has been studied by Hofman and coworkers. (48-49)

The reversal of carbon's role with increasing temperature leads to
the prediction that the relative magnitude of the two swelling peaks (47-51)
observed in annealed AISI 316 will be strongly affected by the carbon content.
Low carbon steels will have accentuated low temperature peaks and smaller peaks
at high temperatures. High carbon steels will exhibit the opposite behavior.
This hehavio ves observed in US. (48-49) g\ itish and French fuel pin clad-
ding. ' As shown in Figure 11, the double-peaked behavior of annealed
AISI 316 can be linked to similar peaks in the nickel removal processes.(sn
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FIGURE 11. Relative Measurements of Extracted Precipitates and Their Nickel
Content in Annealed AISI 316 Fuel Pin Cladding.(12,51) The schematic
at the upper right shows that annealed 316 for high peak cladding
temperatures exhibits two swelling peaks.{48-49,51) Researchers
at ANL correlate these peaks to the peaks seen in the mole fraction
and total nickel removal curves.

Itis important to note that the actions of nickel, silicon, and
carbon are all highly interactive with each other. One example will suffice
to show that ignorance of the synergism between these elements caused many of
theearlierconflicting conclusions concerning the role of these elements.

Recently, comparative irradiation data on various British steels have
shwon that during irradiation at 425°C, the role of carbon is clearly to extend
the incubation period of swelling (see Figure 9).(35) In the interpretation of
these data, however, the investigators inadvertently spotlighted one of the
apparent inconsistencies which arise as a result of the Ni-C-Si synergism. Al-
though two of the steels have essentially identical carbon levels and exhibit
identical swelling behavior, the silicon levels are substantially different
(0.32 versus 0.63 wt.%). This led the authors of that report to conclude that
silicon plays no great role at that temperature. This conclusion is inconsistent

with all other British, US. and European data. The low silicon steel, however,
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was also low in nickel relative to that of the high silicon steel. Using the

previous definition for the coprecipitation relationship and a factor of two to
convert silicon weight percentages to atomic percentages, the saturation nickel
content for the two steels can be determined. Therefore, the effect of silicon

Springfields VA408A: Cky = (13.7) - (3)(0.63)(2) = 9.9
Harwell VRO06A: Ck, = (11.4) - (3) (0.32)(2) = 9.5%

in each alloy is to reduce the predicted matrix nickel content to almost identical
saturation levels. It appears that the influence of silicon in this experiment
was therefore obscured by the corresponding nickel variations.

5. The Microchemical Role of Other Elements

The element molybdenum plays a large role in the formation of the
carbide and intermetallic phases.(24) The swelling behavior of AISI 304 is
significantly different from that of AISI 316 and may reflect not only its
lower nickel content but also the absence of molybdenum. Molybdenum appears
to play no direct role in the formation of the radiation-stable precipitates.
Molybdenum flows out of caribde and Laves precipitates during irradiation, how-
ever, signalling that it plays some active role in the evolution. Molybdenum
is not only a relatively fast diffusing element in y-iron (52) but has the
largest degree of misfit or lattice dilation of any element in AlSI 316.(53)

It would therefore be expected to migrate up a gradient of either interstitials
or vacancies. This may account for the outflow observed of molybdenum.

It also appears that at low concentrations some elements such as phos-
phorus and nitrogen exert a surprisingly large effect on swelling.(39) For
instance, it has been shown that phosphorus changes the critical temperature for
self-nucleation of homogeneous precipitation of Mz3Ce in 18Cr-9Ni-4Mn-stainless
steels.(54) It appears that such elements may increase the effective interstitial
content of the steel, either increasing the effective supersaturation of carbon
or by entering the precipitate to form M23(C,P)6.(54)
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The titanium and niobium-stabilized austenitic alloys have exhibited

swelling behavior substantially different from that of AISI 316 of nominal spe-
cification. Since the MC carbides formed are quite stable at normal irradiation
temperatures, this might be expected. There is, however, one remarkable coin-
cidence in the swelling behavior of these alloys. As illustrated in Figure 12,
titanium-modified steels routinely exhibit a low-temperature swelling peak.
They also develop less swelling at high temperature than observed in unmodified
AlSI 316.(55'56) This is the behavior expected of low carbon steel. While it
would be unrealistic to propose that the only role of titanium is to reduce the
carbon content of the alloy matrix, it is hard to ignore the parallel. It is

also quite significant that TiC precipitates resist the infiltration-exchange
process while other phases cannot. (26)

Note that for each of the elements considered above, the central role
proposed is that of influencing the activity or distribution of carbon. This
tends to confirm the proposed role of carbon as one of the major determinants
of the swelling behavior.
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HGURE 12. Diameter Measurements From a Fuel Pin Clad With Titanium-Stabilized
20% CW 316 Stainless Steel and Fom a Fuel Pin Clad With T-Lot 20%
(W Stainless Steel.{55,60) (T-lot pins were constructed from the
same heat of steel used in the experiments described in figures 3,
6, 8, 20 and 21). Both pins were irradiated side by side to 10.5 X

1022 n/cm?.
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6. The Microchemical Role of Dislocations

The role of dislocations cannot be defined as confidently as that of
other parameters; therefore, this section is by nature somewhat speculative.
The data do present strong clues, however. First of all, cold working of pure
metals (Al, Mg, Cu, Ni, V) does not lead to changes in neutron-induced swelling.(57)
(lon and electron irradiation of cold worked pure metals has yielded rather am-
biguous results and reflects the difficulty in establishing or maintaining high
near-surface dislocation densities). While the role of cold work is always to

reduce swelling in AISI 316, the swelling of AISI 304 and AISI 321 can actually
be increased, particularly at low temperatures. {46}

Brager and Garner (4-5) have definitively shown that the role of cold
work is to alter the phase evolution associated with swellling in AISI 316. In
one case, the low temperature radiation-stable and nickel-rich phase that evolves
easily in annealed steel was totally suppressed by cold working, requiring that
the microchemical evolution proceed via the more sluggish v' route. At other
temperatures, the carbide-Laves sequence and the ensuing infiltration-exchange
process were merely delayed by cold work, therefore extending the incubation
period for void swelling. 1t was also shown in this steel that preirradiation
aging of 20%cold worked steel under some conditions accelerated the formation
of the normally sluggish +' phase.(4'5) This acceleration leads to swelling
levels greater than that of annealed steel. This was quite surprising since
the aged steel prior to irradiation still possessed dislocation densities
typical of the 10%cold worked condition.

The data also strongly suggest an interrelationship between dislocation
density and Carbon.(47’50) Note in Figure 13 that both increasing cold work and
carbon levels have similar effects on the swelling of AISI 316. It is proposed
here that the role of cold working is two-fold. The carbon dispersed in the
matrix during annealing probably begins to cluster during the subsequent rather
rapid cool-down. Cold work not only redistributes the carbon more effectively
but the dislocations also bind a large fraction of the carbon due to its large
degree of misfit in this alloy. 33} The effect of this binding with dislocation
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AGURE 13. Similar Influence of Carbon Content and Cold Wok on Swelling of
AIST 316.(50) The effect of carbon content on 20% cold-worked
steel is equally dramatic as that of annealed steel. The neutron
fluence in units of 1022 n/em? (E >0.1 M&V) is shown in parentheses

densities on the order of 3 x 101! ¢m=2 is to elevate the solubility of carbon
in the matrix at low irradiation temperatures, thereby reducing the supersatura-
tion of carbon and altering the rate of its segregation. The high density of

dislocations and Frank loops generated by cold working is maintained by the
radiation at levels »6 x 1010 em-2 .

If this argument is to have any validity, one would expect that the
effect of cold work on swelling should saturate when the dislocation density

saturates. The data shown in Figures 14(a) and 14(b) support this concept.
The effect of cold work on swelling saturates around 30%cold work 58) and

so does the dislocation density and its associated strain.(59)
The best test of this concept would be to demonstrate that cold working

of pure Fe-Ni-Cr ternaries leads to no change in swe'ling behavior. Unfortunately,
such an experiment does not appear to have yet been performed.
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FIGURE 14. (a) Effect of Cold Work on Swelling of Type 316 Stainless Steel at
High Fluences.(58) (b) Root Mean Strain as a Function of the Degree
of Cold Work and Aging for Type 316 Stainless Steel.(59)

The typical diameter change profiles observed in fast reactor irradia-
tions (Figure 15) can now be explained in terms of the diversity of the phase
evolution and its sensitivity to cold work as well as processing and irradiation
temperature. The double-bump profile of annealed steel is a reflection of two
precipitation regimes influenced by the carbon level. The relative prominence
of the two peaks is dependent not only on the carbon level but also the flux
and temperature profiles. The region between the peaks is the regime of the
sluggish y' phase, which has been found to be insensitive to the cold work
level. Earlier it was noted that the y' precipitates appear to have nucleated
on Frank loops. The Frank loop density is eventually independent of starting
condition after a short period of irradiation.(” This may account for the
independence of y' formation on cold work.

Cold working of this steel suppresses the low temperature radiation-
stable phase and delays the microchemical evolution at all temperatures, probably
by influencing the distribution and activity of carbon. Note that in Figure 15
the cold worked swelling peaks above core center, reflecting the sluggish evolu-

tion of the phases around 500°C in the heats of steel originally employed in the
U.S. Breeder Program.(7) In AISI 316 steels with much shorter incubation periods
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FIGURE 15. Schematic Illustration of Deformation Profiles Observed in AISI 316
Fuel Pins Irradiated in a Typical Fast Reactor.

employed in construction of the core of the Fast Flux Test Facility, the swelling
peaks in the EBR-II reactor occur near the peak flux position. {60)

It also appears that the Frank loops formed early in the irradiation
at low temperature may provide nucleation sites for the radiation-stable G-phase
formed in annealed steel. Beckitt and Clark (36) have shown that interstitial
loops (formed during aging by internal stresses generated by volume changes ac-
compdnying the growth of M;3Cq} are instrumental in nucleating new M,4C particles.
Perhaps the radiation-produced loops provide the nucleation sites for both carbides
and silicides. The high temperature side of the low temperature swelling peak

corresponds rather closely to the temperature dependence of Frank loop density.

7. Sensitivity to Environmental Parameters

Now that an understanding is emerging as to the origin of the varia-
bility of swelling response to irradiation, the available data must be analyzed
with an eye toward the influence of uncontrolled variables within the data.
Figure 16 demonstrates that the displacement rate affects swelling of AISI 316

(61)

probably through flux-time effects on phase evolution. In data reduction

efforts the neutron flux is usually not considered a variable.

Itis safe to forecast that when design correlations developed to
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AGURE 16. Diameter Change Data (61) for 5% Cold-Worked AISI 316 Suggesting
That the Swelling is Sensitive to Displacement Rate and Time In
Reactor as Well as the Total Number of Displacements (dpa).

describe the behavior of this steel are applied to new environments, the
predictions and the material response will diverge due to the sensitivity
of the microchemical evolution to many environmental variables. 1t must
also be recognized that the majority of the available data fall into two
categories, irradiation of experimental specimens under relatively iso-
thermal conditions and irradiation of fuel pin cladding. The time, tem-
perature, stress and flux histories experienced by these materials are not
an adequate representation of all potential in-reactor histories.

In order to be able to attempt predictions of the behavior for
any new environment and history, a new approach is being employed. The
phases observed in a given class of steels are cataloged and their sensi-
tivities determined. This provides some guidance when extrapolating into
mw environments. The pronounced flux and temperature sensitivities of
the radiation-stable phases leads to the conclusion that one would anticipate
that at higher fluxes a shorter incubation period would result at low tem-
peratures. A shown in Figure 17, flux-sensitive incubation periods have
been observed in comparative irradiations in two French fast reactors, 47)
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FIGURE 17. Flux-Dependent Swelling Behavior Observed in Irradiation of French
Solution-Annealed Cladding and Cold-Worked 316L Ducts. (47)

but no microstructural data are available to confirm that the sensitivity can
be correlated with changes in the v' or G-phase. In these irradiations, the
temperature increased slowly with dose and was approximately the same for the
various curves at a given dose. The authors of the original report note that

when comparisons are made at constant dose and temperature the swelling is
always greater when the displacement rate is greater. (47)

One would also expect that the intermetallic phases, the precursors
to the infiltration-exchange process, would be very sensitive to time-at-tempera-

ture. In higher flux reactors a component would spend less time in reactor to
reach a given fluence. As a consequence, the high temperature swelling peak

would recede somewhat. This behavior has also been observed in comparative
Phenix/Rapsodie irradiations. (47)

The most pronounced demonstrations of the temperature sensitivity of
the v' phase are provided by the response of both swelling and irradiation creep

to decreases in temperature which cross the y' phase boundary in a manner shown

in Figure 18. Both the swelling (Figure 19) (62)

(63)

and the irradiation creep
(Figure 20) coefficient were found to vary strongly with the magnitude of
the temperature drop. The sensitivity of void swelling was shown to be directly

correlated with the onset of accelerated y' formation. (63) In this experiment
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FIGURE 18. Typical Temperature Histories of 20% Cw AISI 316 Specimens Subjected
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FIGURE 19. Enhancement of Swelling by Gradual Temperature Reductions During
Neutron Irradiation of 20% Cold-Worked AIS| 316 (replotted from
Reference 62). T. is the starting temperature.
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FIGURE 20. Comparison of Average Creep Coefficients of 20% CW AIS| 316 Obtained
in Response to Isothermal and Gradually Declining Irradiation Tem-
peratures.(62) The onset of v' formation is shown.

the onset of the gradual temperature drop preceeded the onset of swelling, but
not the onset of irradiation creep. As shown in Figure 20, the average creep
coefficient over the constant and declining portions of the temperature history
initially falls with decreasing temperature, in agreement with rate theory pre-
dictions for an alloy of constant composition. However, the average creep
coefficient again increases for temperature histories that form y' and change
the matrix composition of the alloy.

Similar swelling and creep behavior was found in fuel pin cladding

subjected to cyclic temperature decreases. (63-64)

One conclusion concerning development of swelling correlations was
drawn from the temperature change data. The large values of swelling observed
for large temperature decreases cannot be explained by any small modification
of the currently available empirical descriptions of isothermal swelling. (65)

In particular, the "steady-state" swelling rates contained in these correlations
must be changed to reflect the possibility that the low swelling rates observed
in cold worked AISI 316 are merely a manifestation of a very slowly evolving
precipitate microstructure, but one that can be short-circuited by certain
temperature histories.
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The flux and temperature dependency of the radiation-stable phases
has also been shown to account for much of the fluence, temperature and flux
dependence of the yield stress of AISI 316.

(66-67)

The effect of tensile stress on swelling of AISI 316 and other alloys
has recently been definitively determined to be related to changes in the incuba-
tion behavior.(68) As shown in Figure 21, the effect of stress is most pronounced
at high temperatures. This sensitivity has been shown to be related to the stress
sensitivity of intermetallic phase formation.(68) This insight requires that the
correlation developed for non-tensile stress states be quite different than orig-
inally envisioned. The low-temperature radiation-stable precipitates do not
appear to be stress-sensitive. This has been verified experimentally for the '
phase in AISI 316 and has been inferred for the G-phase from the relative stress-

insensitivity of swelling of annealed AISI 316 at low temperatures.(47)
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8. Conclusions

In the foregoing sections, it has been shown that the precipitates
that develop during irradiation play the dominant role in the alloy response.
This role is expressed primarily in a large change in matrix composition that
mey significantly alter the diffusional properties of point defects. It nay
also substantially alter the rate of acceptance of point defects at dislocations
and voids.

The major elemental participants have been identified as carbon,
nickel and silicon. Carbon appears to function as a major governing factor
of the route and rate by which the evolution proceeds. It is the sensitivity
of carbon's response to a wide range of variables that accounts for much of
the variability observed in the swelling of AISI 316 stainless steel, particu-
larly in response to preirradiation thermal -mechanical treatment.

Silicon's role is two-fold in that while in solution it depresses
void nucleation and determines the duration of the void incubation period. It
also coprecipitates with nickel. The eventual level of nickel in the alloy
matrix appears to control the steady-state swelling rate.

The other participating elements appear to affect primarily the dis-
tribution and activity of carbon. Dislocations introduced either by irradiation
or cold work likewise appear to influence the role of carbon.

In these studies, several new physical mechanisms appear to be operating.
These are the inverse Kirkendall effect, interstitial-altered phase stability,
solute-interstitial binding, the infiltration-exchange process, and the creation
of radiation-stable precipitates. The sensitivity of the last phenomenon to
temperature and flux has been shown to account for much of the unusual behavior
of AISI 316 during irradiation.
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Affiliation: Hanford Engineering Development Laboratory
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The objective of this effort is to determine the mechanisms which control

precipitate and microstructural evolution in irradiated steels, and also to
determine their parametric sensitivity so that extrapolations can be made to
the behavior expected in fusion reactor environments.
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JIMVARY

The v' phase observed in AISI 316 is only stable during irradiation. It

dissolves during annealing at the temperature of its formation in a manner

which suggests that the dissolution rate is sensitive to the precipitate radius.
The instability of this precipitate in the absence of irradiation confirms the

expectation that this precipitate will exhibit a sensitivity to displacement

rate.

V.

ACCOMPLISHMENTS AND STATUS

Stability of the Radiation-Induced y' Phase in 316 Stainless Steel -
H. R. Brager and F. A. Garner (HEDL)

1. Introduction
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It has recently been shown that neutron irradiation of AISI 316 stain-
less steel leads to an extensive microchemical evolution involving primarily the
removal of the elements nickel and silicon from the alloy matrix and their con-
centration into a variety of precipitate phases.(]'“ While most of these phases
have been observed to form (often with different compositions) in unirradiated
material, the v' precipitates formed in this steel in the range 270-540°C cannot
be produced at comparable temperatures and times in the absence of irradiation. (4-5)
This phase has been shown to be nominally Ni;Si with a smail percentage of iron
atoms. The formation of y' requires the simultaneous segregation of moderately
dilute solvent atoms (-13 atom % nickel) as well as very dilute solute atoms (1
atom % silicon).

Ore of the major unanswered questions about this phase has been whether
it is nucleated at an enhanced rate during irradiation or whether the v' phase is
stable only under irradiation. Perhaps the kinetics of y' formation in stainless
steels are so sluggish that ex-reactor formation requires tens or hundreds of years
and therefore v' would eventually appear in components maintained at 250-550°C.
Wd fer (6) had earlier suggested that the question of v' stability could be ad-
dressed by annealing a specimen containing ' in a furnace at its previous irra-
diation temperature and observing whether the y' precipitates continue to grow,
remain stable or dissolve. Such an experiment has now been performed and has
shown that the y' phase formed in AISI 316 is unstable in the absence of irradia-
tion.

A survey of available specimens of 316 stainless steel containing v’
precipitates showed that the optimum available material to use was that from the
X-157 experiment. This material was available in bulk and had been analyzed in
detail in a previous study.(4) The specimens employed were derived from 20%cold
worked N-lot (heat V87210) tubing irradiated in the EBR-II at zero stress and
475°C to a fluence of 1.0 x 1023 n/cm? (E >0.1 MeV). They contained only 1.5%
by volume of y' and therefore the nickel and silicon removal function performed
by v' formation was still in progress. Since earlier studies had shown that
—4%vy' could be formed in this steel, less than half of the original matrix
silicon content was concentrated into the y' phase when the specimen was extracted
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from the reactor.

Whereas the specimen from the X-157 experiment was midway in its
progressofy' formation, a second tube fam the RS-1 experiment was selected
in which the ¥' formation was essentially completed. This specimen is desig-
nated C-71 and was irradiated at 500°C to 13.5 x 1022 n/cm?® (E >0.1 MeV). The
lot of steel from which this specimen was formed is designated as CN-13 and is
one of the FFTF first core heats of steel, all of which form v¥' at lower fluences
than does the N-lot heat of steel.

2. Experimental Procedures

Portions of two tubes made from the N-lot heat (designated A0 and AN)
from the X-157 experiment were encapsulated in an evacuated quartz tube and aged
in a furnace at 475 +5°C for either 300 or 1000 hours, respectively. After a
slow cooling, the specimens were extracted from the tube and examined using con-
ventional specimen preparation and transmission electron microscopy techniques.
Aging at these conditions was not expected to produce any substantial change in
the usual precipitate microstructure, i.e., no intermetallics were expected to
form and the various carbide phases observed in the steel were known to be stable
under these conditions. The aging period of 1000 hours was recognized as possibly
being too short to allow differentiation between a stable y' condition and one of
continued growth, because the specimen had already accumulated about 15,000 hours
exposure in reactor at the same temperature as that of the aging treatment. For
such an eventuality, additional material was set aside to allow longer aging of
specimens i f necessary.

The C-71 specimen received a similar treatment but was aged at 900°F
(487°C) for both 500 and 1000 hours.

3. Results

Figure 1, reproduced from reference 4, shows the contrast exhibited
by y' precipitates in dark field and also depicts the superlattice spots typical
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FIGURE 1.

HEDL 7610-94

Four Low-Order Diffraction Patterns of the Same Grain Which Demon-
strates That y' is Produced in 20% CW 316 Stainless Steel (Heat

87210) Irradiated at 475°C to 1.0 x 1023 n/cm? (E >0.1 MeV). The
solid dots and the open circles of the four diagrams provide schematic
representation of diffraction from the austenite matrix and the y'
particles, respectively. (4)
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of ¥' in various low-order diffraction patterns. The precipitates are not
readily visible in bright field except near the Bragg diffraction condition,

s = 0. The specimen illustrated in Figure 1 and the X-157-AN specimen utilized
in this study were all cut from the same tube.

In the aged X-157-AN specimen five separate grains were examined.
Micrographs were taken for orientations in which either the <211>, <310>, or
<100> zone axis was parallel to the electron beam. There was no visible y'
diffraction spots found for these grains in any of the diffraction patterns.
By centering the diffraction aperature over the position where the v' super-
lattice spot normally appears, one observed a few contrast features in the
dark field micrographs that may or may not be due to y' particles. As shown in
Figure 2 the concentration of these contrast features is reduced by over two
orders of magnitude fam the 1.7 x 1016 cm-3 and ~7.4 m diameter precipitates
observed prior to the aging treatment. Therefore it IS concluded that >99% of
the particles have dissolved during a time 1000 hours.

Examination of the X-157-A0 specimen aged for only 300 hours showed
that the y' phase was still present at densities and sizes that are indistin-
guishable fromthatof the unaged material.

When the other set of specimens (RS-1, C-71) were examined a similar

pattern of behavior was observed in that 500 hours of agingd at 482°C was insuf-
ficient to dissolve the y' but 1000 hours of aging led to a complete removal of

the y' phase. Prior to aging the precipitates existed at 1.4 x 101® cm=3 and 10
nm diameter. As shown in Figure 3 the ¥' precipitates can still be observed after
500 hours of aging.

In both sets of specimens other precipitate phases existed at lower
densities prior to aging, such as M,3Cg; G and n. No determination was made

of the fate of these phases upon aging.

4. Discussion
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It appears that the y' phase in 316 stainless steel is only stable
under irradiation. Thus the equilibrium phase diagram for this steel (and
probably others) is fundamentally altered by the presence of a displacive ra-
diation field. Two other studies have earlier suggested that irradiation-induced
phases which require the concentration of elements from dilute solution might not
be stable in the absence of irradiation. (7-8) Both of these experiments involved
the postirradiation annealing of charged particle bombarded specimens of nickel
containing small amounts of silicon. The Ni3Si precipitate layers formed by ir-
radiation at the surface of such specimens dissolved during a very short annealing
period. Such precipitates also require a relatively short time to form since
only one element must be concentrated in contrast to the two required for v' to
form in AISI 316 stainless steel. The role of the surface as a point defect sink
Is crucial in the quick formation of such precipitates in the charged particle
experiments, however, and may also be involved in the dissolution process. Since
the AISI 316 stainless steel experiment involved annealing of bulk material with
a relatively homogeneous distribution of y' precipitates, the role of external
surfaces on y' stability in this steel can be discounted.

There is one observation made in this study which suggests that the
surface of the y' precipitate itself plays a large role in the precipitates rate
of formation or dissolution. 1In each of the two annealing experiments no mea-
surable dissolution was observed for times of 300-500 hours. Such an observation
could be rationalized by surface tension/radius of curvature arguments similar
to those invoked in void annealing experiments. In other words the dissolution
rate increases with smaller radius. 1t is also interesting to note that the
apparently abrupt dissolution behavior was observed in specimens which had com-
pleted v' formation as well as those which had not.

If+y' is dissolved at times <1000 hours at the relatively low tem-
peratures of 475 and 482°C then a shorter time is probably required for dissolu-
tion at higher temperatures. This leads to the interesting possibility that the
upper temperature boundary observed at about 540°C for y' formation in AISI| 316
which contains about 1 atom % silicon (see Figure 4) may not be the actual phase
boundary. Perhaps y' forms at temperatures higher than ~540°C but dissolves at
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HGURE 4. Temperature and Fluence Regime in Which v' Phase Has Been Observed
in N-lot and a Similar Steel.

relatively short times after reactor shutdown. It is therefore not necessarily
a coincidence that the upper temperature limit of ' observations in 316 stain-
less steel is essentially the temperature at which property changes which depend
on self-diffusion normally accelerate (>550°C).

An alternate explanation of this high temperature boundary and the
temperature dependence of the ' regime invokes the different temperature de-
pendencies involved in the segregation of nickel and silicon at sinks. Other
studies (9-10) indicate that substantial radiation-induced segregation of nickel
at such sinks occurs only at higher temperatures, most likely from the preferen-
tial out-migration of the faster diffusing elements chromium and iron. Silicon
has not been found to segregate to a large extent at voids and dislocations at
higher temperatures, but does segregate at such sinks at lower temperatures.

The temperature regime between 450 and 550°C therefore may represent the tempera-
ture range wherein a substantial amount of both silicon and nickel can segregate
simultaneously. The upper temperature limit of y' formation is thus dictated by
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the increasing mobility of silicon with temperature. Although silicon may
segregate over a wide range of temperatures by binding with the interstitial
current toward sinks, silicon will also out-migrate from such sinks by the
inverse Kirkendall effect operating on the vacancy current to the same sinks.(10)
At temperatures below 450°C both elements can segregate but at such a sluggish
rate for nickel that y' form-at barely detectable levels.{4-5,9)

Since the formation of this phase requires radiation-induced trans-
port or segregation of nickel and silicon, one would expect its formation and
temperature regime to be influenced by the displacement rate, as observed by
Martin and Co-Workers.(7) There is some circumstantial evidence that displace-
ment rate influences the rate of formation of radiation-stable phases.(]z) One
would also expect that increasing the concentration of either nickel or partic-

ularly silicon would lead to an upward extension of the upper temperature limit
of v'. For silicon this prediction has been confirmed by recent experimental
evidence .(13)

5. Conclusions

The v' phase observed in AISI 316 is only stable during irradiation.
It dissolves during annealing at the temperature of its formation in a manner
which suggests that the dissolution rate is sensitive to the precipitate radius.
The instability of this precipitate in the absence of irradiation is consistent
with the observation that this precipitate exhibits a sensitivity to displacement
rate.
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Title: Irradiation Effects Analysis (AKJ)
Principal Investigator: D. G. Doran
Affiliation: Hanford Engineering Development Laboratory

IT. OBIECTIVE
The objectives of this effort are to identify the effects of applied
and internal stresses on radiation-induced dimensional changes in metals

and to predict the impact of these effects on fusion reactor design and
performance.

I11. RELEVANT DAFS PROGRAM TASK/SUBTASK

Task 11.C.2.1 Effects of Material Parameters on Microstructure
Task 11.C.2.5  Modeling

V.  SUMMARY

It is anticipated that stress-enhanced swelling may play a larger role
in fusion devices than it does in breeder reactors. The need to extrapolate
breeder-derived data from tensile experiments to the compressive and cyclic
stress states expected in pulsed fusion reactors requires a reexamination
of the phenomena involved. Recent data confirm the existence of both micro-
structurally-based and microchemically-based mechanisms. The latter is not
anticipated to respond to compressive or cyclic stresses in the same manner
as would the microstructurally-based mechanisms on which the current stress
effects correlation is based.

V. ACCOVPLISHVENTS

Extrapolation of Stress-Affected Swelling Models Into Compressive and
Cyclic Stress States - F. A. Garner (HEDL)
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1. Introduction

In an earlier report (1) It was shown that many alloys exhibit
an enhancement of irradiation-induced void swelling due to the application
of biaxial tensile stresses during irradiation. For AISI 316 this enhance-
ment was shown to arise from a shortening of the incubation period of void
growth. No effect of stress was seen on the steady-state swelling rate.

A correlation developed to describe this phenomenon is currently employed
in the U.S. Breeder Reactor Program.(1)

Before this correlation can be employed in fusion reactor design
studies, one must consider the impact of the differences in the two reactor
environments and also make an assessment on how best to extrapolate the
data into untested stress states. It is important to note that the total
data base was developed from essentially isothermal irradiations of the
walls of thin tubes subjected to a constant biaxial tensile stress. There
are no previously published data on the effect of compressive or torsional
stress states and no experiments which provide guidance on how to incorporate
the effects of stress history. These considerations are potentially quite
important for three reasons. First, the stresses anticipated in the first
walls of Tokamak-type reactors will be time-dependent, cycling from tensile
to compressive, and will not develop gradually like the fission gas loading
typical of breeder reactor fuel pins. Second, there is some evidence which
indicates that the current model (based only on microstructural concepts)
incorrectly predicts that compressive stresses will delay swelling. These
nw data indicate that perhaps compressive or torsional stresses also ac-
celerate swelling, particularly at higher temperatures. Third, the duration
of the void incubation period of AISI 316 steel has been shown to be pri-
marily determined by the microchemical evolution of the matrix, a process
which is normally rather sluggish compared to the microstructural evolution.(2
The greatest sensitivities of the microchemical evolution appear to be
associated with variations in flux, temperature and stress, all three of
which will undergo pronounced simultaneous variations in the walls of
pulsed reactors. The possible synergisms for such complex and sensitive
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histories may lead to substantial changes in the rate of the microchemical
evolution. Additional recent data presented in this report indicate that
applied stresses accelerate the microchemical evolution attemperatures above
550°C.

In this report the status is reviewed of various ongoing data
analysis, modeling and experimental activities concerning stress-affected
swelling. These efforts are directed toward the development of models
which can be confidently extrapolated into untested Stress states, primarily
those of compressive and/or cyclic nature.

2. Stress-Affected Swelling: Recently Acquired Data

Since the current stress-affected swelling model (1) was developed,
some additional data have become available which will influence further model
development. Muh of the rew data presented here has been supplied by its
originators in advance of publication.

While much of the previous data were derived from relatively short
irradiation creep capsules constructed from 20% cold worked AISI 316, signi-
ficant additional insight was derived from irradiations of "long" tubes
(~1 m) constructed of either 10%cold worked Or 20% cold-worked and aged

AlSI 316.“) These latter irradiations were conducted by D. L. Porter,
G. McVay, and M. Takata of ANL-Idaho Falls. Figure 1 shows a previously pub-

lished subset of their data with some additional new points added at 270 MPa.

Not only do these rmew data conform to the trends observed in the earlier data
but they reside in the near-incubation regime, confirming that the primary
effect of the applied stress was to shorten the incubation period.

If the primary effect of stress is exerted on the incubation period
of void growth one would expect that removal of the stress in the post-
incubation period would lead to no visible effect on the swelling rate.

While there are no AISI 316 data to support this contention, there are some
relevant data on annealed AISI 304L. J. E. Flinn, M. Hall and L. C. Walters
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of ANL-Idaho Falls examined specimens of steel that comprised both the
stressed cladding in fuel pin irradiations and the unstressed capsule ma-
terial that surrounded the cladding. Choosing specimens over a relatively
narrow range of temperatures they established the swelling behavior of

each steel. The different swelling rates shown in Figure 2 are thought

by this author to reflect primarily the difference in composition (See Table 1)
and not the differing stress state or temperature range. Each of these
specimens was then reirradiated to higher fluences in the stress-free condition.
Figure 3 shows that the swelling rate of the cladding material did not relax
upon removal of the stress. This confirms the contention that the effect of
applied stresses, once realized, is probably irreversible.

- T T T T T

/ |
» | / -

SWELLING. o,
% ’
1% — (? —
CLADDING
amerrc [ /
1z |- ! . .
,/ / CAPSULE
s L S +°  (UNSTRESSED)_|
g/ 477-527°C
Q
’
ik _
i/
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0 1 f 1 L 1
0 2 ’ ] 8 10 12x02

FLUENCE{E == D.1MeV)
HEDL 8611-044.8

FIGURE 2. Post-Incubation Swelling of Two Pﬁgferent Annealed 304L Steels
Observed by Flinn and Coworkers. 3) The claddingmaterial is stressed
by fission gas pressure and possibly fuel-clad interaction during
irradiation while the capsule material is essentially unstressed.

TABLE 1
COMPOSITION* OF 304L CLADDING AND CAPSULE TUBING {wt%)
C Mh P S Si Ni Cr Ti cu Mo co
Cladding 0.03 1.66 0.16 0.014 0.59 10.6 18.3 <0.01 -- 0.02 -

Capsule  0.03 1.37 0.01 0.007 0.62 9.26 18.3 0.02 0.074 0.02 0.05

*Note substantial differences in nickel and manganese content in the cladding and
capsule materials. Both of these element% i)ire important in the microchemical
evolution of 300 series stainless steels. {2
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HGURE 3. Subsequent Swelling Behavior of Specimens Shown in Figure 2.
Note that both steels were irradiated during this period
without stress.

(3)

S. K. Khera, C. Schwaiger and H. U11ma1‘er(4) have recently pub-
lished data which confirm many of the results of earlier microstructural
studies of stress-affected swelling. (5-6) Using 6 M/ deuteron bombardment
they demonstrated at 550°C in an Fe-Cr-Ni-Mo alloy (representative of AISI
316 without solute) that void nucleation was accelerated by application of a
uniaxial tensile stress. It is important to note that no visible precipita-
tion occurs in this steel, suggesting that the operating mechanism is probably
not related to stress-affected microchemical evolution. The irradiation was
performed at a calculated displacement rate typical of breeder reactors,
although 0.75 MV proton-generated displacements have been shown to be more
effective in causing swelling per unit calculated displacement than were self-
ion or neutron-induced displacements. (7) As shown in Figures 4 and 5 the
void nucleation rate is accelerated but does not appear to lead to substantial
enhancement in the eventual void density.

A similar conclusion concerning the stress insensitivity of the
eventual void density was reached by Gelles and coworkers in the examination
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AGURE 5. Details of Void Size Distribution for Materials Shown in
Figure 4.(4)

of solution treated Inconel PE16.8) 1n this atlov at 2 x 1022 n/em? (E >0.1
M) and 550°C, application of a hoop stress of 167 MPa increased the void
density from 1.2 % 10** cm™® (at zero stress) to only 1.7 x 10** cm=2. This
small increase reflects the fact that the voids become visible around 1 X
1022 n/cm? and saturate in number shortly thereafter.

M. M. Hall of ANL-Idaho Falls has recently conducted an experiment
on the effect of the nature of the stress state on stress-enhanced swelling
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of annealed 304L. Although the findings are considered preliminary at
this time, he has concluded that the swelling of this steel is accelerated
for tensile, compressive or purely torsional stress states, with the en-
hancement increasing with increasing temperature. This is in contradiction
to the predictions of the current stress-affected swelling model.“) Tor-
sional stresses are currently predicted to have no effect and compressive
stresses are predicted to delay swelling.

There are two microstructural ly-based mechanisms previously invoked
to explain stress-enhanced swelling (6), neither of which would lead to pre-
dictions of Hall's findings. The first mechanism operates primarily at low
temperatures (<550°C) and arises from stress-induced changes in the inter-
stitial capture efficiency of voids. The second operates most effectively
at higher temperatures and involves stress-induced changes in vacancy emission
at dislocations. Since these microstructural mechanisms cannot be invoked
to explain Hall's data and no other microstructural mechanisms have been
proposed, the possibility exists that the required mechanism is microchemical
in nature. However, this does not preclude the possibility that the pre-
viously proposed microstructural mechanisms are also operating but not
dominant under the particular conditions of Hall's experiment.

3. Experimental Evidence Supporting a Microchemical Mechanism

Brager and Garner (2.9) have recently shown that the radiation-
stable phases found at low temperatures in AISI 316 do not appear to be
sensitive to stress. There is some evidence however that the intermetallic
phases at higher temperature are stress-sensitive in their rate of formation.
Figure 6 shows that there is an apparent enhancement of swelling occurring
at 3.7 X 1022 n/em? (E 0.1 M) and 739°C, although all four density change
data points represent a net densification of the steel. At elevated tem-
peratures this steel is known to initially densify slightly due primarily te
carbide precipitation and secondarily to recrystallization processes which occur
both in and out of reactor. 10 Out of reactor this steel later increases

volume as intermetallic phases form. As shown in Figure 7 the Tong-term
“swelling” of the steel due to formation of intermetallics can be observed
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in unirradiated specimens and is much larger than that due to the carbide
densification process.

In order to determine the cause of the stress-induced volume change
at 739°C and 3.7 X 10%2 n/cm?, two specimens were chosen for examination,
one irradiated at zero stress (designated AR7) and another irradiated at the
highest hydrostatic stress level, 6.9 MPa, (designated AR2). The latter
specimen had developed 11%diametral strain due to combined thermal and ir-
radiation creep, and had been removed from the reactor in the anticipation
that it might fail in the next reactor cycle. There was therefore the
possibility that the observed stress-affected density change arose not
from cavities or phase changes but from microcracks which develop prior to
failure. While such microcracks would technically generate "swelling,"
such an effect would not continue with increasing stress but would'saturate
at a relatively low level commensurate with failure of the tube.

Specimens were prepared for both light and electron microscopy as
well as replication studies. Both the ARZ2 and AR7 tubes were irradiated
side by side in the canister designed to reach 732°C in the AA-1Ib experiment
in capsule B-249., The ends of each capsule were removed and the density of
each tube was measured by standard immersion techniques. The tubes were
then sectioned. A transverse cut produced a 1/8 inch long ring. The ring
was then quartered by longitudinal cutting and punched to yield TEM disks.
Separate 1/4 inch rings were employed for replication studies. The latter
type of ring was mounted and polished so as to yield a transverse section,
and then cathodically etched in vacuum for 120 minutes. Cathodic etching
is knownn to remove the polishing scratches, but will not enlarge any micro-
cracks that are subsequently encountered. The resultant surfaces were then
replicated with cellulose acetate and the replicas were examined by electron
microscopy. Previous experience at this laboratory has shown that microcracks
down to 20 nm can be resolved using this technique. The microscopy and
replication studies were performed by B. Mastel of HEDL.

Microscopy Specimens.  Small (~20 nm) cavities were found in both
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specimens, but these were at very low and inhomogeneous number densities.
There was no apparent pattern of association of these cavities with any
particular microstructural component. The cavity volumes observed were t00
low to account for the apparent stress enhancement of density change. There-
fore it was impossible to realistically analyze the micrographs for an effect
of stress. It is the authors' opinion that the cavities in these specimens

were helium bubbles and not voids. This heat of steel is knom to resist
swelling to much larger fluences at this temperature.{11)

Replication Specimens. No resolvable microcracks were detected
in either specimen by replication techniques. It is judged unlikely that
microcracks with dimensions smaller than the resolution limit could account
for the observed stress enhancement of density change.

There was extensive formation of intermetallic phases in these
specimens, however, and differences in sputtering rates of each phase during
etching lead to a delineation of various microstructural features. Coven-
tional light microscopy was therefore employed to evaluate the possible
effect of stress on formation of intermetallic phases. Figures 8 and 9
are light micrographs of sections observed across the tube walls. Note
that there appears to be an observable gradient in density of intermetallic
phases across the unstressed tube wall, but that such a gradient does not
exist in the stressed specimen. There also appears to be a larger mean pre-
cipitate size in the stressed specimen.

Analysis of Light Microscopy Data

The features shown in Figures 8 and 9 represent images not only of
intermetallic precipitates but also twinned regions and small redeposition
mounds. The latter arise from sputtered atoms which are scattered back
toward the surface by subsequent collisions with gas atoms. In order to
analyze the micrographs it was necessary to discriminate between the various
microstructural features, and Figures 10(a) and 10(b) are the tracing of
the features judged to be intermetallic precipitates. This step obviously
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FIGURE 8. Light Micrograph Showing Cross Section of Tube Wall From Specimen
AR7, Irradiated at Zero Stress.
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AGURE 9. Light Micrograph Showing Cross Section of Tube Wall From Specimen
AR2, Irradiated at 6.9 MPa Hydrostatic Stress.
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Intermetallic Precipitates.
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involved substantial judgment and allows the possibility of some predjudice
toward a preconceived answer. |n order to avoid this possibility the dis-
crimination and tracing were done by B. Mastel of HEDL who was not one of
the persons involved in the data analysis.

The tracings were then analyzed using a Quantimet 720 image analysis
system by H. Triebs of HEDL The tube walls were subdivided as shown in
Figure 10. The unstressed specimen contains more subdivisions since the
section was not quite parallel to a radial direction.

Figure 11{a) shows a comparison of the area fractions of inter-
metallic precipitates across the tube walls. The area fraction is numerically
equal to the volume fraction. (12) In order to make a valid comparison between
the stressed and unstressed curves, it was necessary to compare the curves on
a common basis. Figure 11(b) reflects such a comparison based on fractional
distance across the tube wall. The gradient in fraction of intermetallic
precipitate in the unstressed specimen may arise from the manner in which
the tube was manufactured, since there are no substantial temperature or
stress gradients across the tube wall during irradiation. On the other hand
it ney represent the influence of sodium leaching on the outer surface, which
leads to compositional changes that might affect the rate of intermetallic
formation. Application of a tensile stress field during irradiation appears
to reduce the gradient substantially but does not increase the maximum level
of precipitates. This suggests that perhaps the role of stress is only to
accelerate the kinetics of precipitate formation. Averaged across the tube
wall the application of stress generates in these specimens an increase in
precipitate volume fraction from 11.4 to 13.7%. It can be seen fam Figure
12 that the mean precipitate size is also larger in the stressed specimen.

Hales (13) has performed a quantitative analysis on the thermal
development of such phases in two heats, one of which was the same heat
examined in this study. As shown in Figure 13 she predicts that at com-
parable times (~8000 hours) the density of intermetallics should exceed
7%. |In private communications Hales noted that maximum levels of 12-14%
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were observed, which is in fair agreement with the maximum level of 15%
found in this study.

4. Additional Microchemical Data

In response to inquiries from this author D. L. Porter of ANL-ldaho
Falls has recently expanded a series of studies i n which the amount and
composition of precipitates developed in AISI 316 was studied as a function
of variables such as irradiation temperature, stress, cold-work level and
aging. These results are included in another contribution to this quarterly
report %) and show that enhanced swelling is always correlated with enhanced

removal of nickel into precipitates. At 400°C in either 10 or 20%cold-worked
material, both the mole fraction of nickel of the precipitates and the yolume
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20%Cold-Worked AISI 316 During Thermal Aging.{13)
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of the precipitates are independent of the stress level. The void swelling at
this temperature is only weakly dependent on the stress level. At 550°C however
both the swelling and the nickel removal process are enhanced by stress. This
occurs due to stress-assisted increases in both precipitate volume and

nickel content. The precipitates are not identified in these studies, but

the experimental results confirm the earlier observation that stress-affected
microchemical evolution occurs only at higher temperatures.

5.  Current Modeling Efforts

Ongoing analysis of Porter's stress-affected swelling data in 10%
cold worked AISI 316 indicates that the coefficients which describe the magni-
tude of the stress effect on incubation at temperatures below 500°C are
identical to those of 20% cold-worked steel. Itwas earlier shown that

this coefficient was independent of heat identity.“) Preliminary estimates by
this author of this coefficient from the work of Khera, Schwaiger and Ullmaier(4)

also yield the same value of a0.01 MPa-*. Since the steel in the latter study
contained no solutes and exhibited no precipitation it is anticipated that
the process operating at this temperature range is microstructural in nature.

The observation of stress-enhanced precipitation by this author and
stress-enhanced nickel removal by Porter require that a microchemical-based
model be developed. Since the high temperature phases involve both volume
changes and differences in crystalline structure, it is expected that both
the hydrostatic and deviatoric components of the stress state will contribute
to the stress effect on swelling. A joint modeling effort i s now in progress
with K C. Russell of MIT that is directed toward predicting the relative
contribution of each stress component to the enhancement process.

6. Conclusions
Itis anticipated that stress-enhanced swelling may play a larger

role in fusion devices that it does in breeder reactors. The need to extra-
polate breeder-derived data from tensile experiments to compressive and
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cyclic stress states anticipated in pulsed reactors requires a re-examination
of the phenomena involved. Recent data confirm the existence of both micro-
structural-based and microchemically-based mechanisms. The latter is not
anticipated to respond to compressive or cyclic stresses in the same manner
as would microstructurally-based mechanisms.

VI.  REFERENCES

1. F. A Garner, E. R Gilbert and D. L. Porter, "Stress-Enhanced Swelling
of Metals During Irradiation,” Proc. ASIM 10th International Symposium on
Effects of Radiation on Materials, Savannah, GA, June 3-5, 1980, (in press).

2. F. A Garner, "The Microchemical Evolution of Irradiated Stainless
Steels,” HEOL-SA-2159, Proceedings of AIME Symposium on Irradiation
Phase Stability, October 5-9, 1980, Pittsburgh, PA.

3. J. E Flinnand T. A. Kenfield, "Neutron Swelling Observations on Aus-
tenitic Stainless Steels Irradiated in EBR-II," Proceedings of Workshop
on Correlation of Neutron and Charged Particle Damage, Oak Ridge, TN,
June 8-10, 1976, p. 253, also in paper submitted to J. Nucl. Mat. by
J. E. Flinn, M. Hall and L. C. Walters.

4. S. K Khera, C. Schwaiger and H. Ullmaier, J. Nucl. Mat., 92, 299-305,
1980.

5. H. R Brager, F. A Garner and G. L. Guthrie, J. Nucl. Mat.,, 66, 301~
321, 1977.

6. F. A Garner, W. G. Wolfer and H. R. Brager, "A Reassessment of the
Role of Stress in Development of Radiation-Induced Microstructure,”
ASTM STP 683, 160-183.

7. F. A Garner et al., "Summary Report on the Alloy Development Inter-
correlation Program Experiment, see Ref. 3, p. 147.

8. D. S. Gelles, F. A. Garner and H. R. Brager, "Frank Loop Formation
in lrradiated Metals in Response to Applied and Internal Stresses,"
Proceedings ASTM 10th International Symposium on Effects of Radiation
on Materials, Savannah, GA, June 3-5, 1980. (in press).

9. H. R. Brager and F. A. Garner, "Microchemical Evolution of Neutron
Irradiated Stainless Steel," see Ref. 8.

10. F. A. Garner, W. V. Cummings, J. F. Bates and E. R Gilbert, "Densifi-

cation Induced Strains in 20% Cold Worked 316 Stainless Steel During
Neutron Irradiation,” HEDL-TME 78-9, June 1978.

217



11.

12.

13.

14.

J. F. Bates and M. K. Korenko, "Empirical Development of Irradiation-
Induced Swelling Design Equation, J. Nucl. Tech., 48, 1980, p. 303.

R. T. DeHoff and F. N. Rhines, Quantitative Microscopy, 1968,p. 46,
McGraw-Hill, New York.

J. Hales, "Second-Phase Precipitation in Irradiated Type 316 Stainless
Steel Cladding," p. 153, ANS Transactions, 1978 Annual Meeting, San Dieqo ,
CA, June 18-22, 1970, Volume 28.

D. L. Porter and F. A. Garner, "The Influence of Microchemical Evolution
on the Swelling of AISI 316 and its Dependence on Stress, Temperature
and Heat Treatment, this report.

Expected Accomplishments in the Next Reporting Period

Modeling efforts will continue. Specimens irradiated at 700 and 710°C

(see Figure 6) will be examined by microscopy to determine the relative con-
tributions of voidage and phase changes to stress enhanced swelling.
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. PROGRAM
Title: Simulating the CIR Environment in the HVEM
Principal Investigators: W. A. Jesser and R. A. Johnson
Affiliation: University of Virginia
I1. OBJECTIVE
The objective of this work is to model the role of helium in
affecting microsctructural evolution.

111. RELEVANT OAFS PROGRAM TASK

Task I1.C.2.4 Modeling
V.  SUMMARY

A kinetic model has been developed to study the growth of bubbles
in thin specimens irradiated by helium ions. The materials parameters
selected for the model are intended to pertain to type 316 stainless
steel. For the case of 80 keV helium bombardment of planar specimens
0.25 wm thick at 250°, 400°, 550" and 700" C it was found that the ratio
of helium ions to vacancies in clusters decreased with increasing temper-
ature, being, for example, after a fluence of 7 dpa, 1.6 at 400° C and
0.63 at 550" C.

The model showed that the lack of swelling at low temperatures (e.g.,
250° C) is not caused by thermal recombination of interstitials with
vacancies but rather is a result of the decreased defect production rate
associated with a high vacancy concentration. The presence of helium
increased vacancy clustering at all temperatures investigated and elimi-

nated the denuded zone which occurred at 700° C in the absence of helium.
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V. ACCOMPLISHMENTS AND STATUS

A Kinetic Model for Helium Bombardment of Thin Foils, R. A Johnson,
Materials Science Department, University of Virginia, Charlottesville,
Virginia 22901.

A kinetic model has been developed to study bubble growth in thin
foils under He ion bombardment. While the primary purpose of the calcu-
lations is to obtain insight into me overail processes involved in such
a situation, the specific case chosen i s for bombardment by 80 keV He

14 ions/cmz/sec, foil thickness of 0.1 and

ions with a dose rate of 10
0.25 u, and the materials parameters are intended to pertain to type 316
stainless steel.

The kinetic problem becomes unmanageable i f both bubble size and
spatial distributions are treated. The emphasis in the present work is
on the spatial distribution, and rather severe approximations had to be
made pertaining to the effects of the size distribution. This was ac-
complished by varying the vacancy and He binding energies with the con-
centration of clustered vacancies and the ratio of clustered He to
clustered vacancy concentrations.

With the bombardment conditions used, most He ions pass through the
foil and there are more than 100 separated vacancy-interstitial pairs
created per deposited He ion. Both the lattice defect creation rate and
He deposition rate are peaked towards the back surface of the foil, with
this effect being much greater with the He ions.

To study the effects of the deposited He, runs were made with just

the lattice-defect production profile (the void case) and then with the

deposited He present (the bubble case).
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The calculations are not complete, but the first significant
surprise involved the low temperature runs. It was found that the lack
of swelling at low T (e.g., 250° C) is not caused hy the thermal recombi-
nation of interstitials with the very high concentration of vacancies,
but by a decrease in the defect production rate due to the high vacancy
concentration.

Runs were made at T = 250°, 400°, 550°, and 700° C for the 0.25 y
foil thickness. Other parameters were, for example, a dislocation density
of 109 cm/cm3 and an interstitial bias factor for dislocations of 1.1.
The irradiations were held for 53 minutes, which amounts to 7 dpa.

For the void case, nucleation occurred throughout the foils at all
temperatures except in the front 250 R at 700° C.  The profile of
clustered vacancies was peaked near the surfaces of the denuded zone.
This tendency, which eventually disappears under very long irradiations,
occurs because the foil surface acts as an excellent interstitial sink,
so the interstitial concentration is low and consequently there is less
recombination near the surfaces.

With the H present, the clustering was. increased in all cases, by
a greater ratio at the highest and lowest temperatures than for inter-
mediate temperatures, and the denuded zone at 700" C disappeared. The
ratio of He ions to vacancies in clusters decreased with increasing

temperature, being, for example, 1.6 at 400" C and 0.63 at 550° C.
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l. PROGRAM

Title: Effects of Near Surface Damage and Helium on the
Performance of the First Wall
Principal Investigator: O0.K. Harling
Affiliation: Nuclear Reactor Laboratory, Massachusetts Institute
of Technology

II.  OBJECTIVE

The objective of this study is to understand and quantify the
effects of near surface damage and implanted gas on the performance of
the fusion reactor first wall.

IIT. RELEVANT DAFS PROGRAM TASK/SUBTASK

TASK 11.C.5 Effects of Cycling on Microstructure
I1.C.8 Effects of Helium and Displacement on Fracture
[1.C.12 Effects of Cycling on Flow and Fracture
[1.C.13 Effects of Helium and Displacement on Crack
Initiation and Propagation
[1.C.15 Effects of Near Surface Damage on Fatigue

V. SUMMARY

Neutron irradiation of a 3165S pressurized tube specimen with
simultaneous ion bombardment and stress and temperature cycling was
completed. This sample and a similar but non-ion-bombarded sample
from an earlier experiment were sectioned and analyzed by optical
microscopy and SEM. The outer surface of the ion-bombarded sample is
more heavily cracked than that of the neutron bombarded specimen and
there is preliminary evidence of surface damage from helium recoils
on the specimen inner surfaces. Damage to vapor deposited boron layers
on titanium substrates, which were irradiated with the stainless steel
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specimens to produce ion bombardment, has also been observed.

V. ACOVPLISHVENTS AND STATUS -- G. Kohse, S.G. DiPietro, 0. Harling
(M. 1.T.), H. Andresen (M. I.7./Hahn-Meitner-Institut)

1. S$S316 Pressure Capsule Irradiations

The facilities which have been set up at the MITR-II for
surface and bulk irradiation of pressurized tube specimens with simul-
taneous temperature and stress cycling, and for intermittent characteri-
zation of sample dimensions and surfaces, are described in earlier
reports. (1,2,3) In July, 1980, irradiation of two 316SS pressure cap-
sules (see Fig. 1) was initiated in this apparatus. H and Li ion
bombardment of the polished surfaces was produced by the reaction 105
(n,u)7L'| tnha 9 layer surrounding the samples. The irradiations were
continued through November, 1980, with intermittent removal of the
samples from the core for measurements, surface observations, and changes
of wB layers.

The samples were temperature cycled between 350 and 600°C with
an average period of 3.8 minutes. This produced a stress cycle from 210
to 295 MPa (30,500 to 42,800 psi). A total of approximately 16,000
cycles was accumulated, with an estimated dose of 4 x 1020 n/cm2 (-0.1
M&V) and 2 x 16'° a/cm?.

2. 55316 Pressure Capsule Characterizations

In order to characterize the radioactive pressure capsules in
optical and scanning electron microscopy facilities, and in order to
make cross-sections available for examination, the capsules were sec-
tioned. Ore of the samples from the experiment described above, and a
sample from a previous experiment which was treated similarly except
that it was not ion bombarded,(4) were cut into 2 and 3 mm wide rings
using a low speed diamond wafering saw set up for remote operation in
a hot cell. To avoid deformation of the samples during cutting, the
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inside was cast with epoxy following an initial cut close to the heavy
end cap. Neither of the two samples had failed during irradiation, as
was verified by initial opening of the sample filling tube under ethanol,
with the observed escape of significant quantities of the pressurization
gas.

The sample ring outer surfaces have been extensively examined
by SEM, and interpretation of the results as well as correlation with
optical microscope observations made periodically during the irradiations
is continuing. Preliminary results do indicate the presence of a larger
number of short cracks, of the type shown in Fig. 2, on the ion bombarded
sample. The number density of these cracks correlates well with the
increasing strain towards the thin-walled midsection of the sample. The
details of the evolution of the surface morphology are somewhat obscured
by oxidation effects, and further work is being planned.

More information, particularly concerning penetration and dis-
tribution of microcracks, is expected to be obtained from the samples by
observation of the cut edges of the sectioned specimen rings, following
polishing and, in some cases, etching. The necessary facilities for
polishing radioactive specimens have been set up, and suitable techniques
are being developed.

It is expected that the inner surfaces of the pressurized cap-
sules will also provide useful data on the effects of multi-energy,
multi-angle alpha bombardment, since the helium fill gas provides a
source of energetic helium ions through fast neutron recoils. M obser-
vation of the inner surfaces has been initiated, and results to date
indicate significant surface roughening, spalling and blistering.

3. Evaluation of Boron Coating Performance

As indicated above, ion bombardment of the outer surfaces of
the 316SS pressure capsules is produced by surrounding them with a 10g
layer. This is accomplished by vapor deposition of boron onto semi-
cyclindrical titanium foils, which are subsequently welded into the ti-

tanium can which contains the pressure capsules during irradiation.
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Temperature cycling of the foils occurs in the same way as cycling of

the pressure capsules (see Ref. 1). To date, three types of boron coated
titanium foils have been irradiated; Table 1 gives irradiation data for
the different layers. In each case, the layer thicknesses are in the
range of 2 to 4 microns.

De to the interest in boron as a possible low-Z coating in
fusion devices, and in order to plan future irradiations using the 10B
(n,a)7L1‘ reaction for surface bombardment, the titanium cans have also
been sectioned using the low-speed diamond wafering saw, and have been
examined by optical microscopy and SEM. In general, the layers deposited
at 500°C (by Dr. Feldman, Applied Physics Lab, John Hopkins University)
appeared to the naked eye to have held up reasonably well. The substrate
was not exposed and no obvious flaking or peeling had occurred. This was
not the case, however, with the layers deposited at lower temperature,
where damage was readily visible. Microscopy revealed some damage in all
cases. Fig. 3 shows a typical unirradiated boron surface, while Figs. 4
and 5 indicate some features typical of the post-irradiation appearance
of the 19.8%]08 and the 92%10B layers respectively (deposited at 500°C).
Small pits, generally not penetrating down to the titanium substrate,
were observed on the 19.8%'0B coated foil. This removal of material
seems to be the major result of the irradiation. The surface morphology

of the 92%]03 layer has, on the other hand, undergone drastic altera-
tions. There is extensive roughening of the type shown in Fig. 5,

although some boron seems to remain over the major part of the titanium
substrate. Further experiments are under way or planned to determine

more fully the nature of the irradiated layers, and additional results
are expected from material in current and future irradiations.

VI.  REFERENCES

1. H. Andresen, 0.K. Harling, "Effects of Near Surface Damage
and Helium on the Performance of the First Wall," DAFS Quar-
terly Progress Report, Oct.-Dec. 1978 (DOE/ET-0065/4).
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2. H. Andresen et al, "Effects of Near Surface Damage and Helium
on the Performance of the First Wall," DAFS Quarterly Progress
Report, Apr.-June 1979 (DOE/ET-0065/6)

3. H. Andresen, 0.K. Harling, "Fusion Reactor First-Wall Perform-
ance Under lon Bombardment and Cyclic Stresses," invited paper,
ANS Annual Meeting, Las Vegas, Nevada, June 1980.

4. H. Andresen et al, "Effects of Near Surface Damage and Helium
on the Performance of the First Wall," DAFS Quarterly Program
Report, Jan-Mar 1980 (DOE/ER-0046/1).

VII. FUTURE WORK

Further microscopic analysis of both the $5316 pressure capsules
and the boron/titanium foils is planned. A new set of samples for irra-
diation is being prepared and should be in the reactor in the near
future. The remaining sample from the experiment described above is
continuing to be irradiated. A post-irradiation mechanical property
test is planned for the SS316 pressure capsule rings. The current con-
cept involves a fatigue test on quartered ring specimens. Designs for
a prototype testing machine are being finalized and construction and
testing should be well under way in the next quarter.
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TABLE 1

BORON HLM IRRADIATION DATA

4% Hun

HGURE 1. 316 SS Pressure Capsule.
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. Neutron Do [n/m“] | Temperature Cycles
Layer Composition _
[ thermal fast Cycling [*¢]length [sec]] No.
19.8% B‘]O de- 23 23
2x 10 6.7 x 10 140-380 ~ 240 2800
posited at 500°C
92%B-10 de- 3x 1023 [1.0 x 1024 145-415 ~220 | 1900
posited at 100°C
92%B-10 de- 41 x 1023 | 1.4 x 1674 165-490 =200 | 1320
posited at 500°C
—_-—-73 mm
|
30 mm
’!3 mim




<+ Maximum Stress -+

Figure 2. SEM Micrographs of SS316 Pressurized Tube Specimen -
Neutron Irradiated, Ion Bombarded and Stress and
Temperature Cycled.
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10 ym S

FIGURE 3. SEM Micrograph of Boron Vapor Deposited at 500°C on Titanium
Substrate (Unirradiated) .

10 um B

FIGURE 4. SEM Micrograph of 19.8% %8 Vapor Deposited at 500%C on Titanium
Substrate = Neutron Irradiated and Temperature Cycled.
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10 um ——

Figure 5: SEM Micrographs of 929 108 Vapor Deposited (at 500°C} on
Titanium Substrate - Neutron Irradiated and Temperature
Cycled.
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. PROGRAM

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

I1. OBJECTIVE

The objective of this work is to determine the effects of high energy
neutrons on damage production and evolution, and the relationships of these
effects to effects produced by fission reactor neutrons. Specific objec-
tives of the current work are the planning and performance of irradiation
programs using 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).

ITI. RELEVANT OAFS PROGRAM PLAN TASK/SUBTASK

SUBTAK |1.B.3.2  Experimental Characterization of Primary Damage

State; Studies of Metals

11.C.6.3 Effects of Damage Rate and Cascade Structure on
Microstructure; Low-Energy/High-Energy Neutron
Correlations

I1.C.18.1 Relating Low- and High-Exposure Microstructures;
Nucleation Experiments

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

V. SIMVRY

HEDL-In, the first OAFS irradiation in the OWR thermal reactor facility
at LANL, was completed on schedule. HEDL-VR, an ongoing irradiation experi-
ment at the RTNS-II facility at LLNL, was reinitiated during this reporting
period and is expected to attain a peak dose of 2.5 x 1018 n/cm?, En14 MYV,

during the next reporting period.
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V. ACCOMPLISHMENTS AND STATUS

A Status of OWR and RTNS-II Irradiation Programs - N. F. Panayotou
(HEDL)

1. Introduction

HEDL-In was completed on schedule and iS currently in tran-
sit to HEDL. The experiment was irradiated at 90°C and the expected dose
is 2 x10% n/cm2, E>0.1 MeV. The variation in dose within the specimen
capsule is expected to be less than 10 percent. The experiment will be
disassembled at HEDL. Dosimetry foils will be shipped to ANL for analysis.

Post irradiation testing will be performed at HEDL. Another experiment
will be assembled using, in part, specimens from HEDL-Ig. A matrix for

future OWR irradiations is being developed.

Afailedheater cable in the HEDL-VR experiment at RTNS-II
was repaired during this reporting period and the irradiation of the experi-
ment was re-initiated. The first goal dose level of 2.5 x 10!% n/cm?, E~l14
MeV, will be attained during the next reporting period. At that time the
experiment will be disassembled, new specimens loaded and the experiment
reassembled, in preparation for continuation of the experiment to a peak
dose level of 1 x 10!% n/cm2, E~14 MeV. The nominal irradiation tempera-
turesare 80 and 288°C for the HEDL-VR experiment.

VI. REFERENCES
None
VIl. FUTURE WORK

Finalize matricies for the reconstitution of HEDL-In and HEDL-VR.
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|. PROGRAM

Title: Irradiation Effects Analysis (AKJ)
Principal Investigator: 0. G. Doran
Affiliation: Hanford Engineering Development Laboratory (HEDL)

(., OBJECTIVE

Determine the effect of pre-irradiation hel ium concentration and
distribution on the microstructural development and material property
changes in alloys of interest to the Fusion Energy Program.

I11. RELEVANT DAFS PROGRAM PLAN TASK/SUBTASK

SUBTASK 11.B.3.2 Experimental Characterization of Primary Damage
State: Studies of Metals
[1.¢.1.2 Effects of Material Parameters on Microstructure:
Modeling and Analysis
[1.c.2.1 Effects of Helium on Microstructure: Mobility,
Distribution and Bubble Nucleation.

IV.  SUMMARY

Specimens of five alloys were irradiated in the ORR MFE-1[ test
and sent to HEDL for distribution to other DAFS investigators or for
examination. This experiment investigated the effect of helium concen-
tration, initial helium distribution and material starting condition on
the swelling and microstructural development in the materials. The
specimens have been sorted, interested investigators have been notified
and a selected number of specimens have been scheduled for immersion
density, electron microscopy and microhardness measurements at HEDL.
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V. ACCOMPLISHMENTS AND STATUS

A. ORR Irradiation of the mMFe-1] Experiment -- H. R. Brager and
F. A. Garner (HEOL)

1. Irradiation Experiment

Specimens of five alloys in the form of TEM disks were
irradiated in the ORR MFE-11 experiment to a fluence of about 10 dpa in
three capsules designed to operate at nominal temperatures of 350, 550
and 650°C. The alloys were Fe-17Cr-17Ni-2.5Mo ["pure 316", ORNL alloy
P7] in the solution annealed (SA) and 20% cold worked condition, Fe-15Cr-
20Ni (SA) [HEDL alloy E-191, v-20Ti (SA) [alloy HSV 3001, V-15Cr-5Ti (SA)

[alloy HSL 3071, and Nb-1Zr (SA) [alloy 5301181. The specimens were
prepared at ORNL and HEDL and then shipped to ANL for helium injection.

Some of these specimens were aged prior to irradiation. This experiment

was designed to investigate the effect of pre-irradiation helium concen-
tration and distribution on the swelling and microstructural development. (1}

2. Post-Irradiation Activities

Table | summarizes the number of specimens irradiated in
the ORR MFE-I1 experiment that have been identified; they are listed by
alloy, treatment and irradiation condition. Note that in some instances
none of the specimens of an alloy condition could be identified while in
other cases there are more specimens than specified in reference 1.

Investigators located at ANL, BNL, HEDL and UCSB have
expressed interest in the specimens and have been informed as to the
availability of the material. Six different sets of Fe-17Cr-17Ni-2.5Mo
specimens have been transferred to a HEOL hotcell where immersion den-
sity measurements will be performed on the TEM disks.
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More effort should be expended on designing and implementing
engraving identification codes in the future to minimize the number of
identification engravings or markings of specimens and the effort
required to identify the irradiated specimens. Some specimens had as
many as nine markings on them.

VI.  REFERENCES

1. G. R Odette, R. W. Powell and F. v. Nolfi, "DAFS Experiment in
theSORR MFE-TT Test," DAFS Quarterly, Jan/-Mar,'79, DOE/ET-0065/5,
D. 5.

VIl. FUTURE WORK

Inmersion density measurements will be performed on the selected
Fe-17Cr-17Ni-2.5Mo specimens. Based on these data, transmission electron
microscopy examination and hardness measurements will be performed.
Specimens will be distributed to DAFS investigators who have indicated
interest in the available specimens.
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