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FOREWORD

This report i s the twenty-fourth 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 US. Department of Energy (DOE). The
first eight reports inthis series were numbered DOE/ET-0065/1 through 8.
Other elements of the Fusion Materials Program are:

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

The DAFS program element is a national effort composed of contributions from
a number of National Laboratories and other government laboratories, univer-
sities, and industrial laboratories. It was organized by the Materials and
Radiation Effects Branch; DOE/Office of Fusion Energy, 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 provide a work-
ing 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 labora-
tory may appear throughout the report. Note that a new chapter has been
aaded on Reduced Activation Materials to accommodate work on a topic not
included in the early program plan. The Contents is annotated for the con-
venience 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 con-
tributions are gratefully acknowledged. T. C. Reuther, Materials and Radia-
tion Effects Branch, is the DOE counterpart to the Task Group Chairman and
has responsibility for the DAFS program within DOE.

G. M. Haas, Chief
Reactor Technologies Branch
Office of Fusion Energy
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CHAPTER 1

IRRADIATION TEST FACILITIES



RINS—=II IRRADIATIONS AND OPERATIONS
CM. Legan and D W. Heikkinen (Lawrence Livermore National Laboratory)

10 Cbjective

The objectives of this work are operation of =MMs-I1 (a l4=tey neutron scurce facility), mchine
devalopment, and support of the experimental program that utilizes this facility. &xgerimenter services
inciude desinetcy, handling, scheduling, coordination, and reporting. RINS-II 1S dedicated to materials
research for the fusion power program. 1ts primary use is the development «¢ models of high-energy
neutron effects needed to project engineering data obtained in fusion reactors to fusion environments.
The facility is currently operated jointly by ugpce and Japan-Monbusha.

2.0 Summary

Irradiations were performed for 13 different sxperimenters during this quarter. Fifty centireter targets
are being used on the right and left machines now. lon scurcs gevslepment continues.” The extraction o=t
supply upgrade for the left and right machines was <cxrplatad,

3.0 EBrogram

Title: RINS-II operations (WzJ-15)
Principal Investigator: C. M. Logan_
Affiliation: tawrence Livermore National Latoratory

4.0 Relevant DAFS Program Plan Task/Subtask

Task 11.4,2,3,4,

Task 11.2.3,4

Task 1[.¢,1,2,5,1L,18

5.0 Irradiation - M. Loaan. D. W. Heikkinen and M. W Guinan

During this quarter, irradiations (coth dedicated and add-on) w=ze done for the follewing people.

—Experimenter P or A* Sample Irradiated

J. Fowler (LAML) P Hacor - electrical and mechanical
properties.

R. Smither (ANL) A &1 - the 27a1(n,2n)26A1 cross
section near threshold

R. Borg (LLML) A 1. NiRh = magnetic properties
2. ¥Br and KI - inert gas
prcduction and diffusion.

K. sansyoshi (TIT) A Lif - determine the feasibility of
o self irradiation as a tritium
prcduction



. Experimenter P or A* Sample Irradiated

K. shinohara (Kyushu) A Cu - fluence dapendance oOF yield
stress
D. Heikkinen (LLNL) A ¥ - dosimetry calibration
N 1zon (Nagoya) P Ceramics ~ in-sitiy expansion due
to radiation danage
K. are (Tohoku) P Metals -mechanical properties
H. Matsuil (Tohoku)
H. Kayano (Tohoku} ©
M. Kiritani_(Hokkai
H Takahashi (I-bkkaidg)
K. shinohara (Kyushu)
E. Ruramoto (XKyushu)
N. Yoshida (Kyushu)
T. ¥inoshita (Kyushu)
N. lgata (Tokyo
A. Kohyama (Tokyo)
K. Mihayara (Tokyo)
H. awanisni (Tt
K. Ramada (Magoya)
M. lIseki
K. zatz (Magoya)
K. sumita (Osaka) A Insulators - electrical and
mechanical properties
Y. Takata (Tokyo) A Polymers - tensile strength
Y. varacka (Kyoto) A polyrers — tensile strength
¢, Icnihara (Kyoto) A Mo = light atsorption for
dosimetry
F. Deadrick (LINL) A Linear amplifiers - r=rformance

f2 = primary, A = &dd=-an

51 BINS-II Sta - M fcaan and D. W, Heikkinen

The ion source system dsvelopment for the right and left machine continues. Deuteron currents over 120 ma
had already been” obtained.

Both the left and right machines are no operating with 33-kv¥ Coter extraction power sugpliss,
on November 30, 1983, both the right and left machines were in operation at the same time using 50—am
targets. This wes a historical event for FTus-I1.

6.0 Eutuze Work

irradistions will be continued for J, Fowler (LAML), R, Borg, (LINL), K, Ace (Tohoku) et al., ¥, Tabata
(Tokyo) , Y. vamacka (Kyoto), K. Sumita (Csakz) and K. fansyoshl (TIT). Also during this period, irradiations
for ¥, shimomura (Hireshima), H. Heinisch (HEDL) and D. dethaway (LLL) will te initiated.



CHAPTER 2

DOSIMETRY AND DAMAGE PARAMETERS



FISSION REACTOR DOSIMETRY = HFIR = T1 - CTR39)

L. R. Greenwood (Argonne National Laboratory)

1.0 Objective

To characterize neutron irradiation facilities in terms of neutron flux, spectra, and damage parameters

(dpa, gas generation, transmutation) and to measure these exposure parameters during fusion materials
irradiations.

2.0 Sumnary

Dosimetry measurements and damage calculations are sumnarized for the T1 and CTR39 irradiations in MIR.
The status of all other experiments is sumnarized in Table 1.
TABLE 1

STATUS CF DOSIMETRY EXPERIMENTS

Facil ity/Experiment Status/Comments
ORR - ME 1 Completed 12/79
= MFE 2 Completed 06/81
- MFE 4A1 Completed 12/81
- MFE 4A2 Completed 11/82
= MFE 48 Samples Received 09/83
- MFE LC Irradiation in Progress
= TBC 07 Completed 07/80
= TRIO-Test Completed 07/82
- TRIO-1 completed 12/83
- Hf Test Planned for 01/84
HFIR - CIR 32 Completed 04/82
= CIR 31, 34, 35 Completed 04/83
= CIR 30 Irradiations in Progress
- T2, RB1 Completed 09/83
=Tl, CIR 39 Completed 01/84
= RB2, RB3, T2 Irradiations in Progress
= CIR 40-52 Irradiations in Progress
-JP 1-8 Irradiations in Progress
Omega \West = Spectral Analysis Completed 10/80
= HEDL1 Completed 05/81
= HEDL2 Samples Sent 05/83
BR 11 - X287 Completed 09/81
IPNS = Spectral Analysis Completed 01/82
- LANL1 (Hurley) completed 06/82
= Hurley Completed 02/83
- Coltman Completed 08/83

3.0 Program

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



4.0 Relevant DAFS Program Plan Task/Subtask

Task 11.A.1 Fission Reactor Dosimetry

5.0 Accomplishments and Status

Measurements and calculations have been completed for the Tl and CTR3% irradiations in the High Flux
Isotopes Reactor {HFIR) at Oak Ridge National Laboratory. Both experiments were designed to study ferritic
steels and consisted of tensile and fatigue specimens. The irradiation histories are, as follow:

Experiment Reactor Position ____Dates Exposure, MWD
CTR39 PTP 6/82 - 10/82 13,004
Tl Target 2/81 - 8/82 32,272

Dosimeters were located at two heights in Tl and three heights in the CTR3% subassembly. The T2 capsules
contained Ni, Cu, Co-Al, Mn-Cu, Nb, Ti, Fe, and Zr dosimeter wires while the CTR39 capsules contained only
Fe, Ti, Mn-Cu, and Co-Al dosimeters.

The measured activation rates are listed in Table 2. When the present values were compare to prewous
values!;2 measured in similar locations in HFIR, it was apparent that the 54Fe(n,p)5 Mn and 55Hn(n 2n)2%Mn
reaction rates showed much more scatter {(15-20%) than expected. This can be easily explained by the
uncertainty in the burnup corrections for 58Mn since the thermal cross section is not well known.

TABLE 2

ACTIVITY RATES MEASURED IN FIR-TI, CTR39
(Values normalized to 100 MWV corrected for burnup)

Reaction Activity Rate, atom/atom-s
T1 Experiment: Height, cm: 7.22 16.95
58Fe(n 1}59Fe (10-9} 2.26 1.82
59¢0(n,v}60Co (10-8) _ 6.03
54ce(n,p)5%Mn (10-11) 5.58 4.36
46T (n,p)46sc (10-12) - 6.36
55Mn(n 2n%54Mn (10-13) 1.59 1.35
63cu(n,a)90co {10-13} - 2.99
CTR39 Experiment: 2.00 10.89 19.78
58Fe(n 1)59Fe {10-9) 210 1.84 1.30
59¢o(n, 'r) {10-8) 754 6.57 457
S4Fe(n.p)54 (10-11) 7.36 6.55 4.68
55Mn(n,2n) 4 (10-13) 2.14 1.95 1.42

ENDF/B-I¥3 listed the 5%Mn thermal cross section as <10b. The newly released ENDF/B-Y? value is ¢38b. 1IF
we compare reaction rates measured in similar positions over various exposure times (6000 - 30000 MWD},

then both reactions show reasonably good agreement (5-10%) using a 58Mn thermal cross section of about 10b.
Consequently, we have adopted this value for the present data. Unfortunately, this means that all previous

54re(n,p) and 55Mn{n,2n) rates should be revised; however, the corrections, which scale with the exposure,
are less than 10%in all cases. Since these reactions are not the only ones used to determine fluences and
damage parameters, these data should have changes of less than 5%. Data fran future irradiations in HFIR
will help us to further refine our estimate of the 54Mn thermal cross section and all data will be revised
as necessary.



The present gradient data is well-described by a quadratic polynomial and the coefficients are listed in
Table 3. Using this function and the midplane values, users can readily determine fluence or damage
rates at any point in the subassembly. Of course, helium production in nickel is not so easily determined
and the helium and dpa rates are listed separately in Table 4. A more complete description of helium
measurements and calculations was presented at the Albuquerque meeting.5

TABLE 3

NUTRON FLUENCE AND DAMAGE PARAMETERS FOR HFIR-T1, CTR39
Values are listed at midplane; gradients are described
by f = a(l + bz + cz2) where b = 1.95 x 10-4, ¢ = -9.75 x 10-%

Neutron Fluence, x 1022 n/cm2 T1 CTR39
Total 14.74 5.92
Thermal {<.5 ev)a 7.00 247
Fast {>.11 MeV) 3.37 1.54
T CTR39
Element dpa He, appm dpa He, appm
Al 43.85 19.41 20.23 9.86
Ti 27.84 13.37 12.88 6.58
v 31.25 0.67 14.41 0.33
cr 27.37 4.49 12.71 2.26
Mnb 30.80 3.93 14.01 2.00
Fe 24.12 7.89 11.25 4.02
Cob 32.42 3.89 14.22 1.98
Fast 26.23 104.68 12.10 53.32
i C} 591 30.82 17476. 8.23 4668.
Total 57.05 17881, 20.33 1.
cu 23.67 7.05 10.97 3.58
No 23.35 1.44 10.86 0.74
Mo 17.47 - 8.08 -
316 ssd 28.94 2291, 12.66 617.

4The 2200 m/s thremal flux is equal to 0.866 times the value
listed.

DThermal self-shielding must be considered for {n,¥) damage.
CSee Table IV for Ni gradients.

d316 ss: Fe(0.645), Ni(0.13}, Cr(0.18), Mn{0.019), Mo{0.026).

TABLE 4

HELIUM AND DPA GRADIENTS FOR NICKEL IN HFIR-TZ, RB1
Helium values include 59Ni and fast reactions

dpa values Include extra thermal effect {He/567)

Gradients are very nearly symmetri¢ about midplane

T CTR39
Height, ¢m He, appm  dpa He, appm  dpa
0 17,581 57.1 4,721 20.3
3 17,429 56.6 4,666 20.1
6 16,932 55.0 4,487 19.5
9 16,105 524 4,192 185
r 14,915 48.8 3,781 17.0
15 13,372 44.0 3,268 15.2
18 11,439 38.1 2,660 13.0
21 9,113 31.0 1,984 10.4
24 6,437 22.9 1,284 76
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Future Work
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HELIUM PRODUCTION CROSS SECTIONS FOR 14.8-MeV NEUTRONS
U. W Kneff, B. M. Oliver, R P. Skowronski, and H. Farrar |V (Rockwell International, Energy Systems
Group)

1.0 Objective

The objectives of this work are to measure helium generation rates of materials for Magnetic Fusion
Reactor applications in the -148-MeV T(d,n) neutron environment, and to develop helium accumulation
neutron dosimeters for this test environment.

2.0 Summar,

The total helium production cross sections of Be, 0, Cr, and Mh have been measured for -14.8-MeV T{(d,n)
neutrons from RTNS-II. Additional helium analyses were performed for selected encapsulated samples of Be,
Cr, and M to test the helium retention of those elements.

30 Program

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

40 Relevant OAFS Program Plan Task/Subtask

Subtask 11.A.4.2 T{d,n) Helium Gas Production Data

5.0 Accomplishments and Status

The total helium production cross sections of the elements Be, 0, Cr, and M have been measured for
-14.8-MeV T{d,n) neutrons from the Rotating Target Neutron Source-11 {(RTNS-II). The measurements were
made by irradiating multiple samples of each material of interest in close geometry to the R'[Iﬁ—ll source
and subsequently analyzing the samples for helium by high-sensitivity gas mass spectrometry. The
irradiation was a joint Rockwell International-Argonne National Laboratory {ANL)-Lawrence Livermore
National Laboratory (LLNL) experiment that also included numerous other helium generation materiais.(2)
The neutron fluence received by each irradiated sample was determined by detailed neutron fluence mapping
of the irradiation vo}gm& using a combination of radiometric and helium accumulation dosimetry, as
described previously.!2, )" Various aspects of the present measurements were supported by the Office of
Fusion Energy and Office of Basic Energy Sciences of the US. Department of Energy.

Several of the present set of samples were individually vacuum-encapsulated in miniature platinum capsules
for irradiation and subsequent helium analysis. The manganese samples, and selected samples of Be and Cr,
were encapsulated to ensure and verify complete sample helium retention. The oxygen samples were irradi-
ated in the oxide forms Pb0 and Mbp05, and were encapsulated to maintain sample integrity as well as
complete helium retention. These oxides were selected because of the low Pb and Nb helium generation
cross sections {0.62 £ 0 95 b and 14 £ 1 mb, respectively), which were measured separately as part of
this RTNS-II exm!r"iment.I 51 Platinum was selected as the encapsulating material because of its rela-
tiwely smaa]l SIG”UI'T] generation cross section (0.71 + 010 mb}, which was also measured as part of this
experiment, 6)  Each capsule and its contents were vaporized and analyzed together for helium. A cal-
culated platinum helium generation contribution. based on its measured cross section, the capsule mass,
and the neutron fluence at the capsule location, was subtracted from the total amount of helium measured.



TABLE 1

EXPERIMENTAL HELIUM GENERATION CROSS SECTIONS
FOR -14.8-MeV NEUTRONS

Cross Section Cross Section
Material {mb} _ Material (mb)
Be 1018 = 83 Cr 34 0 3
0 401 £ 32 M 28 £ 2

Each platinum capsule, and each unencapsulated Be and Cr sample, was etched before analysis; to eliminate
surface recoil effects.

Helium measurements were made in two analysis steps for selected platinum capsules containing Be, Mn, and
Cr. The first analysis step involved shearing the capsule while itwas in the mass spectrometer vacuum
system, and measuring any helium that had been released from the sample into the capsule veid. |n the
second analysis step. the capsule plus its contents were vaporized to measure the helium retained in the
sample (plus any helium that recoiled from the sample into the inner capsule wall). The results of these
two-step capsule analyses, plus several analyses of unencapsulated Be and Cr samples, showed negligible
{<0.2%) helium diffusion from the Cr and Mh samples, and a small 1% loss from beryllium (based primarily
on one shearing measurement). The Cr and Mh results verify the helium retention in Cr and M1 under RTNS
irradiation conditions without the need for encapsulation, as has been verified previously for other
RTNS-irradiated metals using a variety of irradiation conditions. A 1% correction was made to the helium
measurement for each of the unencapsulated beryllium samples.

The oxygen cross section was obtained by first determining the Pb0 and Mb205 cross section!;, and then
unfolding the Pb and Nb cross sections from these results. The oxide stoichiometries used in the deriva-
tion of the oxygen cross section were obtained from an independent series of Rockwell analyses comparing
the helium generation in four oxide powders (Al1203, GeO, Nbp05, and PbO) in a fast breeder reactor
neutron environment. The results showed agreement between the oxygen helium generation rates for Al203,
Ge0, and Nb05, assuming stoichiometries given by their empirical formulas. Pb0 was found to be non-
stoichiometric, with the relative Pb and O concentrations better represented by Pb01 134 t 0.015-
Qualitative x-ray diffraction also indicated the presence of other oxidation states. Fast-neutron activa-
tion analysis was also investigated as a tool to measure Pb0 and Nb20s stoichiometries, but initial
results indicated that uncertainties in the v attenuation corrections were unacceptably large for the
standard test geometry employed, so accurate stoichiometries could not be obtained.

The measured total helium production Cross sections for the four elements are given in Table 1. The
bervilium cross section is Jarge, as expected, because it is dominated by the 2a contribution fran the
9Be(n,2n)8Be—2a reaction. 7" The chromium cr Sﬁ section has been measured in a previous Rockuell
RTNS-I experiment using unencapsulated samples, 2} and that result (34 £ 4 mb) is in excellent agreement
with the 34 ® 3 mb cross section from the present RTNS-II measurement.

6.0 References
1 H. Farrar IV, W. N McElroy, and E. P. Lippincott, "Helium Production Cross Section of Boron for
Fast-Reactor Neutron Spectra,” Nucl. Technol., 25, 305 (1975).

2 D. W. Kneff. B. M. Oliver, M. M. Nakata, and H. Farrar IV, "Experimental Helium Generation Cross
Sections for Fast Neutrons," J. Nucl. Mater., 103 & 104, 1451 (1981},

3.  D. W Kneff, B. M. Oliver, M. M. Nakata. and H. Farrar I¥, "RTNS-II Fluence Mapping and Hel{ium
Generation Cross Sections,” in Damage Analysis and Fundamental Studies. Quarterly Progress Report
January-March 1982, DOE/ER-0046/%, US. Department of Energy, 16 (1982).

4, D. W Kneff, B. M. Oliver, M M Nakata. and H. Farrar IV. "Helium Production Cross Sections for
14.8-MeV Neutrons," in Damage Analysis and Fundamental Studies, Quarterly Progress Report April -
June 1982, DOE/ER-0046/10, US. Department of Energy, 19 [198Z].
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5. B M. Oliver, 0. W. Kneff, M. M. Nakata. and H Farrar 1V. "Helium Generation Cross Sections for
148-MeV Neutrons," in Damage Analysis and Fundamental Studies, Quarterly Progress Report July -
September 1981, DOE/ER-G04677,U.S. Depariment of Energy, 28 (15817,

6. B M Oliver, . W Kneff, M. M. Nakata, and H Farrar IV, "Helium Generation Cross Sections for
148-MeV Neutrons, in "Damage Analysis and Fundamental Studies, Quarterly Progress Report October -
December 1981, DOE/ER-O0AE/8, Vol. I, U.5. Department of Energy, 31 (1987].

7. See, for example, D. I. Garber and R. R. Kinsey, Neutron Cross Sections. Volume [T, Curves, BNL 325,
Third Edition, Volume II, Brookhaven National Laborafory (19767.

7.0 Future Work

A comprehensive paper covering all of Rockwell 's -14.8-MeV T(d,n) total helium production measurements
will be submitted for publication shortly. Further RTNS-I1 cross section analyses will be performed for
low-level samples when a constant-temperature vaporization furnace, now being developed under an Office of
Basic Energy Sciences program, is completed. The Office of Basic Energy Scygpces is also sponsoring the
current analysis of a Joint LLNL-Rockwell RTNS-I experiment to measure the %L:‘ and ?Li helium produc-

tion cross sections using lead-encapsulated metal samples.

8.0 Publications

None.



THE TRIO-1 TRITIUM RREEDING EXPERIMENT IN ORR

L. R. Greenwood and R. G. Clemner (Argonne National Laboratory)
1.0 Objective

To characterize neutron irradiation facilities in terms of neutron flux, spectra, and damage parameters
(gas generation, dpa. transmutation) and to measure these exposure data during fusion materials
experiments.

2.0 Sumnary

The TRIO-1 solid breeder {y-L1A102) tritium experiment has been completed in ORR. The experiment was
designed to test in-situ tritium recovery and heat transfer performance. The results showed that nearly
all of the tritium generated was recovered. The on-line tritium measurements were in good agreement with
our dosimetry calculations. The total tritium generated was 35.1 Ci corresponding to a #Li burnup of
about 33% {0.18% of total lithium).

3.0 Program

Title: Dosimetry and Damage Analysis
Principal Investigator: L. R. Greenwood

Affiliation: Argonne National Laboratory

4.0 Relevant OAFS Program Plan Task/Subtask

Task II.A.1 Fission Reactor Dosimetry
Task IILA.4 Gas Generation Rates

5.0 Accomplishments and Status

The TRIO-01 experiment has been completed i n the Oak Ridge Research Reactor {ORR} at the Oak Ridge National
Laboratory. The present report is designed to focus on tritium measurements and calculations; a more com-
plete description can be found in other recent publications.l-4 The TRIO-01 experiment was designed to

test in-situtritium recovery and heat transfer preformance of a candidate solid fusion breeder material,
v-LiA102. To decrease self-shielding, Li depleted to 0.55% ®Li was used. The experiment was irradiated in
Position A2 of the ORR from March 12 to June 13, 1983, for a total exposure of 2558 MWd. Neutron dosimeters
were 1ncluu‘gd with the sample, and the_neutron spectrum was measured earlier in a mockup test described
previously. In the mockup test, the BLi burnup rate was measured by Oak Ridge National Laboratory and by
Rockwell International. These measurements agreed with the ANL dosimetry-based calculations to within 24%.

In the actual TRIO-01 irradiation Fe, Ni, and Ti dosimetry wires were located i n separate tubes on the west
side, east side, and center of the TRIO capsule. .The 10-mil wires were cut into six pieces, each about

1.4 on long, and gama counted by Ge{Li) spectroscopy. The reaction rates were corrected for decay during
the irradiation using the flux histories from three self-powered neutron detectors which were wound around
the outside of the TRIO capsule. 1t is worth noting that these flux histories show some significant local
variations {#10%) which are not seen in the overall ORR power history. These variations are probably due
to fuel changes during the course of the experiment. This effect is not very important for the interpre-

tation of our dosimetry data since we used rather long-lived activities. However, the effect is quite
important in the daily comparison of measured and calculated tritium levels, as will be discussed later.
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The measured activity rates are listed in Table 1 Since there was no measurable gradient over the length
of the experiment, results from all six samples were averaged. As can be seen, the thermal flux is about
the same on the two outisde {West/East)} positions but drops about 32%in the center due to neutron self-
shielding, primeanily from the stainless steel sleeve (0.5 om thick). This shielding effect was also seen
in the mockup test.? Analytical approximations indicate a shielding factor of about 0.74 for the stainless
steel and an initial additional shielding of about 0.95 from the LiA102 itself. The fast flux gradients
are rather steep, 100%from west to east, due to the location of the A2 position on the corner of the ORR
core assembly. This fast gradient is insignificant in terms of tritium generation and will have only a
small effect on the damage rates. The activities measured in the TRIO-01 irradiation were about 30-40%
lower than measured in the mockup tests, due to changes in the fuel loading of the ORR core.

TABLE 1

MEASUREO ACTIVATION RATES FOR TRIO-01
Results are the average of six samples normalized to 100 MV

Position Activation Rate, atom/atom-s

58Fe(n,y)59Fe  54Fe(n,p)54Mn  46Ti(n,p)465c

West 1.24 E-10 5.34 E-12 7.47 E-13
Center 8.31 E-11 3.42 E-12 5.26 E-13
East 1.22 E-10 2.67 E-12 3.82 E-13

The activities in Table 1 were used to adjust the neutron spectrum masured in the mockup tests using the
STAYSL computer code. The resultant neutron fluences and damage parameters are listed in Tables 2 and 3,
respectively. The radiation damage is equivalent to about 0.6 MWy or about two months in a fusion reactor
such as STARFIRE.

TABLE 2 TABLE 3
ADJUSTED NEUTRON FLUENCES DAMAGE PARAMETERS FOR TRIO-01
Neutron Fluence, x 1020 n/emZ Source Damage
Energy, MeV Center West _East dpa: 6Li{n,e)t 0.30
Total 19.1 0g .7 19.7 - Fast Reactions 0.51
Thermal (<.5 ev)* 6.93 10.30 9.52 Total 0.81
8@516‘,(,@; 0-1 W&V 2'251 g'gg g'%)% Rads: 6Li(n,a)t 1.67 x 1012
) ' ) ' Fast Reactions 0.15 X mig
*The 2200 m/s thermal flux is 0.886 times the Gamma Heating* 354 x 10
quoted value. Total 5.36 x 1017

*Based on a value of 48 W/g measured
by ORNL in the A2 position.

Tritium production can be directly calculated using our dosimetry data. The adjusted neutron flux spectrum
was used to calculate an unshielded (outer) 6L burnup rate of 9.70 x 10-8 atomslatom-s and an average
inner (shielded) rate of 5.87 x 10-8B atoms/atom-s. The self-shielding caused by the BLi itself decreases
during the experiment as the atoms are burned up. Over the 97 days of the run, we calculate that the
shielding decreases from about 0.952 to 0.968. An iterative procedure was thus used to determine the daily
tritium production. The fluxes from the self-powered neutron detectors were used to determine the daily
fluence and hence the tritiurm and &Li burnup. The self-shielding was then readjusted prior to the next
calculation. The daily tritium generation is shown in Figure 1.

The total 6Li burnup was thus calculated to be 37.1% corresponding to a tritium generation of 39.2 Ci.
This value is compared with other mesurements in Table 4. Oue to the uncertainties in the fluence
measurements and self-shielding approximations, the calculated value has an uncertainty of 10-15%. Our
calculated value is somewhat higher than the other measurements, although these other values have errors
of 5-10%. In the mockup tests the 6Li measurements were also lower than our calculations. Using these
lower rates would reduce the calculated tritium level to 375 Ci, in better agreement with the other data
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Figure 1. Calculated daily tritium generation for the 97 day TRIO-01 experiment in ORR. The large dips
correspond to reactor shut-downs. The overall decline is due to the burnup of 6Li.

TARLE 4

SUMMARY O TRITIUM RESULTS FOR TRIO-01
The quantity measured is indicated by the box

Method Tritium, C: Burnup Burnup Error, %
(26L1) {2 Li)
g’ntlum Collected 33 0.18 5
Li Assay 32 31 0.1 10
Thermal Gradient 35 % 0.18 10
Dosimetry 39 0.21 10-15
Average 35 0.18 L

The tritium values listed in Table 4 are consistent within the stated uncertainties and demonstrate that
we can account for all tritium within an uncertainty of about 5%. The sample itself retained less than
0.1-wppm tritium, indicating a very low tritium inventory for a fusion reactor {e.g., <100 g i n STARFIRE).
The detailed tritium generation shown in Figure 1is now being compared in detail with the actual tritium
measurements. This comparison will provide significant new data concerning tritium release and transport
over a temperature range from 400-700°C. Interesting information can also be extracted from variations due
to changes in the sweep gas, norminally 0.1% Hz in He at 100 c¢/min.

The most important conclusions from the TRIO-01 experiment are as follows:

(1) Nearly all of the tritium was released and recovered.

{2) Tritium retention in the sample was <0.1 wppm following a run at 650°C with 0.1% Hz in the sweep gas.

{3) Irradiation to a Lf burnup of 0.18% (equivalent to 0.6 MW-y/mZ} produced no detectable changes in
thermal conductivity or the microstructure of the LiAl0p.

6.0 References

L R G Clemner, P. A Finn, ll. C. Billone, B. Misra, L. R. Greenwood, F. F. Oyer, |. T. Dudley,
L. C. Bate, E. 0. Clemner, P. W Fischer, J L. Scott, and J. S. Watson "The TRIO-01 Experiment:
In-Situ Tritium Recovery Results,"Proceedings of the Tenth Symposium on Fusion Engineering, IEEE,
Philadelphia, PA, December 1983.

2. R. G. Clemmer, P. A. Finn, M. C. Billone, B. Misra, R. M Arons, R. B. Peoppel, F. F.Dyer, 1. T. Dudley,
L. C. Bate, E. D. Clemner, J. L. Scott, J. S. Watson, and P. W Fischer,"The TRI0O-01 Experiment:
In-Situ Tritium Recovery Results,” Proceedings of the Third Topical Meetlng on Fusion Reactor Materials,
Albuquerque, NM, September 1983, to be published in the J. of Nucl. Mater.
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3. R. G. Clemer, R. F. Malecha, and I1.T. Dudley,"The TRIO-01 Experiment,"Nucl. Technol./Fusion, Vol. 4,
p. 83, September 1983.

4., B. Misra, R. G. Clemmer, and P. A. Finn,"Heat Transfer Performance of a Solid Breeder Blanket
Comparison of TRIO-01 Experimental Data with Models,* ANS Transactions 45, 176 (1983).

5. L. R. Greenwood,"Dosimetry Results for the TRIO Test in ORR,"Damage Analysis and Fundamental Studies
Quarterly Progress Report, DOE/ER-0046/10, pp. 9-15, August 1982.

7.0 Future Work

Plans are being made to study other solid breeder materials such as Lip0, either as a follow-up experiment
in ORR or in EBR II.

8.0 Publications

See Reference 1.
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CHAPTER 3
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REDUCED ACTIVATION ACTIVITIES

F. A Garner, H R. Brager and 0. S. Gelles (Hanford Engineerinqg Development Laboratory)

1.0 Objective

The object of this effort is to provide information on the suitability for fusion reactor service of various
alloy classes being developed to exhibit low residual radioactivity.

2.0 Sumnary

Four reduced activation alloy classes, two austenitic and two ferritic, have heen incoroorated into the
MOTA-16 experiment in the FFTF reactor to provide an early assessment of the suitahility of such allovs for
fusion reactor service.

3.0 Program

Title: Irradiation Effects Analysis {AKJ)
Principal Investigator: 0. G. Doran
Affiliation: Hanford Engineering Oevclopment Laboratory

4.0 Relevant OAFS Plan Task/Subtask

Task I1I.C.1 Effects of Materials Parameters on Microstructure

5.0 Accomplishments and Status

5.1 Introduction

The fusion materials community has recently hegun to focus attention on the ootential for develooment of
fusion reactor structural materials with gqreatly reduced residual radioactivity. These materials would meet
criteria for shallow burial and perhaps oermit some recyclina.

As discussed in an earlier report,' current quidelines olace restrictions on several elements commonly
used for stabilization of austenite or for solute-hardening or precipitate-strengthening. Thus, many of
the reduced activation alloys currently under consideration 1ie in metallurgical and compositional regimes
that are not well explored. Prior to committing larae amounts of time, effort and funds in the exploration
of such regimes, it is deemed necessary to secure an early indication of the relative hehovior of these
alloy classes in an irradiation environment.

An opportunity to quickly secure such an assessment arose in the reinsertion of the MOTA-1 exoeriment into
the Fast Flux Test Facility (FFTF). The fusion materials nortion of this experiment operates at three dif-
ferent temperatures {420, 500 and 600°C} and iS currently scheduled to reach four exposure levels (15, 60,
105, 210 dpa). The specimens at the first exposure level will be available for examination shortly before
the end of FYBA, In early FY87 60 dpa will be reached, and 105 dpa will be reached in early FY88,

The types of specimens in each allov class that were included into FFTF in MOTA-16 are discussed in the
following sections.
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5.2 Manganese-Substituted Austenitics - H. R. Brager and F. A. Garner

Two of the four DAFS fundamental alloy series are based on the Fe-Cr-Mn system. These alloys can be
divided into two further categories, those with ~15% Mn and those with ~30%. The Invar-low swellina

concept employed to develop the latter category has not yet been tested, however.

Five commercial alloys (2 us, 2 French and 1 Japanese), 10 Fe-Cr-Mn simple ternary alloys and 15 solute-
modified Fe-Cr-Mn alloys were incorporated in MOTA-16. The solute-modified alloys are within the ADIP pro-
gram. Space limitations dictated that the primary emphasis be placed on TEM disks, of which 720 were
included. There were also included, however, 40 miniature tensile specimens of two alloys, R77 and R87

5.3 Low-Activation Ferritics - D. 5. Gelles

As described elsewhere® two ferritic alloy classes are_cgrrentl¥ being considered for_low activation
studies within the ADIP program. These are Fe-Cr-V bainitic alloys with properties similar to 2-1/4Cr-1Mo

and Fe-Cr-V martensitic steels with properties similar to HT9.

To date nine alloys spanning these two classes have heen manufactured in fifteen pound heats. Metallog-
raphic examination showed that eight of these had acceptable delta-ferrite levels. TEM disks were fabri-
cated for all nine alloys and minitature tensile specimens were made for the eight alloys with acceptable
delta-ferrite levels. The specimens included in MOTA-16 were primarily aimed at phase stability considera-
tions {325 TEM disks) although 48 miniature tensile specimens were also included.

6.0 References

1. F. M. Mann and w. E. Kennedy Jr, "Activation of Components of Fusion Alloy,"” DAFS Quarterly Progress
Report, DOE/ER-0046/14, August 1983, p. 63.

2. D. 5. Gelles, H. R. Brager and f, A Garner, "Low Activation Approaches to Materials Development,"
ADIP Quarterly Progress Report, DOE/ER-0045/10, March 1983, p. 3.

7.0 Future Work

The thermal stability and corrosion resistance will be explored for the manganese-substituted alloys
Fabrication of DBTT specimens of the ferritic alloys is now proceeding.

8.0 Publications

None.
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SUB-CRITICAL CRACK GROWTH IN HT-9

KH. Jones (Pacific Northwest Laboratory)

1.0 Objective

Several recent studies have shown that internal' or external cathodic2’3 hydrogen induces brittle, inter-
granular fracture of HT-9. These studies measured only the tensile ductility while fracture threshold and
crack yrowth rate data are needed for identifying the embrittling mechanism and for critical flaw size
determination. Therefore the purpose of this study was to measure the sub-critical crack growth of HT-9 in
the presence of external cathodic' hydrogen at 25°C. Future experiments will include crack-growth measure-
ments in aqueous environments at 288°C.

2.0 Summary

Sub-critical crack growth measurements have been made on HT-9 at 25°C in a 1 N HySG; solution with the
samp1§ held at a cathodic potential of -600 mV {SCE)., The tensile ductility of ﬁT- was shown in a previous
study“ to be a minimum at -600 my¥ (SCE). The sub-critical crack growth behavior of HT-9 was similar for
material in the tempered (760°¢/2.5 hrs) or tempered + segregated {540°C/240 hrs) conditions. A rising load
fracture threshold of 20 MPa v and a decreasing load fracture threshold of 65 MPa ¥m was measured. A ris-
iny load fracture toughness of 110 y/m was determined from extrapolation of the stage IIl_crack growth curve.
A K independent stage il was observed and a stage II crack yrowth rate of 0.5 to 1 x 10-% mm/s was measured.

3.0 Proyram

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

4.0 Relevant UAFS Program Plan Task/Subtask

Task !I...¢ tffects of Heliurm ana lisplacements on Fracture
Task 1!.7.% &ffects of Hydarogen on Fractare
Task I11.C.12 Effects of Cycling on Flow dnd Fracture

5,0 Accomplishments and Status
5.1 Background

Ferritic stainless steels are beiny considered for structural applications in fusion reactors where hydrogen
embrittlement and stress corrosion may occur. Since the integrity of the plasma chamber and structural
components is an important factor in fusion reactor design, potential material degradation processes are of
yreat concern. Segregation of impurity elements such as phosphorus and sulfur have b en shown to have an
effect on the hydrogen ernbrittlement and interyranular corrosion of ferritic steels® ' and it is known that
phosphorus and sulfur Segregation can occur during hedt treatment, fabrication and service above 450°C.
Therefore, the effects of impurity segregation on the hydrogen embrittlement and stress corrosion of fer-
ritic stainless steels dre being determined as a part of their evaluation for fusion reactor structural
applications.
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In a previous study', the effect of heat treatment on grain boundary chemistry, hydrogen embrittlement and
stress corrosion were evaluated. It was found in this previous study that the grain boundary phosphorus and
sulfur concentrations of HT-9 depend on heat treatment in a manner consistent with other ferritic steels.
After a tempering treatment of 25 hrs at 760°C the grain boundary phosphorus and sulfur concentrations were
0.015 and 003 monolayers, respectively while after a heat treatment of 240 hrs at 540°C their grain bound-
ary concentrations were 0.04 and 001 monolayers, respectively. Straining electrode tests at cathodic and
anodic test potentials revealed that HT-9 is sensitive to hydrogen embrittlement but not stress corrosion at
25°C in an acidic electrolyte. The reduction of area was 13% at cathodic test potentials and 60% in air and

at anodic test potentials. This decrease in reduction of area was accompanied by an increase in quasi-
cleavage and interyranular fracture.

5.2 Experimental Procedure

521 Material

Samples for straining electrode tests were taken from a piece of 13 nn thick plate of the fusion AOD heat
(No. 9607) of HT-9 received from General Atomics. The chemical composition of this material as reported by
General Atomics is given in Table 1. From this table it can be seen that this heat of HT-9 has 325 at. ppm
phosphorus and 123 at. ppm sulfur which are both sufficient quantities to produce grain boundary segrega-
tion. Grain boundary chemistry analysis and straining electrode tests were performed on material given the
following heat tredtments:

1) 1040°C for 30 min, air-cooled + 760°C for 2~1/2 hr, air-cooled
2) Same as 1+ 240 hr at 540°C.

TABLE 1
CHEMICAL COMPOSITION OF FUSION AOD PROCESSED HT-9, (HEAT NO. 9607) WI. FRACTION

C Si M P S Cr Mo
020 024 057 0.018 0.007 11.64 1.01

Hi Vv W Fe
052 030 0.57 Bal.

A det?%ed description of the grain boundary chemistry analysis methods and results were published previ-
ously“™ so thit only a summary is given here. AS seen in Table 2, both phosphorus and sulfur segregation
was observed atthough the concentrations were low. The grain boundary phosphorus concentration was low
after heat treatment at 760°C and increased with heat treatment at 540°C while the sulfur concentration
behaved in an opposite manner to phosphorus. It was also shown in the previous study that the grain bound-
ary phosphorus concentration was distributed from 0 to 15% after heat treatment at 540°C while the grain
boundary sulfur concentration was distributed from 0 to 10% of a monolayer after heat treatment at /60°C,
Therefore, it was concluded that the average grain boundary concentrations do not reflect the potential
effect of impurity segregation on the hydrogen embrittlement of HT-9.

TABLE 2
GRAIN BOUNDARY CHEMISTRY (F HT-9

Treatment p S Mo Cr C 0
760°C/2.5 h 0.015 003 002 053 014 0.16

760°C/2,5 h 004 001 003 073 014 010
540°C/240 h

5.2.2 Sub-critical Crack Growth

Compact tension (CT) fracture samples were prepared from the heat treated sample blanks with the following
sample dimensions: W = 4445 mm, 8 = 254 mm and a = 19.1 mm One to two mm long pre-cracks were produced
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in the CT samples at a AK of 14 MPa W and a frequency of 10 Hz. Sub-critical crack growth rate measure-
ments were made in an inverted load frame immersed in 1N H 504 as shown in Figure 1. A three electrode cor-
rosion cell was used to control the sample potential with %he platinum electrode surrounding the uncracked
ligament of the sample. The sample was lacquered except for a strip 6 mm wide by 25 mm long on each side of
tne sample. A saturated calomel reference electrode was isolated from the test solution but monitored the
sample potential through a Lucﬂ%n BéBbe salt bridge with the tip 2-3 mm_[rom the pre-crack. The crack
length was monitored with an T gage with a sensitivity of 8 x 107J mm of opening and also with a
telescope viewing the crack length on the sample surface. A ratio of crack length to COD opening of 1.4 was
observed. Tests were conducted dt constant load for the time interval needed to obtain the crack growth
rate at the selected stress intensity. A Model 1120 Instron constant crosshead machine was used for these
tests, in which a constant load was obtained by setting the voltage on the load cell. A variation of 2%
from the selected load was possible usiny this procedure. Tests were conducted with increasing and decreas-
ing K by adjusting the load to the desired K and holding the load constant for the time interval needed to

obtain crack growth rate measurements. . This time interval depended on the crack groath rate with the short-
est time ?nte?val tk])emg about 200 s and the longest t?me lntepr)vaq %e?ng a%out 5 xglua Se
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FIGURE 1. Schematic of Inverted Load Frame Apparatus

523 Stress Intensity Calculations

Kumar, German, and Shih' have recently presented an approach for estimating the elastic-plastic stress

intensity for a variety of sample shapes. Their approach starts with the "corrected" linear elastic
solutions and combines it with the fully plastic solutions to obtain an elastic-plastic J integral as

follows:
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J8P = 98 (a,) + 0P {a,n), (1)
where a, is the effective elastic crack length
a = at e o (2)

o is the strain hardening corrected plastic zone size expressed in Equation 3:

K
1 1 n-1
P (0—) (;rf) (3)

& na {F(ae/b)}2

9€ (ay) = e (4)

where a, is determined from Equation 2 with ¢ determined from Equation 5 below:
o= VI + (p/p)%1 (8)

F(aa/b) is merely the value f{a/W) obtained from ASTM E399 divided by /. JP is determined from the follow-
ing relationships:

P =as, e, fam) chy (b)) (6)
P/P, = o b/1.07 nc o (7)
w= L1+ (a70)%1 12 - ¢ (8)

The values for « and n are the coefficient and exponent in the Ramberg-Osgood flow relationship:

elsy = a (c/oyin . (9)

Data for HT-9 straining electrode samples tested at -0.45 (corrosion potential), -0.6, and -1.0 V and in air
are shown plotted as a function of log (e/ey) versus log {a/ay} in Figure 2. The values for « and n are
given in the legend and it can be seen that the values are essentially independent of test condition. The
results for the sample tested at -1.0 V (SCE)} suggest that hydrogen may have increased the work hardening
rate but the results at -06 V, -045 V and air are very similar. The sub-critical crack growth tests were
conducted at -0.6 V; therefore, the average values for a and n were used to describe the stress-strain
response of HT-9. Some of the parameters used in the above equations are defined below:

ay = yield strength _=3510 MPa

s:y=uv/E=2.5x1(_)__ -3

d, = crack length (initial value) 3 19.1 x 1077 m

b” = sample width, W = 4445 x 1077 m

¢ =b-a (initial value) = 2535 x 107> m

h1 = 062 for a CT sample (value obtained from Reference 7)
g = sample stress.
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FIGURE 2. Log e/e, Versus Log o/a, for HT% Tested in Air and Various Cathodic Potentials at 25°C in IN H,50,

J®"P is obtained from Equation 1 and K& from Equation 10,

, 1/2
2
K&P ={(KE) + (kP) ] (10)

and the following relationship between J and K

i/2
K =l——JEZ ‘ (11)
(1-v7)

Using the values given above Equation 4 reduces to Equation 4a and Equation 6 reduces to Equation 6a:

2 0116 (K )2 2
e a % -m
g = 3 3 * fis = (4a)
207 x 107 MPa 1+ 2,02
0 =31 x 10° (1.423 x 1072 o) 13 E—Eﬂ (6a)
m

Values for k&, kP and k®°P obtained with the equations and values above are listed in Table 3:
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TABLE 3
STRESS INTENSITY VALUES KR HT-9, MPa /m

K{‘ . 0 . % DIFE p

ASTM K 5 -K=T

AN & K K Ky Lpy M0
30 35 0.33 35 16% 04
60 77 37 77 29% 16

where it can be seen that K® and K&P are equal but there is a difference between the linear elastic stress
intensity K1s calculated using the ASTM approach and K® using the Kumar, German and Shih approach. The ASTM
value Ky waS used to calculate the stress intensity since this method is widely accepted but it is possible
that this value underestimates the stress intensity. The plastic zone calculated with Equation 3 is also
given in Table 3. With a prior austenite grain size of 100.uym, the plastic zone size is 4 and 16 times
laryer than the grain size at Ky equal to 30 and 60 MPa ¥m, respectively. These plastic zone sizes indicate
that HT-9 is not fully plastic in stage 1 and [1 but at a stress intensity of 60 MPa vm HT-9 isS clearly in
the elastic-plastic regime. Therefore, the linear elastic stress intensity values determined using the ASTM
approach are probably lower than the actual value at the crack tip.

53 Experimental Results

Sub-critical crack growth rate versus stress intensity for HT-9 tested at -06 V (SCE) are given in Fig-
ures 3 and 4 Results are shown for 2 samples for the 540°C heat treatment with the resulting sub-critical
crack growth behavior essentially independent of heat treatment. Both sets of data show a clear stage II
(K-independent) and stage III while a clear stage | (threshold) was not clearly delineated. Since the date
given in Figures 3 and 4 were obtained at constant load, the results are for a rising K condition since an
increase in crack length increases the stress intensity. An estimate for the rising K threshold of

20 MPa vm was obtained from this data. A decreasing K threshold was also obtained by fixing the crosshead
after loading the sample to the stage II-III region and allowing the load to decay to a minimum value. A
decreasing K threshold of 70 MPa AT for a sample heat treated at 760°C and 60 MPa yW for a sample heat
treated at 760°C + 540°C was obtained using this method. The appropriate use of these values will depend on
the specific application and whether a component is in a constant load or constant deflection condition.
Clearly a constant load situation is worse than a constant deflection situation.

A fracture toughness, K.» of about 110 MPa /M can be estimated by extrapolation of the stage III crack 3
growth rate data. This value compares to a fracture toughness of 155 MPa ¥@ estimated by Jones and Thomas
for this steel from Charpy impact data. A lower fracture toughness is expected from the sub-critical crack
growth data for the following reasons:

e the crack is growing and is therefore in a dynamic state,
e hydrogen has embrittled a volume of material ahead of the crack tip,

e the sub-critical crack is partially intergranular while the impact fracture was quasi-cleavage.

Therefore, a crack growing in a structure under the influence of hydrogen iS more susceptible to overloads
than a similar length, static flaw in the absence of hydrogen.

A stage 11 sub-critical crack yrowth rate of approximately 1072 mm/s wag determined fran the results in
Figures 3 and 4  Scatter in the data gives a range of 05 to 10 x 107" mm/s for the stage 11 crack growth
rate with the results fran samples heat treated at 760°C and 760°C t 540°C fitting this range.

A mixed transgranular-intergranular fracture mode resulted as shown in Figure 5 for a sample heat treated at
760°C + s4p°c. The percent intergranular fracture is equivalent to that obtained with straining electrode

samples at -0.6 V (SCE) as given by the straining electrode data in Figure 6.

54 Discussion

The absence of an effect of heat treatment on the sub-critical crack growth data is consistent with the
straining electrode results shown in Figure 7. The sub-critical crack growth tests were conducted at the
minimum in the total elongation and reduction of area = test potential results. Sub-critical crack growth
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tests at fess cathodic test potentials would be expected to result in higher fracture thresholds and pos-

sibly slower stage Il crack growth rates.

Jones et al.

intergranular sub-critical crack growth in iron was a fun

consistent with Kyy
hydrogen reductlon rate at
increase Kt Also,

to produce nigher KIH
centration in a fusion
injected from the plasma,

a]ogP

s

s cathodic potentials,

observed for several steels

water coolant must be considered.

Gerberich and lnrright14 developed a model which relates the fracture threshold, Kk
impurity concentration and hydrogen concentration.
with the result shown in Figure 8
approximates an equilibrium threshold value.

calculated KTH

The calculated K
Using Ine

observed that the fracture threshold,
of the test potential.

a3k

This model was applied to HT

in gaseous hydrogen.

Determinatio
The total hydroge

L

Kgys for
This observation was
Therefore, a smaller

corresponding to a smaller hydrogen pressure, would

the smaller hydrogen pressure expected in a fusion reactor structure would be expected
values than measured in the present experiments.
reactor structural material is not simple.

n of the hydrogen con~
n inventory from ions

{n,p) reactions within the material and possibly from corrosion reactions from a

to the grain boundilgy
y Jones and wolfer

value is related to a decreasing K value which
average grain boundary phosphorus concentration,
is 150 MPa vm which is considerably larger than the measured value of 65 MPa vTi.

the
However,

other than an error in the model of Gerberich and Wright there are two possible explanations for the Iower

observed Ktys

A seco

One explanation is that the hydrogen pressure and therefore the near surface quantity,
greater in the cathodic test than the value assumed by Gerberich and Wright.

nd explanation is tﬁat

the maximum grain boundary phosphorus concentration and not the average concentration controls the fracture

threshold.

below which the crack growth rate is zero.

Therefore,
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must be the stress intensity below which the most probable grain boundary will not fracture. The proba-
bility that a grain boundary will fracture depends on its orientation to the stress, type of boundary, grain

boundary chemistry and many other factors. Considering only the grain boundary chemistry, the maximum grain
boundary phosphorus concentration was 15% of a monolayer, as shown by the histogram in Figure 9b. Using
this value for the grain boundary phosphorus concentration in Figure 8 gives a calculated Ky, of 98 ¥Pa v/m.
Therefore, the combination of a higher hydrogen concentration in the cathodic test and the Tracture thresh-
old being primarily controlled by the maximum grain boundary phosphorus concentration would give good agree-
ment between the measured and calculated values for Kyy.
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Future Work

Sub-critical crack growth rate tests will be conducted at several cathodic potentials for the purpose of
evaluating the dependence of Kyy and da/dt on hydrogen pressure. Also, further modeling of the effect of
hydrogen on the intergranular crack growth rate will be completed. A scoping experiment to measure the
stress corrosion threshold of HT-9 and 316 S5 in water at 288°C will be completed.

29



CRITICAL LEAK RATE HAW SIZES FOR WATER OR LITHIUM-COOLED FUSION REACTORS

RH.  Jones (Pacific Northwest Laboratory)

10 Objective

The purpose of this evaluation was to extend a previous:L analysis of critical leak rate flaw size for a
helium cooled reactor to a water or liquid lithium cooled reactor. As in the previous report, the critical
leak rate flaw sizes are compared to threshold flaw sizes for fatigue or environmentally induced sub-
critical crack growth and to flaw sizes for unstable flaw growth.

20 Sumnary

The results of this analysis indicate that the critical leak rate flaw size for water and lithium is about

1 mm and 1500 m respectively for an elastically Ioaded crack and about 0.04 mm and 12 mm, respectively, for
a crack which has opened cre ar r't'c ea rate fI size for heliu hich was
reportedwprlewousl)% 1 y ?Br an e? PI ISIcfy Ioa e (I:n!ic and lE)O W IZcracE openlecfnbyv éreep. The
threshold flaw sizes for fatigue and corrosion fatigue sub-critical crack growth of 316 $$ and HT-9 range
from 02 to 2 mm and the flaw sizes for unstable crack growth of irradiated 316 S5 and HT-9 are 4 mm and

50 mm, respectively. These results suggest that the critical leak rate flaw size for helium and water are
the smallest flaws which may affect reactor performance and that the threshold for sub-critical crack growth
in fatigue is a critical material property. Also, creep processes are shown to have a significant effect on
the critical leak rate flaw size.

30 Program

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

40 Relevant OAFS Program Plan Task/Subtask

Task 11.C.8. Effects of Helium and Displacement on Fracture
Task 11.C.9. Effects of Hydrogen on Fracture
Task 11.C.12. Effects of Cycling on Flow and Fracture

50 Accomplishments and Status

51 Background

The lifetime of fusion reactor first wall materials will be a function of many factors such as load,
temperature and neutron irradiation history,_and plasma-wall and coolant-wall interactions. Fatigue crack
growth has been identified b§ Cramer et al.©¢ as the primary structural failure mode for Tokamak first walls.
More recently, Watson et al.” evaluated the effect of irradiation creep, swelling, wall erosion and embrit-
tlement on the fatigue life of a Tokamak first wall made of 316 SS. They concluded that fatigue crack
growth is the life-limiting process in Tokamak reactors and that the shortest lifetime occurs when a flaw
exists on the coolant side. Embrittlement induced by neutron irradiation and surface erosion were predicted
to decrease the lifetime by increasing the crack propagation rate.

30



A fusion reactor-vacuum first wall may lose its vacuum integrity before losing its structural integrity by
allowing coolant to, leak into the plasma. A leak before break criterion has been assessed for 20% CW 316 S5
by Wolfer and Jones™ and the results show that unstable flaw growth is favored as the stress and wall thick-
ness increases and the critical stress intensity, Kiq, decreases. A leak producing flaw was defined as apy
through wall flaw which was too small for unstable crack growth. 1In a separate study, Jones and Bruemme
concluded that a 0.1 mm wide through wall flaw in a helium cooled reactor would allow the helium concentra-
tion in the plasma to reach 50% in a 1000s period. Since first wall thicknesses are expected to be greater
than 1 mm, a through wall flaw with a width to length ratio of 1/10 would be sufficient to shut down a reac-
tor. Flaws of this dimension may be present in the as-fabricated first wall or may grow to this dimension
during reactor operation. Flaws of this size will be difficult to locate by non-destructive testing, NDT,
techniques in a non-radioactive structure and even more difficult once the reactor has been operating and
the first wall and blanket structure are radioactive. Since detection of flaws becomes more difficult with
decreasing flaw size it is important to know the smallest critical flaw so that NDT evaluation can be
limited to flaws greater than or equal to the critical size.

Analysis of whether a flaw will merely cause a leak or will grow in an unstable manner causing a break is an
important aspect of any critical flaw size analysis. Factors which decrease Kjc or increase the yield
strength, o,., will decrease the flaw size for unstable crack growth and hence favor a break before leak
failure. Tgmper, hydrogen and helium embrittlement, radiation induced grain boundary segregation and phase
changes are processes which can decrease Kjc while radiation induced hardening can increase the yield
strength.

Sub-critical crack yrowth can occur in corrosive or hydrogen environments during static or dynamic loading
conditions. Static load sub-critical crack growth is commonly called stress corrosion cracking while
dynamic load sub-critical crack growth is known as corrosion fatigue. A threshold stress intensity exists
below which measureable crack growth cannot be detected in corrosive environments. At static loads, this
threshold is called the K cC while at dynamic loads, this threshold is called the AKjgpee. A critical flaw
size can be derived from %ﬁese threshold stress intensities which defines the flaw size which will propagate
under a given environment and loading condition. Knowledge of the size of the threshold flaw sizes in
corrosion fatigue or stress corrosion is important because they may define the smallest flaw size. Environ-
mentally critical flaws do not present as immediate a problem for reactor operation as a leak or break; how-
ever, the environmentally enhanced crack growth rate may be sufficiently high that a leak or a break will
form in a relatively short time.

The purpose of this research was to determine and compare the critical flaw sizes of fusion reactor mate-
rials. These results will be useful for focusing attention on the physical processes controlling the life-
time of fusion reactors with the expectation that systems can be designed which are insensitive to the
presence of flaws smaller than those which can be readily detected with NDT techniques or the need for
better data to define the critical flaw sizes. Critical flaw sizes for unstable crack growth, stress corro-
sion, corrosion fatigue and hydrogen embrittlement for 316 5SS and HT-9 are compared to the critical leak
rate flaw size for helium, water and lithium coolants.

5.2 Critical Leak Rate Flaw Sizes for Water and Lithium

The leak rate process and equations for this analysis were discussed previouslyl such that only the method-
ology and results for the water and liquid lithium results are presented.

The approach used for water and lithium leak rates differed from that used for helium since they are in the
liguid state on the coolant side. It was assumed that water or lithium leakage through a small orifice
occurs by yas phase transport and that the water vapor or lithium gas pressure at the input side of the ori-
fice is equal to the vapor pressure at the temperature of interest. Water was assumed to be at a tempera-
ture of 288°C which is consistent with present day light water reactors and that lithium was at 500°C.

There is a possibility that water or lithium would partially or completely penetrate a through wall flaw and
that evaporation or boiling would occur at temperatures greater than the coolant temperature. Since the
extent of liquid penetration is unknown, it was assumed that water and lithium leakage occurs by gas trans-
port which originated on the coolant side of the flaw.

The_vapor pressure of water at 288°C is 54 x 104 torr® while the vapor pressure for lithium at 500°C is 3 x

1073 torr. Only the leak rate for pure lithium was considered although lithium-lead and other mixtures are
being cansidered as coolants. A temperature of 5003(: was chosen foy lithium to give a comparison to helium
at the same temperature. At a pressure of 5(%)x 107 torr (5.4 x 10 um):qwater vapor would have a 6P =

16,000 for a crack with a cross-section of a = 0.17_3cm and 6 = 3 x 10 oan and a &P = 65,000 for a L/'rack
with a cross-section of a = 0003 an and b = 12 x 107 cm. At a coolant pressure of 50 atm (3.8 x 10" um)
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helium would also have &P values considerably yreater than 500 for similar crack dimensions. Therefore,
water vapor at 288°C and helium at 500°C would be in the viscous flow regime. Lithium gas at 500°C, how-
ever, would flow through small cracks by a molecular flow process since a flaw with a cross-section as large
as 85 an x 17 an would have a &P ~ 5.

Using the equation for viscous flow presented previously for the leak rate of water and molecular flow for
lithium and the vapor pressures given above, the leak rate versus flaw size relationships for water and
lithium given in Figures 1 and 2, respectively were derived. For comparison, the helium leak rate versus
flaw size relation is given in Figure 3. 1t should be noted that experimental verification of the calcu-
lated water and lithium leak rates through small cracks are not carried out as it was for helium; therefore,
the accuracy of the water and lithium leak rate flaw sizes is unknown. However, based on the data in Fig-
ures 1 and 3 the critical leak rate flaw sizes for water are very comparable to those for helium. For
instance, the critical flaw size for a 1%water concentration in a UWMAK II reactor is 0.067 an in the
absence of creep and 0.003 c¢m with creep crack opening. These values compare to 0.08 an and 0.003 an for
critical helium leak rate flaws.

The small vapor pressure of lithium at 500°C results in large critical flaw sizes. For a 1% lithium concen-
tration in a UWMMAK II, the critical leak rate flaw size is 150 an in the absence of creep and 7 cm with
creep. These flaw sizes are unrealistic since it is very likely that some other failure mechanism will
supersede the failure of a first wall by lithium leakage into the plasma.

53 Flav Size Comparison

Comparison of the critical leak rate flaw size for 1%He, H,0 or Li in the plasma and sub-critical and
critical flaw sizes in austenitic and ferritic stainless steels is given in Table 1 and 2.

The following conclusions can be made regarding critical flaws in austenitic stainless steels: 1) a helium
cooled reactor will be shut-down because of a critical leak before a large break in the first wall and

2) fatigue stresses will cause sub-critical flaw growth at lower stresses or for shorter flaws than static
stresses. Fatigue or corrosion fatigue will cause growth of sub-critical flaws to a size where they become
a critical leak rate flaw while static stresses require flaws that are larger than the critical leak rate
flaw size. This comparison demonstrates the desirability of a steady state fusion reactor which minimizes
cyclic stresses in the blanket and first wall material over a pulsed fusion reactor in which the stresses
and temperatures will cycle.
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The flaw size comparison given in Table 1is useful for showing the kind of test data needed to evaluate
materials for fusion reactors. A list of test data needed to evaluate materials for fusion reactors. A
list of test data needed to evaluate austenitic stainless steels for fusion reactor applications is listed
below along with the reason this data is needed:

e fracture toughness of 316 SS (25°C-450°C} irradiated at the fusion Heldpa: helium is known to embrit-
tle 316 5SS and will therefore reduce the critical flaw size. Welded test samples should be included in
this series.

e fatigue and/or corrosion fatigue (300-500°C) of 316 SS irradiated at the fusion Heldpa: this test and
material condition will orobablv define the smallest critical flaw size. Welded test samples should Ha
included in this series.

» creep crack opening rate since the critical flaw size (length) is 20X smaller for He and Hy0 and 200X
for Li for a flaw opened by creep than an elastically loaded crack.
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TABLE 1
CRITICAL HAW SIZES IN AUSTENITIC STAINLESS STEELS

) . . . Critical Stress Critical Flaw
Failure Criterion Conditions Stress. MPa Intensity MPa vin Size, mm Ref.
Coolant Jeakage into Elastically 19 He: 08
Coolant Leak Rate plasma chamber during Loaded Crack == 19¢,0: 07 ---
1000s burn 1% Li: 1500
Crack Opened 1% He: 0.03
by Creep 1% H (i) 0.03
AN
20% CW 316 SS, 400°C 550 110 10 3
Unirradiated
Unstable Flaw Growth
Irradiated, 1023 w2 550 70 4 3

fast neutrons, 400°C

20% CW, 316 SS
Fatigue Crack Growth Unirradiated 550 12 0.1 9

550°C, vacuum

Sensitized 304 SS 200 11 0.8 10
Unirradiated, 95°C, Argon
Corrosion Fatiyue
Crack Growth

Sensitized 304 SS 200 6 0.2 10
95°C, H0/1.5 ppm 0,

Sensitized 304 5S 200 15 14 10
95°C, Hy0/1.5 ppm 09

Stress Corrosion

Crack Growth

Sensitized 304 SS 200 17 1.8 1
228°C, Hp0/1.0 ppm 0y

Ferritic stainless steels show similar trends to austenitic stainless steels in that fatigue stresses pro-
duce sub-critical crack growth with the smallest flaw size. Ferritic stainless steels appear to be more
sensitive to stress corrosion than austenitic stainless steels where the critical flaw size for sub-critical
crack growth in water at 25°C is 0.2 mm, Ferritic stainless steels can be embrittled by grain boundary
impurity segregation (temper embrittlement) resulting in a critical flaw size of 1 mm in a 12 Cr steel at
25°C. The critical flaw size for temper embrittlement, hydrogen embrittlement and stress corrosion cracking
of ferritic steels will presumably be greater at reactor service temperatures than at 25°C unless the duc—

to brittl ansition. t erature, shifted to the.reactor rvice, te ratu b dlatl
argen?ng ané e”um. Somldt%"Was measure(?ﬂ;ie ?racture properties oF S\F |rrad|tat (F {g 2 !m and
results indicate that the critical flaw size was reduced from 95 mm to 50 mn. It is possible that the crit-

ical flaw size of HT-9 irradiated to higher fluences at a fusion He/dpa will be less than 50 mm, however,
this data is not presently available.

As in austenitic stainless steels, the critical helium leak rate flaw size is similar in size to that for
sub-critical crack yrowth during fatiyue and less than the critical flaw size for unstable flaw yrowth.
However, the flaw size for unstable flaw growth of temper embrittled HT-9 is only 5X yreater than a critical
leak rate flaw size while the smallest flaw size for unstable flaw growth of austenitic stainless steel was
20X yreater than the critical leak rate flaw size. Therefore, the transition between leak before break in
ferritic stainless steels may be less than for austenitic stainless steels. This situation changes if
te%ew e?brittlement does not occur in ferritic stainless steels and if irradiation to fluences yreater than
cm™¢ does not significantly decrease the critical flaw size for unstable flaw growth.
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The data in Table 2 indicates the need for more data which is relevant to the fusion reactor environinent.
A list of test data needed to evaluate ferritic stainless steels for fusion reactor applications is listed
below alony with the reason this data is needed:

s fracture toughness (25°C-450°C) of HT-9 irradiated to fluences of >1023 cnZ 4t the fusion Heldpa:
radiation hardeniny and helium will raise the DBTT and decrease the upper shelf fracture toughness.

e fatjyue, Stress corrosion or corrosion fatigue tests {300-500°C) of HT-9 irradiated to fluences of
>»10%¥ cm™% at the fusion Heldpa: fatigue, stress corrosion and corrosion fatigue tests of irradiated
material will define the smallest critical flaw size.

e fatiyue, stress corrosion or corrosion fatigue tests (300-500°C} of temper embrittled and irradiated
HT-9: HT-9 temper embrittled by improper thermal-mechanical treatment (such as during welding, heat
treatment or fabrication) prior to irradiation could conceivably produce the smallest critical flaw
size and would therefore' represent the worst case.

s« creep crack openiny rate of HT-9. The lower creep rate of HT-9 relative to 316 SS should result in
HT-9 having a larger critical leak rate flaw size than 316 SS. However, the extent of creep crack
openiny in HT-9 needs analysis since any creep opening will decrease the critical leak rate flaw size
relative to an elastically loaded crack.

TABLE 2
CKITICAL RHAW SIZES IN FERRITIC STAINLESS STEELS

Critical Stress Critical Flaw

Failure Criterion Conditions Stress, MPa Intensity MPa vm Size, mm Ref.
Coolant leakage into Elastically 1% He: 08
Coolant Leak Rate plasma chamber during Loaded Crack - 194, 0: 07 -
10005 burn 1% {I. 1500
Crack Opened 1% He: 0.03
by Creep 1%HA0; 0.03
1% L. 7
HT-9 Unirradiated 450 275 95 8
427°C
HT59 trradiated 450 200 50 8
1022 cmm¢, 427°C
Unstable Flaw Growth
12 Cr Steel,
Temper embrittled 650 40 1 12
25°C
HT-9, Hydrogen 650 75 3 {calc) 13

embrittled, 25°C

Fatigue Crack Growth  HT-9 Unirradiated 450 8 01 14
150°C-600°C

Stress Corrosion 12 G steel, 2%°C 650 20 0.2 12
Crack Crowth water
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7.0 Future Work

Further work on leak rate analysis is not currently planned but experiinental leak rate-flaw size measure-
ments are needed for water and liquid lithium. Further work in modeliny and measuriny the sub-critical

crack yrowth behavior of 316 SS and HT-9 is planned.

36



CHAPTER 5

CORRELATION METHODOLOGY
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SWELLING OF Fe-Ni-Cr TERNARY ALLOYS AT HIGH EXPOSURE

F. A. Garner and H. R. Brager (Hanford Engineering Development Laboratory)

1.0 Objective

The objective of this effort is to determine the origins of the composition and temperature deoendence of
swelling in simple austenitic alloys.

2.0 Summary

Acquisition of higher fluence data (70-110dpa) on the swelling of austenitic Fe-Ni-Cr ternary alloys con-
firms the conclusion drawn earlier that the eventual swelling rate of all austenitic Fe-Ni-Cr alloys in
ESR-1I @s ~1%/dpa in the range 400-650°C. The influence of composition and temperature lies only in the

duration of the transient regime of swelling. At temperatures below 500°C, saturation of swelling appears
to be occurring, often at very high swelling levels. The saturation level decreases with decreasing temper-
ature, increasing nickel level and decreasing chromium content.

30 Program

Title: Irradiation Effects Analysis (AKJ)
Principal Investigator: 0, G. Doran
Affiliation: Hanford Engineering Development Laboratory

40 Relevant OAFS Plan Task/3ubtask

Task 1i,¢.1  Effects of Material Parameters on Microstructure
Task 11.C.16  Composite Correlation Models and Experiments

»

5.0 Accomplishments and Status

5.1 Introduction

In earlier reports it was shown that the influence of both composition and temperature on the swelling of
austenitic Fe-Ni-Cr ternary alloys In £8R-11 Ia¥ primarily In the duration of the transient regime of swell-
ing. 1t was further stated that the eventual swelling rate of all austenitic Fe-Ni-Cr alloys was ~1%/dpa
over a suprisingly large range of temperature. While this latter conclusion was amply demonstrated for
alloys with relatively low_(124%) nickel levels and relatively high (>15% chromium) levels, some doubt could
still be expressed concerning the eventual swelling rate for alloys with higher nickel and lower chromium
levels. The transients of these alloys were still in progress at the last report, particularly for the
higher irradiation temperatures.

Additional density change measurements at higher fluence have now been made, concentrating particularly on
the higher nickel range and the higher temperatures. The new data (beyond that listed in Reference 1) are
listed In Table 1. Except where noted each measurement is the average swelling of two identical specimens
irradiated side-by-side. When the swelling varied more than 0.2t between members of the pair, the two
values are reported separately.
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TABLE 1

ADDITIONAL SWELLING DATA FOR Fe-Ni-Cr ALLOYS*

Temperature #t/10%% asen’ Swelling
Alloy P"C) (E> Q1 HaY) (%)
Alloy EI8 427 18.5 49.5
Fe-12.141-15.1Cr 650 21.9 3.1
Alloy E90 427 18.5 52.6
Fa-15,7H{-15.8Cr 593 2.0 53.7
650 21.9 21.2
Alloy E39 538 2.4 20.2
Fe-20.381-7,8Cr 593 2.0 3.19
650 21.9 2.14
Alloy E26 538 2.4 47.8
Fe-20.1Ki-11.8Cr 593 2.0 20,9,23.0%
650 21.9 5.40
Alloy E19 593 2.0 45,349, 1¥*
Fe-19.4N1-14.9Cr 650 21.9 13.2
Alloy E27 538 20.4 9.45
Fa-74,7Ni-10.2Cr 593 2.0 3.06
650 21.9 1.74
Alloy E20 538 2.4 66.1
Fe-24.4Ni-14.9Cr 593 22.0 16.0
650 21.9 6.48
Alloy E21 538 20.4 47.3
Fe-29,6Ni-15.3Cr 593 2.0 7.38
650 219 5.3
Alloy E37 400 151 1.7
Fe-75.5M1-7.50r 454 13.4 1.89
482 17.4 0.95
650 21.9 0.3
Alloy E22 400 5.1 16.2
Fe-34.5Ni-15.1Cr 427 18.5 21.9
482 17.4 20.8
538 2.4 10.3
593 2.0 2.9
650 21.9 4.42
Alloy E38 427 18.5 38.0
Fe-35.2N1-20.0Cr 482 17.4 448
538 2.4 6l.1
593 22.0 16.4
650 21.9 17.0
Alloy E25 427 18.5 33.2
Fe-35.1N1-21,7Cr 482 17.4 60.7
538 2.4 66.6
593 2.0 54,2,50, 1%*
650 21.9 3.7
Alloy E23 400 15.1 2.38
Fe-45,3N1-15,0Cr 427 185 8.19
482 17.4 9.42
538 2.4 5.2
593 22.0 1.09
650 21.9 4.9
Alloy E24 400 15.1 2.49
Fe-75.iMi-14.6(Cr 427 18.5 9.03
510 21.0 21.1
538 20.4 18.7
593 2.0 4,13,2,37%*
650 21.9 3.0

*These data are in addition to those
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5.2 Results and Discussion

Figure la shows a subset of the data published in Reference 1 and demonstrates that over a range of 12.1 to
244 wt% nickel and chromium levels of 75 to 15.6%, there is surprisingly little sensitivity of swelling to
both composition and temperature for temperatures between 400 and 510°C. There are no data helow 400°C.
Figure 2 shows the increasing impact of temperature above 510°C on the duration of the transient regime for
these alloys.

Note that Figure 1b shows that the seven alloys listed in Figure 1 inhabit one end of the experimental
matrix. At higher nickel levels the influence of temperature is observed much sooner, as demonstrated in
Figure 3a. Increasing the chromium level or decreasing the nickel level tends to postpone the effect of
temperature somewhat, as shown in Figures 3b and 3c. Figures 4 and 5 show that increases in chromium level
at a given temperature and nickel level tend to shorten the duration of the transient regime of swelling.
The influence of nickel, however, is exactly the opposite of that of chromium, as shown in Figures 6a, 6b,
and bc.

It is important to note that the swelling rate of all curves shown thus far tends to increase with fluence
and eventually approach ~1%/dpa. Swelling levels in the range of 50-70% are often shown in the preceding
curves, confirming our previous conclusion that saturation of swelling will not occur at engineering-
relevant levels in the Fe-Ni-Cr system,

The minimum in ion-induced swelling in the alloy series at 35-45% nickel (observed by Johnston and
coworkers) obviously arises from a maximum in the duration of the transient regime in this composition
range, particularly at higher temperatures, as can be seen in Figure 6. Figure 7 shows that the rate of
change of swelling with nickel content is asyrnetrical about the minimum, however, with the high nickel side
in general increasing at a slower rate than fhat of the low nickel side. This observation is also in
agreement with the observations of Johnston.

One of the most striking features of Figures 3 through 6 is the lack of saturation. This conclusion may be
somewhat misleading, however, and possibly reflects the fact that most of the new data were obtained at the
higher nickel levels and higher irradiation temperatures. There is one set of reasonably complete high-

fluence data at 427°C, however. As shown in Figure 8 it appears that saturation may be setting in at this

temperature.

Ifsaturation is sensitive to void surface area or void sink strength one would expect the saturation level
to decline at lower temperatures due to the strong temperature dependence of void nucleation. A limited set
of data at 400°C (Figure 9b) tends to confirm this conclusion and some data at higher temperatures (Fig-

ure 9a) suggests that this principle may be operating.

Note that at 427°C the level of saturation is inversely proportional to the duration of the transient.
Whenever two curves have the same transient duration, their saturation levels are such that the lowest level
occurs in the alloy whose void nucleation rate would be expected to be the largest based on compositional
differences (i.e., lower nickel or higher chromium).

5.3 Conclusions

At temperatures between 400 and 650°C the eventual swelling rate of austenitic Fe-Cr-Ni alloys appears to be
~1%/dpa, with all influence of temperature, nickel and chromium level lying in the duration of the transient
regime of swelling. The influence of nickel is opposite that of chromium and'exhibits an asymmetrical mini-
mum at ~35 to 45% nickel. Saturation also appears to be occurring at the lower irradiation temperatures,
reaching levels which are dependent on the composition as well as the temperature.
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7.0 Future Work

A void nucleation model is almost completed which explains the major features of the temperature and compo-
sitional dependence of swelling in this alloy series. The microstructural development of these alloys is
also being examined to determine whether the evolution of loop and dislocation microstructure is sensitive
to composition.

8.0 Publications

Reference 5 will be published in the proceedings of the Third Topical Meeting on Fusion Reactor Materials
(Albuquerque, NV, September 1983). Reference 1 and References 3 and 4 will form the basis of two papers to
be presented in the TMS-AIME symposium on Tailoring and Optimizing Materials for Nuclear Applications

(Los Angeles, CA, February 1984).
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TRANSMUTATION OF MANGANESE-SUBSTITUTEQ STEELS IN STARFIRE

H. L. Heinisch and . A. Garner (Hanford Engineering Development Laboratory)

1.0 Objective

The object of this study is to determine whether the transmutation reactions occurring in a fusion environ-
ment will seriously alter the phase stability of the fundamental alloy series employed to study the imoact
of manganese substitution for nickel in iron-based austenitic alloys.

20 Sumnary

The transmutations calculated for the STARFIRE wall employing the manganese substitution alloys currently
u??er investigation in the DAFS program are not expected to greatly change the phase stability of these
alloys.

3.0 Program

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

4.0 Relevant DAFS Plan Task/Subtask

Task 11.C.4 Effects of Solid Transmutants on Microstructure

50 Accomplishments and Status

5.1 Introduction

It has been proposed that austenitic alloys based on the Fe-Mn-Cr system might offer significant advantaae
over the Fe-Ni-Cr system for fusion service with respect to activation. Thus, a series of Fe-Mn-Cr based
alloys has been prepared for testing in the DAFS program. It is known that in an irradiation environment
with a large component of thermal neutrons, such as HFIR, the transmutation of manganese to iron chandes the
alloy composition, resulting in a loss of austenitic stability.” In fast reactor neutron spectra, such as
the FFTF or £8R-11 core locations, manganese burnout is much less than in HFIR and does not affect the
phase stability of the Fe-Mn-Cr alloys.

In general, the com$ositional balance between iron and manganese depends on the transmutation and decay of
one to the other.. There are a variety of important reactions [(n,pP, (n,2n), {n,v)], so that radiaticn-
induced changes In the manganese-iron balance depend on the shape of the neutron spectrum. As a prereque-
site for the study of the Fe-Mn-Cr alloys for applications in fusion reactors, it was necessary to determine
if loss of phase stability due to transmutation might be a problem in typical first-wall spectra. This con-
sideration has been addressed using the REAC code system, which is described in Reference 2. This code cal-
culates both transmutation and activation using libraries of cross sections and decay data based largely on
the enDF/8-v libraries.”

For this study the neutron spectrum and flux were assumed to be those of the first-wall portion of the
STARFIRE reactor, which has a relatively large low-energy neutron component for a fusion reactor because of
the water-cooled blanket design. In this environment, austenitic steels receive about 40 dpa per year.
The alloy compositions were determined for continuous irradiation times of 1, 2, 5 and 10years. The three
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alloys chosen for investigation are shown in Table 1; they span the range of interest of /s ratios.
They also include representative solute-free and solute-modified alloys.

5.3 Results

Table 2 contains the changes in the Fe and Mn concentrations after ten years for Fe, Mn, and Cr. In all
three alloys, the manganese burns out while iron burns in. Some reactions transmute Fe to Mn, while other
reactions transmute Mn to Fe. The Fe-Mn balance depends strongly on the starting concentrations of each
element. Table 3 contains the composition of alloy R77 after each irradiation time. The iron concentration
increases bg Fh, while the manganese decreases by 184 after ten years. The chromium content doubles.

Phase instabilities are not likely to arise for these levels of transmutation.

Table 3 also shows that in solute-modified alloys, only tungsten is expected to change substantially (-40%),
but conglderlng the low-starting level of this solute-hardening element, no change in phase-stability is
expected.

Calculations for these alloys in the much harder spectrum of the first wall of the MARS conceptual reactor
showed compositional changes of smaller magnitude than in STARFIRE and opposite in effect, i.=., relative
enrichment of manganese. Thus, in either MARS or STARFIRE, no transmutation-induced phase stability
problems are expected.

TABLE 1 TABLE 2
PREIRRADIATION COMPOSITION OF ALLOYS STUDIED RELATIVE CHANGES IN ATOMIC FRACTIONS
AFTER TEN YEARS IN STARFIRE
A1 loy o

Dasignakion Composition {wt#%) Element R67 R72 R77
R67 70 Fe, 15Mn, 15 Cr Fe Oh Pi Y 5/
R72 70 Fe, 30 Mn Mn 4% -17% -18%

R77 4.5f2, 0M, 2Cr, 0.4C, 0.5 N, 10V,

0.06 7, 0005 3, 10w 0.5 Ni, 04 Si
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70 Future Work
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TABLE 3

STARFIRE-INOUCEO TRANSMUTATIONS I N ALLOY R77

Change after 10 yr

Atomic Fractions of Elements {wt%)
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RECENT INSIGHTS ON THE SWELLING AND CREEP OF IRRADIATED AUSTENITIC ALLOYS

F. A Garner (Hanford Engineering Development Laboratory)
1.0 Objective

The object of this effort is to assess the impact of recently attained swelling and creep data on ADIP alloy
development efforts. as well as on theoretical modeling efforts and fission-fusion correlation development.

20 Summary

It appears that all austenitic Fe-Ni-Cr alloys eventually swell during neutron irradiation at a rate of
~1%/dpa over a surprisingly large range of temperature. In addition. there is no evidence that saturation
of swelling will occur in commercial alloys at engineering-relevant levels. The sensitivities of swelling
to variations in composition, fabrication and environment lie almost exclusfvely in the duration of the
transient regime of swelling. Irradiation creep rates at high exposures are also expected to exhibit a
similar parametric insensitivity, largely because the major creep contribution appears to be proportional
to the swelling rate. The implications of these conclusions for various OAFS and ADIP activities are
discussed.

30 Program

Title: Irradiation Effects Analysis {AKJ)
Principal Investigator: 0. G. Doran
Affiliation: Hanford Engineering Development Laboratory

40 Relevant OAFS Plan Task/Subtask
Task I1.C.16 Composite Correlation Models and Experiments

50 Accomplishments and Status

51 Introduction

The application of austenitic steels in fusion reactors will be limited in part by their potential for large
levels of irradiation creep and swelling, an extreme example of which is shown in Figure 1. The factors
governing these two deformation phenomena have recently become better understood as a result of extensive
new data fields obtained in the various national breeder reactor programs.

As will be demonstrated in this paper, it appears that swelling and creep are not only strongly interrelated
phenomena, but that all austenitic alloys in the Fe-Ni-Cr system tend to evolve during irradiation toward
characteristic rates of creep and swelling that are surprisingly independent of compositional and fabrica-
tional variables. In addition, the dependence of these characteristic rates on environmental variables such
as temperature, displacement rate, helium and stress also appears to be much weaker than previously envi-
sioned by the radiation damage community.
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FIGURE L  Scanning Micrograph of Voids on the Surface of Fractured 20% Cold-Worked AISI 316 Irradiated at
510°C to 120 dpa in EBR-II. The swelling is 72%.  (Courtesy of W. J. S. Yang. Westinghouse
Hanford Company)

52 Irradiation Creep

Irradiation creep data are generally more difficult to obtain than are swelling data, requiring more_and
larger specimens and also requiring more out-of-reactor measurement and analysis. The measured strains of
creep specimens contain contributions not only from swelling and creep processes but also from recovery and
precipitation sequences. With the exception of the swelling-induced strains, these other contributions are
usually anisotropically digtributed and texture-dependent. ~All four of the strain contributions can be
stress-dependent, however.  ~* and since three of these contributions are usually not completely separated
from the true creep component of strain, published data on creep rates of different alloys therefore exhibit
unavoidably larger scatter than do swelling data.

In spite of differences in availability of data and their ease of interpretation. both creep and swelling
appear to respond to compositional, fabricational and environmental variables In the same manner, yielding
much circumstantial evidence that supports a correlation of swellin? and creep. Puigh and coworkers demon-
strated that the peaked temperature dependence of swelling in the alloys AISI 316. M813 and Ninmnic PE16 are
mirrored in the peaked temperature dependence of irradiation cen” Paxton and coworkers also demon-
strated a similar relationship for the alloy A286, which exhibits a valley rather than a peak in the tem-
erature deﬁendenc¥ of both swelling and creep.® An updated version of these data is shown in Figure 2

ote that the swelling data clearly show the contribution of a precipitate-related densification process.
the strains of which are usually designated as components of the “true™ creep rate.

More recently, Boutard and coworkers demonstrated that during isothermal irradiation a,strong correspondence
between swelling and creep exists in several heafs of AISI 316 irradiated in two different fast reactors and
in both the annealed and cold-worked conditions.  Non-isothermal temperature histories which have been
shown to accelerate swelling of AISI 316 to rates approaching 1%/dpa were also found to strongly accelerate
irradiatign creep. A much stronger swelling-creep relationship has been proposed, however, by Foster and
coworkers”™ and confirmed by Boutard and others,”” where:

[ ]
efo = BO + DS. (1)

This relationship ignores the short transient usually observed in cold-worked alloys and states that the
creep rate per unit stress and displaced atom is described by the creep compliance By plus another contri-
bution proportional to the swelling rate S.  Ehrlich has compiled the results of published creep studies and
has shown that B, ~10°" MPa™" dpa " for_a surprisingly large range of austenitic steels. Boutard and
coworkers reached a similar conclusion.’ These studies indicated either a rather weak dependence or no
dependence of B, on irradiation temperature. Atkins and McElroy noted that in proton irradiation studies a
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similar insensitivity of 8, to temperature and composition was also observed in nickel alloys, stainless
steels, PE£16 and even in non-austenitic metals such as Zr, Mo and Hf.

Ehrlich further noted that to within 20% the D-coefficients determined for both annealed 304L and cold-
worked 1.4981 steels agree, with D . 107 MPa™’', A similar insensitivity of D to starting microstructure
and heat identity was observed in AISI 316 by Boutard.” Considering the difficulties associated with analy-

sis of creep data, this level of agreement is surprising.

IT we accept the proposed insensitivity of 8, and D to composition and starting microstructure, then the
sensitivities of swelling will dominate the creep behavior at high fluence. Note that Eq. 1 requires a
swelling rate of only 0.01%/dpa or greater to give dominance to the 0S5 term over that of the 8, term. What
are the parametric trends in swelling, and are there compositional insensitivities similar to those of the
creep behavior?

5.3 Swelling of Pure Nickel

Iron and chromium do not exist with f.c.c. structure at void-relevant temperatures, but f.c.c. nickel has
often been irradiated. Two of these studies have been conducted at sufficiently small fluence increments in
fast reactors to show that at temperatures in the range 400-460°C pure nickel swells initially at ~1%/dpa
but quickly tends to saturate,”™* '’ as shown in Figure 3. Most other researchers did not generate suffi-
cient data at one temperature to discriminate between the saturation and linear swelling regimes.
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54 Saturation Regime of Swelling

lon irradiation studies of nickel have shown both regimes,’*#'* although the steady-state swelling rate was
shown to be deoressed by a factor of five or more below the 1%/dpa level by the action of the injected

interstitjal.‘“ In regions of the spesigan where the influence of the injected interstitial was minimal,
the swelling rate approached 1%/dpa,’ "

Although nickel starts swelling at very low displacement levels, most alloys exhibit a substantial incuba-
tion or transient regime prior to the so-called "steady-state” or post-transient regime, as shown in Fig-
ure 4. To date the saturation regime has not been observed in neutron irradiations of Fe-Ni-Cr alloys,
althaugh it was observed in ion irradiations of Fe-170r-16,71i-2.5M0 (20% swelling at 627°C, 4 MeV

Nit ions)' " and AISI 316 (260% swelling at 625°C, 140 keV protons).
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The relatively low swelling observed in pure nickel by Johnston and coworkers™ " during 5 MeV Ni+ irradiation
(Figure 5) is thought to reflect primarily the influence of saturation but also the increasing difficulty

at higher temperatures of maintaining bulk-representative microstructures close to the surface of very soft
metals. In the Fe-15Cr-Ni alloys shown in Figure 5 saturation either does not happen or occurs at much
higher swelling levels.

5.5 Swelling of Simple Ternary Alloys

Figure 5 leads to one conclusion, however, later found to be atypical of neutron irradiation; that there
exists a strong dependence of swelling in Fe-Ni-Cr alloys on irradiation temperature. |In fact, the tempera-
ture dependence of neutron-induced swelling 1Is much less pronounced than that induced by ions. 1t has
been shown that the influence of the injected interstitial effect at low temperature " combined with the
surface influance' *7*° at high temperature distorts the temperature dependence of ion-induced swelling.

A strong dependence of swelling on both nickel and chromium content (Figure 6) has also been foynd in
studies gp both solute-free ternary alloys and solute-modified commercial alloys, using on, ™/
electron®” and neutron * irradiation.” However, none of these studies showed unamblguousiy whether the

influence of compositional variations lies in the transient or post-transient regime.

Carner and Brager have recently published an extensive data base on fifteen Fe-Ni-Cr ternary alloys with low
solute levels. '~ These were irradiated In £8R-I1 at eight temperatures between 400 and 650°C to expo-
sures as large as 110 dpa. These data show that the primary influence of nickel and chromium content lies
in the duration of the transient regime and that the post-transient swelling rate is ~1%/dpa, which is
relatively insensitive to both irradiation temperature and composition. As illustrated In other papers, the
effect of composition on swelling of ternary alloys is a second-order void nucleation effect visible only at
higher neutropslffadlatlon temperatures,®® the inpact of which is distorted in low-temperature ion
irradiations.”

For each neutron-irradiated ternary alloy, a temperature can be designated as the break-away temperature Tg.
Below Ty there is essentially no composition or temperature dependence of swelling in the range
400°C < T < Tg, as shown in Figure 7. FOr T > Tg the duration Of the transient regime increases with tem-

perature as shown in Figures 8 and 9a. The break-away temperature decreases with increasing nickel and
decreasing chromium content. The longest transient regimes at a_given temperature above Tg occur at
~35-40% nickel and relatively low chromium levels, as shown in Figure 9. The behavior shown in Figures 7
through 9 is quite typical OF that exhibited by the other ternary alloys described in References 29-31.

There does not appear to be any possibility of early saturation of swe11in9 in Fe-Ni-Cr ternaries. For
those hi?her—nickel alloys irradiated to the highest exposures (90-110dpaJ, swelling levels of 30-70% were
frequently observed.
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5.6 Swelling of 300 Series Stainless Steels

The swelling of stainless steels is known to be sensitive to temperature, composition, displacement rate and
preirradiation thermal-mechanical treatment. In general, the addition of solute, particularly gilicon,
leads to an extension of the transient regime by temporarily suppressing void nucleation.’?” * The
development of swelling in these steels has alsg been correlated with the irradiation-induced micro-chemical
evolution’ ~'° in which the silicon and nickel levels of the matrix are reduced by precipitation of phases
rich in these nucleation-suppressing elements. fSiIicon is much more effective per atom in suppressing void
nucleation than is nickel, however "). It has also been shown that the parametric sensitivities of =
swelling in the transient regime are mirrored in the sensitivities of the precipitation process.” ~

This microchemical evolution is ordinarily ve;y sluggish and leads to long transient regimes, particularly
in cold-worked steels. As shown later this often yields continuous curvature in the swelling vs. fluence
behavior to very high swelling levels. It has been demonstrated, however, that this evolution in AISI 316
can be accelerated under some conditions such as in-reactor temperature decreases®**~*" or preirradiation
thermal aging.'’<** Both of these temperature histories accelerate the rate of curvature and foster the
quick attainment of the 1%/dpa swelling rate characteristic of the austenitic Fe-Ni-Cr system. There were
indications of this behavior in a number of 300 series steels as early as 1975. Figure 10a shows that three
steels aged at, 704°C In sodium for 10,000 to 15,000 hours all swelled at ~1%/dpa when subsequently irradi-
ated at 450°C, Even without aging, this swelling rate was observed in AISI 304L (Figure 10b} where the
combined influence of annealing, low nickel content {~9%) and low carbon level leads to the shortest incuba-

tion periods observed in the series steels."’

Several factors precluded the earlier recognition of both the magnitude and parametric insensitivity of the
post-transient swelling rate in the 300 series steels. The major factor was the long duration of the
solute-extended transient coupled with its sensitivity not only to temperature history but also to gradients
in displacement rate. Note in figures 11 and 12 the strong and temperature-dependent effect of displacement
rate on the duration of the transient regime of AISI 316.**,** At temperatures in the vicinity of 500°C or

below the effect of displacement rate on the transient_reverses in the annealed steel, and swellina
increases at higher displacement rate,*¢ as shown in Figure 13. This reversal has been attributed to the

displacement rate dependence of low temperature radiation-stable phases such as y* and the time dependence
of high temperature intermetallic phases.®™ In cold-worked AISI 316 the effect of displacement rate below

500°C is much smaller.

Other studies have shown that the effects of cold-working,™ ™ reactor spectra and helium,*’~** and applied
stress” also manifest themselves In the transient regime.

In data derived from many different structural components some of the_less obvious parametric trends _are

often obscured by data scatter as shown in Figures 11, 12 and 14. This scatter has been shown to arise from

the sensitivity of the transient regime to the combined effects of a large number of local environmental
rs."” In addition, the accumulated strain at large exposures causes long reactor components to arow

such that points far_from the fixed end exgerience relatively large and time-dependent changes in position
and environment.** This adds to the uncertainties associated with description of environmental parameters.
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Whereas an earlier analysis of annealed 304L swelling data concluded that there is a strong dependence of
"steady-state" swelling rate on temperature,”™ Figure 14 shows that, even in the absence of corrections for
neutron spectra, there exists a broad temperature range over which the swelling is essentially independent
of temperature.*®~*® The scatter in the range 450-538°C camouflages a continuing increase in swelling rate
with fluence. At lower temperatures, the transient duration increases, but the apparent slow decrease in
the eventual swelling rate reflects primarily the softening of the neutron spectra in the region where these
temperatures exist. When plotted vs. dpa the curves in Figure 14b become more parallel to the band shown in
Figure 14a.

While the transient swelling regime may be sensitive to temperature for some heats of steel, other heats are
relatively insensitive to temperature, as shown in Figure 15. The continuous "curvature” or increase in
swelling rate is not masked by data scatter since the three data points shown at every temperature in Fig-
ure 15 represent interim measurements on a single specimen. Note the sharp discontinuity in swelling at
~460°C. Other data at higher exposures show that at both above and below this discontinuity the swelling
rate indeed reaches ~1%/dpa (see Figure 20, for example, at 500 and 420°C). The sensitivity of the tran-
sient regime to environmental history is graphically demonstrated in Figure 15b, where the same heat and lot
of tubing was used as fuel pin cladding."™ Not only is the transient regime longer but the range of temper-
ature insensitivity is larger. A compilation of single-specimen swelling data is presented elsewhere for
many heats of AIS| 316 stainless steel."

Figure 16a demonstrates that the complex temperature dependency often reported for swelling of some heats
arises from a strong dependence of the transient regime on temperature. The valley at 450°C in Figure 16b
is a remnant of the "double-bump" swelling behavior usually observed in annealed AIS| 316, but suppressed by
cold-working." Note that for this heat there appears to be a plateau in swelling above "650°C. In general
itis difficult to assess the high temperature behavior, since swelling profiles derived from structural
components at temperatures above 600°C are dominated by the steep flux gradients associated with these
temperatures .

Whereas it i s usually assumed that swelling of 300 series steels ceases in the range 650-700°C, swelling of
A1S| 316 has been found to show no hint of decreasing swelling rate at 650°C*® and to extend above 700°C
when sufficient exposure is attained (Figure 17).%2 "In fact, AISI| 304 has been observed to swell to temper-
atures as large as 800°C.** The upper limit of swelling has not been determined, but the presumed absence of

swelling in the range 700-800°C reflects more the absence of high fluence experiments in this range than the
absence of swelling itself.
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5.7 Titanium-Modified 300 Series Stainless Steel

Extensive neutron-induced swelling data from the U.S. Breeder program show that modification of 300 series
stainless steels by titanium addition does not change the eventual swelling rate. Titanium does change the
duration of the transient regime, however, and exhibits strong synergisms with other solute elements. Once the
MC-type precipitates are replaced bv nickel and silicon-rich precipitates, swelliny accelerates

quickly,®*"*® as demonstrated in Figure 18. This loss of phase stability and its relationship to swelling

has also been shown to be sensitive to pulsing of the radiation environment. s

With an appropriate balance of various solutes and with thermal-mechanical pretreatments designed to stabi-
lize MC-type precipitates, it appears that the potential exists for extending the transient regime somewhat.
Based on current studies, however, 150-200 dpa appears to be the upper exposure limit and the microchemical
stability appears fragile enough that it might not survive welding or even various in-reactor temperature
histories. Other papers in these proceedings describe the US. effort to develop a Prime Candidate Alloy
(PCA) for fusion applications based on titanium-modified AIS| 316.%8/%7
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5.8 Swelling of Other Commzrcial Alloys

The 1on _studies of Johnston and coworkers®.2} greatl¥ influenced the desian of U.s, neutron experiments and
led to irradiation of many alloys with higher nickel levels. Hiah fluence data have onlv recently become
available on these alloys,**** As shown in Figures 19 and 20, once swelling of these alloys commences they
do so at rates that quickly approach 14/dpa, The transients at a aiven temperature exhihit trends with
nickel, chromium and solute levels that are quite consistent with the trends exhibited bv the simple ternary
alloys, hut the transients have been extended by the solute additions. This is particularlv casy to see in
annealed alloys. In general, cold-working further extends the transient regime.z¢/**

It should also he noted that transients at high nickel levels are shortest at the lower irradiation temper-
atures. Not only does this observation agree with the results of the ternarv alloy irradiations hut it sua-
gasts that the peaks in swelling might exist at lower temperatures (<4n0°C) than investiasted iIn these
studies.

The largest levels of neutron-induced swelling to date are shown in Fiqure 70 for Hastalloy-¥X (80%) and 20%

cold-worked heat 81583 AISI 316 (726). The 1atter was also shown in Fiaure 1. These two alloys have vastly
different compositions and yet eventually swell at essentially identical rates.

5.9 Implications for Alloy Development

If swelling and creep behavior were the only considerations invoked as criteria for further development, two
major approaches in the austenitic system are suggested by these results. The first Is to probe the low
chromium range (<10%) of the higher nickel allgys,**/%#%,** employing solute modification to extend the tran-
sient and hopefully stabilize the phases existing prior to irradiation. However, the most successful
swelling-resistant commercial alloys to date, Inconel 706%¢ and Inconel 718 " actually have slightly higher
chromium levels. Note in Figure 20, however, that high nickel levels per se are no quzrantee of transient
regimes that are longer than those of AISI 316. T

The second approach is to continue pursuing the stahilization of the matrix and MC-type precinitates in
titanium-modified alloys, rzcoanizing that once these precipitates are replaced by nickel and silicon-rich
phases, accelerated swelling will commence shortly thereafter.

Perhaps the most sobering implication of this work is that, on the single consideration of swelling, no
austenitic alloy studied to date has the potential to reach expnsures in excess of 700 dpa ar First-wall
loadings of 20 Miyr/m2. For goals of this maanitude one must consider the ferritic steels which appear to
swell at much lower rates.**/%3

5.10 Implications for Theoretical Modeling

The insights gained from these ctudies focus our attention more strangly on void nucleation theory and ohase
stabilit% considerations, and deemphasize the attention paid to conventional rate theory. One can use rate
theory, however, to describe the relative insensitivity of the post-transient_swelling rate to temperature,
displacement rate. helium/dpa ratio and aopliad stresses,2-%° At the high sink strengths generated in
irradiated austenitic alloys, rate theory shows that the sensitivities of swelling are effectivelv dacounled
from the sensitivities of the microstructure. This largely explains why the homoaznization of the cavitv
structure at high helium/doa ratios does not appear to affect the post-transient swelling rate.3?2

The compositional sensitivity of void nucleation is now being explored®z *<,¢* and involves both
composition-dependent diffusion behavior of point defects in the alloy matrix and the consequences of
radiation-induced segregation of nickel at void surfaces. An area requirina additional attention is the
compositional sensitivity of Frank loop and dislocation evolution.

5.1 Application of Fission-Derived Insights to Fusion Environments

There are a number of considerations involved in the application of these fission-derived insfahts to fusion
conditions. The spectral dependence of displacement damaqa for 14 MeV neutrons has hesn assumed in this
paper to he adequately covered by the use of dpa as the exposure index, hut this assumption can not he fullv
tested in existing facilities.

The differences in non-gaseous transmutants in variouc neutron spectra can he substantial, ** hut for AISI

316 in HFIR and EBR-II such differences were found to manifest themselves primarilv in the orscipitate
compositions and not in the transient duration or the post-transient swelling rate.s2,83%,%% tansiderina the
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compositional insensitivity of the post-trancient regime demonstrateo in tnis st.dy, such a result is not
surprising, ang is not expected to be altered in fusion environments.

Another consideration is that of the helium/fopa ratio. As snown in Figure 21, the very larqe difference in
nelium/dpa ratio petween dFIR ana EBR-II aid not lead to a oifference in tne post-transient swellina rate of
annealea AISI 316. A compilation of other heli.m effects studies has led to the concl.sion that relatively
small differences in starting composition have a greater effect on the transient regime than do large vari-
ations in helium level.""

There is no guarantee that these spectrum-related conclusions will apply to all alloys at all irradiation
conditions. A point of additional concern is the effect of differences in environmental history. While we
can specify with some confidence the eventual swelling rate, we cannot specify the duration of the transient
regime for a given alloy in any untested environment. The greatest sensitivities of the transient regime of
AlS| 316 were found to be to temperature, displacement rate, and stress."- In a Tokamak all three of these
parameters will vary simultaneously, with currently unpredictable consequences.
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7.0 Future Work

An irradiation creep equation based on the results of these studies will be develooed for the Fusion
Materials Handbook.

8.0 Publications

This report summarizes an invited panel paper and will be published in the Journal of Nuclear Materials as
part of the proceedings of the Third Topical Meeting on Fusion Reactor Materials, (Sept. 1983},
Albuquerque, NM.
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SWELLING OF AIS| 304L IN RESPONSE TO SIMULTANEOUS VARIATIONS IN STRESS AND DISPLACEMENT RATE*

D. L. Porter (Argonne National Laboratory-ldaho Falls) and F. A. Garner (Hanford Engineering Development
Laboratory)

1.0 Objective

The object of this effort is to determine the factors which govern the swelling of austenitic alloys and
provide guidance for the development of history-dependent swelling equations.

2.0 Summary

The duration of the transient regime of neutron-induced swelling in annealed AISI 304L at 400°C is sensitive
to both stress and displacement rate variations. The simultaneous application of both variables exerts a
synergistic effect on.the transient regime. The duration of this regime cannot be reduced below an exposure
of 10 dpa, however, which has been found to be characteristic of all Fe-Ni-Cr austenitic alloys. This is
four times larger than that currently assumed in the stress-affected swelling equation for 20% cold-worked
AlS| 316.

3.0 Program

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

4.0 Relevant DAFS Plan Task/Subtask

Task 11.C.16  Composite Correlation Models and Experiments

5.0 Accomplishments and Status

5.1 Introduction

It is knowp that the transient regime of swelling in_austenitic alloys is sensitive to a large array of
variabfes, = some of which may act synergistically. The development of history-dependent fission-fusion cor-
relations for swelling requires that some estimate be made of the synergistic influences of those variables
known to be different in the two neutron environments. 1t is not known, for instance, how short the dura-
tion of the transient regime can become or how to superimpose on the transient the influence of two separate
variables.

Recently, it has become clear that the displacement rate is one of t'.he important environmental variables
which determine the duration of the transient regime in AIS| 316. Unfortunately, well-defined experi-
ments with separable environmental variables are in general not available.

This report describes one experiment where the combined action of temperature, displacement rate and stress
can be studied. The action of the latter variable can be separated from the influence of the first two,
however. The material employed in this experiment was annealed 304L stainless steel, which, by v1rtue of
its lower nickel and carbon levels, swells somewhat earlier than does annealed 316 stainless steel.

*Work supported in part by US DOE under contract W-31-109-ENG-38.
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5.2 Experimental Details

The X065 in-reactor creep experiment was conducted in Row 7 of EBR-II to study the swelling and creep behav-
ior of annealed AIS| 304L, the material which forms most of the cladding for EBR-II fuel. There were 19
pressurized tubes in this experiment, each 60 inches in length (152 cm). Each had an outer diameter of
0.737 cm, 0.051-cm wall thickness and a nominal grain size of ASTM 6. They were pressurized to yield one of
seven levels of hoop stress, varying from 0 to 190 MPa. The temperature of these tubes varied from 380°C at
the bottom to 415°C at the top.

The tubes were removed periodically from the reactor and the total creep and swelling deformation was
measured using profilometry along the tube axis. At the termination of the irradiation series, seven of
the tubes were cut into 2.5-cm sections and their density change determined using an immersion technique.

5.3 Results

Figures 1 and 2 show the results of the density change measurements. (Two figures were plotted to avoid
data overlap.) The four-fold displacement variation for any one stress level arises from the variation in
displacement rate along the tube. Since the tube is fixed at its bottom end each point on the original
tube tends to move upward through the core during irradiation. The amount of upward displacement is the
sum of the total integrated linear swelling below that point. Therefore, swelling data were obtained only
from the bottom half of each tube to minimize uncertainties in position and total displacement level. The
temperature varied from ~385 to ~400°C over the range chosen for examination.
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FIGURE 1. Swelling Data from AIS| 304L Creep FIGURE 2.

Tubes, Derived by Immersion Density.

Additional Swelling Data from Creep
Tubes.

The stress levels quoted in Figures 1 and 2 are those of the hydrostatic stress o4, which for a gas-
pressurized tube is one-half of the hoop stress. This stress parameter was chosen for consistency with
stress-affected swelling models developed in earlier studies. ”

At lower fluences and flux levels there appears to be no effect of stress on swelling. The data from all
seven capsules are colinear in this range and reflect an extrapolated intercept on the exposure axis of

approximately 10 dpa. At higher fluence levels, however, there is a consistent increase in swelling (at a
given displacement rate) with increasing stress level.

54 Discussion

Each of the curves shown in Figures 1 and 2 is shaped by the combined action of three variables; displace-
ment rate, temperature and stress level. It is verv difficult to separate the effects of the first two
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variables, however, particularly where there is a relatively steep gradient in displacement rate, such as
occurs near the bottom edge of the core. Since the temperature varies only about 15°C in this experiment,
however, the impact of temperature is presumed to be overshadowed by that of displacement rate.

Two features of these curves require explanation. The first is the shape of each curve at a given stress
level. As shown in Figure 3, a similar experiment on 3% cold-worked AISI 316 yielded a similarly-shaped
curve when core center profilometry measurements at differant exposure levels were compared with axially
varying measurements upon the termination of the experiment.’ Figure 4a shows the presumed effect of
variations in displacement rate alone, drawing on the experimental ogservation that the influence of the
displacement rate is manifested primarily in the transient regire.. ~' The second feature is the shift
toward lower exposures upon application of tensile stresses. Figure 4b shows the known effect of tensile
stresses at constant displacement rate.” In this temperature range, however, stress is usually thought
to be a second order variable.””" Figure 5 shows that the effect of stress indeed saturates rather
quickly, exerting a much smaller influence above 50 MPa.

At a given stress level, however, the effect of displacement rate (or conversely time-at-temperature) exerts
its influence by shortening the transient until a minimum transient is approached, as shown in Figures 6

and 7. It is significant, however, that the transient duration cannot be shortened below the minimum of
2% 10" n/em® (B> 01 MeV) or ~10 dpa observed in the solute-free austenitic Fe-Ni-Cr alloy series irradi-
ated in the core of £8R-11,°7'" as illustrated In Figure 8. As shown in Figure 9 a similar minimum is
observed in various 300 series steels whose temperature histories were such as to quickly yield the ~1%/dpa

swelling rate characteristic of austenitic Fe-Ni-Cr alloys."

It is apparent then that the transient is extended primarily by the action of the solutes in 304L, primarily
silicongang, carbon. This IS consistent with the results of recent studies on the influence of these ele-
ments. i At the higher displacement rate, these elements apparently do not segregate into precipitates
as readily as they do at the longer times associated with lower displacement rates. The silicon and carbon
levels are thus maintained in solution for a longer period, depressing void nucleation. Apparently the
action of stress on void nucleation can be more pronounced at the higher displacement rates where void
nucleation is more difficult.

The 10-dpa minimum incubation period observed in various austenitic metals may be related to the minimum
time required to develop the requisite dislocation microstructures in solute-bearing alloys. Porter |
recently demonstrated in 304L that it is not related to the time required to nucleate and grow voids.

He annealed specimens irradiated at ~415%°C to 22 dpa such that the dislocation density was greatly reduced,
and the various solutes dispersad. This did not reduce the void deqsity measyrably nor did 1t reduce the
~3% swelling accumulated. Even though there were approximately 10°° voids/em” the swelling curve upon sub-
sequent reirradiation exhibited an incubation period or transient regime of ~10 dpa, as shown In Figure 10.

These data thus provide a rationale for placin? a lower limit on the incubation parameter - employed in the
current stress-affected swelling equation. A lower limit currently exists but is a factor of four lower
than that suggested by the results of this study. If the parallel with the ternary alloy results is main-
tained, this lower limit should also apply to AISI 316 and other 300 series alloys.

I't does not appear feasible, however, to specify the magnitude and sign of the displacement rpte effect for
other 300 series allogs. While the effect of displacement rate measured by Porter and Hudman appears to be
roughly the same for both AISI 304L and AISI 316 in Figure 11, this impression may be misleading. The
strain differences measured in AISI 316 are much smaller and may represent primarily the effect of tims-at-
temperature on precipitate-related densification, a process known to develop small anisotropic and negative
strains in this alloy.* " Otherwise one would expect that at these low temperatures that increasing the dis-
placement rate would shorten the transient regime.’ At higher temperatures (>500°C), however, the influence
of displacement rate reverses In sign and becomes much more pronounced with increasing temperature.™ =*

5.5 Conclusions

It appears that the transient regime of any 300 series stainless steel is sensitive to the synergistic
influences of those factors which affect void nucleation, namely, solute content, displacement rate, tem-
perature, helium and applied stress. In AISI 304L_at 400°C the addition of carbon and silicon works to extend
the transient regime while longer times at lower displacement rates in reactor tend to shorten the transient,
presumably by facilitating the removal of these elements from the alloy matrix. Applied tensile stresses can
also accelerate void nucleation and shorten the transient regime, but only if the duration of the transient is
already relatively long. The transient duration cannot be reduced below that of the base Fe-Ni-Cr ternary
system by the synergistic action of any of these variables, however. This insight will be used to update the
current stress-affected swelling equation for 20% cold-worked AISI 316 and also in the development of a
history-dependent swelling equation.
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Future Work

A history-dependent swelling equation will be developed incorporating the insight gained from this study on
the stress and flux dependence of swelling.

8.0

Publications

This report will be published in the proceedings of the Twelfth ASTM Symposium on the Effects of Radiation
on Materials, to be held June 18-20, 1984 in Williamsburg, Va
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SIMPLE POLYNOMIAL EXPRESSIONS FOR THE HELIUM EQUATION CF STATE

B.B. Glasgow and WG Wolfer (University of Wisconsin)

1.0 Objective

To facilitate the use of recently developed equations of state for gaseous and solid helium, simple poly-
nomial fits have been developed.

2.0 Summary

The compressibility factor z = p¥/NkT for gaseous and solid helium has been fitted to expressions of the

form z = A + Bx + CxZ2 + Dx3, where x is the density and the coefficients A through D are functions of
temperature. By fitting this expression to the theoretical results obtained previously, A through 0 have
been determined. These simple polynomial expressions agree to within 11%with the experimental and theo-

retical results.

3.0 Program

Title: Effect of Radiation and High Heat Flux on the Performance of First-Wall Components
Principal Investigator: WG Wolfer

40 Relevant OAFS Program Plan Task/Subtask

Task [1.C.17 Microstructural Characterization
Subtask I1.B.2.3 Correlation Methodology

50 Accomplishments and Status

5.1 Introduction

The need for an adequate equation of state for helium at elevated temperatures and at the very high

pressures encountered in bubbles has been emphasized previously. (1) Accordingly, theoretical equations of
state have been developed previously based on accurate interatomic potentials and elaborate theories for the
fluid and the solid State of helium. Comparison of the theoretically derived equations of state with
experimental results gave excellent agreement. At very high densities and temperatures, however, where no

data exists presently. the solid equations of state developed by Glasgow and Nolfer“) and by Trinkhaus(Z)

give somewhat different results for reasons discussed earlier.{3) Nevertheless. the different theoretical
approaches give remarkably similar results, as shown in Figs. 1to 3. Figure 1land Fig. 2 show the results

of Glasgow and Ho]fer'(l) for the Beck!4) and the Young(s) potential, respectively. Figure 3 gives the
equation of state according to Trinkaus. (2} The dashed curves in the above figures shows the empirical
equation of state developed by Mills et a1.{8) from their data at and below room temperature. Trinkaus uses
a different empirical fit for his gaseous equation of state to the data by Mills et a'l.,(ﬁ) while Glasgow
and Ho'IfEr(” derived their results from first principles using the perturbation theory for dense fluids.
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All these equations of state are judged very adequate for applications in void nucleation and growth theo-
ries, in models for blistering, and in models for grain boundary cavitation and helium bubble growth. How-

ever, the numerical evaluation of the theoretical equations of state by Glasgow and wolfer{l) are cumber-
some. Accordingly, simple polynomial expressions have been developed to represent these theoretical results
in a more convenient form.

5.2 Polynomial Form of Equation of State

At low densities, all three equations of state shown in Figs. 1to 3 give very similar and accurate results.
As mentioned before, the results deviate from each other noticeably only at high densities. For these

densities, many=-body interactions become significant, and pair-wise potentials appear to be no longer ade-

quate. Young et al. (5) have incorporated in their interatomic potential these many-body effects, and the
results derived from their potentials are therefore judged to be the most accurate.

As a result, the polynomial fit is given only for the results derived with the Young potential.

For low densities, covering the gaseous state, the compressibility factor z = p¥/NkT can be approximated by

Z =AY +Bgx + Cx2 +0x3 for x.< 1.7 70.41 (1)
where x is the density in {moles/Titer} and

Ag = (1/1300)}/25 (2)
By = 5.83(1/7)0-58 (3)
Cq = 10g10(T/800)/(0.69 T0-6%) (4)
Dg = 8.6(1/T)1-44 {5)

T is the absolute temperature. For the solid equation of state,
z = Ag tBgx +0cx2 , for x » 17 T0.41 (6)
where: Ag = -3.89 + 6.59+1072 T - 1,15+107% TZ ¢ 5.46+1078 73 (7)
By = -0.523 +4,39.1074 T + 1,77.1076 12 - 1.37.107% 713 (8)
¢, = 0201 - 2.911074 T + 3.01+10°7 72 - 1.045.10710 13 (9)

Figure 4 gives the comparison for the compressibilities according to the theory and the polynomial fit for
three different temperatures, 200, 600, and 1000 K. Within the ranges 200 <« T < 1200 K and 0 € x < 50

(moTes/Titer), the agreement i s within 11%.

It should be noted that computer programs for both the polynomial fits and for the extensive theory of the
helium equation of state are available on the MFE computer network.

5.3 Curvature Corrections

The pressure obtained from the above expressions for z = p¥/NkT is for a flat surface. As shown previous-

1y,(7) curvature corrections are required when the equation of state is to be applied to smll bubbles with
radii on the order of 20 A or less. At the present time, it is recommended that the pressure obtained from
the above expressions be multiplied with an appropriate factor. This factor can be obtained from the
graphical results given in Ref. 7 for P(y,R)/P(y,=), where R is the bubble radius and y the packing
fraction.
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7.0 Future Work

Simple polynomial expressions will be developed for the curvature corrections.
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