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FOREWORD

This report is the fourteenth in a series of Technical Progress
Reports on ""Alloy Development for Irradiation Performance'™ (ADIP) , which
is one element of the Fusion Reactor Materials Program, conducted in
support of the Magnetic Fusion Energy Program of the U.%. Department of
Energy. Other elements of the Materials Program are

- Damage Analysis and Fundamental Studies (DAFS)
+  Plasma-Materials Interaction (PMI)
« Special-Purpose Materials (SPM)

The first seven reports in this series are numbered DOE/ET-0058/1
through 7. This report is the seventh in a new numbering sequence that
begins with DOE/ER~0045/1,

The ADIP program element is a national effort composed of contri-
butions from a number of National Laboratories and other government
laboratories, universities, and industrial laboratories. It was organized
by the Materials and Radiation Effects Branch, Office of Fusion Energy,
DOE, and a Task Group on Alloy Development for Irradiation Performance,
which operates under the auspices of that Branch. The purpose of this
series of reports is to provide a working technical record of that effort
for the use of the program participants, for the fusion energy program
in general, and for the Department of Energy.

This report is organized along topical lines in parallel to a
Program Plan of the same title so that activities and accomplishments
may be followed readily relative to that Program Plan. Thus, the work
of a given laboratory may appear throughout the report. Chapters 1, 2,
8, and 9 review activities on analysis and evaluation, test methods
development, status of irradiation experiments, and corrosion testing
and hydrogen permeation studies, respectively. These activities relate
to each of the alloy development paths. Chapters 3, 4, 5, 6, and 7
present the ongoing work on each alloy development path. The Table of
Contents is annotated for the convenience of the reader.

This report has been compiled and edited under the guidance of the
Chairman of the Task Group on Alloy Development for Irradiation Performance.
E. E. Bloom, Oak Ridge National Laboratory, and his efforts and those of
the supporting staff of ORNL and the many persons who made technical
contributions are gratefully acknowledged. T. C. Reuther, Materials and
Radiation Effects Branch, is the Department of Energy Counterpart to the
Task Group Chairman and has responsibility for the ADIP Program within DOE.

D. L. Vieth, Chief
Materials and Radiation Effects Branch
Office of Fusion Energy
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To be reported in the next semiannual report.
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A second publication package of data sheets has been
released and a third is planned for release early in
December. The second publication package contained data
sheets on the elevated temperature fatigue crack growth
rate of 20% cold worked type 316 stainless steel and the
third will contain data sheets on a glass epoxy supercon-
ducting magnet insulator called ¢-10C8, A number of other
data sheets are currently in work with release targeted for
early next year.

MATRICES AND METHODS DEVELOPMENT & « = & & = o « & & =« « & 7

Neutron Source Characterization for Materials Experiments
(Argonne National Laboratory) « « « & o & & & & & & & &« & & 8

Neutron flux-spectra have been measured for the MFE2
and MFE44 experiments in the Oak Ridge Research Reactor.
Fluence, DPA, and helium values are presented for various
locations in the experimental assemblies. The status of
all other dosimetry is also swmmarized.

Neutronic Calculations in Support of the ORR-MFE-4 Spectral
Tailoring Experiments (Oak Ridge National Laboratory) . . . 20

Three-dimensional neutronics calculations are being
carried out to follow the irradiation environment of the
ORR-MFE-4A and -4B experiments. These calculations
currently cover the 30 ORR cycles completed for the
-4A experiment and 9 ORR cycles completed for the
-48 experiment, which correspond to 221,178 #/# and
83,634 Myh, respectively. At these exposures, the calcula-
tions yield 6.66 x 1025 neutrons/m? in thermal fluence,
1,99 x 102% neutrons/m? iIn total fluence, 5.05 dpa in
type 316 stainless steel, and 51.78 at. ppm He in type 316
stainless steel (not including 20 at. ppm from 198) for
the -4A experiment. The -4B experiment has achieved
2.2 = 1025 neutrons/m? in thermal fluence, 7.52 x
1025 neutrons/m? In total fluence, 1.91 dpa and
8.13 at. ppm He in type 316 stainless steel.
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The nuclear analysis of the hafnium corepiece for the
ORR-MFE-4A experiment has been completed. The results of
this analysis indicate acceptable helium producticn to
displacement damage ratios over the lifetime (>50 dpa) of
the experiment may be obtained using solid aluminum core-
pieces containing a ¢.85-ma-thick hafnium annulus.

Operation of the ORR Spectral Tailoring Experiments
ORR-MFE-4A and ORR-MFE-4B (Oak Ridge National
Labo rato ry) - - L ] L ] L ] L ] L] L} L ] L ] L ] L ] L] L} [ ] L ] L ] L ] L ] L] L} L ] L ] L ]

The ORR-MFE-4A experiment, described previously, was
installed in the Oak Ridge Research Reactor (crR) &

June 10, 1980, and as of September 10, 1981, tt had
operated for an equivalent 330 d at 30 »/ reactor power,
WIth mazimun Specimen temperatures in each region of 330
and 4p0°c, respectively. On September 8, 1981, two of the
multijunction thermocouples located in the lower region of
the capsule, as previously described, indicated sharp drops
in temperatures of about 90°¢ & each. The capsule was
removed from the reactor for investigation. Tests have
indicated that there are no leaks In the secondary system
and no leaks between the thermocouple weil? and primary
system. The possibility of rearranging primary and secon-
dary system boundaries to permit continuation of the cap-
sule irradiation Is under investigation.

The ORR-MFE-4B experiment, installed i» the ORR on
April 23, 1981, ts essentially identical to ORR-MFE-4A.
I'ts upper region operates at soo°c, and i1ts lower region
oparates at spo°c. As oOfF September 30, 1981, iz has
operated for an equivalent 136 d at 30 M/ reactor power.

Experiments HFIR-MFE-RBI, -RB2, and -RB3 for Low-

Temperature Irradiation of Path E Ferritic Steels
(Oak Ridge National Laboratory) « =« = = = = = = = = = = = &=

The HFIR-MFE-RBI, -RB2, and -753 experiments are
planned for low-temperature irradiation of a variety of
specimen types of ferritic steels to approximately 1¢ and
20 dpa. The final specimen matrices for &81 and R32 are
given, along with a preliminary matesiz for RB3. Also given
are details a the alloys included and their conditions.
Assembly of the RBI and #82 capsules sz presently under
way. lrradiation of the RBI capsule is planned to start in
November 1981, and irradiation of #82 IS expected to begin
about January 1982

Experiment HFIR-MFE-T3 for Low-Temperature lIrradiation of

Miniaturized Charpy V-Notch Specimens of Nickel-Doped
Ferritic Steels (Oak Ridge National Laboratory) . . . . .« &

The #err-#MrE-73 experimental capsule is described.
This experiment consists of miniature Charpy V-notch speci-
mens of 12 ¢r-1 MoW and 12 ¢r-1 Mow-2 »i alloys. The
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different levels nickel will result in different helium
levels generated during irradiation, and thus will allow
for an evaluation of the effect of helium & impact
properties. Irradiation of the capsule has started with
projected fluence at midplane that Will produce ¢ dpa
expected by January 1982.

A ALLOY DEVELOPMENT — AUSTENITIC STAINLESS STEELS & & « « &

Results of the MFE-5 In—Reactor Fatigue Crack Growth
Experiment (Hanford Engineering Development Laboratory) . .

Eramination Oof the crack growth specimens from the
ORR-MFE-5 in-reactor fatigue test and from the HEDL thermal
control test has been completsd. Results indicated that
there were no effects of dynamic irradiation & crack
growth at a fluence of 15 x 102! n/em? (£ > 0.1 MeV).
Furthermore, the crack growth mtes in elevated temperature
sodium were a factor of 3 to ¢ lower than in room tem-
perature air.

Effect of Preinjected Helium on Swelling and Microstructure
of Neutron Irradiated Stressed Type 316 Stainless Steel
(Oak Ridge National Laboratory) « « « o s s = = =2 = = = = =

In this period, examination was performed on
pressurized tubes of 25%-cold-worked type 316 stainless
steel after irradiation at 525°C, The hoop stress was
31.7 mMpa and the Tluence was 5 x 1025 neutrons/m?

(>0.1 MeV) producing 23 dpa. Helium was preinjected into
the center portion of the tube specimen to levels of 20 and
60 at. ppm.

Diameter measurements, which include both swelling and
creep effects, show that a 20 at. ppm He preinjected region
expanded about 30% less than the uninjected regions. For a
sample with 60 at. ppm He, a 60% lower expansion_was found.

The microstructure of a 60 at. ppm He preinjected
region shows a bimodal cavity distribution. An 1nhomoge-
neous distribution of voids less than 50 »» In diameter is
accompanied by a homogeneous population of tiny cavities,
with a concentration near 12021/m3. In the uninjected
region, a single distribution of cavities was observed with
a aumbzr density of about 1 x 1029/m3 and an average
diameter of about 1200 mm. Precipitates were observed in
both regions. Almost all were eta-phase, with a number
density of about 5 x 1019/m3.

Microstructural Development on 20%-Cold-Worked Types 316
and 316 + Ti Stainless Steels Irradiated in HFIR:
Temperature and Fluence Dependence of the Dislocation
Component (Oak Ridge National Laboratory) . « « « &« « « u &

The dislocation structures of 20%-cold-worked type 316
stainless steel (cw 318) and ¢ 316 *+ Ti are investigated
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and compared after thermal aging, HFIR irradiation at

55 to 750¢c at fluences producing up to 16 dpa and

1020 at. ppm He, and EBR-11 irradiation to 8.4 and 36 dpa
at 500 to s30°c, The cw 316 shows dislocation recovery on
aging In the range 550 to 700°C, with recovery increasing
as temperatures increase. By comparison, ¢% 316 t T4
exhibits MC formation and resists dislocation recovery for
4400 h at 7ooe°c. Dislocation recovery and precipitation
are uncoupled in ¢¥ 316 after EBR-11 irradiation. Recovery
IS enhanced and precipitation is retarded. The DO heat of
av 316 does not form Frank loops iIn the 500 to 630°C range.
Network dislocation concentrations tend toward a steady
value of 7 to 3 x 101%m/m3, with only slight temperature
and fluence variations. During HFIR irradiation, c¥ DO
heat 316 shows dislocation recovery after 7 to 10 dpa, with
moderate temperature dependence from 55 to 450¢¢ and
stronger temperature dependence above ¢50°C. Between 55
and s550°¢ the dislocation recovery is strongly coupled to
other microstructural features. Frank loops are found for
irradiation at 450°c and below, cavities at 3s50°¢c and
above, and precipitation at 45¢0°c and above. The dizsloca-
tion structure recovers to similar values in HEIR and
EBR-11 at 500 to 63o°C.

The dislocation microstructure in ¢¥% 316 + Ti 15 gimi-
lar to ¢w 316 after HFIR irradiation from 55 to 750°C, hut
the coupling of network recovery, Frank loop behavior, and
other microstructural phenomena is different from those iIn
av 316. The greatest differences reflect MC dislocation
pinning and reduced phase instability. Dislocation con-
centrations are 3 to 5 times higher in the ¢¥ 316 + 77 than
in the cw 316.

Equations to Describe the Swelling of 20%-Cold-Worked
Type 316 Stainless Steel Irradiated in HFIR (Oak Ridge
National Laboratory) « « o« o« o« & = = = = = s & =« s s » &= &

Equations describing cavity volume fraction swelling
are developed for 20%-cold-worked type 316 stainless steel
(cw 316) irradiated in HFIR. These equations are based on
the physical phenomena observed in the microstructure, such
as matrix void swelling, matrix bubble swelling, grain
boundary cavity swelling, and precipitate-assisted void
swelling. The temperature and fluence dependence of each
component iIs considered, and microstructural information is
interpolated to provide a description of the swelling
behavior within the limits of the data set (up to
s0—80 dpa). The data base is for the DO heat of ¢ 316
Some facets of the swelling behavior, such as void attach-
ment to eta (¥ ) phase particles at lower temperature,
may vary between heats of type 316 stainless steel. Other
components, such as bubbles In the matrix and grain boun-
dary cavities, may be more general. The expression of

98
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total swelling as the sun of distinct, microstructurally
related components allows flexibility in describing other
heats of steel having generally similar behavior but with
some differences in precipitate response, for example. It
also permits separate comparison of components of the
swelling, such as bubbles or void formation, with these
same phenomena observed under different irradiation
conditions. Comparison of the overall swelling in HFIR
with that observed in EBR-11 indicates substantial dif-
ferences iIn the temperature and fluence dependence of
swelling in these reactors. The microstructural infor-
mation shows that the differences are due to the helium
generation mte and its effect & various mechanisms
responsible for development of the cavity microstructure.
An understanding of these differences and development of
physically based models that predict both EBR-11 and HFIR
data will be necessary to project the swelling behavior in
a fusion reactor.

Weld Bend Tests on Irradiated, 20% Cold-Worked 316 Stain-
less Steel (Hanford Engineering Development Laboratory) . .

Samples o 20% ¢cw 316 53 were sectioned from various
axial locations along an irradiated EBR-11 duct. The bend
samples were fabricated by Tungsten-Inert-Gas (TIG/) welding
two tabs together along the width. Bending was
accomplished by eentrally loading the root side of the weld
white both ends of the specimen were supported by pins.

The effects of sample fluence level, test temperature,

and deflection rate on strength and ductility were
investigated. A preliminary evaluation indicates the
ductility of the welded material is nuch greater than
expected. Helium produced in the metal during reactor
service does not appear to cause embrittlement of the weld
zone.

B ALLOY DEVELOPMENT — HIGHER STRENGTH Fe-Ni-Cr Alloys
No contributions.

C ALLOY DEVELOPMENT — REACTIVE AND REFRACTORY ALLOYS . . .

Mechanical Property Evaluations of Path C Vanadium Scoping
Alloys (Westinghouse Electric Corporation) . « s« s = = &

Creep/stresa-rupture tests were performed & sheet
specimens o the three Path C vanadium Scoping Alloys in
the temperature range 650 to gop°c., As expected, the
v-15¢r-571 was strongest in creep, followed by VANSTAR-7
and v-207i. These tests represented over 12,000 hours of
testing in the ultra-high vacuum creep test stands. In
addition to the creep tests, a series of controlled non-
metallic contamination exposures were carried out at &00°C.
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Oxygen was used as the contaminating specie for these tests
which demonstrated the capability of an existing UKV
microbalance system for introducing controlled levels of
contaminants into the vanadium alloys. Fractographic
analyses of both creep and tensile tested specimens are
also presented.

Fatigue Behavior of Unirradiated Vanadium Alloys (Oak Ridge
National Laboratory) . « = « & = & = 2 = = s = = = = s &= =

A simple two-term power law was used to fit the strain
controlled fatigue data obtained for unirradiated V—15% Cr—
5 74 at room temperature, 555, and §50°c. Comparisons
were then made between data generated on this alloy at
550°c and similar data obtained on 20%-cold~worked type 316
stainless steel at the same temperature. This comparison
showed the vanadium alloy to have a similar low cycle
fatigue life at less than 15,555 cycles but a superior
resistance to fatigue damage at higher cyclic lives. The
general data trend for this alloy suggested an endurance
limit at strain rangesz of approximately ¢.7 and 5.6% at
550 and sso°c, respectively. Limited testing of VANSTAR-7
indicates fatigue properties slightly inferior to the
v—15% cr—5% Ti alloy.

The Effect of 70°C Irradiation on the Tensile Properties
of VANSTAR-7 (Oak Ridge National Laboratory) . . « « « .« &

Irradiation of VANSTAR-7 at about 70°c, followed by
tensile tests at 25°¢, has shown that plastic instability
occurs In this alloy as 1t does iIn many other bcc alloys.
Plastic instability, which results from dislocation
channeling, occurs for displacement damage levels of
5.51 dpa or greater and limits the uniform tensile elonga-
tion to about 5.1%. Irradiation strengthening has not yet
saturated at a damage level of : dpa. Total elongation ts
still greater than 2% at this damage level, and the frac-
ture mode is fully ductile.

Fatigue Crack Propagation in Selected Titanium Alloys
(Hanford Engineering Development Laboratory) . . . . . . .

Room temperature tests have been performed on selected
titanium alloys. At relatively small values for the stress
intensity factor, ax, the crack growth rates for all
titanium alloys investigated are within a factor of three.
Each of the titanium alloys has observable crack propaga-
tion for stress intensity factors as small as 4.2 MPa /m.

INNOVATIVE MATERIAL CONCEPTS & & & & & & o & = = & = = 2 = = » =

No contributions.
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Evidence of Segregation to Martensite Lath Boundaries
in Temper-Embrittled 12Cr-1Mo-.3V Steel (HT-9)
(General Atomic Company) « « &« = = s = = = s = s s = = » &=

The decrease in toughness of normalized and tempered
HT$ on aging for 100 h at s550°C 1s related to segregation
of minor elements at martensite lath boundaries.

An Auger Analysis of a Superheater Tube of HT-9 In-Service
for 80,000 hrs at 600°C (General Atomic Company) « = = = =

It has been shown In the previous contribution
(5ec. 7.1) that the microstructure of HT-9 to be placed in-
service or in irradiation experiments is critically
affected by prior processing and heat treating steps taken
prior to that. This paper presents data suggesting that
long-term thermal aging effects on the mechanical proper-
ties are not as dependent on the metalloid or nonmetallic
impurities such as silicon or sulphur, but are controlled
by larger, more slowly diffusing species such as copper.

The Effect of Hydrogen Charging on the Tensile Properties
of HT-9 Base Metal (Sandia National Laboratories,
Livermore,CA) " = = ® ® ®E ® ®E ®E ®E ®E ®E ®E ®E ®E ®E ®E ®E ®E ®E ®E ®

This report summarizes results on the effect of
hydrogen, introduced by cathodic charging, on the tensile
properties of HT-9 from the National Fusion heat supplied
by General Atomic. Three microstructures were tested;
as-queched ¢/, quenched-and-tempered (g/r), and quenched-
and tempered and cold worked (¢/r/cw)., These data will
serve as the baseline for the continuing study of hydrogen
effects on the tensile and toughness properties of HT-9
base metal and weld microstructures.

Tensile specimens were cathodically charged at
0.003 4/e¢m? and 0.006 4/em? for up to 1500 minutes,
immediately copper plated, and tested at room temperature.
Previous testing has shown that the tensile properties of
guenched-and-tempered HT-9 from a different heat were not
degraded by hydrogen even at charging levels of 0.006 4/cm?
for 150 minutes. However, hydrogen exposure significantly
affected the Q/T specimens from the National Fusion heat.
Charging at 0.003 A/em?2 for only 90 minutes reduced the
tensile ductility by 63% and changed the fracture mode from
that of dimpled rupture to a combination of intergranular
cracking and martensite interlath fracture. Unexpectedly,
the quenched-and-tempered specimens which were cold worked
(Q/T/cW} were not as sensitive to hydrogen charging.
Charging at 0.006 A/em? for 150 minutes neither lowered the
tensile ductility nor changed the fracture mode. This is
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surprising since, in general, higher strength microstruc-
tures are more severely degraded by hydrogen. Current
efforts are aimed at understanding these results, and
assessing their impact & the applicability of HT-9 as a
first wall material,

Interpretive Report on the Weldability of 12Cr—1Mo-.3V-.5W
(HT-9) Martensitic Steel for Use in First Wall/Blanket
Structures in Fusion Reactors — Part 1, A Review of Current
Technology (Sandia National Laboratory and General Atomic

Company) " ® = ® ® ® ®E ¥ ®E ® ®E ®E ® ®E ®E ®E ®E ®§ ®E ®E ®E ®E ®E &® [ ]

A review of the current literature, industrial experi-
ence In both the U.S. and Europe, and the results of
research performed under the 4pIP Path E program has
resulted In a mumber OF oObservations and recommendations
regarding the weldability and long term integrity of HT-9.
In the opinion of the authors, the weldability character-
istics OF HT-9 does not preclude this alloy from consider-
ation as a first wali/blanket material for fusion machines.
Indeed, weldability observations o~ this alloy, to date,
are encouraging. However, although the transformation and
tempering response of the fusion zone and heat-affected
zone (H4z) has been well characterized, optimization of the
welding process and process parameters will be necessary in
order to successfully fabricate the first wall modules. In
particular, there are several factors which may affect weld
Joint integrity and must be studied to further define the
weldability of HT-9. Thesse include evaluation of the
effects of hard triaxzial restraint, discontinuities and
defects, delay time prior to post-weld heat treatment and
horizontal and vertical weld positions. In addition. the
weldability and weld integrity of product forms pertinent
to first wall/blanket structures must be studied.
Evaluation of these aspects i1s the next logical step in
determining whether reliable weld joints of HT-9 can be
fabricated in the shop or field. Both the gas tungsten-arc
(¢r4) and laser welding processes have been demonstrated
as suitable techniques for joining HT-9, although the
choice of laser welding as a primary or secondary joining
process wilt require considerable process control to ensure
reliable welded joints. Finally, In order to optimize both
the welding process and the postweld heat treatment (P¥HT)
which will be required it is necessary to determine the
mintmim mechanical properties necessary to ensure the
fabrication and safe operation of fusion reactor devices.

The second part of this report to be published in a
future 4pre quarterly will focus on areas of future
research which will be necessary to qualify #79 weldments
for use in irradiation and hydrogen environments.
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7.5 Fracture Toughness Measurements for Unirradiated 9Cr-1Mo
Using Electropotential Techniques (Hanford Engineering
Development Laboratory) « = « « & = = & a = = s s = = = = = 220

The electropotential technigque has been applied to
determine /;, on single specimens of #79, The technique
was extended to 9c»-1Mo In this work. Fracture toughness
tests were performed on unirradiated s¢»-1Mo specimens at
25, 232 and 427°¢, and on #Tg specimens at 25 and 232°¢ for
comparison. Continuous crack extension measurements and ./
Versus aa curves were obtained through the use of a semi-
empirical expression in terms of ¥/v, and a/a,. The
analysis o tests results shows that for 479, the single
specimen method agrees well with the multi-specimen method
In determining J3., however, there is noticeably larger
(order 15%) uncertainty for s¢»-14o tested at 427°C,

Alloy g9c»-1Mo shows less variation in the temperature
dependence of J;, and a higher resistance to crack
propagation than #7g.

7.6 TEM Specimen Preparation for the HFIR-MFE-RB1 Experiment
(Hanford Engineering Development Laboratory) .« « « « « « «» 230

TEM specimens of the ferritic alloys HT-9, 9¢r-1M0o and
2 1/4Ccr-1Mo have been prepared for inclusion In the
HFIR-MFE-RBI irradiation. The specimen matrix encompasses
all the conditions being irradiated in the EBR-11 AD-2
test. Additionally, the matrix includes specimens of HT-9
weld fusion zones and simulated heat-affected zones to
study the microstructural response of weldments.

7.7 Miniature Charpy Specimen Test Device Development and
Impact Test Results for the Ferritic Alloy HTS (Hanford
Engineering Development Laboratory) « « « o« o« & o o & » « &« 235

A miniature charpy v-notch (cvy) type impact specimen
geometry has been selected and two Instrumented drop towers
have been purchased from Effects Technology, Incorporated
(ETr) and received at HEDL. Impact testing of unirradiated
H7T$ miniature ¢vy specimens has been performed at tem-
peratures of —100 to +10022, The ductile to brittle
transition temperature obtained is in excellent agreement
with data obtained using full size #79 cv¥ specimens.
Dynamic fracture toughness data can also be obtained.
However, improved instrumentation will be required to
obtain dynamic fracture toughness data outside the lower
shelf region.

78 Effects of a Water Quench on HT-9 (Hanford Engineering
Development Laboratory) « « =« =« = s s s s = = = = = s s s & 252

Charpy specimens of HT-9 were given a heat treatment
5 minutes at 1038°¢ followed by a water quench, then 7 hour
at 7so°c followed by air cooling. Surface cracks were
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found in ai? three specimens following heat treatment.
Charpy tests were performed on these HT-9 specimens to
determine the effect of water quenching relative to air
cooling. A Charpy test at 23°¢ (upper shelf behavior)
showed the water-quenched HT-9 to be 1.70 times as tough as
the HT-9 air cooled. The tests performed at —59°c (lower
shelf behavior) showed a similar increase in toughness
(up to 1.71 times). The consequence of a water quench s
therefore found to be a large increase in upper shelf
energy which results in an effective DBTT shift of ~¢o°c
but only a small change in the lower shelf behavior.

Effect of Heat Treatment Variations on 9 Cr-1 MoVNb and
12 ¢r—-1 MoVW Ferritic Steels (Oak Ridge National
Labo ratory) - L ] | ] | ] L ] | ] | ] | ] | ] | ] | ] L ] | ] L ] | ] | ] L ] L ] - L ] | ] | ] L ] | ]

The effect of variations In the heat treatment of
9 ¢r-1 MOWNb and 12 ¢»-1 MoW have been evaluated.
Dissolution of carbides during austenitization was found to
be somewhat faster in 9 Cr-1 MoVNb than in 12 ¢»-1 MoW.
The effect of cooling rate after austenitization was
strongly dependent & the austenitization time and
temperature. The 9 ¢r-1 MoVNb alloy structure was found to
be more sensitive to cooling rate than the structure of
12 ¢r-1 MOW. Under some circumstances, furnace cooling of
9 ¢»-1 MoVNb after austenitizing resulted in a ferrite plus
carbide structure rather than a martensite lath structure,
and in addition the carbide was not the same as that formed
during tempering. The precipitation reactions in both
alloys are essentially complete after tempering ! h at
gs0°c. In 12 ¢r-1 MOW the principal carbides are
chromium-iron rich m,,c¢ and vanadium rich MC, whereas
those In 9 ¢r-1 MoVNb Were chromium-iron rich M,sce and
niobium-vanadium rich mc.

Tensile Properties of Ferritic Steels After Low-Temperature
HFIR Irradiation (Oak Ridge National Laboratory) .« « « « &

Tensile specimens from small heats of ferritic
(martensitic) steels based a 12 ¢»-1 MowW, 9 ¢»-17 MoVNb,
and the low-alloy ferritic 2 1/4 ¢r-1 Mo steel have been
irradiated in HFIR to displacement damage levels of up to
9.3 dpa and helium contents of 10 to 82 at. ppm. The
12 ¢r-1 MoW- and 9 ¢r-1 MoVNb-base compositions were irra-
diated along with similar alloys to which nickel had been
added for helium production.

During the present reporting period, irradiated speci-
mens of 2 1/4 ¢r»-1 Mo steel in the normalized-and-tempered
and isothermally annealed conditions were tensile tested at
room temperature and 3¢0°c. The yield strength and ulti-
mate tensile strength of the irradiated samples displayed
considerable hardening over the unirradiated condition.
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The increased strength was accompanied by decreased
ductility. The strength and ductility values of the
nopmalized-and-tempered 2 1/4 Cr-1 Mo steel compared
favorably with the results on the 12 ¢»-7 MoW and

9 ¢r-1 MoWNb steels. In the isothermally annealed
condition, 2 1/4 ¢»-1 Mo steel is considerably weaker
than the normalized-and-tempered steel. #owsver, after
irradiation the isothermally annealed steel retains
considerably more ductility than the other alloys did for
tests at 300°c,

8. STATUS OF IRRADIATION EXPERIMENTS AND MATERIALS INVENTORY . . . 285

8.1 Irradiation Experiment Status and Schedule (Oak Ridge
National Laboratory) « « « s = = = = = = = » s s » = » = » 286

Principal features of many ADIP irradiation experi-
ments are tabulated. Bar charts show the schedule for
recent, current, and planned experiments. Experiments are
presently under way in the Oak Ridge Research Reactor and
the High Flux Isotope Reactor, which are mixed spectrum
reactors, and in the Ezperimental Breeder Reactor, which is
a fast reactor.

8.2 ETM Research Materials Inventory (Oak Ridge National
Laboratory and McDonnell Douglas) « « =« o« =« s« s« s« « » » » «» 293

The Office of Fusion Energy has assigned program
responsibility to ORNL for the establishment and operation
of a central Inventory of research materials to be used ix
the Fusion Reactor Materials research and development
prograns. The objective is to provide a common supply of
material for the Fusion Reactor Materials Program. This
will minimize unintended materials variables and provide
for economy iz procurement and for centralized
recordkeeping. Initially this inventory wiz1 focus on
materials related to first-wall and structural applications
and related research, but various special purpose materials
may be added in the future.

9. MATERIALS COMPATIBILITY AND HYDROGEN PERMEATION STUDIES .« « « « 299

9.1 Compatibility of Austenitic and Ferritic Steels with
Pb—17 at. % Li (Oak Ridge National Laboratory) .« « « « « « 300

Type 316 stainless steel and #r9 suffered significant
weight losses when exposed to static Pb-17 at. % i1, par-
ticularly at soo°c, ThiS was in contrast to the negligidle
weight changes of these alloys when they were exposed to
pure lithium under similar conditions. However, the magni-
tude of the weight tosses in Pb-17 at. % Li were apparently
not sufficient to change the tensile properties of these



9.2

9.3

XVi

alloys or to cause sufficient attack of the specimens
exposed at 300 and 4¢00°¢. It appears that, for ferrous
alloys, the application of p-—77 at. % Li as a semistagnant
breeding fluid in a fusion reactor my be iimited tO tzm-
peratures of 4po°C or less., Containment alloys of low
nickel and chromiwn activities would be preferable.

Corrosion of Iron—Base Alloys in Flowing Lithium
(Oak Ridge National Laboratory) « « « =« s« = = = s = » =« « &« 312

Weight loss data are reported for the long-range-
ordered (zro) alloy Fe-31.8 #:—22.5 v—0.4 Ti (wt %) exposed
to lithium in type 316 stainless steel thermal-convection
loops (rcLs) for up to 5000 h at soo°c. Very high corro-
sion mtes were measured and extensive corrosive attack was
observed. The exposed surfaces were depleted in nickel and
correspondingly enriched in 1ron and vanadium. Another
lithiun-type 316 stainless steel TCL waes used to study the
dependence of the dissolution rate of type 316 stainless
steel in flowing lithium on temperature, The observed tem-
perature dependence was consistent with an apparent overall
activation energy of 160 kJ/mol (38 keal/mol). ThiS 4s a
higher activation energy than has been measured in earlier
tests and this difference indicates problems with reprodu-
cibility of activation energies measured in different
experiments,

Environmental Effects on Properties of Structural Alloys
(Argonne National Laboratory) . « « o« & & o = = s » = » » «» 321

Several constant-stress compatibility tests and
continuous-cycle fatigue tests have been conducted on HT-9
alloy and Type 304 stainless steel at 755 K in a flowing
Lithium environment. The results indicate that for applied
stresses below the yield stress of the material, the corro-
sion behavior of HT-9 alloy and Type 304 stainless steel i1s
independent of stress. The fatigue properties of these
materials are strongly influenced by the concentration of
nitrogen in lithium. For HT-9 alloy, the fatigue life ixn
lithium containing i1¢00--200 wppm nitrogen is a factor of 2
to 5 greater than that in lithium with 10oo—s000 wppm
nitrogen. In tow-nitrogen lithium, fatigue life is also
independent of strain rate. The lower fatigue lives
observed in high-nitrogen lithiumm y be attributed to
corrosion. Fatigue tests on lithium-exposed specimens are
In progress to investigate the long-term environmental
effects.

construction of a forced-flow lead-lithium loop is in
progress. Tests have been formulated to investigate the
combined effects of stress and environment on the corrosion
and mechanical properties of structural mterials.



The compatibility of solid ti,0, riato,, and zi,35i0,
breeding muterials with several commercial alloys has been
investigated at 873 and 973 K. The results show that zi,0
Is the mst reactive and ri410, Is the least reactive of
the three breeding materials. The reaction scales
alloys exposed with Li,0 ceramic contain LigFe0, and
Licro, compounds. The formation of those compounds may
exzplain the greater interaction between the alloys and
Li,0 material, Compatibility tests at 773 K are iIn
progress. A compatibility-test facility is being
constructed to study the alloy/ceramic Interactions in a
flowing helium environment containing known amounts of
moisture.






1. ANALYSIS AND EVALUATION STUDIES



1.1 FUNCTIONAL REQUIREMENTS FOR FUSION REACTOR FIRST WALLS —
A. 0. Adegbulugbe and J. E. Meyer {Massachusetts Institute of
Technology)

To be reported in the next semiannual report.



1.2 MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J. W. Davis (McDonnell
Douglas Astronautics Company - St. Louis) and T. K. Bierlein (Hanford

Engineering Development Laboratory)

1.2.1 ADIP Task
Task Number 1.A.1 - Define material property requirements and make

structural life predictions.

1.2.2 Objective
To provide a consistent and authoritative source of material property

data for use by the fusion community in concept evaluation, design, safety
analysis, and performance/verification studies of various fusion energy
systems. A secondary objective is the early identification of areas in

the materials data base where insufficient information or voids exist.

1.2.3  Summary

The second publication package of data sheets for the MHFES has been
released and the third publication package should be released by the time
this report is printed. The second publication package contains revisions
of the handbook introductory pages along with data sheets on the elevated
temperature fatigue crack growth of 20%cold worked type 316 stainless
steel. The third publication package, which is currently in printing,
contains information on a glass epoxy laminate called G-10CR which is used
in superconducting magnets. Data sheets on the electrical resistivity,
tritium permeability, and irradiation induced swelling of 20% cold work
stainless steel have been received and currently under review prior to

publication.

1.2.4 Progress and Status

During the first six months of this year, the primary thrust of the
materials handbook was directed towards establishing a format, page
classification, a method for preparing pages, and a process for reviewing
the data pages prior to publication. Very little effort was devoted to

actual data sheet preparation. As a consequence the handbook contained



only a limited amount of information which related to the unirradiated
properties of 316 stainless steel. It was not until May that actual
engineering information started to find its way into the handbook. This
was the effect of irradiation on the elevated temperature fatigue strength
of 20% cold worked stainless steel which was prepared by M. L. Grossbeck
of ORNL. To rectify this situation a substantial effort was launched to
try to get information into the handbook. This effort is starting to bear
fruit in that a number of data pages are either in preparation, review, or
have been published. The first of these covers the elevated temperature
fatigue crack growth of 20% cold worked 316 stainless steel which was
prepared by A. M. Ermi of HEDL. These data pages differ from similar data
pages found in other material data books in that they contain extrapolations
into the near-threshold regions of crack growth. This information was

needed because a number of structural analysts in trying to assess the life
of a first wall were making their own extrapolations of the data and ending

up with a wide range of conclusions regarding component lifetimes depending
on how the extrapolations were made. In an effort to get consistency in
this analysis it was decided by the Analysis and Evaluation task group that
a goal for the handbook would be to get the material scientists who are
familiar with crack growth data to make these extrapolations which would be
based on their "best guess"™ of what the material response should be. These
data pages formed the basis for the second publication package which was
released in June. Also during this time frame data sheets relating to the
electrical resistivity and tritium permeability of 20% cold worked 316
stainless steel were being prepared by R. F. Mattas of ANL. These data
sheets have been reviewed by the Analysis and Evaluation task group and
returned to Dr. Mattas for revision. The revised data sheets were
subsequently returned to the handbook and are now in the process of being
reviewed by the Analysis and Evaluation task group prior to their release
for publication. Publication of these data pages is anticipated for early
next year. In addition to receiving data pages on physical and mechanical
properties,predictive equations have also been submitted. The handbook
received two separate equations describing irradiation induced stress free

swelling, one submitted by P. J. Maziasz of ORNL and the other by



F. A. Garner of HEDL. Since each of these equations predicts a different
swelling rate,work iS in progress to try to resolve the differences prior
to their release. Publication of a final swelling equation is not anti-
cipated before the middle of next year. All of the data sheets previously
described focused on the properties of 316 stainless steel for use in the
first wall structure of the Fusion Engineering Device (FED). However in the
design of a fusion reactor, properties will be needed on a variety of
materials in addition to those planned for use in the first wall. One area
in which material property information is needed now is in the design of
superconducting magnets. Superconducting magnets are currently planned
for use on near term machines such as EBT-P and MFTF-B and longer term
devices such as FED and DEMO along with the commercial designs. In order
to support the near term design projects and the longer range conceptual
designs, requests were made to various organizations active in the field
of superconducting magnets to provide data sheets. In response to this
request data sheets were provided by G. P. Lang of MDAC for the G-10CR
(glass epoxy laminate) which is used as an insulator in superconducting
magnets. These data sheets cover a wide range of properties including
both physical and mechanical and were prepared in support of the EBT-P
project. All of these data sheets have been reviewed and approved by the
Analysis and Evaluation task group and are planned for release in the 3rd

publication package which should be available in early December.

1.2.5 Future Work

The effort for the handbook over the next 6 months will continue to
be directed towards the preparation of data sheets for a wide range of
materials. Currently planned data sheets will cover ferritic steels,

magnet case steel, solid lithium compounds, and armor or tile materials.






2. TEST MATRICES AND METHODS DEVELOPMENT



2.1 Neutron Source Characterization for Materials Experiments -
L. R. Greenwood (Argonne National Laboratory)

2.1.1 ADIP/DAFS Tasks

ADIP Task 1.A.2 - Define Test Matrices and Procedures

DAFS Task I1.A.1 - Fission Reactor Dosimetry

2.1.2 Objective
To characterize neutron environments in terms of neutron
flux and spectra as well as fundamental damage parameters @PA, PKA,
transmutation) and to measure these exposure parameters during materials

irradiations.

2.1.3 Summary
Dosimetry results are presented for the MFE2 and HMFE4A
irradiations in ORR. The status of all the experiments is summarized

in Table 2.1.1.

2.1.4 Progress and Status

2.1.4.1 Dosimetry Results for the orr-MFE2 Experiment

Dosimeters have been counted from the ORR~MFE2
experiment which was irradiated from September 1, 1978 to March 24, 1980
in position E7 of the Oak Ridge Research Reactor. The sample was out of
the reactor for 154 days; hence, the total time in core was 416 days.
The average power level was 19.24 M7 (26.4 W in core) and the accumu-
lated exposure was 10,972 MAD. Sixteen small dosimetry capsules (Co-al,
Fe, Ni, and Ti wires) were included with the experimental assemblies,

one in each assembly on level 1-4, labeled E-V. Two 30-cm long dosimetry



TABLE 2.1.1

STATUS OF REACTOR EXPERIMENTS

EBR II

HEDL1

X287

Facllity/Experiment Status and Comments
ORR = MFEI Completed 12/79
- MFE2 Completed 6/81
- MFE4A Completed 8/81
- MFE4B,C Irradiation in Progress
- TBCO7 Completed 7/80
- TRIO Planning in Progress
HFIR - CTR 32 Samples Received 5/81
- CTR 30,31 Irradiation in Progress
- CTR 34,35 Samples Provided 9/81
- T1,T2 Irradiation in Progress
- T3 Samples Provided 9/81
- RB1,2,3 Samples Provided 9/81
Omega West — Spectral Analysis Completed 10/80

Completed 5/81

Completed 9/81
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tubes were welded to the outside of the assembly on the east side. One
tube contained the above mentioned wires. The other contained helium
accumulation monitors and radiometric wires. All radiometric samples
have been gamma counted as well as selected helium samples. The latter
have been sent to Rockwell International (D. Kneff and H. Farrar V) for
helium analysis.

Six reactions were analyzed from the dosimetry
wires, namely, 39Co(n,y), 38Fe(n,y), 34Fe(n,p), 46Ti(n,p), ?8Ni(n,p), and
60Ni(n,p). However, as was found with MFE1l, the two nickel reactions
have very large burnup corrections since ?8Co is converted to ©0co in the
high thermal flux. Hence, the nickel reactions are considered highly
unreliable and have not been used. Additional measurements were obtained
from the helium samples, namely, 63Cu(n,a) and 93N‘b(n,Y) at selected
locations.

Table 2.1.2 lists the mean measured reaction rates
for each level. Horizontal gradients on each level appear to be less
than 10%in all cases and are usually less than the 2% statistical var-
iations in the data.

Fluence values can be derived from the reaction rates
assuming that the spectrum is known. The spectrum was measured previously
in position E7 at low power during January 1979.{1) A comparison of the
present reaction rates with those measured previously should roughly scale
with the difference in reactor power (19.24 MW/0.965 MW = 19.94). The

measured ratio is 17.3 at the peak flux position (level 4), and vertical



11

TABLE 2.1.2

MEAN REACTION RATES FOR ORR-MFE2

Position E7; average power = 19.24 My
(26.4 MW Live).

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

cq;b (atom/atom-s)

9Co(n,y) >%Fe(n,v) *Fe(n,p) “6Ti(n,p) ©3Cu(n,a)c

Level Height, em® (x 1079) (x 10711y (x 10712y (x 10713) (x 10714)

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

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

b . . . . .
Burnup corrections included; self-shielding negligible.

“Data extrapolated from helium tube position; accuracy %7%.
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gradients appear to be quite close to those measured previously. This
difference is probably due to differences in fuel loading.

The five reaction rates at each level in Table 2.1.2
were thus used with the STAYSL computer code to adjust the spectrum mea-
sured at low power with 28 reactions, cadmium covers, and fission foils.
The spectral analysis showed no evidence for any spectral shift between
high power (30 MW) and low power {(1MW). In fact, all flux groups and
reaction rates were adjusted by less than 10%.

Complete fluence and DPA gradients have been
measured, as shown in Figure 2.1.1. It is important to note that the
gradient measurements were made with long wires located on the east side
of the experimental assembly. The fast flux was about 8% higher at this
position than at the sample locations; although, the thermal flux was the
same at both locations. Horizontal gradients within the samples were less
than 2% and have thus been neglected. The gradients were averaged over
each of the four levels and recommended average fluence values are given
in Table 2.1.3.

Damage parameters were then computed and also aver-
aged over the four levels. Recommended DPA and helium production values
are also listed in Table 2.1.3. The damage calculations were performed
using our recently revised damage cross sections based on ENDFIB-V. The
(n,y) reaction is also included; however, the contribution to the total
damage is generally less than 2%, the exceptions being Co(13%) and Mn(5%)}.
Caution should be used in these two cases since neutron self-shielding and

burnup effects would drastically alter the results.
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Figure 2.1.1. DPA in 316 stainless steel and neutron fluence >0.1 MV

(x 1022 n/cm2-s) gradients are shown for the MFE2
experiment in ORR.
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TABLE 2.1.3

AVERAGE FLUENCES AND DAMAGE PARAMETERS
FOR VARIOUS LEVELS FOR ORR-MFE2

Gradients averaged at each level; cross sections from
ENDF/B-V, (n,y) included: helium in appm (+15%); DPA (210%).

LEVEL
1 2 3 4
Height, cm:
11.4, 16.2 4.8, 9.5 -1.9, 2.8 -3.8, -9.5
Fluence (x102! n/em?) :
Total: 12.04 14.40 15.97 16.93
Thermal: 3.14 3.87 4.44 4.74
>0.11 MeV: 4.89 5.78 6.41 6£.78
>1.0 MeV: 2.33 2.71 3.0l 3.17
Element: DPA He DPA He DPA He DPA He
Al 6.17 2.06 7.28 2.46 8.04 2.69 8.50 2.77
Ti 3.60 1.83 4.32 2.14 4.77 2.35 5.04 2.47
\Y 4.16 0.08 4.91 0.09 5.41 0.09 5.72 0.10
Cr 3.74 0.55 4.40 0.65 4.86 0.72 5.13 0.75
Mh 3.96 0.41 4.68 0.49 5.17 0.53 5.48 0.55
Fe 3.32 0.88 3.90 1.04 4.30 1.14 4.55 1.18
co 3.76 0.43 4.47 0.52 4.93 0.57 5.25 0.58
Ni? 3.53 153. 4.17 248. 4.58 325. 4.86 386.
cu 3.21 0.75 3.80 0.90 4.19 0.98 4.42 1.02
Zr 3.55 0.09 4.19 0.10 4.63 0.11 4.89 0.11
Nb 3.25 0.18 3.85 0.21 4.24 0.23 4.48 0.24
M 5 37 - 2.82 - 3.09 - 3.28 -
Ta 0.91 - 1.07 - 1.19 - 1.25 -
316 SSb 3.40 16.0 4.00 25.6 4.41 33.4 4.67 39.6

qThermal helium production included.

bComposition assumed as: Cr(16), Mn{(2), Fe(70), Ni(lC), M (2).
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Helium cross sections were also taken from ENDFIB-V.
The thermal process for nickel was computed using the equations in ORNL/
TM-6361 (1979) with the total thermal flux below 0.5 eV. This procedure
was found to agree with measured helium rates for the OFF-MFEl experiment.
Of course, H. Farrar IV and D. Kneff (Rockwell International) will report
precise helium measurements for a variety of materials.

All of the fluence and damage parameter gradients
can be well-described by a simple quadratic formula:

£(x) = N(I + bx * cx?2)

where x is the height above midplane (cm), and the other variables are

given in the following table.

Quantity b c n
Fluence -0.01101 —-0.0004690 6.45 x 1021 n/ep2
DPA (316 SS) -0.01101 —-0.0004690 4.47 DPA
He (Ni) -0.03010 —-0.0006364 330.1 appm

Additional DPA, FKA, and helium values are available (37 isotopes) on

request.

2.1.4.2 Analysis of the ORR-MFE4A Experiment

Dosimetry samples have been analyzed from the MFE4A
irradiation in ORR. The experiment started on June 12, 1980 and ended on
January 20, 1981 with a total exposure of 5471 MWD. Fe, Ni, Ti, and CoV
wires measuring about 6" in length were irradiated near the center of the
assembly. Six reactions were measured at five different locations along
the length of the wire. The (n,p) reactions were gamma-counted from 54Fe,

4671, 58Ni, and 6ONi; however, the two nickel reactions cannot be used
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since about half of the 28Co is converted to ©0co in the high thermal
flux. The thermal flux was determined by counting the (a,y) reaction
products from *8Fe and 2%Co.

Fast gradients were found to vary by less than 5%
along the length of the wires (6"). However, the thermal gradients were
larger and showed a 10%change. The measured reaction rates near the
center of the wire (about maximum flux) are listed in Table 2.1.4 and
compared to those measured previously during the ORR-MFE2 experiment.

As can be seen, the 29Co(n,y) reaction is about 15%higher than the
58Fe(n,y) results, when compared to previous measurements. In fact,
both thermal reactions usually agree In ORR and depend primarily only
on the thermal flux. This difference may be due to an uncertainty in
the cobalt concentration in the CoV alloy (supplied by OWL). Checks
are now in progress to compare this alloy with a Co-Al alloy {(NBS stan-
dard) during a simultaneous neutron activation analysis.

Fluence values were obtained using the STAYSL com-
puter code, the four reaction rates in Table 2.1.3 and a neutronics cal-
culation by T. A. Gabriel (ORNL)Y. The fluxes listed in Table 2.1.4 are
normalized to a 30 MW power level. The fluxes are about 30% lower than
the neutronics calculations. The reason for this difference is not known
and is under investigation. The thermal flux values are also uncertain
since the neutron temperature distribution is not correct. An ambient
(20°C) distribution was assumed to agree with the neutronics calculations.
Raising the temperature to the correct value (600°C) would raise the

thermal flux considerably. However, this would not change average thermal
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TABLE 2.1.4
DOSIMETRY RESULTS FOR THE ORR-MFE4A EXPERIMENT

(Results normalized to 30 MW; accuracy =2%)

Reaction op (atom/atom-s) Ratio to MFE2
54
F -
e (n,p)54Mn 1.02 x 10”11 1.025
46 4 =
Tien,p)*®sc 1.40 x 10" 12 1.022
58
Fe (n,y) 59Fe 1.79 x 10710 1.053
59

Co (nn, y) 60Coa

7.17 x

10

-9

1.203%

a'Burnup correction

of 6% included; concentration

of cobalt in Cov alloy may be uncertain.

TABLE 2.1.5

FLUX AND HUENCE VALUES FOR ORR-MFE4A

(5471 MWD, 222 days, normalized to 30 MW)

Flux (30 MW)
(x101% n/em2-s)
_ a _ Fluence Error
Reaction ANL ORNL Ratio  (x102! n/em?) ()
Total (5.39) 7.85 (0.69) (8.45) 10
ThermalP (<.5 ev) (1.72) 2.51 (0.69) (2.70) 15
0.5 eY~0.11 MeV 1.88 2.73 0.69 2.95 22
>0.11 MeV 1.79 2.61 0.69 2.81 15
>1 MeV 0.96 1.39 0.69 1.50 14
>2 MeV 0.51 0.75 0.68 0.80 12
>S5 MeV 0.072 0.107 0.67 0.11 15

41 6. Gabriel (ORNL).

b . . .
Thermal temperature distribution not correct

(ambient assumed).



18

reaction rates (e.g., helium production from nickel) since most thermal
cross sections have the same 1/V energy dependence. Hence, care must
be taken to use thermal fluxes properly at elevated temperatures. W
are now attempting to obtain the proper temperature and will revise our
thermal fluxes accordingly.

Preliminary estimates can be made for displacement
damage and helium production. Using our recently revised (ENDFIB-V) cross
sections, we estimate DPA values of 2.6 (Mi), 2.4 (Fe), and 2.5(316 SS).
Helium rates are estimated to be 122 appm(Ni), 0.63 appm(Fe), and 12.7
appm (316 SS). The nickel values for helium assume a thermal fluence of

2.7 x 102! n/cm? and the equations in ORNL/TM-6361 (1979). This pro-

cedure worked well for the MFEI experiment and agreed with helium measure-
ments by Rockwell International. Some nickel samples from the present
experiments were also analyzed by D. Kneff and H. Farrar 1V, and their
measurements are in excellent agreement with our calculations.

One nickel wire was cut into short segments to
determine the gradient. The 98Ni(n,p) and ®ONi(n,p) reactions show an
unusually fine pattern of thermal flux variations that are also confirmed
by helium measurements at Rockwell International. The fast flux shows
only a smooth variation. Hence, we conclude that some material in the
experimental packages is producing some thermal neutron shadowing effect.
However, these variations are only a few percent and will be further

investigated.
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2.1.5 Future Work
Data has been analyzed for the X287 experiment in EBR IT and
the HEDL1 experiments in the Omega West Reactor at Los Alamos. The new
Intense Pulsed Neutron Source at ANL has also been characterized. All
of these results will be reported in the next ADIP Report. Samples are

now being gamma-counted from the CTR 32 irradiation in HFIR.

2.1.6 References

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

2.1.7 Publications
1. L. R. Greenwood, "Neutron Source Characterization for
Fusion Materials Studies,” Proceedings of Second Topical

Meeting on Fusion Reactor Materials, Seattle, August 1981.
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2.2 NEUTKONIC CALCULATIONS IN SUPPORT OF THE ORR-MFE—4 SPECTRAL TAILOURING
EXPEKIMENTS — R. A. Lillie, R. L. Childs, and T. A. Gabriel
(Oak Ridge National Laboratory)

2.2.1 ADIP Task
ADIP Task 1.A.2, Define Test Matrices and Test Procedures.

2.2.2 Objective

The objective of this work is to provide the neutronic design for
materials irradiation experiments in the Oak Kidge Research Kenctor (ORR).
Spectral tailoring to control the fast and thermal neutron fluxes is
required to provide the desired displacement and helium production rates

in alloys containing nickel.

2.2.3 Summary
Three-dimensional neutronics calculations!>2 are being carried out to

follow the irradiation environment of the OKR-MFE-4A and -48 experiments.
These calculations currently cover the 30 ORR cycles completed for the
—4A experiment and 9 ORK cycles completed for the -4B experiment, which
correspond to 221,178 Mwh and 83,634 MWh, respectively. At these
exposures, the calculations yield 6.66 x 10° neutrons/m? in thermal
fluence, 1.99 x 102® neutrons/m? in total fluence, 5.05 dpa in type 316
stainless steel, and 51.78 at. pom He in type 316 stainless steel (nut
including 2.0 at. pom from 1%8) for the —4A experiment. The -4B
experiment has achieved 2.52 x 1025 neutroas/m? in thermal fluence,

7.52 x 1027 neutrons/m? in total fluence, 1.91 dpa and 8.13 at. pmm He in
type 316 stainless steel.

The nuclear analysis of the hafnium corepiece for the OKKAMVFE-4A
experiment has been completed. 5> The results of this analysis indicate
acceptable helium production to displacement damage ratios over the life-
time (>50 dpa) of the experiment may be obtained using solid aluminum

corepieces containing a 0.65-mm=thick hafnium annulus.

2.2.4 Progress and Status

The real time projections of the helium production and displacement
damage levels based on current calculated data are given in Figs. 2.2.1

and 2.2.2 for the ORR-MFE-4A and -4B experiments, respectively. These
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data reflect all refueling and extended shutdown times as of

September 9, 1981. However the projected dates for the —4A experiment do
not take into account that this experiment was removed from the reactor
September 9, 1981. In addition to the calculated and projected calculated
data in Figs. 2.2.1 and 2.2.2, the helium production and displacement
levels as of September 9, 1981, projected from -4A measured fluence data
are also shown.

The measured data were obtained from dosimeters that were removed
from the ORR-MFE-4A experiment after 131,304 MWh exposure.5 The dosi-
metry data yield 2.71 x 102° neutrons/m? in thermal fluence and
8.49 x 102> neutrons/m? in total fluence, whereas the corresponding
fluences after 131,304 MWh based on the neutronics calculations are
3.93 x 102° and 1.23 x 10%® neutrons/w?, respectively. The discrepancy
between the experimentally obtained fluences and those obtained from the
neutronics calculations is currently under investigation. Based on preli-
minary results, it appears that approximately 40Z of the discrepancy may
be due to the geometric model of the ORR-MFE-4A experimental capsule
employed in the three-dimensional neutronics calculations. However, since
these results are preliminary, the calculated and calculated projected
data in Figs. 2.2.1 and 2.2.2 have not been modified to account for the
discrepancy between the experimentally determined and calculated fluences.

The nuclear analysis of the hafnium corepiece for the ORR-MFE-4A
experiment has been completed. The results of this analysis indicate
acceptable helium production to displacement levels may be obtained over
the lifetime (>50 dpa) of the experiment using solid aluminum corepieces
containing a 0.65-mm—-thick hafnium annulus surrounding the experimental
capsule. It is anticipated, based on hafnium burn-up considerations, that
each hafnium corepiece will perform satisfactorily for approximately
227,000 MWh, and the gamma heating rates will range from 70 to 80% of the
corresponding heating rates with the current (63% H20-37% Al) corepiece in
place.

The paper entitled “Spectral Tailoring for Fusion Reactor Damage
Studies: Where Do V¢ Stand?,” which will be published in the Journal o
Nuclear Materials, was presented at the Second Topical Meeting on Fusion
Reactor Materials, August 912, 1981, at Seattle, Washington.
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2.2.5 Future Work

The investigation to determine the apparent discrepancy between the
experimentally determined and calculated fluences will be continued. |If
this discrepancy is attributed to the calculational procedures, the three-
dimensional neutronics calculations that monitor the radiation environment
of the ORR-MFE-4A and —4B experiments during each cycle will be revised

accordingly.
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2.3 OPERATION OF THE ORR SPECTRAL TAILOKING EXPERIMENTS ORR-MFE-4A AND
ORR-MFE-4B — |I. T. Dudley (Oak Ridge National Laboratory)

2.3.1 ADIP Task
ADIP Task 1.A.2, Define Test Matrices and Test Procedures.

2.3.2 Objectives

Experiments ORR-MFE-4A and -4B irradiate austenitic stainless steels,
using neutron spectrum tailoring to achieve the same helium—to-
displacement-per—atom (He/dpa) ratio as predicted for fusion reactor
first-wall service. Experiment ORR-MFE-4A4 contains mainly type 316
stainless steel and the Path A Prime Candidate Alloy (PCA) at irradiation
temperatures of 330 and 400°C. Experiment ORR-MFE-4B contains similar

materials at irradiation temperatures of 500 and 600°C.

2.3.3  Summary
The ORR-MFE~-4A experiment, described previously,l was installed in

the Oak Ridge Research Reactor (ORR} on June 10, 1980, and as of
September 10, 1981, it had operated for an equivalent 330 d at 30 MW
reactor power, with maximum specimen temperatures in each region of 330
and 400°C, respectively. ©On September 8, 1981, two of the multijunction
thermocouples located in the lower region of the capsule, as previously
described, 2 indicated sharp drops in temperatures of about 90°C on each.
The capsule was removed from the reactor for investigation. Tests have
indicated that there are no leaks in the secondary system and no leaks
between the thermocouple well and primary system. The possibility of
rearranging primary and secondary system boundaries to permit continuation
of the capsule irradiation is under investigation.

The ORR-MFE-4B experiment, installed in the ORR on April 23, 1981, is
essentially identical to ORR-MFE4A.  Its upper region operates at 600°C,
and its lower region operates at 500°C. As of September 30, 1981, it has

operated for an equivalent 136 d at 30 MW reactor power.
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2.3.4 Progress and Status

The ORR-MFE-44 capsule has a history of apparently unrelated dif-
ficulties. After approximately 4000 h operation in the reactor, all six
thermocouples used to monitor specimen temperatures failed during a two=
week period. A new multijunction thermocouple was installed in what was
originally a flux monitor well, positioned in the center of the capsule. 2
Operation of the capsule was then resumed, using these thermocouples for
monitoring the specimen temperatures.

In July 1981 a small leak developed in the secondary gas system.
Pressure leak tests made on the capsule after it was removed from the
reactor indicated no leakage in the secondary system of the capsule. Leak
tests on the lines outside of the pool also indicated no significant
leakage. Based on the results of those tests, the leak probably occurred
at one of the three connections between the capsule proper and the lines
to the system outside of the pool. The connections are made with
compression—type tube fittings within a junction box located in the reac-
tor pool. Routine helium leak tests made at the connections may have
failed to detect the leak. Irradiation was resumed after this testing.

On September 8, 1981, two of the multijunction thermocouples located
in the lower region of the capsule indicated a rapid drop in temperature
of approximately 90°C. This temperature drop is equal to the drop that
would be expected if the annulus surrounding the well containing the

multijunction thermocouple were partially filled with NaK. This indicates
that a leak may have developed in the inner cylindrical primary boundary

and allowed some NaK to enter that annulus.

The investigation to date has indicated that there are no leaks
between the secondary system and the primary system. There are no leaks
from the secondary system of the capsule proper. There is no leakage from
the thermocouple well into the primary portion of the capsule. It is not
possible to leak test the area of the primary system suspected of leaking
NaX into the annulus around the thermocouple well.

The possibility of rearranging the primary and secondary boundaries
by changing system pressures and some controls to permit continuation of

the capsule irradiation testing is under investigation.
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Capsule ORR-MFE-4A was operated until removed from temperatures indi-
cated by the multijunction thermocouple. Actual temperatures in the upper
and lower capsule zones were controlled at the desired levels by use of

2 The upper region of

relationships established by heat transfer analyses.
the capsule operated at the desired 400°C and the lower region at the
desired 330°C.

The ORR-MFE-4B capsule has operated, as planned, since it was
installed in the reactor on April 23, 1981. As of October 1, 1981, it has
accumulated an equivalent of 136 d at 30 MW reactor power with maximum
specimen temperatures in the upper region of 600°C and in the lower region
of 500°C. A schematic representation of the capsule is shown in
Fig. 2.3.1. Plots of the temperature history for the period covered by
this report are shown in Figs. 2.3.2 and 2.3.3. Curve TE-1 shows the
temperature of the upper region of the capsule, and TE-4 shows the tem-

perature of the lower region.

2.3.5 References

l. K R Thoms and M. L. Grossheck, "Operation of the ORR Spectral
Tailoring Experiment ORR-MFE-4A," ADIP Quart. Prog. Rep.
Sept. 30, 1980, DOE/ER-0045/4, pp. 20-24.

2. K R. Thoms, "Operation of the ORR Spectral Tailoring Experiment
ORR-MFE-4a," ADIP Quart. Prog. Rep. Mar. 31, 1981, DOE/ER-0045/6,
pp. 1821,
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2.4  EXPEKIMENTS HFIR-MFE-RBl, —-RB2, AND —-RB3 FOK LOW-TEMPERATUPS
IRRADIATION OF PATH E FEKKITIC STEELS — J. M. Vitek and J. W. Woods
(Oak Ridge National Laboratory)

2.4.1 ADIP Task
ADIP Task |.A.2, Define Test Matrices and Test Procedures.

2.4.2 Objective
The objective of these experiments is to acquire data on the effects

of low-temperature irradiation on the properties of ferritic steels.
Irradiation in a beryllium reflector position of the High Flux Isotope
Reactor (HFIK) will result in concurrent production of helium and dis-
placement damage. A broad range of sample types is to be irradiated,
including some larger specimens that cannot be accommodated in irradiation

experiments in the HFIK target region.

2.4.3 Summary

The HFIR-MFE-RBl1, -RB2, and -RB3 experiments are planned for low-
temperature irradiation of a variety of specimen types of ferritic steels
to approximately 10 and 20 dpa. The final specimen matrices for RBlL and
RB2 are given, along with a preliminary matrix for RB3, Also given are
details on the alloys included and their conditions. Assembly of the REl
and RB2 capsules is presently under way. Irradiation of the RBL capsule
is planned to start in November 1981, and irradiation of RB2 is expected

to begin about January 1982.

2.4.4 Progress and Status

2.4.4.1 Introduction

The HFIR-MFE-RB1 experiment was described in detail in an earlier
quarterly report. ! Since that time, the experiment plan has been expanded
to include three capsules, RBl, RB2, and RB3. These experiments will be
located in the beryllium reflector positions of HFIK. They will be able

to accommodate a wide variety of samples, including larger samples that
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cannot be irradiated in any other HFIR locations. The RB capsules will
provide the first data for several properties under the HFIR irradiation
conditions of simultaneous displacement damage and helium production.
This contribution updates the RB experiment plan and includes the revised
test matrices. Insertion of RBl into HFIK is expected in November of
1981, with RB2 to follow by January 1982. The RB3 experiment will be a

reconstruction of the RBl capsule and will be inserted after October 1982.

2.4.4.2 Experimental Design

The RB capsules will be irradiated at the reactor coolant temperature
of 50°C. Samples will be enclosed in evacuated and collapsed aluminum
tubing in order to avoid excessive corrosion. The encapsulation procedure
is described elsewhere,! Temperature increases within the tube due to
gamma heating are expected to be less than 25°C.

Seven different sample geometries are to be used: sheet tensile
(ST), fatigue initiations (F1), Grodzinski fatigue {GF¥), miniature Charpy
(MC), compact tension (CT), crack growth {(CG), and transmission electron
microscopy {(TEM). A brief description of these samples is given in
Table 2.4.1. Further details and drawings of the specimens are presented
elsewhere.1:2 The miniature Charpy samples from HEDL and ORNL differ
slightly in length; HEDL specimens are 23.6 mm long whereas ORNL specimens

are 254 mm long.

Table 2.4.1. Specimen Geometries to be Used

Sp_ecimen Specimen Material Dimensions, mm
designation stack Thickness Length  Width Diameter

ST Sheet tensile Sheet 0.762 44.4 4.95

Fl Fatigue initiation Rod, plate 45.2 6.35

GF Gradzinski fatigue Sheet 0.762 44.4 4.95

MC Miniature Charpy (ORNL) Plate 5.0 25.4 5.0

MC Miniature Charpy (HEDL) Plate 5.0 23.6 5.0

CT Compact tension Plate 2.54 16.0

CG Crack growth Sheet 0.762 12.7 25.4

TEM TEM disks Sheet 0.25 30
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A SiC temperature monitor was inserted in a dummy sample and is
included in the chain of sheet tensile and Grodzinski fatigue samples.
Flux monitors have been included in both the compact tension and sheet

tensile— Grodzinski fatigue sample trains.

2.4.4.3 HFIR-MFE-RBl, -RB2, and -RB3 Test Matrices and Irradiation
Conditions

All three Path E alloys, 12 Cr-1 MOWV, 9 Cr-1 MoVNb, and 2 1/4 Cr-
1 Mo are to be included in these experiments, as both base metal and
welds. In addition, alloy variations of the 12 Cr-1 XWWV and 9 Cr-1 MoVNb
alloys, with supplemental nickel, will be inserted. These nickel-doped
alloys are being used to determine the effect of helium on the microstruc-
ture and properties, since a transmutation of nickel in HFIR produces
helium. The nickel-doped alloys have been characterized earlier.3 A few
samples of type 316 stainless steel will also be irradiated. Table 2,4,2

a

Table 2.4.2. Alloy Heats and Heat Treatment Conditions

Temperature, °C/time, h

Alloy Heat
Normalizing treatmentP Tempering treatmentP

2 1/4 cr-1 Mo 56447 900/0.5 700/1

2 114 cr-1 Mo, weld 56447 As welded 78011
9 Cr-1 MoVib 30176 L038/0.5 760/0.5
9 Cr-1 MoVNb, weld 30176 As welded 780/1

g Ccr-1 MWL XA-3590 1040/0.5 760/1

9 Cr-1 MoWN\b2 Ni XA-3591 1040/0.5 760/5
12 Cr-1 MWV plate 91353 1038/0.16 76010.5
12 Cr-1 MoVW sheet 91353 1038/0.067 760/0.5
12 cr—-1 MMV weld 91353 As welded 78011
12 cr-1 MOV XAA-387 1050/0.5 780/2.5
12 Cr=1 MoVW-1 Ni XAA-3588 1050/0.5 780/2.5
12 Cr-1 MOVW-2 Ni XAA-3589 1050/0.5 70015
Type 316 stainless X-15893 As worked

steel, 20%cCwW

ANot including TEM disk conditions.

bair cooled.
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lists the alloys, their heat numbers, and their conditions. This table
does not include all of the alloys and conditions of the TEM disks, which
are too numerous to mention in this contribution.

Two fluence levels for the specimens are targeted to yield displace-
ment levels of 10 and 20 dpa (these values are for the capsule midplane).
With the reduced flux available in the HFIR reflector positions, irra-
diations are projected to take 10 and 20 months, respectively. The RBI
capsule will be irradiated to 10 dpa. Upon completion, the capsule will
be disassembled, reconstituted, and reinserted as RB3 for a further 10 dpa
irradiation. The RB2 capsule will be irradiated to 20 dpa. Dwe to space
limitations, all of the 20 dpa specimen matrix cannot be included in RB2,
Consequently, some of the specimens with a planned 20 dpa exposure will be
irradiated in both the RBI and RB3 capsules. The 10 dpa matrix will be
divided between the RBl and RB3 capsules. The specimen matrices are given
in Tables 2.4.3 through 245 for 10 and 20 dpa irradiations.

Table 2.4.3. Specimen Matrix to be Irradiated to 10 dpa%
in Experiment HFIR-MFE-RB1

Number of specimens of each type

Alloy Heat

ST FL GF MC CT CG TeMP
2 1/4 Cr=1 M 56447 2 2 4 3 16
2 1/4 cr-1 Mo, weld 56447 4
2 1/4 Cr-1 Mo 72768 9
9 cr-1 MowNb 30176 4 771 3 24
9 Cr-1 MoVNb, weld 30176 4 2
9 cr-1 Mowb XA-3590 3 3 6 3 18
9 Cr-1 MOVNb=2 Ni XA-3591 3 6 3 18
9 Ccr-1 MOWNb2 Ni, adj XA-3593 18
12 Cr=1 MWV 91353 4 3 7 71 3 31
12 Cr~-1 Movw, weld 91353 4 2 8¢C
12 Cr-1 Mo XAA~3587 3 3 4 5 3 18
12 Cr=1 MoVW-1 Ni XAA-3588 3 5 4 3 18
12 Cr=1 MOW2 N XAA-3589 3 3 3 4 3 18
12 Cr-1 MOWV2 Ni, adj XAA-352 18

At experiment midplane.
bADIP, Path E alloys only.

CFrom heat- affected zone simulation.
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Specimen Matrix to be Irradiated to
10 dpa? in Experiment HFIR-MFE-RB3
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Number of specimens of each type

Alloy Heat
F1 CT
2 1/4 Cr-1 Mo 56447 4
2 1/4 Cr-1 Mo, weld 56447
9 Cr-1 MoVNb 30176
9 Cr-1 MoVNb, weld 30176 5
9 Cr-1 MoW\b XA-3590 3
9 Cr-1 MoVNb-2 Ni XA-3591 4 4
12 Cr=1 MoVW 91353
12 Cr-1 Movw, weld 91353 5
12 Cr-1 MoVW XAA-3587 1
12 ¢r-1 Mond Ni XAA-3588 4
12 Cr-1 MoVW-2 Ni XAA-3589 1
Type 316 stainless x-15893 6

steel

st experiment midplane.

Table 2.4.5.

Specimen Matrix to be Irradiated to
20 dpa? in Experiment HFIR-MFE-RB2

Number of specimens of each type

steel

Alloy Heat

ST FI GF MC CT G TEMD
2 1/4 Cr-1 Mo 56447 2 3 2 3 16
2 1/4 Cr-1 Mo, weld 56447 2
2 114 cr-1 Mo 72768 9
9 Cr-1 Mov\b 30176 4 3 8¢ 8 3 24
9 Cr-1 MoVNb, HAZ 30176 4
9 cr-1 MoVNb, weld 30176 4 4 2
9 Cr-1 MoW\b XA-3590 4 4 18
9 Cr-1 MoVNb-2 Ni XA-3591 4 4¢ 18
9 Cr-1 MoVNb-2 Ni, adj XA-3593 18
12 Cr=1 MOV 91353 5 4 B¢ 8 3 31
12 Cr-1 MO\, HAZ 91353 8 ad
12 ¢r-1 MovW, weld 91353 4 4 2
12 cr-1 Mwv XAA-3587 4 3 3¢ 5 3 18
12 Cr-1 MoVW—-1 Ni XAA-3588 4 3 4 4 3 18
12 Cr-1 MoVW-2 Ni XAA-3589 4 3 5¢ 4 3 18
12 Cr-1 MDWM2 Ni, adj XaA-3592 18
Type 316 stainless x-15893 4

st experiment midplane.

bADIP, Path E alloys only.

C®3ome samples to be irradiated to 10 dpa in each of capsules
HFIR-MFE-RBl and -RB3, to achieve the 20 dpa goal.

dfrom heat-affected zone simulation.
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Only a partial loading matrix is given for the RB3 capsule, and
this matrix will be supplemented at a later date. AIll samples have
been prepared for the HFIR-RB experiments as outlined, and assembly

and insertion of the RBlI and RB2 capsules is presently under way.

2.4.5 References
1 J. M Vitek, R. L. Klueh, M L. Grossbeck, and J. W. Woods,

"HFIR-MFE-T1, -T2, and -RBl: Experiments to Evaluate the Effects of

Low-Temperature Irradiation on Ferritic Steels,” ADIP Quart. Prog.
Rep. Sept. 30, 1980, DOE/ER-0045/4, pp. 26-35.

2. R. J. Puigh and N. F. Panayotou, "Specimen Preparation and Loading for
the AD-2 Ferritics Experiment,,, ADIP Quart. Prog. Rep. June 30, 1980,

DOE/ER-0045/3, pp. 278—79.

3. R L. Klueh and J. M. Vitek, "Characterization of Ferritic Steels for
HFIK Irradiation,”™ ADIP Quart. Prog. Rep. June 30, 1980, DOE/ER-0045/3,

pp. 294-308,
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2.5 EXPERIXENT HFIR-MFE-T3 FOK LOW-TEMPERATURE IRRADIATION OF
MINIATUKIZED CHARPY V-NOTCH SPECIMENS OF NICKEL-DOPED FERRITIC
STEELS — J. M. Vitek and J. W. Woods (Oak Ridge National Laboratory)

2.5.1 ADIP Task
ADIP Task |.A.2, Define Test Matrices and Test Procedures.

2.5.2 Objective

The objective of this experiment is to provide data on the effect of
transmutation produced helium on the impact properties of ferritic steels
following low-temperature irradiation. The irrddiation will be done in
the target region of the High Flux Isotope Reactor (HFIK). The
12 Cr—-1 XMV alloys (HT9 type) with different nickel contents will be
employed using the transmutation of nickel to iron and helium to produce

different levels of helium in the irradiated samples.

2.5.3  Summary
The HFIR-MFE-T3 experimental capsule is described. This experiment

consists of miniature Charpy V-notch specimens of 12 Cr-1 MMV and

12 Cr-1 MOWV2 Ni alloys. The different levels of nickel will result in

different helium levels generated during irradiation, and thus will allow

for an evaluation of the effect of helium on impact properties. TIrradia-

tion of the capsule has started with projected fluence at midplane that

will produce 10 dpa expected by January 1982.

2.5.4 Progress and Status

254.1 Introduction

By taking advantage of the two-step transmutation reaction of nickel,
which results in helium production, increasing levels of helium can be
generated during irradiation by increasing the initial nickel content of
the alloy. Nickel-doped ferritic alleys,* with 1/2, 1, and 2% Ni are
being studied in order to ascertain the effect of helium at levels
expected in fusion environments on various material properties. The
HFIR-MFE-T3 experiment is designed to evaluate the effect of helium on the

impact properties of 12 Cr-1 MMV ferritic steels. This experiment will
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also provide the necessary baseline information needed to properly
evaluate the impact property results from the HFIK-MFE-RBI experiment,Z in
which more alloys are being irradiated but fewer samples of each alloy are
available. Finally, inclusion of different heats of 12 Cr-1 MMV will
allow for a proper comparison of the Combustion Engineering heats with the

breeder program reference heat.

2542 Experimental Design

The HFIR-MFE-T3 capsule is being irradiated at the reactor caolant
temperature of 50°C., Samples are enclosed in evacuated and collapsed
aluminum tubing to protect them from excessive corrosion while maintaining
good thermal contact with the coolant. This technique has been described
earlier.3 The irradiation is in one of the outermost target positions of
the HFIK flux trap region.

The experiment consists of a single column of miniature Charpy V-
notch impact specimens. The samples are 5 by 5 mm in cross section, and
254 mm in length. The notch has a root radius of 0.05 to 0.10 mm and the
remaining sample ligament is 4.24 mm in length. The samples were not
precracked. The specimens were cut from 5.3-mm-thick plate with the
length parallel to the rolling direction and the notch running through the
thickness of the plate.

A SiC temperature monitor was inserted in a 12 Cr-1 MMV spacer to
determine the amount of heating during irradiation. A flux monitor was
also included in the irradiation capsule.

2543 HFTR-MFE-T3 Test Matrix and Irradiation Conditions

Three alloys are included in the HFIR-MFE-T3 capsule: 12 Cr-1 MW
(breeder heat), 12 Cr-! MMV (Combustion Engineering heat), and
12 Cr-1 MOMWAM2 Ni (Combustion Engineering heat). The bulk of the samples
are from the Combustion Engineering heats, in order to determine the
effect of helium (by way of the nickel transmutation reaction) on the
impact properties. The breeder reference heat is included in order to
compare different heats of 12 Cr-=1 MMV steel. Table 2.5.1 lists the
alloys and their heat treatments. The alloy compositions were reported

previously.' The specimen matrix is given in Table 2.5.2.
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Table 2.5.1. Alloys Irradiated in HFIR-MFE-T3
Normalizing Tempering
Alloy Heat
(°c) (h) (°c)  (n)
12 Cr-1 MW 91353 (Breeder) 1050 0.5 780 2.5
12 Cr-1 MWV XAA-3587 1050 0.5 780 2.5
(Combustion Engineering)
12 Cr-1 MoVW-2 Ni XAA-3589 1050 0.5 700 3
(Combustion Engineering)
Table 2.5.2. Specimen Matrix for HFIR-MFE-T3
Distance from
Position midplane Alloy Heat
(mm)
1 (Top) 184 12 Ce—1 MWWV 91353
2 159 12 Cr-1 MW 91353
3 133 12 Cr-~1 MOWN2 Ni XAA-3589
4 108 12 Cr-1 MOWV2 Ni  XAAa-3589
Aluminum spacer
5 76 12 Cr-1 MOWA22 Ni XAA-3589
6 51 12 Cr-1 MOWAN2 Ni  XAA-3589
7 25 12 Cr-1 MOWA=22 Ni XAA-3589
8 0 12 Cr-1 MOWN2 Nii XAA—-3589
9 25 12 Cr-1 MoVW-2 Ni XAA-3589
Flux monitor
10 —51 12 Cr-1 MWV XAA-3587
11 —6 12 Cr-1 MWV XAA-3587
Temperature monitor
12 408 12 Cr-1 MWV XAA-3587
13 —133 12 Cr-1 MWV XAA-3587
14 —159 12 Ce—-1 MWV XAA-3587
15 —184 12 Cr=-1 MWV XAA-3587
16 —210 12 Cr-1 MWWV XAA-3587
17 —235 12 Cr-1 MW XAA-3587
18 —260 12 Cr-1 MWV 91353
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The goal fluence for the experimental midplane will produce a dis-
placement level of 10 dpa. The fluence decreases towards the end of the
capsule, falling to approximately 50% of the midplane values. Expected
helium levels at the midplane are 20 at. ppm in the base alloy and
85 at. ppm in the 2% Ni doped alloy. The capsule was inserted into HFIK

inearly September 1981, and will be removed in January 1982.
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3.1 RESULTS OF THE MFE-5 IN-REACTOR FATIGUE CRACK GROWTH EXPERIMENT -
A. M. Ermi (Hanford Engineering Development Laboratory)

3.1.1 ADIP Task

ADIP Task I.B.I, "Fatigue Crack Growth in Austentic Alloys"
(Path A).

3.1.2 Objectives

An in-reactor fatigue machine has been developed to conduct a
fatigue crack propagation experiment in the ORR on the Path A Reference
Alloy. Effects of dynamic irradiation on crack growth behavior will be

evaluated by comparing the results with those of an unirradiated test.

3.1.3 Summary

Examination of the crack growth specimens from the ORR-MFE-5
in-reactor fatigue test and from the HEDL thermal control test has
been completed. Results indicated that there were no effects of
dynamic irradiation on crack growth at a fluence of 1.5 x 102! n/cm?
(E > 0.1 MeV). Furthermore, the crack growth rates in elevated
temperature sodium were a factor of 3 to 4 lower than in room

temperature air.

3.1.4 Progress and Status

3.1.4.1 Introduction

Fatigue crack propagation (FCP) in the first wall of a magnetic
fusion reactor may be a limiting quantity governing reactor lifetimes.
Previous studies of irradiation effects on FCP have all been conducted
out of reactor on materials preirradiated in the unstressed condition.
The ORR-MFE-5 experiment was designed to investigate FCP during
irradiation, where dynamic irradiation may effect crack growth

characteristics.

3.1.4.2 Specimen Examination and Results

(1,2)

As reported previously, the in-reactor fatigue machine was

removed from the ORR after 60,000 cycles when an apparent specimen
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chain lengthening caused the bellows to reach its stop before the full

(3) The thermal control

load could be transmitted to the specimens.
test at HEDL was also terminated after it had accumulated the same

number of cycles. Both assemblies were sectioned and inserted into a
specially designed furnace apparatus where the sodium was removed from

around the specimens.

Crack length measurements on the thermal control specimens were
made with a travelling microscope, while the irradiated specimens were
measured from a calibrated television screen. Because of (1) the lower
than expected growth rates in sodium; and (2) the shortened duration of
the test (the planned duration was 200,000 cycles), nine of the sixteen
specimens exhibited crack growths which measured less than 0.125 mm
(0,005 in). These data were discarded since the growth was not con-
sidered adequate for a reliable result. Based on the experience of

previous chain testing,(h)

only crack extensions greater than 0.125 mm
were used in the determination of crack growth rates. (The ASTM
Standard actually specifies 0.250 mm as the minimum crack growth

criterion-(s))

The crack growth results for both the in-reactor and thermal
control tests are given in Figure 1. A room temperature air data band
is included for comparison. The temperatures across the two specimen
chains (detailed elsewhere(Y)) varied from 315°C at the bottoms to
460°Cc near the centers. Since the tests were conducted in sodium, the
direct effects of temperature on growth rate should be minimal since

FCP in sodium is not strongly thermally activated up to about

0.5 T .(8,9)
m

The results indicated that there were no significant effects of
dynamic irradiation on fatigue crack growth for a fluence of
1.5 x 102! n/em?, E > 0.1 MeV. Secondly, the crack growth rates in
the sodium environment were a factor of 3 to 4 lower than that for a
temperature air environment. There was some question as to whether the
lower growth rates observed were a true representation of the crack
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growth behavior or whether the growth rates were affected in some way
by the several test shutdowns and thermal cycles common in such

reactor type tests. To investigate this, two specimens were indiv-
idually cycled in helium on laboratory hydraulic fatigue testers,
duplicating the test conditions and shutdown history of the in-reactor
and thermal control tests. The crack lengths of these two specimens
were continuously monitored using an electropotential technique. (6)

The crack length vs. cycles results of one of the tests is shown in
Figure 2. Despite twelve test interruptions, including five temperature
shutdown cycles, the crack lengths increased smoothly; there was no

evidence of crack growth retardation after any of the shutdowns.
3.1.5 Conclusions

An in-reactor fatigue crack propagation experiment was conducted
in the ORR on 20% cold-worked 316 stainless steel. The test was
conducted in sodium at a peak temperature of 460°C and at a frequency
of 1 cpm. Comparison of the results with a laboratory control test
indicated that:

(1) There were no effects of dynamic irradiation for a

fluence of 1.5 x 102! n/em?, E > 0.1 MeV.
(2) Crack growth rates were a factor of 3 to 4 lower

than in room temperature air.

3.1.6 Future Work

Plans are underway to conduct a second in-reactor FCP
experiment on the same heat of material using a newly designed fatigue
machine. The new test matrix includes extension of the test to a year,
or a fluence of ~1022 n/cm*, E > 0.1 MeV.
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3.2 EFFECT OF PREINJECTEO HELIUM ON SWELLING AND MICKOSTKUCTURE OF
NEUTKON IKRABIATEU STRESSED TYPE 316 STAINLESS STEEL —
A. Hishinuma™ and J. M Vitek (Oak Ridge National Laboratory)

3.2.1 ADIP Tasks
ADIP Tasks I.C.l., Microstructural Stability, and 1.C.2., Microstruc-

ture and Swelling in Austenitic Alloys.

3.2.2 Objective

The objective of this work is to characterize the effect of helium on
the swelling and microstructure of pressurized tubes of cold worked
type 316 stainless steel after irradiation in EBR-I1I. This was
accomplished by preinjecting helium in only a fraction of the total speci-
men length in pressurized tube samples, thereby allowing a comparison of
regions with and without helium from the same specimen. The helium
levels, stress, and irradiation temperatures were varied to determine

their influence.

3.2.3 Summary

In this period, examination was performed on pressurized tubes of
22%-cold-worked type 316 stainless steel after irradiation at 525°C. The
hoop stress was 31.7 MPa and the fluence was 5 x 1026 neutrons/m?

(>0.1 MeV) producing 23 dpa. Helium was preinjected into the center por-
tion of the tube specimen to levels of 20 and 60 at. ppm.

Diameter measurements, which include both swelling and creep effects,
show that a 20 at. ppm He preinjected region expanded about 30% less than
the uninjected regions. For a sample with 60 at. pom He, a 60% lower
expansion was found.

The microstructure of a 60 at. pom He preinjected region shows a
bimodal cavity distribution. An inhomogeneous distribution of voids less
than 50 nm in diameter is accompanied by a homogeneous population of tiny
cavities, with a concentration near 10%2!/m3. In the uninjected region, a

single distribution of cavities was observed with a number density of

k.
On assignment from the Japanese Atomic Energy Research Institute,
Tokai—Mura, Japan.
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about 1 x 1028/m3 and an average diameter of about 100 nm. Precipitates
were observed in both regions. Almost all were eta-phase, with a number

density of about 5 x 1019/m3,

3.2.4 Progress and Status

3.24.1 Experimental Procedure

The specimens examined in this study were thin-walled helium filled
capsules produced from drawn tubing with welded end caps. They were 51 mm
in length, with an outer diameter of 4.57 mm and a wall thickness of
0.25 mm, These specimens were internally pressurized, producing biaxial
loading on the tube wall with a hoop stress of 31.7 MPa at temperature.
The specimens were preinjected with helium into the center l3-mm section
along the length, using the Oak Ridge Isochronous Cyclotron (ORIC).
The beam of 60 MeV alpha particles was degraded to yield a variable energy
at the tube specimen, resulting in a uniform distribution of helium
through the tube wall thickness. Injection at 20°C achieved helium levels
of 20 and 60 at. ppm.! Both ends of the tubes were free of any prein-
jected helium.

The tube specimens were irradiated in EBR=IL at 525°C (nominal
temperature) to a fluence of 5 x 1028 peatrons/mZ (>0.1 MeV), producing
23 dpa. The diameters of the specimens were measured after helium filling

and after neutron irradiation. These measurements were carried out at
Hanford Engineering Development Laboratory.? The disk specimens for

microstructure characterization were prepared by cutting the tubes as
shown schematically in Fig. 3.2.1. Sections of these hoops were electro-
polished in a solution of CH300H and HzS$04 (7:1) at —10°C and with a
voltage of 12 to 15 V.

3.2.4.2 Results

The diameter measurements on a 60 at. ppm He preinjected specimen
(8-22) are shown in Fig. 3.2.2. The letters A, B, C, D, and E on the
abscissa correspond to the specimen positions in Fig. 3.2.1. The center

region, containing preinjected helium, shows a much smaller diameter change
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due to the irradiation than that found in the uninjected outer region.
The diameter change was about 14 um in the center section and 36 pm in
the outer region. Thus, the helium preinjection suppressed the expansion
(composed of both swelling and irradiation creep) by about 60%. The
degree of suppression decreases with decreasing preinjected helium levels.
This §S shown In Table 3.2.1, where diameter measurement results of speci-
mens examined are summarized.

The microstructure of specimen S-22 is shown iIn Figs. 3.2.3 and
3.2.4. Figure 3,2,3(a) shows the microstructure of the uninjected region.
This region contains a relatively homogeneous distribution of cavities.
The cavity number density and average diameter are about 1 X 1020/m3 and
about 100 nm, respectively. In contrast, the cavity distribution in the
helium preinjected region was inhomogeneous and bimodal; heterogeneous
cavity distributions with average diameter of less than about 50 M were
observed as shown in Fig. 3.2.3(b), accompanied by homogeneous tiny
cavities, shown In Fig. 3.2.4. The number density and average diameter of

these smaller cavities are about 1021/m3 and about 3 am, respectively.

Table 3.2.1. Diameter Changes after Neutron Irradiation in
EBR-II to 23 dpa at 525°C

Decrease in tube

. . . expansion in the
Helium content Diameter increase P

Sample helium preinjected
(at. ¥ ppm) (nm) reaion
(%)
s-22
Uninjected 0 0.036 61
Helium preinjected 60 0.014
S-23
Uninjected 0 0.052 62
Helium preinjected 60 0.020
s-44
Uninjected 0 0.064 22
Helium preinjected 20 0.050
s—45
Uninjected 0 0.047 30
Helium preinjected 20 0.033

AHoop stress was 31.7 MPa.,
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YE-12241

Fig. 3.2.3. Transmission Electron Microscopy Micrographs of
Specimen S-22 After Irradiation in the (a) Uninjected and {(b) Helium

Preinjected (60 at. pom He) Regions. Sample was irradiated to 23 dpa
at 525°C.

YE-12243

Fig. 3.2.4. Transmission Electron Microscopy Micrographs of
Preinjected Helium (60 at. ppm He) Region of Specimen S-22 Showing the
Fine Distribution of Cavities. Sample was irradiated in EBR-II to 23 dpa
at 525°C.
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Although the larger cavities in the preinjected helium region are inhomo-
geneously distributed, their average density is smaller than that found in
the uninjected region. In addition, the size of the cavities in the
helium injected region are significantly smaller than those found in the
helium-free region. These two observations account for the smaller
swelling found in the helium preinjected region. These micrographs also
show a large concentration of precipitates, about 5 x 10} %/m3, in both
regions. Some cavities are attached to the precipitates, but this is not
always true, These precipitates were identified as eta phase by using

convergent beam electron diffraction (CBED).

325 Conclusions

The present results may be summarized as follows:

1. Preinjected helium at levels of 20 to 60 at. ppm suppresses the
swelling in neutron irradiated cold-worked type 316 stainless steel at
525°C.

2. The degree of suppression increases with increasing preinjected
helium levels.

3. The preinjected helium results in a bimodal distribution of cavi-
ties after neutron irradiation. All of these cavities are smaller than

the cavities found in the uninjected areas of the same tube.

3.2.6 References
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3.3 MICROSTRUCTURAL DEVELOPMENT ON 20%-COLD-~WORKEDRD TYPES 316 AND
316 + Ti STAINLESS STEELS IRRADIATED IN HFIK: TEMPEKATURE AND
FLUENCE DEPENDENCE OF THE DISLOCATION COMPONENT — P. J. Maziasz
(Oak Ridge National Laboratory)

3.3.1  ADIP Tasks
ADIP Task I.C.1, Microstructural Stability, and 1.C.2, Microstructure

and Swelling in Austenitic Alloys.

3.3.2 Objective
The objective of this work is to characterize the microstructural

development in standard and titanium modified type 316 stainless steels
irradiated in the High Flux Isotope Reactor (HFIK). This report describes
the dislocation component of this microstructure. The total microstruc-
ture is used for swelling determination, mechanical properties correla-
tion, and input to alloy development. The extensive analysis is aimed at
better understanding relationships, mechanisms, and important variables

controlling microstructural evolution during irradiation.

3.3.3  Summary
The dislocation structures of ZOX-cold-worked type 316 stainless
steel (CW 316) and O 316 *+ Ti are investigated and compared after thermal
aging, HFIR irradiation at 55 to 750°C at fluences producing up to 16 dpa

and 1020 at. ppm He, and EBR-II irradiation to 8.4 and 36 dpa at 500 to
630°C. The CW 316 shows dislocation recovery on aging in the range 550 to
700°C, with recovery increasing as temperatures increase. By comparison,
CW 316 + Ti exhibits MC formation and resists dislocation recovery for
4400 h at 700°C. Dislocation recovery and precipitation are uncoupled in
CW 316 after EBR-II irradiation. Recovery is enhanced and precipitation
is retarded. The DO heat of OV 316 does not form Frank loops in the 500
to 630°C range. Network dislocation concentrations tend toward a steady
value of 1to 3 x 10!%a/m3, with only slight temperature and fluence
variations. During HFIK irradiation, CW DO heat 316 shows dislocation

recovery after 7 to 10 dpa, with moderate temperature dependence from
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55 to 450°C and stronger temperature dependence above 450°C. Between 55
and 550°C the dislocation recovery is strongly coupled to other micro-
structural features. Frank loops are found for irradiation at 450°C and
below, cavities at 350°C and above, and precipitation at 450°C and above.
The dislocation structure recovers to similar values in HPIR and EBR-II at
500 to 630°C.

The dislocation microstructure in ov 316 * Ti is similar to cw 316
after HFIR irradiation from 55 to 750°C, but the coupling of network
recovery, Frank loop behavior, and other microstructural phenomena is dif-
ferent from those in CW 316. The greatest differences reflect MC disloca-
tion pinning and reduced phase instability. Dislocation concentrations

are 3 to 5 times higher in the OV 316 + Ti than in the OV 316.

3.3.4 Progress and Status

3.3.4.1 Introduction

This is the second part of a series on the development of the total
microstructure in 20%-cold-worked types 316 stainless steel (CW 316) and
0.23 wt % Ti-modified 316 stainless steel (CW 316 * Ti) during irradiation
in HFIR. The cavity component was reported previously,! and that portion
of the microstructure reflects the most direct effect of the increased
helium generation relative to a fast breeder reactor (FBR) like

Experimental Breeder Reactor {(EBR)-II.
The HFIR dislocation data on ov 316 and OV 316 + Ti covers the tem-—

perature range 55 to about 750°C for neutron fluences producing up to
16 dpa and 1020 at. ppm He. Thermally aged control samples of OV 316 and
CW 316 + Ti have also been examined. [There is but little data on the
thermal recovery of OV 316 (refs. 2 and 3) and none on OV 316 + Ti.]
EBR-II data on OV 316 is also included to give a baseline for recovery
under irradiation with low helium production.

Bloom and Stiegler described dislocation changes produced by EBR-II
irradiation of the same heat of CW 316 (DO heat) examined in this work.“
Brager and Garner have recently reported dislocation data on the same

material irradiated to higher fluences in EBR~II (refs. 5 and 6).
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Quantitative dislocation information on other heats of CW 316 have been
reported by Bramman et al.’ after irradiation in the Dounreay Fast Reactor
(DFR) and by Brager et al.®:9 after EBR-II irradiation. There is no
literature data on the effect of EBR-IL irradiation on dislocations in the

heat of CW 316 * Ti (Rl heat) presently reported.

3.3.4.2 Experimental

The compositions of two steels, cW 316 (DO heat) and €W 316 *+ Ti
(R1 heat) are given in Table 3.3.1. Rod stock of each material was
annealed for 1 h at 1150°C, cold swaged to 50% reduction in area, annealed
1 h at 1050°C, and then swaged an additional 20%. Buttonhead tensile
specimens were machined from a portion of the rod and irradiated in
experiments HFIR-CTR~9 through -13. Many of the details of irradiation
history and conditions, including neutron spectra, temperature, and helium

generation, were reported previously.ls10

Table 3.3.1. Composition of Two Austenitic Stainless Steels
Heat Content ,d wt E
Alloy identi- -
fication Cr Ni Mo M C Ti Sl P s N B
316 DO 18,0 13.0 2,58 1.90 0.05 0.05 0.80 0.013 0.0l6 0.05 0.4005
316 + Ti Rl 17.0 12.0 2.50 0.5 0.06 0.23 040 001 0.013 0.0055  0.0007

9Balance iron.

Other segments of these same rods were wrapped in tantalum foil
encapsulated in evacuated quartz tubes, backfilled with high-purity argon,
and then sealed. The encapsulated specimens were isothermally'aged at
275, 375, 475, 560, 600, and 700°C for 2770 and 4400 h to equal the HFIR
irradiation times.

Sheet samples of CW 316 were irradiated in experiment X-264, in
row 8 of ERR-II at 500 and 625°C to 8.4 dpa (ref. 11). Samples of
CW 316 DO heat were also cut from stress- free sample holders from
experiments X-100 and X-~100A. This material had been irradiated in row 2

of EBR-I1 at average temperatures of about 525 and 630°C, to neutron
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fluences producing 36 dpa. Several papers report experimental details of
this last experiment, particularly the fact that start and finish tem-
peratures were different, increasing by about 50°C during the course of
the irradiation.* Data is also included from Brager and Garner.?,® They
examined pieces of these holders that were irradiated in a reconstituted
experiment in EBR-II for an additional 33 dpa at 510°C for the piece
initially irradiated at about 525°C, and an additional 38 dpa at about
620°C for the piece initially irradiated at about 630°C.

Only those details of the HFIK irradiations pertinent to the dislo-
cation information and not treated previously will be given here.
Transmission electron microscopy (TEM) disks were sliced from the
shoulders of buttonhead tensile specimens. The irradiation temperature
was nearly constant along both gage and shoulders, as shown in ref. 10,
unlike older HFIR experiments.}2 As noted previously,!»>13 the actual HFIR
irradiation temperature for experiments HFIR-CTR-9 through -13 are
probably 50 to 75°C higher than calculated. Recent TEM microstructure
matching after about 8 to 10 dpa HFIR irradiation of a sample with an
irradiation temperature measured using melt-capsule monitors also indicate
this 50 to 75°C higher than design temperature. To improve the comparison
with thermally aged and EBR-II irradiated materials, the old calculated
HFIR temperatures will be replaced by nominal irradiation temperatures
that are 50 to 75°C higher than previously reported. This IS consistent
with a recent similar treatment of the microstructural data in ref. 14.
Final temperature calculations are still pending.

Most TEM disks were cut from the shoulder of specimens that were ten-
sile tested at 75 to 100°C below the revised irradiation temperature.
While these samples should contain the as-irradiated microstructure,
several disks were removed before tensile testing from a sample irradiated
at 525 to 550°C to 10 dpa to confirm this.

Transmission electron microscopy disks were thinned using either a
standard two-stage method or using an automatic dual-jet Tenupcle thinning
unit with cooling attachment.

Dislocation analysis methods similar to those reported by Barton et

al. were used. 15 JEM 100 C and 100 CX microscopes were primarily used,
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with some supplementary examination using a Philips EM-400 with field
emission gun. All were operated at 120 kV. Thickness was estimated from
g111 Or g200 dynamical (e = 0} thickness fringes, with the diffraction
condition set by observing maximum spacing of fringes while rocking the
crystal. Values of extinction distance, Eg> of 27.8 nm for g;;; and

32.0 nm for gpgg were taken from Muirl® and values agree well with those
used by Barton et al.l® Network concentrations were usually measured
several fringes from the edge in regions about 100 to 200 nm thick with
two-beam, s > 0, kinematical conditions for g;;; (usually 10 to 15° away
from a (011) or (012) foil normal orientation) or gszgp (usually 10 to 15"
away from (001) or (011) foil normal orientations). The length per unit
volume dislocation concentration parameter, A, was measured by counting
intersections of the network with a set of concentric circles inscribed on
a transparent overlay. Values measured in bright field were multiplied by
1.5 for gzgg and 2.0 for g;;1 to account for invisibilities of an iso-
tropic distribution of dislocations with <110> type Burgers vectors. When
network concentrations exceeded approximately 10}> m/m3, or when faulted
loops were present, weak beam imaging with g4, in a g/3g diffraction con-
dition was used for the network with foils oriented near (001) or (011)
poles. Frank faulted loops were imaged separately from the network, using
high resolution dark field with <111> kinematical satellite streaks around
gopo type matrix reflections.1? Loop size distributions were measured
using a Zeiss particle size analyzer, and at least two sets of loops

on different {111} planes were analyzed. In several cases, all four sets
were analyzed and their size distributions found to exactly superimpose,
consistent with the samples being unstressed. The loop contribution to
the total dislocation density was then added to the network component.
Given the above precautions and techniques, the expected accuracies arelS
total dislocation concentration, A, "_'%%OZ; average loop diameter, dj,

125%; and loop concentration, ¥;, %30%.

3.3.4.3 Results

The measured dislocation parameters for all samples in all exposure
environments are given in Table 3.3.2 for C¥ 316 and in Table 3.3.3 for
cw 316 * Ti.
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3.3.4.3.1 Thermal Aging in CW 316. The dislocation microstructure
of cw 316 after aging at 470°C for 4400 h is shown in Fig. 3.3.1. The
microstructure is unchanged from the as-cold-worked structure. The net-
work shows a somewhat cellular arrangement of tangles with linear arrays
or clusters (usually parallel to <111> type directions). Image overlap,
and hence blackness, will occur at local concentrations of 5 to
7 x 1015 m/m3, The cell widths range from several hundred nanometers to
about 05 um and are characteristic of cold or warm deformed materials.
Only the dislocation statistics for aging times of 4400 h are reported in
Table 3.3.2, because no change occurred between 2770 and 4400 h, The
dislocation concentrations are shown as a function of aging temperature in
Fig. 3.3.2. Dislocation recovery and precipitation apparently both begin

YE-11993

Fig. 3.3.1. Dislocation Structure of CW 316 After Aging at 470°C for
4400 hh The structure is unchanged from the as-cold-worked structure.
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Fig. 3.3.2. Dislocation Concentration in CW 316 as a Function of
Thermal Aging Temperature, for Aging Times of 2770 an¢! 4400 h.

at about 500°C, and then dislocation recovery increase:s with increasing
temperature. The microstructures after aging for 2770 h at 600 and
700°C are shown in Fig. 3.3.3. The network recovers t:o about

1 x 10'* m/m? at 700°C. At a given temperature, precipitation and
dislocation recovery are completed within 2770 h, bece Use no changes are
observed between 2770 and 4400 h. In related work!® 10,000 h at 600°C
did not result in recrystallization, but after 10,000 h at 650°C a small
volume fraction of recrystallization (dislocation free grains) can be
seen. Recrystallization was also observed after 1000 h at 750°C. In
this work no recrystallization was observed for aging up to 4400 h at
700°C.
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YE-11886

"1, 0.25 um

YE-11994

Fig. 3.3.3. Dislocation and Precipitation Microstructure of CW 316
After Aging for 2770 h at (a) 600°C and (b) 700°C.
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3.34.3.2 Thermal Aging in CW 316 + Ti. The as-cold-worked
microstructure of cW 316 T Ti is essentially the same as that of CW 316,

with possibly a slightly higher tangle density in the cell walls. The
microstructural statistics are given in Table 3.3.3. In contrast to the
Cw 316, cw 316 * Ti shows virtually no hint of recovery after aging at
700°C for 4400 h. The microstructure of CW 316 + Ti after 2770 h at 600°C
is shown in Fig. 3.3.4, and the temperature dependence of the dislocation
concentration after 4400 h is shown in Fig. 3.3.5. Figure 3.3.4 is repre-
sentative of all the CW 316 + Ti microstructures observed at 700°C and
below. The dark-field inlay shows the fine MC precipitation distributed

along dislocation lines. The precipitation is representative of all the

Fig. 3.3.4. Dislocation Structure of ON 316 * Ti After Aging for
2770 h at 600°C. No recovery of the as-cold-worked structure is observed.
The high magnification, dark field inlay, shows MC precipitation that has
formed along dislocations.
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Fig. 3.3.5. Dislocation Concentration in CW 316 + Ti as a Function
of Thermal Aging Temperature for 4400 h of Aging.

samples and at least partly responsible for the resistance to thermal
recovery. The MC formation also drastically reduces the formation of
coarge particles of Mp3Cg, MgC, and Laves phases in CW 316 + Ti, compared
to their formation in CW 316 {(ref. 19).

The microstructures of specimens of CW 316 and CW 316 + Ti after
tensile testing at 350°C are compared in Figs. 3.3.6 and 3.3.7 (ref. 20).
Figure 3.3.6 shows low-magnification bright-field images of each steel to
indicate the thicker walled, cellular network structure that has resulted
from the deformation during testing. (Compare Fig. 3.3.6 to the
microstructures of untested steels in Figs. 3.3.1 and 3.3.4.)

Figure 3.3.7 shows higher magnification weak—beam dark-field (WBDF)
images (goggp, 8/38) of each steel in nearly the same crystallographic

orientation, 10 to 15° off a (00l) pole. Both areas are of similar



YE-12211

Fig. 336. Dislocation Microstructure of Deformed Tensile Specimens
After Testing at 350°C. (a) €W 316. (b) cW 316 * Ti. Note cellular
dislocation texture in both.
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YE-1221:

" 0.1 um 2

CW 316 + Ti _ i TS YE-12215

-

-

Fig. 337. High Magnification of Dislocation Structure in Samples
Tested at 350°c, The WBDF image uses g;49, t3/+3z with foil orientation
less than 10° from an 001 pole. @ ¢W 316. (b) ¢Ww 316 + Ti. Inlay of
diffraction pattermn in (b) is corrected for rotation with respect to iImage

and shows streaks in <1Ll{> directions that are parallel to the stacking
faults of extended dislocations.
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thickness. These microstructures suggest a slightly higher dislocation
concentration in the CW 316, primarily due to thicker cell walls. However,
tensile properties of these samples show that the ¢Ww 316 * Ti is about 40%
stronger with about one-third the ductility of the ¢W 316 (ref. 2). The
WBDF images of the ¢W 316 * Ti in Fig. 337 show much more frequent
dislocation extension, evidenced by the relaxed stacking faults on

{111} planes near the foil surface, than those of the CW 316 for the same
imaging conditions. These results suggest that titanium in solution
lowers the stacking fault energy of type 316 stainless steel. This is
also consistent with much greater strength in the CW 316 + Ti, compared

with ¢Ww 316, for similar dislocation structures.

33433 EBR~II Irradiation of CW 316. Data are included in
Table 332 for CW 316 DO heat irradiated in EBR=II at 500 to 525°C and
625 to 630°C to fluences producing 84 and 36 dpa. These data and the
high fluence data of Brager and Garner®:® are plotted as a function of

fluence together in Fig. 338. Table 33.2 and Fig. 3.3.8 show similar
dislocation recovery at both temperatures with a slightly lower network
concentration at the higher irradiation temperature after 84 and 36 dpa.
The 69-to-75-dpa data shows apparent saturation at about 1.5 to
3 x 101% m/m3. Substantial recovery has occurred by the time a fluence
producing about 10 dpa is achieved and continues slowly up to 20 to
30 dpa. Figure 339 shows the dislocation microstructures of CW 316
after 36 dpa at 525 and 625°C. Although similar, the lower temperature
sample shows a slightly higher dislocation content in the otherwise fairly
uniform networks. No Frank loops were observed at either temperature
after 36 dpa, as also reported at higher damage level by Brager and
Garner.?:6 There were also no loops after 84 dpa at 500°C, consistent
with Bloom and Stiegler's results4 at similar fluence at 450 and 510°C.
Brager and Garner?! suggest that the network dislocation concen-
tration in CW 316 stainless steel rapidly saturate at a value of
6 £+ 3 x 101* m/m3. This saturation density is claimed to be fairly
independent of irradiation temperature under zero— or low-stress

conditions. Their data apparently do not include loop contributions. 8
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Fig. 3.38. Dislocation Concentration of CW 316 (DO heat) as a
Function of Fluence for EBR-1II Irradiation at 500 to 630°C. Data at 69
and 75 dpa are taken from H R. Brager and F. A. Garner, "Comparison of
the Swelling and the Microstructural/Microchemical Evolution of AISI 316
Irradiated in EBR~I1 and HFIR,"” paper presented at Second Topical Meeting
on Fusion Reactor Materials, Seattle, Wash.,, Aug. 9-12, 1981, to be
published in the Journal of Nuclear Materials and H. R. Brager and
F. A Garner, "Microstructural Development of 20%-Cold-Worked 316
Irradiated in EBR-II," DAFS Quart. Prog. Rep. Dee. 1980, DOE/ER-0046/4,
vol. 1, pp. 81-87.

British data by Bramman et al.? include faulted loops in reporting their
total dislocation concentration. In the present work both the line
network and loop component are shown to be sensitive to irradiation
conditions, decreasing with increasing irradiation temperature. The
British values for the dislocation concentration in the line network are
8.6 x 101% m/m? at 480°C and about 6.6 x 101* m/m3 at 548°c, for irra-
diation to about 36 dpa in DR  These values are higher than network
dislocation concencracions rur the DO heat 316 {see Table 3.3.2). Loops
add an additional 25%to the dislocation concentration data reported by
Bramman for 480°C and contribute little or nothing at 510°C and above.
The concept of a rapidly achieved, terminal saturation dislocation density

that is the same for all temperatures may be too broad a generalization.
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Fig. 3309. Dislocation Structures of CW 316 After EBR-II Irradia—
tion to 36 dpa at (a) 525°C and (b) 630°C. (&) is imaged near a 001 pole
with two orthogonal g,,, type reflections excited and hence shows the
structure without invisibility of any dislocations. (b) is a normal
gi111s two—beam picture and only half the dislocations are visible.
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This is particularly true if that concentration neglects an important com-
ponent like Frank loops, which appear to be sensitive to both irradiation

temperature and the composition of a particular heat of steel.

3.3.4.3.4  HFIR Lrradition of OV 316 and ¢w 316 T Ti.

CW 316, Temperature Dependence. The dislocation statistics for
CW 316 DO heat irradiated in HFIR are also given in Table 3.3.2. Total
and line network concentrations are plotted as a function of temperature

for several fluence ranges in Fig. 3.3.10. This figure also indicates

ORNL DWG 81 13020
T T T T I

20 % CW 316 STAINLESS STEEL, HFIR
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Fig. 3.3.10. Dislocation Concentration of CW 316 Irradiated in HFIR

as a Function of Irradiation Temperature. Also indicated are the tem-
perature ranges at which other important microstructural components are

changing.

L=}
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other microstructural phenomena, such as the beginning of general precipi-
tation and the transition from many to few or no Frank loops. Some infor-
mation on the dislocation behavior of these samples irradiated in HFIR has
been published previously in a more qualitative and preliminary form.1°
The data in this report represent more complete measurements and include
the loop parameters. The revised nominal irradiation temperatures are
used throughout.

Figure 3.3.10 shows considerable temperature dependence of the dislo-
cation concentration over the range 55 to 650°C. This reflects changes in
both the line network and in the loop component. Figure 3.3.11 shows the
dislocation microstructure from 55 to 525 to 550°C at the lower fluence
level, and Fig. 3.3.12 shows the microstructure at 620 to 700°C after 15
to 16 dpa. At the lower fluence level, the total dislocation concentra-
tion decreases from 1.5 x 1015 m/m® at 55°C to about 6 x 10!% m/m3 at 325
to 350°c and then increases again to about 1.5 x 10! m/m® at 425 to 450°C
before sharply dropping to 1 to 1.5 x 10!* m/m® at 525 to 550°C and
remaining at about that level at 620 to 645°C. Between 425 to 450°C and
525 to 550°C the dislocation structure becomes essential line network with
little or no Frank loop component. Occasionally a few large prismatic
loops are found. The line network component remains quite constant with
temperature from 55 to 325 to 350°C. The loop component from 55 to 425 to
450°C and the network component from 325 to 350°C to 425 to 450°C vary in
a complicated way that reflects interaction with the other microstructural
components; cavities and precipitates.

High-magnification examination of the CW 316 after irradiation to
7.7 dpa at 55°C, Fig. 3.3.13, shows a high concentration of fine black
spot damage in the dislocation structure shown in Fig. 3.3.11(a). This
type of damage is observed in several materials in both the solution-
annealed (SA) and CW conditions but appears confined to about 55°C for
irradiation in HFIR.22,23 These were counted as loops because of their
image contrast behavior and the fact that the material becomes so much
stronger in spite of network recovery. The details of their vacancy or
interstitial nature is not yet known and is still under investigation.
Bloom et al.2% observed similar damage in SA type 304 stainless steel
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YE-12139 325-350°C YE-12140

|025um

425-450°C RN " N YE-12141 525—550°C R E-11887

Tig. 3.3.11. Dislocation Microstructures of CW 316 After HFIR
Irradiation to 7.7 to 10.8 dpa and 380 to 520 at. ppm He at Nominal
Temperatures of (a) 55°C, (b) 325 to 350°C, (c) 425 to 450°c, and
(d) 525 to 550°C.
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620—645°C LESLS2

(b)

Fig. 33.12 Dislocation Microstructures of CW 316 After HFIR
Irradiation to 15 to 16 dpa and 880 to 1020 at. ppm He at Nominal Tem-
peratures of (a) 620 to 645°C and (b) 670 to 700°C.
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Fig. 3.3.13. Dislocation and Fine Structure Suspected of Being Loops
in CW 316 After HFIR Irradiation at 55°C to 10.8 dpa and 520 at. ppm He.
Imaging conditions are gpgg, 8 > 0 off an OI1 pole.

irradiated to low fluence at temperatures of 90 to 300°C. Figure 3.3.14
again shows the 55°C sample but now imaged in high-resolution dark field
using the <111> satellite streaks about g200 matrix reflections to show
Frank loops. There are very few found in the matrix at 55°C compared to
the higher temperatures, similar to the findings of Bloom et al. The
Frank loops that are found appear to be arranging in planar arrays
parallel to the (111) planes and appear similar to thick stacking fault
bands. This behavior has been observed several times on other samples by
this author and is not understood.

As the irradiation temperature increases at the fluence level of 7.7
to 10.5 dpa, the black spot damage is no longer observed at 325 to 350°C

and the dislocation structure consists of larger Frank loops plus network.
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325—-350°C

Fig. 3.3.14. Frank Loop Structure in CW 316 Irradiated in HFIR to
7.7 to 10.8 dpa and 380 to 520 at. pom He at Nominal Irradiation Tempera-
tures of (a) 55°C, (b) 325 to 350°C, and {c) 425 to 450°C. (a) and {(c)
are images of the faults using satellite streaks about g,y as shown in
the diffraction inlay in (e). (b) is a WBDF with gy1;, +g/+3g.
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The size (~23-24 nm diam) and number density (-1 x 1021 loops/m3) of

Frank loops are similar at 55 and 325 to 350°C, but they are more uni-
formly distributed at the higher temperature. The size distribution of
the Frank loops is shown in Fig. 3.3.15. The distributions determined for
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Fig. 3.3.15. Size Distribution of Frank Loops for CW 316 Irradiated
in HFIR to the Conditions Shown.

different (111) planes exactly superimpose, consistent with stress-free
loop formation. The drop in total dislocation concentration in

Fig. 3.3.10 is due to the absence of fine loop structure. At 425 to 450°C
both Frank loop and line network components of the dislocation structure
increase relative to 325 to 350°C. The Frank loops are shown in

Fig. 3.3.14 for both temperatures. Figure 3.3.15 reveals th:it the loop
sizes, whereas the average size of the population iIs decreased, compared
to 325 to 350°C, due to much larger relative fraction at smaller sizes.
The loop number density is almost a factor of 10 greater at the higher
temperature. The size distribution and density of loops would indicate
that more Frank loops are being nucleated and are growing longer before
adding to the network at 425 to 450°C compared to 325 to 350°C. This

behavior correlates with fine gamma-prime precipitation (Ni3si type)
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observed along the line network component of the dislocation structure at
425 to 450°C (ref. 19) and no precipitation at 325 to 350°C, The line
network concentration is a factor of 5 greater at the higher temperature.
Cavity formation is observed at both temperatures, but the cavities at the
lower temperature are coarser,!

At the higher fluence level of 13 to 16 dpa, the dislocation struc-
ture between 425 to 450°C and 670 to 700°C is almost exclusively network.
The concentration is fairly constant at 25 to 3 x 10!% m/m3 from 425 to
450°C to 525 to 550°C. The concentration then begins to fall off rapidly
with increasing temperature to show a cellular structure with very low
intracellular dislocation concentration, typical of the onset of

recrystallization following extensive recovery (see Fig. 3.3.12).

OV 316, Fluence Dependence. The largest fluence dependence of the
dislocation microstructure is observed at 425 to 450°C, with only a small
dependence at 525 to 550°C and almost fluence independent behavior at 620
to 645°C., The fluence dependence of the total dislocation concentration
at these temperatures is shown in Fig. 3.3.16. The fluence dependence
of the microstructure at 425 to 450°C and 525 to 550°C is shown in
Figs. 3.3.17 and 3.3.18, respectively.

At 425 to 450°C the total dislocation concentration recovers nearly
an order of magnitude between 84 and 16 dpa as shown in Figs. 3.3.10 and
3.3.16. This is due both to line network recovery (Table 3.3.2) and the
complete disappearance of Frank loops at the higher fluence (Fig. 3.3.17).
Major changes in the precipitation component of the microstructure occur
between these fluences, with only small changes occurring in the cavity
component.!>19 The fine y* found pinning the network at 84 dpa is absent
at 13 dpa and appears to have been replaced by much coarser eta (MgC type)
phase precipitation along stacking faults and in the matrix. This is con-
sistent not only with the sharp dislocation recovery, but also with the
sharp change in yield strength observed after postirradiation tensile
testing of these same samples.29:25 The precipitation change at low
fluence is then consistent with the precipitate and cavity structures
found to develop after irradiation to 49 dpa at this nominal temperature
of 425 to 450°C (refs. 1, 12, and 18).
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Fig. 3.3.16. Total Dislocation Concentration as a Function of
Fluence for CW 316 Irradiated in HFIR at Several Temperatures.

For irradiation at 525 to 550°C in AFIR, Figs. 3.3.16 and 3.3.18
show the dislocation development from 6.9 to 16 dpa. Networks are
observed for all fluences, with no Frank loops at any fluence and a few
large prismatic loops at the highest fluence. At 6.9 dpa, the network has
recovered to about 4 x 10'* m/m3. There is also a small amount of tau
(M23Cg type) and/or eta precipitate formed at stacking faults and grain
boundaries. Some cavities can also be seen. At 10 dpa network recovery
continues to 1 to 1.5 X 10!* m/m3, considerable precipitation of eta and
Laves has developed in the matrix, and the cavity microstructure
coarsens.1»19 At 16 dpa, the network concentration increases slightly and
the prismatic loops contribute to the small total increase shown in
Fig. 3.3.16. Attendant with this dislocation change is a refinement in
the cavity structure and a reduction in the amount of precipitation. The
cavities are spacially clustered,1 and precipitates are partially
dissolved.!? Parallel to the matrix precipitation changes and
adjustments, the precipitation along the stacking faults (observed at
10 dpa also) dissolves, as does a significant amount of the grain boundary

precipitation. This is also coincident with formation of many small
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Fig. 33.17. Dislocation Microstructures of CW 316 Irradiated in
HFIR at Nominally 425 to 450°C to Fluences Producing (a) 85 dpa and
380 at. ppm He and (b) 13 dpa and 740 at. ppm He. No Frank loops are
observed in (b).
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Fig. 3.3.18. Dislocation Microstructures of cW 316 Irradiated in

HFIR at Nominally 525 to 550°C to Fluences Producing (a) 69 dpa and
290 at. ppm He, (b) 10 dpa and 500 at. ppm He, and (c) 16 dpa and

1020 at. ppm He. A few large prismatic loops are observed in (©.



82

grain boundary cavities! and corresponding changes in tensile test frac—

ture mode. 23

Examination of a second identical sample at 10 dpa confirmed
the microstructure shown in Fig. 3.3.18(b).

The microstructure of the duplicate sample at 10 dpa and 525 to 550°C
also confirms that HFIR irradiation temperatures are reproducible. Since
the duplicate specimen was segmented without postirradiation tensile

testing, it also indicated that the testing does not significantly perturb

the shoulder microstructure from the as-irradiated condition.

CW 316 + Ti, Temperature Dependence. The dislocation statistics for
cW 316 + Ti irradiated in HFIR are given in Table 3.3.3. The temperature
dependence of the total dislocatiom concentration and the line network
component after irradiation to 7.7 to 10.5 dpa are shown in Fig. 3.3.19.
Many of the observations are qualitatively similar to CW 316 so that the

data will be presented to emphasize the differences.

ORNL-DWG 81-13023
T T T T
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Fig. 3.3.19. Dislocation Concentration of CW 316 + Ti Irradiated in
HFIR as a Function of Irradiation Temperature. The irradiation produced
7.7 to 10.5 dpa and 380 to 520 at. ppm He.
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In general the total dislocation concentration decreases monotoni-
cally with increasing irradiation temperature and does not exhibit the
same degree of anomalous behavior as does CW 316. The microstructures for
irradiation at 55°C ro nominally 525 to 550°C are shown in Fig. 3.3.20
and at 620 to 645°C to 720 to 745°C in Fig. 3.3.2L The total con—
centration declines slowly from 6.6 x 1015 m/m3 at 55°C to 2.2 x 10!° m/m3
at 425 to 450°C. The total concentration declines more rapidly between
425 to 450°C and 525 to 550°C, when, as in cw 316, the material undergoes a
transition from Frank loops plus network to network alone as temperature
increases. From 525 to 550°C te 720 to 745°C, the total concentration
again declines more slowly with temperatures ana continues recovery into a
network rather than falling off into a cellular structure leading to
recrystallization, as observed in the ¢W 316 (see Fig. 3.3.10).

Comparison of Figs. 3.3.11 and 3.3.21 shows the general similarity between
the two steels, particularly with respect to the temperatures of loop
disappearance. Comparing Figs. 3.3.10 and 3.3.19 also shows that the
dislocation concentrations are generally a factor of 3 to 5 higher in

CW 316 + Ti than in ¢Ww 316 after identical irradiations. At 525 to 550°¢,
this reflects resistance to dislocation recovery in the network, but at
lower temperatures it also reflects differences in the loop component.

For irradiation at 325 to 350°C and above, the differences in dislocation
structure are largely due to the several beneficial effects of formation
of fine-scale titanium-rich MC, which include reduced phase instability
with respect to M23Cg, MgC, and Laves phases and MC-dislocation pinning.

At 55°C, the line network is a factor of 5 denser in cw 316 * Ti than
in CW 316 and the "black spot™ loops contribute greater than 50%to the
total dislocation concentration. The black spot damage IS considerably
denser iIn the CW 316 + Ti, and the larger Frank loops observed in ¢cW 316
are not found in the CW 316 + Ti. Figure 3.3.22 shows the temperature
dependence of the loop component (compare with Fig. 3,3.14), and In par-
ticular the WBDF images show the fine loops formed at 55°C. Figure 3 3.23
hows the size distributions of Frank loops at 325 to 350°C and 425 to

450°C and can be compared to Fig. 3.3.15 for ¢w 316.

(5]
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325--350°C

Fig. 3.3.20. Dislocation Microstructures of cw 316 + Ti Irradiated
in HFIK to 7.7 to 105 dpa and 380 to 520 at. ppm He at Nominal Tempera-
tures of (a) 55°C, (b) 325 to 350°C, (e) 425 to 450°C, and (d) 525 to
550°C.



85

520-645°C BN E.12014

. 0-25 pm

670-700°C “ : 720--750°C i YE-1213(

Fig. 3.3.2. Dislocation Microstructures of cw 316 * Ti Irradiated
in HFIR to 92 to 10 dpa and 400 to 500 at. ppm He at Nominal Temperatures
of () 620 to 645°C, (b) 670 to 700°C, and (c) 720 to 750°C.
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Fig. 3.3.22. Frank loop Structures of cW 316 t Ti Irradiated in HFIR
to 7.7 to 10.5 dpa and 380 to 490 at. pom H at Nominal Temperatures of
(a) 55°C, (b) 325 to 350°C, and (c) 425 to 450°C.
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Fig. 3.3.23. Size Distribution of Frank Loop Concentration for
CW 316 + Ti Irradiated in HFIR to the Conditions Indicated.

Figure 3.3.24 illustrates separation of the complex microstructure
at 425 to 450°C into network (WBDF), Frank loops [two sets of (111)
planes shown using satellite streaks], and fine MC precipitation [using
precipitate—centered dark field (CDF)].

Frank faulted loops and fine MC precipitation are observed at 325 to
350°C, whereas precipitation does not begin until 425 to 450°C at the same
fluence in CW 316 (ref. 19). The network dislocation concentration in the
CW 316 + Ti is a factor of 3 higher than in CW 316 at 325 to 350°C, and
the loop contribution to the total concentration is greater by at least a
factor of 10 compared to the CW 316. The Frank loop size in CW 316 + Ti
is about ome-half and loop concentration about 40 times that found in
CW 316 at 325 to 350°C (compare Figs. 3.3.15 and 3.3.23). The network
remains constant for irradiations at 325 to 350°C and 425 to 450°C, in
contrast to the sharp increase in CW 3i6. The network concentrations in
the two alloys are similar at the higher temperature., The Frank loop com-—
ponent for CW 316 + Ti shows a more expected temperature behavior in this
range than did CW 316, with size increasing by a factor of 2 and loop
density decreasing by a factor of about 5 with increasing temperature.
Figure 3.3.23 shows that the loop size distribution broadens and that the

average size increases with increased temperature. The Frank loop density
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NETWORK T YE-1213 FRANK LOOPS YE-12132

(b)
0.1 gm

FRANK LOOPS @ YE-12131 MC YE-11904

(c)

Fig. 3.3.24. An Example of the Imaging Necessary to Isolate the
Various Components of the Complex Microstructure of ¢W 316 t Ti After HFIR
Irradiation at Nominally 425 to 450°C to 8.5 dpa and 380 at. ppm He.

(a) WBDF, gogo, *8/3g that images both network and Frank loops. (b) and
(¢) DF with two different <l11> satellite streaks around gzgg reflection

(as shown in diffraction inlay of (c). (d) MC precipitate DF.
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{n CW 316 *+ Ti is similar to ¢w 316 at 425 to 450°C, but loop Size is
greater in the former. . The MC precipftatfon is observed to coarsen slowly
with increasing irradiation temperatyre from 325 to 350°C to 720 to 745°C.
This is consistent with the similar gependence of racovery on irrvadiation
temperature and in contrast to the temperature independent MC distribution!?

and dislocation recovery behavior (Fige 3.3.5) after thermal aging.
CW 316 + Ti, Fluence Dependence. The fluence dependence of the total

Fig. 3.3.25. The only signifgjcant fluence dependence in CW 316 + Ti is
observed at the temperature of 425 to 450°C, where Frank loops are
observed, and none at temperatures of 525 to 550°C and 620 to 645°C, where
Fran.® 12C07e are not ghserved. The fluence dependence of the microstruc-
tures at 425 to 450°C and 525 to 550°C are also snmown in Tig. 3.3.26 to
illustrate this point. The dislocation concentrations appear to saturate

with fluence for irradiation temperatures above 425 to 450°C, in centrast
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Fig. 3.3.26. Dislocation Structure Changes in CW 316 + Ti After HFIR
Irradiation at Nominally 425 to 450°C to (a) 8.5 dpa and (b) 13 dpa and at
nominally 525 to 550°C to (¢} 10 dpa and (d) 16 dpa. Frank loops are
still observed in (b) but considerably reduced from (a) and none are found

in {c) and (d).
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to variations shown in CW 316 (compare Figs. 3.3.16 and 3.3.25). The
saturation levels decrease with increasing temperature and are at least
a factor of 5 higher than the network levels found in cWw 316 at the
same conditions. The MC precipitate distributions at 525 to 550°C and
620 to 645°C show saturation with fluence as well, !? whereas the MC preci-
pitation coarsens with increasing fluence, following the network recovery,
at 425 to 450°C,

The Frank loop component contributing to the total dislocation con-
centration at 425 to 450°C is reduced as fluence increases from 85 to
13 dpa but does not disappear, as observed in CW 316. The Frank loops are
a factor of 2 larger and almost a factor of 10 less numerous at the higher
fluence. The total concentration at 13 dpa remains at least a factor of 7
greater in CW 316 + Ti than in CW 316, and these differences are reflected
in the postirradiation mechanical behavior of the ov 316 + Ti and cw 316
(ref. 20}.

3.3.4.4 Discussion

Dislocation microstructures in irradiated stainless steels have
received much less consideration and experimental attention than bubble or
void swelling. They do not bear the direct relationship to volume change
and swelling that cavities do, but do very much influence the development
of the cavity component. Dislocation information is required for a

mechanistic understanding that is important for modeling effort2® and
bears directly on mechanical properties.

The thermal aging data for CW 316 and CW 316 + Ti reveals the strong
influence of MC formation on both dislocation recovery and precipitation
of other phases. The small addition of titanium makes the type 316 alloy
a phase stable and potentially precipitation-hardenable alloy. The result
of this is seen in improved tensile and creep properties. The lower
stacking fault energy in the titanium-modified material may also infer
better irradiation creep properties, through mechanisms recently considered
by Reiley.?2’

The range of irradiation temperatures in this work is among the

broadest examined for neutron irradiated steels. The revision of HFIR
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irradiation temperatures by an increase of 50 to 75°C results in satisfac-—
tory alignment of many of the general aspects of microstructural behavior
between irradiation in HFIR or EBR-II and thermal aging.

The saturation dislocation concentration in CWw 316 for irradiation at
500 to 625°C is the same whether the irradiation is in HFIR or EBR-II.
However, this similarity may only hold for this narrow temperature range.
If it is truly temperature independent in EBR-II over a wider temperature
range, then it is quite different in HFIR at temperatures above and below
500 to 625°C. The precipitation differences for CW 316 irradiated in
these two reactors, reported in more detail elsewhere, 1*:18:19,28 sypport
this possibility. 1t is also possible that temperature-independent
saturation does not in fact occur.

The data on CW 316 + Ti irradiated in HFIR demonstrates the shift in
controlling mechanisms of microstructural development that results from
titanium-rich MC formation. This is consistent with the role of helium
identified in earlier work!>14%,18,19,28,28 355 peing microstructure
determining. The CW 316 * Ti demonstrates a reduced dependence of the
dislocation structure on temperature and fluence compared to the CcW 316
for irradiation in HFIR. The higher and more stable dislocation contents
in the CW 316 + Ti are consistent with both the increased phase stabilityl?
and the considerably refined cavity microstrucutresi» 0 compared to CW 316
irradiated in HFIR. These same benefits are expected to carry over to the
14 Cr—16 Ni—0.25 Ti first—generation prime candidate austenitic alloy,
which is more phase stable than 316 + Ti and is being investigated in

current irradiation experiments.

3.3.5 Conclusions

1.  During long-term (27704400 h) aging, the DO heat of CW 316 shows
no recovery of the as-cold-worked dislocation structure for temperatures
up to 470°C. The dislocation structure begins to recover between 470 and
560°C, concurrent with precipitation of Mz3Cg, Laves, and MgC phases. The
network then recovers continuously with temperature, and at 700°C reaches
a value that is a factor of 30 to 50 less than the starting line network

concentration of 3 to 5 x 1019 m/m3.
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2. The Rl heat of CW 316 + Ti shows virtually no recovery up to at
least 700°C for long-term thermal aging. Very fine MC precipitation
begins between 470 and 560G°C, and the distribution remains unchanged with
increasing temperature up to at least 700°C. The MC particles pin the
dislocation structure and prevent or significantly reduce M3 3Cg, Laves,
and MgC precipitation.

3. During EBR-1I irradiation, the dislocation structure of GV 316
recovers rapidly to a uniform network concentration that is about 2 to
3 x 101% m/w3 after 8.4 dpa and then reduces slightly to 1to 2 x 10'% m/m?
after 36 dpa at 500 to 630°C. No Frank loops are observed, and the network
shows only a slight temperature dependence with the higher concentrations
at the lower temperatures.

4, Network dislocation recovery occurs in CW¥ 316 during HFIR irra-
diation at 55 to 670 to 700°C at 6.9 dpa and above. The least amount of
network recovery occurs at 425 to 450°C when fine vy~ precipitate pins the
dislocation structure at 8.5 dpa. Recovery accelerates when the
Y” dissolves at higher fluence. The total dislocation concentration shows
the greatest temperature and fluence dependence in the range between 325
to 350°C and 525 to 550°C and reflects complicated interactions with loop,
precipitate, and possibly cavity components of the microstructure. Frank
loops are found below 425 to 450°C but not above. In the range 425 to
640°C the network dislocation concentration may saturate or remain in the
1to 3 x 10'* n/m3 range but drops to very low levels at higher
temperatures.

5. The dislocation changes in CW 316 (DO heat) irradiated in HFIK
align quite well with material irradiated in EBR-IT. The coupling
between cavity and precipitate formation and dislocation recovery is
altered, with those components accelerated and enhanced in HFIK. Recovery
is also accelerated in HFIR, but, in the range of 500 to 630°C, dislocation
concentrations are 1 to 3 x 101* m/w3 for both reactors with only subtle
changes with temperature.

6. Dislocation behavior in CW 316 + Ti irradiated in HFIK is quali-
tatively similar to CW 316 with regard to transitions from fine loops to

Frank loops and from loops plus network to network only. However,
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guantitative differences in temperature and fluence dependence reflect a
strong coupling between dislocation and MC precipitation behavior. As in
CW 316, Frank loops are found only at 425 to 450°C and below. Dislocation
concentrations are 3 to 5 times higher in CW 316 + Ti than in CcW 316.
There is considerable difference between the two alloys in the amount,
temperature, and fluence dependence of loop formation. There are more
loops, they contribute more to the total dislocation concentration, and
they persist to higher fluence in the ¢W 316 *+ Ti than in the cW 316.
3.3.6 Future Work

This project will continue with presentation of the detailed precipi-
tation behavior for these same samples. The various microstructural com-
ponents will then be correlated and will in turn be correlated with
swelling and tensile properties to understand the property changes. This
will facilitate predicting properties for the fusion environment and will

help guide further alloy development and alloy selection for fusion.
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3.4 EQUATIONS TO DESCRIBE THE SWELLING OF 20%-COLD-WORKED TYPE 316

STAINLESS STEEL IRRADIATED IN HFIR — P. J. Maziasz and M. L. Grossbeck
(Oak Ridge National Laboratory)

3.4.1 ADIP Task
ADIP Task 1.C.2, Microstructure and Swelling in Austenitic Alloys.

3.4.2 Objective
The objective of this work is to develop equations giving the tem-

perature and fluence dependence of swelling in 20%Z-cold-worked type 316
stainless steel during irradiation in HFIR. These equations are needed
to (1) describe swelling for use in fusion reactor design, (2) compare
with similar equations for EBR-I1 data, in an effort to develop design
swelling equations for fusion, on the basis of correlation between

fission reactors, and (3) provide a microstructurally based description

of swelling.

3.4.3 Summary
Equations describing cavity volume fraction swelling are developed

for 20%Z-cold-worked type 316 stainless steel (CW 316) irradiated in HFIR.
These equations are based on the physical phenomena observed in the
microstructure, such as matrix void swelling, matrix bubble swelling,
grain boundary cavity swelling, and precipitate-assisted void swelling.
The temperature and fluence dependence of each component is considered,
and microstructural information is interpolated to provide a description
of the swelling behavior within the limits of the data set (up to

50-60 dpa). The data base is for the DO heat of CW 316. Some facets of
the swelling behavior, such as void attachment to eta (MgC) phase par-
ticles at lower temperature, may vary between heats of type 316 stainless
steel. Other components, such as bubbles in the matrix and grain boundary
cavities, may be more general. The expression of total swelling as the
sum of distinct, microstructurally related components allows flexibility
in describing other heats of steel having generally similar behavior but
with some differences in precipitate response, for example. It also per-

mits separate comparison of components of the swelling, such as bubbles or
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void formation, with these same phenomena observed under different irra-
diation conditions. Comparison of the overall swelling in HFIR with that
observed in EBR-II indicates substantial differences in the temperature
and fluence dependence of swelling in these reactors. The microstructural
information shows that the differences are due to the helium generation
rate and its effect on various mechanisms responsible for development of
the cavity microstructure. An understanding of these differences and
development of physically based models that predict both EBR-II and HFIR
data will be necessary to project the swelling behavior in a fusion

reactor.

3.4.4 Progress and Status

3.4.4.1 Introduction

Since fusion irradiation environments do not exist, efforts to fore-
cast the swelling behavior of fusion reactor components depend on results
obtained in available fast-spectrum or mixed-spectrum (fast and thermal)
fission reactors. Use of this data requires mechanistic understanding and
descriptive equations. Extrapolation of the swelling behavior to a fusion
first wall can then be based on the variable dependence of the known
mechanisms of swelling. To date, HFIR and EBR-II have been used to
explore the temperature and fluence dependence of swelling in
20%-cold-worked type 316 stainless steel (CW 316).1~8 The considerably
different helium generation rates in the two reactors also provide a
helium dependence in the data set. The swelling data for a single heat of
CW 316 irradiated in both HFIR and EBR-II are being examined to develop
the correlation and theoretical models necessary to extend the data to
intermediate He/dpa ratios®~!! more representative of fusion service. The
first effort to achieve this extrapolated EBR~II data, with very little
adjustment for the fusion case, on the assumption that helium had little
effect on cavity swelling and that fusion irradiation would thus produce
swelling similar to that found in EBR-IT (ref. 9). That initial effort

was restricted by limitations of the HFIR microstructural data. The
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HFIR data that have recently been reported show clear differences in
microstructural development and resultant swelling for irradiation in HFIR
or EBR-II (refs. 2—4, 10, 12—15).

The current work seeks to express the HFIK swelling behavior via
equations that contain the temperature and fluence dependence of the
swelling. The equations are set up to represent the microstructural
mechanisms to the best of our knowledge. They will also be compared with
the well-established swelling equations for EBR-II irradiation.

If helium has little or no effect, the swelling behavior in HFIR
should be similar to that found in EBR-II, and data from either would be
applicable to fusion. If swelling in the two reactors is markedly
different, neither may adequately represent fusion, and physically based

modeling will be required to predict both microstructure and swelling.

3.4.4.2 Data Treatment and Equations
The following definitions are provided to clarify the use of the

swelling equations:

Fractional volume change = AV/Vy = (Ve ~ Ve)/ Vo = (pg — pf)/pf' s (1)

where
Vg = initial volume,
VJc- = final volume,
pg = initial density,
pf = final density.

Swelling measurements are from transmission electron micrographs and
include only the cavity volume fraction.l™ Density changes resulting
from phase transformations must be included to determine net density
changes. Primarily for the purpose of comparison with other swelling

equations derived from immersion density data, the following definitions

are given:

I = negative fractional density change = (pf— po)/eo , (2)

and
AVIVy = (Vf— VoX/ Vg = Z/(1 — ) . (3)
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The method of development of these equations has been to assess and
express separately the various microstructural contributions to the total
swelling. The equation developed then contains the sum of these
individual components to yield the total swelling behavior. The equations
are justified only by their ability to fit the data and do not possess
first principle theoretical significance.

The total volume change can be expressed as follows:

AV = +AY + AY + AV . (4)
Yototal Vﬂprecipitation Y9gubstitutional Vocavity
helium swelling

Precipitation can directly cause either densification or swelling of
as much as *0.5%; this phenomenon is treated elsewhere.l1® The substitu-
tional helium contribution is simply a reflection of the fact that helium
atoms can occupy lattice sites and therefore increase specimen volume.
Swelling will increase linearly with increasing helium generation and give
a value of Awyosubst He ~ 0.1% at 1000 at. pom He. Data are available
to indicate this type of behavior at HFIR irradiation temperatures of
55°c,2:3,17 put this contribution will vanish when helium-vacancy
complexes migrate to form cavities. Because of the limited range of
applicability and the small magnitude, swelling due to this mechanism has

not been explicitly included in the equation.
The cavity swelling is the dominant swelling component at higher

temperatures. It can be expressed as the sum of the following components:

voids voids bubbles
AV - AV v Y
Vocavity Voprecipitates Y omarrix Y Omatrix
swelling
(5
bubbles bubbles
Vv
Oprecipitates bgrain

boundaries
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voids
Swelling attributable to voids on precipitates, v , 1s
"*Oprecipitates
observed only for eta (n) phase particles at fluences greater than 13 dpa
for temperatures of about 350 to 425°C (refs. 1, 3, 4). This component of

swelling is expressed as:

voids
AV

"*Oprecipitates (6)

= 0.7 expl[-0.001(7 — 330)2]{0.028 4 — 0.36 + 0.36 exp(-D.1 d) )

where 7 is temperature (°c) and d is atomic displacements (dpa).

The swelling component due to voids in the matrix is important at tem-
peratures of 285°C and below;2~"% decreases with increasing temperature and

=0 at 400°C and above; and is assumed to increase with increasing fluence.
This swelling s given by:

voids
AV

7
Vomatrix (7
= 0.06 exp{—6.94 x 10~3(F — 250)2]exp(—d3/B) ,

where 5 = exp(26 — 0,039 7).

The swelling due to bubbles on precipitates is approximately zero for all
conditions for CWw 316.

bubbles
AV = 0. (8}

"*Oprecipitates

The swelling component due to bubbles in the matrix accounts for most of

the cavities at 375°C and above. This component dominates swelling from
about 400 to 700°C (refs. 1, 3, and 4), and can be expressed as:
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bubbles
AV

Vomatrix

= 0.5 [1 T tanh(0.02(T — 100))1{0.5[0.08(d + D) (9)
— 2.72][1 * tanh(0.1(d + D — 40))1 + 0.35 exp{—0.005(d + D — 40)21} .

The contribution due to bubbles on the grain boundaries is essentially
zero for temperatures below about 550°C, and then increases rapidly with
increasing temperature at high fluences (refs. 1, 3, and 4). This is

described by the equation

bubbles
AV

Vﬂgrain
boundaries (10}

= 0.033 d exp(0.025(T —680)] .

These equations, giving the contributions for the various components
of the swelling, can then be substituted into Eq. (5) to give total

swelling. The combined and simplified total swelling equation, then, is

AV (%) = 0.05 A dexp (—d°/B)
Vocavity
swelling + ¢[0.028 d —0.36 + 0.36 exp(—0.1d)]

+ E{0.5[0.08 (d + D) —2.72]{1 + tanh(0.1(d + D — 40))]

+ 0.35 exp[—0.005(d + D — 40)2]}

+ 0.033 d exp[0.,025(T —680)] ; (11)

for the range 50 < 7 < 700°c, d < 60 dpa. In the above equation



104

= atomic displacements, dpa,

= temperature (°C),

= axp[—6.94 x 1073(T — 250)2]},
exp(26 — 0.039 7,

= 07 exp[—0.001(T — 380)2),

= 0.041 T —15.3,

= 0,5{0 T tanh[0.02(7 — 100)]},

g T O W o> MR
1

The data used and the irradiation conditions are given in Table 3.4.1.
These results have been presented in more detail in earlier reports.l="
The derived swelling equations are shown as functions of temperature and
fluence in Figs. 341 and 34.2, respectively.

Table 34.1. Swelling and Cavity Statistics for Cold-Worked Type 316
Stainless Steel Irradiated in HFIR

Irradiation conditions Cavity parameters, %

Swelling

Tempera~ Neutron Pisplace- 1nm11:£gzion Matrix Grain Total
ture fluence ment Helium density volume boundary  yglyme
€O (stronelud)  apy O @ fraction (oG, fraction
55 14 x 1026 10.8 520 —0.03 0 a 0
285 1.0 7.7 390 0.04 0.46 a 0.46
375 11 8.5 380 0 0.12 b 0.12
375 1.7 13.0 740 0.36 0.03 b 0.03
380 7.05 49 3320 1.6 22 t 04 b 2.2
475 14 10.0 500 —0.1 0.06 = 0.01° b 0.06
475 2.1 16.0 1020 0.03 0.02 0.005 0.02
460 7.69 54 3660 .8 20 204 0.01 2.0
565 1.2 9.2 440 0.1 0.04 0.02 0.06
565 2.0 15.0 880 0.37 0.13 0.02 0.15
550 6.18 42 2990 0.0 14 = 0.1 0.03 1.4
620 2.1 16.0 1020 0.37 0.12 0.02 0.14
6009 8.71 60 4070 3.3 30 * 05 04 3.4
6802 0.74 61 4140 6.0 * 25 2.0 8.0

ANone detected.
Boratn boundary precipitation of eta (¥gC) phase.

®Two separate disks with three areas analyzed in one disk and two areas analyzed in the
other to show the area~to-area variation in swelling.

dCompletely recrystallized, fine grains.
Completely recrystallized, coarse grains.
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3.4.4.3 Discussion
The swelling predictions for 26CW 316 in a fusion reactor,
developed by Gamer, Maziasz, and Wolfer,? are shown in Fig. 3.4.3.
Comparison of Figs. 3.4.2 and 3.4.3 shows considerable differences between
these predictions, which were based mainly on EBR-I1 data and the swelling
observed in HFIR. Microstructural phenomena responsible for swelling
are different in the two reactors. These differences relate to the
increased helium generation rate in HFIR, as discussed in previous work.
The problem this comparison poses is that application of one or the

other data set to fusion design without insight based on the physics of

ORNL-DWG 81 -2099'R
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Fig. 3.4.3. Temperature Dependence of Proposed Fusion Swelling for
20%-Cold-Worked Type 316 Stainless Steel at Various Fluence Levels for
Void Swelling That is the Same as in EBR-IL and a Superimposed Matrix
Bubble Component. Source: F. A Garner, P. J. Maziasz, and W. G. Wolfer,
"Development of a Swelling Equation for 20%-CW 316 in a Fusion Device,"”
DAFS @uart. Prog. Rep. Now. 1980, DOE/ER-0046/3, pp. 159-77.
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the swelling process may be seriously in error. Stoller and Odette have
developed a swelling correlation model for CW 316 which is calibrated to
both the EBR-II and HFIR data. However, extrapolation to fusion reactor
service conditions requires assumption on the importance of precipitate-
assisted void and matrix bubble components of the swelling. Further
development of the model and additional experimental data are required
before confident extrapolations can be made.

Sufficient data has recently become available to confirm that the
actual HFIR irradiation temperatures are about 50 to 75°C higher than
calculated, thus warranting the assignment of new nominal temperatures
(see Sect. 3.1).19 As a result, the equations in this work need to be

updated. This task will be accomplished in the next progress report.

3.4.5 Conclusions and Future Work

The data for swelling of 20%-cold-workedtype 316 stainless steel
produced by HFIR irradiation can be represented by equations that depend
only on temperature and fluence. These equations contain identifiable
parts related to various microstructural mechanisms. The swelling is
considerably different from swelling in ERR-1I. The differences reflect
the influence of helium on the microstructural evolution.

The HFIR swelling equation for cold-worked type 316 stainless steel

will require revision to the adjusted irradiation temperatures.
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3.5 WELD BEND TESTS ON IRRADIATED, 20% COLD-WORKED 316 STAINLESS
STEEL - S. D. Atkin (Hanford Engineering Development Laboratory)

3.5.1 ADIP Task

Path A Alloy Development - Austenitic Stainless Steels.

3.5.2 Objective

This work is being conducted to investigate the feasibility of
repair welding stainless steel components in a fusion reactor. The
post-weld ductility and strength of irradiated 20%CW 316 SS will be

determined.

3.5.3 Summary

Samples of 20% CW 316 SS were sectioned from various axial
locations along an irradiated EBR-IT duct. The bend samples were fab-
ricated by Tungsten-Inert-Gas (TIG) welding two tabs together along the
width. Bending was accomplished by centrally loading the root side of
the weld while both ends of the specimen were supported by pins. The
effects of sample fluence level, test temperature, and deflection rate
on strength and ductility were investigated. A preliminary evaluation
indicates the ductility of the welded material is much greater than
expected. Helium produced in the metal during reactor service does not

appear to cause