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FOKBACKD

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

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

The first seven reports in this series are numbered DOE/ET-0058/1
through 7. This report is the third 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.

Klaus M. Zwilsky, Chief
Materials and Radiation Effects Branch
Office of Fusion Energy
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1. ANALYSIS AND EVALUATION STUDIES &« & s = = = = = = = s s s s = &

1.1 Materials Handbook for Fusion Energy Systems (McDonnell
Douglas Astronautics Company and Hanford Engineering
Development Laboratory) « « =« =« = = s« =« = = = s = = = s &= &=

The handbook activity is progressing slower than
desired with inputs. The primary delay seems to center
around conflicting priorities between preparing for
reactor experiments and preparing data sheets. A portion
of the data sheets, those relating to fatigue crack growth
and irmdiation creep, have been received and are being
reviewed. To speed up the turn around time for these
data sheets an alternate approach is being tried which
involves placing more emphasie a the people working a
projects since they have to be responsive to project needs
in a timely ranner.

2.  TEST MATRICES AND TEST METHODS DEVELOPMENT &« &« = = = = = = = = &=

2.1 TEM Specimen Matrix for EBR-II Experiment AD2 (Hanford
Engineering Development Laboratory) « =« =« = s« = =« s = s = &

No report this period.

2.2 Neutronic Calculations in Support of the ORR-MFE4 Spectral
Tailoring Experiment (Oak Ridge National Laboratory) « «

Three-dimensional neutronic calculations are under way
to follow the irradiation environment of the MFE-44
experiment, which has recently been loaded into the
Oak Ridge Research Reactor (0rr), and are in progress to
determine the response of the ORR to multiple tungsten core
pieces that will be used during later irradiations to
reduce the thermal flux levels seen by the nickel-
containing alloys. Preliminary results indicate that two
core pieces of 50%W or four core pieces of 25% W can ke
used simultaneously in the reactor. However, since
additional fuet IS required to maintain criticality, the
core fuel loading exceeded the standard 6 kg 235y by about
15%. In addition, ome-dimensional neutronic calculations
are being planned to determine the heating rates within
these tungsten core pieces and within the experimental
capsules.
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ORR-MFE~4: A Spectral Tailoring Experiment to Simulate the
He/dpa Ratio of a Fusion Reactor in Austenitic Stainless
Steel (Oak Ridge National Laboratory) « « =« s« = = = = s = =

This experiment consists of #twe capsules, each with
two isothermal chambers. The first, OrRR-MFE-44, operates
at 300 and 400¢c; the second, ORR-MFE-4B, will operate at
500 and 600°C. The ORR-MFE-4A experiment is now in the
reactor, operating successfully. 1t contains a total of
1326 specimens almost entirely of type 316 stainless steel
and Path A FPca.

Neutronic Calculations for the Conceptual Desigh of an
In-Reactor Solid Breeder Experiment, TRI0-01 (Oak Ridge
National Laboratory) &« =« o« = s = s = s s s s s s s s s & &

Preliminary one-dimensional neutronic calculations
have been carried out to determine the tritium production
and heating mtes within the solid fusion breeder mterial
Lig0, which is to be irradiated in the ORR. Where the
amount of 27 was reduced to 0.5% (the naturally occurring
amount is 7.5%), the maximum values obtained for tritium
production and heating mtes are 3.3 x 1019 atoms/s m® and
34 My /m.

An Irradiation Experiment to Scope the Tensile Properties
of Ferritic Alloys — HFIR-CTR-33 (Oak Ridge National

Laboratory) "= = ® ® E ¥ ®E ®E ®E ®E ®§E ®E E E E ®E ®E ®E ®E ®E ®E ®E ®E &®

An irradiation capsule wes constructed containing
sheet tensile specimens for irradiation in the High Flux
Isotope Reactor (HFIR). The specimens were sealed in an
aluminum rod to isolate them from the reactor coolant yet
still maintain good thermal contact with the coolant water.
The alloys were unmodified and nickel-doped #7¢ and
9 Cr-1 M steels as well ae reference type 316 stainless
steel and the USSR austenitic stainless steel from the
U.S.-USSR Fusion Reactor Materials Agreement.

Specimen Matrix for HFIK Irradiation of Path B Alloys
(Hanford Engineering Development Laboratory) « « =« s s &

No report this period.
A ALLOY DEVELOPMENT—AUSTENITIC STAINLESS STEELS « s &« = =«

The Exchange of Austenitic Stanless Steels Under the
U,S5.~-USSR Fusion Reactor Materials Agreement (Oak Ridge
National Laboratory) « =« =« « = = s« = = = s = s = = s = » &=

Sheet and rod stock of austenitic stainless steels
have been exchanged between the U.S. and USSR fusion
reactor mterials irradiation effects programs. The
United States supplied type 316 stainless steel, while the
USSR submitted a low-nickel, high-manganese austenitic
stainless steel.
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3.2

3.3

3.4

Fatigue Crack Growth Testing of 316 SS for MFE-5 (Hanford
Engineering Development Laboratory) « « =« s« s s s s s s &

The last in a series of tests demonstrating the
prototypic fatigue mxehine has been successfully completed.
An eight-specimen chain test wzs conducted at 425°C with
one specimen being continuously monitored using the
electrical potential method. Results were used to finalize
precracking and loading conditions for the in-reactor test.

The Microstructure and Mechanical Properties of 20%-Cold-
Worked Types 316 Stainless Steel and 316 + 0.23 wt % Ti
After HFIK Irradiation at 55 to 375°C (Oak Ridge National
Laboratory) s« « « s« s = = = = s s s = = = = » s s s s % % &»

The 20%-cold-worked types 316 and 316 + Ti stainless
steel were irradiated in HFIR at temperatures of 55 to
375°C to neutron fluences producing up to 13 dpa and
740 at. ppm He. Both steels offer similar mechanical
properties at these irradiation temperatures as determined
by postirradiation tensile testing. Both alloys are
strengthened by irradiation, but the ductility of cold-
worked 316 deereasee while that of cold-worked 316 + T<
inereases. The failure mode was ductile-transgranular
for all irradiated specimens. Microstructural examination
reveals cavities and dislocation loops at 285 and 3759
in both alloys. Both alloys swell less than 0.5% and even
less at higher irradiation temperature. The titanium
modified alloy swelle slightly less.

Composition and Microstructure of Precipitate Phases in
Austenitic Stainless Steels (Cak Ridge National
Laboratory) | | | | | ] | ] | ] n | ] | ] | | | ] | | L ] | ] | | | ] L | | ] | | | ] | ] | | n | | | ]

Precipitation in thermally aged and neutron-
irradiated samples of types 316 and 316 + Ti stainless
steel is characterized by conventional transmission
electron microscopy and by extraction and x-ray energy
dispersive spectroscopy. Below 750°C, the major phases in
the thermally aged alloys are eta, tau, Laves, sigma, and
MC in 316 + Ti. Each phase has a unique and clearly
distinguishable characteristic solubility for the alloy
elements found in these steels. Particularly important to
irradiation behavior is the fact that all the phase except
MC and tau ean concentrate Si, but only eta concentrates
Ni. Relative to this baseline, these phases have nearly
the same composition when produced by irradiation in HFIR.
The phase MC 1S exceptional in that it is the only phase
that is enhanced by irradiation and yet incorporates little
or no Si or WNi.
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PATH B ALLOY DEVELOPMENT — HIGHEK STRENGTH Fe-Ni—Cr ALLOYS & « &

PATH C ALLLOY DEVELOPMENT — REACTIVE AND REFRACTORY ALLOYS . .

5.1

5.2

5.3

The Effect of Hydrogen on Flaw Growth of Titanium Alloy
Ti-6242s (Mchounell Douglas Astronautics Corporation) « «

Machining of the specimens is complete. Calibration
of equipment to monitor crack growth is complete. The
environmental test chamber for fatigue testing has been
set up.

Tensile Properties of Helium-Injected and Reactor-
Irradiated V20 Ti (Oak Ridge National Laboratory) . « . .

Sheet tensile specimens of annealed —-20% Ti alloy
have been preinjected with 90 and 200 at. ppm He by use of
60-MeV (9.6-ps) alpha particles at the Ok Ridge
Isochronous Cyclotron (0rrc). Some oF the samples were
then irradiated in row 7 of the Fxperimental Breeder
Reactor (EBR)-II at temperatures of 400, 525, 575, 625,
and 700°C to neutron fluences of 2 x 1026 to
4 % 1026 neutrons/m? (>0.1 MeV).

Tensile properties and fractography of the injected
and the irradiated specimen have been compared with those
of the control specimen. This comparison sheowed that the
helium injection increased the strength at test tempera-
tures beta, 5009 and decreased the elongation above 500°C.
The reduction of the elongation depended & the amount of
injected helium. 7he loss of ductility resulting from the
neutron irradiation was much greater when the specimens
were irradiated and tested at temperatures above 60¢°C.

Fatigue Behavior of Unirradiated Path C Alloys (Oak Ridge
National Laboratory) « =« s« s« s« s« = s s« = = s = s = s = = =

Results of exploratory fatigue tests a annealed
¥b—I% Zr showed that this alloy has about the same fatigue
resistance at mom temperature and at #50°C. 1t was also
shown that the fatigue lifetime of No—1% Zr is somewhat
superior in comparison with average values obtained for
20%-cold-worked type 316 stainless steel tested at low
strain ranges by a factor of about 19.

Fatigue tests of the ADIP heat of V~15% Cr—5% Ti are
presently under way. Test results obtained to date
indicate that at room temperature this alloy has marginally
better fatigue resistance than ¥6-1% Zr. Only one fatigue
test a V5% Cr5% Ti at 650°C has been ecompleted. This
data point fell beta, the average trend curve of ¥Nb—I% Zr.
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6.

PATH D ALLOY DEVELOPMENT — INNOVATIVE MATEKIAL CONCEPTS & & & &

6.1

6.2

Development of Iron-Base Alloys with Long-Range-Ordered
Crystal Structure (Oak Ridge National Laboratory) « « « &« &

The iron-base LRO alloys with compositions (Fe,Ni)zV
are being developed for fusion energy applications. The
alloys have excellent high-temperature strength and good
ductility and fabricability in the ordered state. Studies
of phase relations indicate that sigmx phase precipitates
from the disordered solid solution (gamma) at temperatures
above the critical ordering temperature (T,). Below T,,
atom ordering takes place in the alloys through the
peritectoid reaction vy + o + y*, where y* is the cubic
ordered phase (L1s-type) formed on the face-centered cubic
{fee) lattice. The sigma phase region can be reduced or
eliminated by adding small amounts of titanium. Tensile
tests as a function of temperature indicate that the LRO
alloys with base compositions show a ductility minimum
around T,. However, modifying the alloys with titanium
significantly improves their ductility at elevated
temperatures. The tensile properties of the base and
titanium-modified alloys are not affected by long-term
aging at 550°¢. Preliminary evaluation of mzterial
prepared by using commereially produced ferrovanadium as
feed material indicates this as a promising approach to
towering the alZloy production cost.

The Effect of 4-MeV Nickel lon Irradiation on the Micro-
structure of (Fe,Ni)3V Long-Range-Ordered Alloys (Oak Ridge

National Laboratory) « s« « o« 5, & = = = = = s = = = = = » =

The wnirradiated microstructure OF (FegiNizg)3V
contains a relatively uniform distribution of small
MC-type precipitate particles and large, widely scattered
islands of sigma phase. Essentially the same alloy, except
for a 04 wt % Ti addition, contained scattered inclusions
with M’~type precipitate particles decorating the
distocations at the inctusion-matrix interfaces.

Irradiation of (FegsNigg)3zV at 525, 570, 625, and
ggo°c with 4MeV (0.6-pJ) nickel ions to 70 dpa with the
simultaneous injection of helium and hydrogen produced
cavities, a high density of dislocation Zoops, and a
redistribution of M'-type precipitate particles, The alloy
remained ordered throughout the irradiation except at
g80°¢c, which was above its critical ordering temperature
of about 670°C. The irradiation aZsco produced a high
density of distocations in the titanium-modified alloy but
only a few small cavities at 525 and 570°C. No cavities
were observed at either 625 or 680°C. The MC-type
particles precipitated in the modified alloy at all
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7.

6.3

6.4

PATH

7.1

bombardment temperatures. As the bombardment temperature
was increased, the precipitate particle size also
increased. However, the rnumber of these particles
decreased. The mechanism by which titanium enhanced the
resistance of (FegiNizg)zV 10 ion damage is unclear.

Properties of Rapidly Solidified Nuclear Grade 316 Stain-
less Steel (Massachusetts Institute of Technology) . .« « &

Nuclear grade 316 stainless steel wze processed by
rapid solidification. Mechanical testing (room temperature
and high temperature tensile, Charpy impact, low cycle
fatigue and stress rupture testing) showed that the mpidty
solidified alloy in all instances either matches or exceeds
to an important degree the mechanical properties of ingot
material; rational exceptions include long term creep at
g50°c due to the mueh finer grain size of the RS alloy.

Optimization of Structure and Properties of Prime Candidate
Alloy (PCA) by Rapid Solidification (Massachusetts
Institute of Technology) « =« = & s & & = s = s s = s s » &=

A high density of heterogeneous rmuecleation sites for
helium trapping wzs provided by reducing the grain size, by
increasing the 7i¢' content and surface area and by
controlling the dislocation structure by rapid solidifi-
cation and subsequent thermomechanieal treatments.
Thermomechanical treatments were developed which resulted
in higher strength anad elongation in stress rupture
testing at #50°C than in a 20% cold worked reference state.
While mpid solidification allowed for a econtrolled TiC
precipitate size, density and distribution, coarsening my
effectively limit the applications of 7i¢ dispersion
strengthened austenitic stainless steel at higher irradia-
tion temperatures.

E ALLOY DEVELOPMENT — FERRITIC STEELS & « o w & & & u u « &

Procurement and Conversion of the National Fusion-Ferritic
Steel Program 12Cr (HT-9) Heat (General Atomic Company) . =

A 3,830 kg (8,440 1b.} slab of 120m1Mo-0.3V steel wae
fabricated into four different plate thicknesses for use by
the National Fusion-Ferritic6é Steel Program. Details of
the conversion are discussed in this progress report.

174

183
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72
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7.4

The Fracture Properties of a Temper Embrittled
12Cr-1Mo-0.3v Steel (General Atomic Company) « =« s = = = =

Dynamic fracture toughness, as measured by precracked
and instrumented Charpy V-notch specimens, and standard
Charpy V-noteh tests were performed at temperatures from
-192° to 207°¢ a material IN two conditions. Material wzs
austenitized for 7 hour at 1000°c, air cooled, and tempered
at 650°c for 1 hour; and austenitized and tempered for
7 hour at 1000°c and 650°c and air cooled, and subsequently
aged at s50°c for 100 hours. The aging wzs done at a
temperature known to cause temper-embrittlement in this
class of steels (7,2,72). Optical metallography of the
microstructure and X-ray analysis of extracted carbides
are presented. Fractography to relate the mode of fracture
with energy absorbed, and a more complete mierostructural
evaluation continues and will be presented in the next
ADIP quarterly.

Tempering and Transformation Behavior of HT9 Weldments
(Sandia National Laboratories) « « « =« =« = = = = = = = = &=

Dilatometric measurements of H7¢ weld and ase
material indicated that the on-heating transformation to
austenite occurs at approximztely 845°C and that the
martensite start temperature (Mz) upon cooling from above
the upper critical temperature f4ez/ occurs at 240°C.
Postweld heat treatment of autogenows gas tungsten arc
(GTA) welds results in a variety of composite microstruc-
tures consisting basically of tempered mirtensite and
secondary carbides. The tempering response is relatively
sluggish at tempering temperatures below é00°C., A one-hour
heat treatment at 800°C reduced the mzrtensitic hardness
in the fusion zone and heat-affected zone (HAZ) to nearly

base metal walues. Tempering curves for both the fusion
zone and HAZ are presented.

Fatigue Crack Growth in Path E and Path B Alloys (Hanford
Engineering Development Laboratory) « « « = = « = = = = = =

Fatigue crack growth tests on wnirradiated HT-9 in
helium at 150, 300, 500 and #080°C and on 9Cr~IMo at 25°C in
air have been conducted. Room temperature air testing of
solution treated and aged B1, B2, B3, B4 and B6 alloys has
been completed and is compared to the 50% cold-worked B
alloys tested under similar conditions. Comparisons of
measured fatigue crack growth are nude with 20% cold-worked
316 stainless steel.

216
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7.6

7.1

7.8
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Analysis of Single Specimen Tests on HT-9 for J,.
Determination (Hanford Engineering Development
Laboratory) L] L] L] L] L] L] L} L] L] L} L] L] L} L] L] L] L] L] L] L] L] L] L] L]

Fracture toughness tests were performed a unirra-
diated 2.54 mm thick HT-9 specimens at 25, 149, 232, 315,
427 and 539°C., The electropotential technique was applied
to develop single specimen method for J;, determination.
Rased on experimental dzta, a semi-emperical expression was
obtained for a calibration curve which was used to measure
continuous crack extension. With this continuous 2a
measurement, it is possible to generate J versus Aa curves
from single specimens at various temperatures successfully.
Large specimens were also tested at 232°c to study the
thickness of HT-9. The upper shelf fracture toughness of
HT-9 is evaluated at temperatures ranging from room tem-
perature to &539°C.

Environmental Effects on Properties of Ferritic Steels
(Argonne National Laboratory) « « o« = =« = = = = = = = = = =

Calibration fatigue tests were conducted with HT-9
ferritic steel specimens at 755 X in a Plowing lithium
environment. 7he procedure for strain control and strain
measurement has been established. Several continucus cycle
fatigue tests have been performed with gauge specimens of
HT-9 alloy. The results are being analyzed to determine
the strain-Ilife relationship. Exposure of corrosion
specimens of HT-9 steel with solid Liy0, LiAl0g, and
Li9810z breeding mterials at 873 K has been completed.
Metallographic evaluation of the corrosion specimens tg
in progress.

Specimen Preparation and Loading for the AD-2 Ferritics
Experiment (Hanford Engineering Development Laboratory) « .

Experimental hardware has been built and specimens
have been fabricated for the AD2 experiment. The loading
of the specimens into the six wninstrumented B-7C capsules
has been completed and these capsules have been shipped to
Idaho Falls for insertion into ERR-11, Cycle 109.

Characterization of Ferritic Steels for HFIR Irradiation
(Oak Ridge National Laboratory) « « =« = = s« s« = = = s = =

Small heats of ferritic (martensitic) steels bagzed a
12%Cr-1% M> and 9% Cr-1% Mo were prepared containing about
0, 7, and 2% Ni. Additional heats were made with 2% ¥<, in
which the content of the ferrite-forming elements was
adjusted to restore the net chromium equivalent to a value
near that of the unmodified alloy. During irradiation in
the High Flux Isotope Reactor (#FIR), transmutation of the
58y will give helium concentrations approximating those
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produced in such steels in fusion reactor service. Because
the addition of nickel can affect the response to heat
treatment, the microstructures of the alloys are being
characterized.

After normalizing, the alloys without nickel and those
containing I and 2% ¥7 {but with no chromium equivalent
adjustments) had microstructures that were entirely
martensite. The 2% ¥i addition towered the Ae; tempera-
ture, making it necessary to temper these alloys at
temperatures »no greater than 700°¢. The normalized
microstructure of the 2% #< alloys oith adjusted chromium
equivalent contained targe mounts of a phase in addition
to the predominant martensite, Work is in progress to
determine 1T this phase is 6-ferrite or retained austenite.

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

8.1

Irradiation Experiment Status and Schedule « « « &« & « & &

The following bar charts show the schedule for all
ADIP reactor irradiation experiments. Experiments are
presently under way in the Ok Ridge Research Reactor (0RR)
and the High Flux Isotope Reactor (HFIr}, which are mixed
spectrum reactors, and in the Experimental Breeder Reactor
(EBR)-II, which is a fast reactor.

During the reporting period irradiation was begun for
two irradiation experiments: ORR-MFE-4A in the ORR and
HFIR-CTR-33 Zn the HFIR.

ETM Research Materials Inventory (Oak Ridge National
Laboratory and McDonnell Douglas Astronautics Company) .« .

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 in
the Fusion Reactor Materials research and development
programs. The objective is to provide a common supply of
materials for the Fusion Reactor Materials Program. This
will minimize wnintended materiale variables cad provide
for economy in procurement and for centralized record-
keeping. [Initially this inventory IS to focus on materials
related to first-wall and structural applications and
related research, but various special purpcse materials may
be added in the future.

9. CORROSION TESTING AND HYDROGEN PERMEATION STUDIES w « & « = & &

91

Hydrogen Dissolution and Permeation Studies of ADIP Program
Alloys (Argonne National Laboratory) « « « « s &« o = &« 5 &

No report for this period. The next reporting o
progress on this tusk wtZl be at the end of the fourth
quarter of Fy-1980.
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9.2

9.3

9.4

Vanadium Alloy/Lithium Pumped-Loop Studies (Argonne
National Laboratory) « « =« o« =« s = s = s s s s = s =« » »« &« 327

No report for this period. The next reporting of
progress a this task will be at the end of the fourth
quarter of Fy-1980.

Compatibility of Static Lithium with a Long—Range-Ordered
Fe-Ni-V Alloy and 2 1/4 Cr-1 Mo Steel (Oak Ridge National
Laboratory) L | ] L [ ] L [ ] L ] [ ] L ] [ ] L ] [ ] L ] | ] L ] L} L ] L} L ] L | ] L ] [ ] L ] 328

Tests of 2 1/4 ¢r-1 Mo steel in static lithium at
400, 500, and s20°C for exposures up to 3000 h have been
completed. Analyeie of the post-test lithium from the
500- and 1000-h experiments at 500°C indicated a decar-
burization of the 2 1/4 ¢r-1 M steel, which probably
caused the observed decreases in yield and ultimate tensile
strengths of the steel when exposed to lithium at 600°C
for 3000 h. A long-range-ordered Fe-31.8 Ni—22.5 V—
04 Ti (wt %) alloy with a critical ordering temperature
of 680°C was compatible with static lithium after 2000 h
at 650 and 710°C.

Meass Transfer of Type 316 Stainless Steel in Lithium
Thermal-Convection Loops (Oak Ridge National
Laboratory) L ] L ] L} L ] [ ] L ] [ ] L L ] [ ] L ] [ ] L ] L ] [ ] L ] [ ] L ] L ] [ ] L ] [ ] L ] L ] 337

The possible effects of nitrogen in Zithium-type 316
stainless steel thermal-convection systems are discussed.
Variations in the normally low nitrogen concentrations of
the lithium did not significantly alter the short-time
dissolution rate. However, the presence of nickel in
lithium may influence the distribution of the dissolved
elements around the loops through nickel interactions with
other elements (especially chromium) in the lithium.



1. ANALYSIS AND EVALUATION STUDIES



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

Engineering Development Laboratory)

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

structural life predictions

1.1.2 Objective
To provide an authoritative and consistent source of material

property data for use by the fusion energy community in concept evalua-

tion design, safety analysis, and performance/verification.

1.1.3 Summary
The handbook activity is progressing slower than desired with

inputs. The primary delay seems to center around conflicting priorities
between preparing for reactor experiments and preparing data sheets.
A portion of the data sheets, those relating to fatigue crack growth
and irradiation creep have been received and are being reviewed. To
speed up the turn around time for these data sheets an alternate approach
is being tried which involves placing more emphasis on the people working
on projects since they have to be responsive to project needs in a timely

manner.

1.1.4 Progress and Status

The Materials Handbook for Fusion Energy Systems has now been formally
released. Initial input to the handbook involves informational pages
relating to format, contents, and overall objective. Comments from people
who have received the book have been favorable and several people have
requested that they be added to the distribution list. Our target date
for the next release of data for inclusion in the handbook is mid-September
This data packet will essentially contain data on 316 stainless steel which
is needed to support the ETF project. Preparation of these data sheets is

under the auspices of the austenitic stainless steel working group.



In February this group was requested to be responsible for the
preparation of data sheets on 316 stainless steel and to identify a time
schedule for having data ready. Based on this request the working group
in March assigned HEDL the responsibility of preparing data sheets on
crack growth and creep, NRL the responsibility of data sheets relating
to fatigue and ORNL the responsibility of preparing data sheets on tensile
properties and swelling. The targeted schedule of completion for these
data sheets was 15 July. At the same time the DFAS task group was asked
to develop a standardized approach for the treatment or correlation of
dpa, He, and MW.Yr/m> also to be ready by July 15.

At the present time the preparation of the austenitic stainless steel
data sheets are behind schedule. The only contributions received within
the July 15 time frame were those from HEDL. The HEDL contributions are
currently being reviewed and should be released for inclusion in the
handbook on the original schedule. The primary reason given for the
delay appears to be conflicting priorities between preparing for experi-
ments and preparing data sheets, with the data sheets coming in last.
There does not appear to be any simple resolution to this problem because
of the interactions of many groups in preparing for long term experiments
and a delay in schedule could result in a significant delay in reactor
loading. As a result an alternate approach for the preparation of the
data sheets seems to be necessary if the handbook is to be responsive to

the project needs. The approach that will be tried is to get greater
involvement of project personnel who, in many cases, are developing design

curves in support of the projects. These people have agreed that when
they prepare the data sheets in support of the projects, they will put the
data in a format that is compatible with the handbook and submit these
data sheets along with supporting documentation to the handbook chairman
for inclusion in the handbook. These data sheets would then be routed to
the various task groups or working groups for review and comments. This
approach is currently being implemented on a trial basis to see if it

improves the turn-around time for the data sheets.






2. TEST MATRICES AND TEST METHODS DEVELOPMENT



2.1 TEM SPECIMEN MATRIX FOK EBR-IT EXPERIMENT AD-2 — D. T. Peterson
(Hanford Engineering Development Laboratory)

2.1.1 ADIP Task

2.1.2 Objective

2.1.3  Summary
No report for this period.



2. L NEUTRONIC CALCULATIONS IN SUPPORT OF Ti¥ ORR-MFE-4 SPECTKAL TALILORING
EXPERIMENT — T. A Gabriel, K A Lillie, B. L Bishop, and
K. L Childs (OKNL)

2.2.1 ADIP Task
ADTIP Task 1LA.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 Ridge Research Reactor {(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 neutronic calculations are under way to follow the
irradiation environment of the MFE-4A experiment, which has recently been
loaded into the ORR, and are in progress to determine the response of the
ORR to multiple tungsten core pieces that will be used during later
irradiations to reduce the thermal flux levels seen by the nickel-
containing alloys. Preliminary results indicate that two core pieces of
50%W or four core pieces of 25%W can be used simultaneously in the
reactor. However, since additional fuel is required to maintain criti-

cality, the core fuel loading exceeded the standard 6 kg 235y by about
15%. 1In addition, one-dimensional neutronic calculations are being

planned to determine the heating rates within these tungsten core pieces

and within the experimental capsules.

2.2.4 Progress and Status

The first spectral tailoring experiment (MFE-4A) has been loaded into
the ORR reactor, and three-dimensional neutronic calculations using the
VENTURE! code are under way to monitor the environment. V¢ presently
anticipate that the core piece (63% Hy0, 37%Al) currently being used will

remain in the reactor for about three to four months. At that time the



core piece will he removed and replaced by a solid aluminum core piece.
At approximately the same time a nickel wire will he removed from the
center of the experimental capsule, and the helium content will he
measured. This will check the rate at which helium is being generated in
the experiment. In addition, these data will allow, if needed, modifi-
cation to the helium production equation, which was obtained from

High Flux Isotope Reactor (HFIK) data and which is currently being used
to relate the thermal neutron fluence to the helium production for 38y1
in the alloys under irradiation.

Since the possibility exists that several spectral-tailored experi-
ments will be in the ORR at the same time, three-dimensional neutronic
calculations using the VENTURE code are in progress to determine the
response of the ORR to multiple tungsten core pieces. These core pieces
will be used during later irradiations to reduce the thermal flux levels
seen by the nickel-containing alloys. Preliminary results indicate that
two core pieces of 50%W or four core pieces of 25%W can be used simul-
taneously in the reactor. However, since additional fuel is required to
maintain criticality, the core fuel loading used exceeded the standard

6 kg 2390 by about 15%.

2.25 Future Work

Since strict control is being maintained over the temperature of the
irradiated samples, one-dimensional neutronic calculations using ANISN2
are being planned to determine the heating rates within these tungsten
core pieces and within the experimental capsules. The one-dimensional
cylindrical model of the exp’srimental capsule and core element, which will
be surrounded by a fuel rod, has been devised so that these calculations
can be performed (Fig. 2.2.1). The neutron source, which will be distri-
buted around the fuel rod, will be obtained from a VENTURE calculation for
an ORR core loading that contains tungsten. The incident gamma flux, which
cannot be obtained directly from the VENTURE code, will be approximated by

reflecting the leak of gammas from the source surface.

N
This fuel rod represents eight ORR fuel elements.



10

2.3 ORR-MFE~4: A SPECTRAL TAILORING EXPERIMENT TO SIMULATE THE He/dpa
RATIO OF A FUSION REACTOR IN AUSTENITIC STAINLESS STEEL =
M. L. Grossbeck and K R Thorns (ORNL)

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

2.3.2  Objective

Through neutron spectrum tailoring, this experiment will irradiate
austenitic stainless steels to achieve the same He/dpa ratio as predicted
for fusion reactor first-wall service. The experiment will include
type 316 stainless steel and Path A Prime Candidate Alloy (PCA).

2.3.3  Summary
This experiment consists of two capsules, each with two isothermal

chambers. The first, ORR-MFE-4A, operates at 300 and 400°C; the second,
ORR-MFE-4B, will operate at 500 and 600°C. The ORR-MFE-4A experiment is
now in the reactor, operating successfully. 1t contains a total of

1326 specimens almost entirely of type 316 stainless steel and Path A PCA

2.3.4 Progress and Status

2.3.4.1 Introduction
This experiment will provide the first high-fluence data on specimens
irradiated under conditions providing the Be/dpa ratio expected in an

austenitic stainless steel fusion reactor first wall.

The details of the neutronics, temperature control, and experiment
construction have been described in previous reports.li2 The experiment
dosimetry package has been planned and supplied by the Fusion Reactor
Materials Dosimetry activity at Argonne National Laboratory. The
dosimetry will not be discussed here. This report will primarily address
the specimen loading. All specimens are submerged in NaK and arranged in
racks. The tensile and fatigue specimens are bundled together in
packages of three or four. Specimen discharge will occur at 10, 20, 30,
and 50 dpa.



ORNL-DWG 8012030

FUEL RGD
33%) + W
\_\_10‘ [67*)
58 AT 25%
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*RADIUS TO BE DETERMINED SO THAT THE VALUE OF W BETWEEN 00242 m AND 0.0410 m
1S 10 20 30 30 AND 67 vol %
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Fig. 2.2.1. One-Dimensional Model of the MFE-4A Experiment and
Surrounding Oak Ridge Reactor Core Region.

The coupled neutron and gamma ray transport cross-section data sets,
which were created for the TRIO-01 in-reactor solid breeder experiment,
will be expanded to include W, K, and Na. Preliminary results are expected

within one to two months.

2.2.6 References

1. D. R Vondy, T. B. Fowler, and G. W. Cunningham, VENTURE, A Code Block
for Solving Multigroup Neutron Problems Applying Fine-Diffusion-Theory
Approzimations to Neutron Transport, ORNL-5062 (October 1975).

2. W. W Engle, Jr., A User's Manual for ANISN, A One-Dimensional Discrete
Ordinates Code with Anisotropic Scattering, K-1693, Oak Ridge
Gaseous Diffusion Plant (1967).
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Specimen loading information for ORNL TEM disks is described in
Table 2.3.3; the processing steps for the ORNL Path A PCA specimens used
are described in Fig. 2.3.2. The material conditions and loading infor-
mation for Hanford Engineering Development Laboratory (HEDL) specimens are
contained in Tables 234 and 2.3.5, respectively. Table 236 describes
the TEM disk specimens from Massachusetts Institute of Technology (MIT).

Postirradiation testing will consist of microscopic examination as
well as ductility measurements using a tensile machine fitted with a

special punch and die apparatus.3

Table 2.3.3. Oak Ridge National Laboratory Transmission Electron
Microscope Disks to be Loaded at Each of Four Temperatures

Number of Specimens to be Loaded for

Alloyd Condition? dpa Levels at Scheduled Removal
10 dpa 20 dpa 30 dpa 50 dpa  TBDC

316 SS Argon Anneal + 2 2 2 2 4
20% cold worked

316 SS Hy Anneal + 2 2 2 2 4
20% cold worked

~> Path A PCA Al 4 4 4 4 3

Path A PCA A2 3 3 3 3 4

—s>Path A PCA A3 4 4 4 4 3

Path A PCA Bl 4 4 4 4 3

Path A PCA B2 4 4 4 4 3

Path A PCA C 4 4 4 4 4

9pCA = Prime Candidate Alloy.

Prhe designations used here for material conditions are defined in
Fig. 2.3.2.

CLevel to be decided.
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Table 2.3.4. Material Conditions for Specimens Prepared
by Hanford Engineering Development Laboratory

Designation Thermal-Mechanical Treatment@

A 1030°C/0.5 h/AC + 30% CW + 950°C/15 min/AC
B 1030°C/0.5 h/AC + 30% CW

€ 1050°C/2 min/AC + 20% CW

D 30% CW + 1025°C/5 min/AC + 750°C/8 h/AC

E 30% CW + 1025°C/5 min/AC + 800°C/8 h/AC

F 30% CW + 1025°C/5 min/AC + 850°C/3 h/AC

+ 720°C/8 h/FC to 620°C/10 additional h/AC

G 1025°C/5 min/AC * 30% CW

H 1025°C/5 min/AC + 30% CW + 750°C/8 h/AC

1 1025°C/5 min/AC + 40% CW

J 1025°C/5 min/AC + 30% CW + 800°C/8 h/AC

K 1025°C/5 min/AC + 40% cW + 800°C/8 h/AC

L 1030°C/0.5 h/AC + 40% CW + 950°C/15 min/AC

aAC = air cooled; ¢w = cold worked; FC = furnace
cooled.
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Table 2.3.5. Transmission Electron Nicroscope
Disks Prepared by Hanford Engineering
Development Laboratory@

Material Conditions® for Holders to be

Alloyb Discharged at Various dpa Levels
10, 20, and 30 dpa 50 dpa  TBDZ

E19 A A

E20 A, B A, B

E21 A A

E22 A, B 4, B

E23 A A

E37 A A

E38 A A

316 SS C C

81 D D, G G, H

B2 E E, G G, J

B3 D D, H G, H

B4 F ¥, G G, H

B6 I I, K

@Loading iS mixed between ADIP and Damage
Analysis and Fundamental Studies (DAFS) program
alloys. Each entry indicates two disks for each
holder, for each irradiation temperature.

bAlloy designation defined in Table 2.3.1.

CMaterial conditions are explained in
Table 2.3.4.

dLevel to be decided.
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Table 2.3.6. Transmission Electron Microscope Disks Prepared by
Massachusetts Institute of Technology

Number of Specimens to be Loaded for

Alloya Condition? lTrerniSelraattluorgC dpa Levels at Scheduled Discharge
(°c) 10 dpa 20 dpa 30 dpa

Path A PCA 3 All 10 10 10
Path A PCA  20% cold worked All 10 10 10
Path A PCA 1 All 10 10 10
Path A PCA 2 All 10 10 10
PA-2 4 All 10 10 10
Path A PCA 2 400 4

Path A PCA 2 500 4 4

Path A PCA 2 600 4

Path A PCA 1 400 4

Path A PCA 1 500 4

PA-2 2 400 4

PA-2 2 500 4 4

PA-2 2 600 4

PA-2 i 400 4

PA-2 1 500 4 4

PA-2 1 600 4

apCA = Prime Candidate Alloy.

by — splatted, annealed; 2 — splatted, 20% cold worked; 3 — ingot annealed;
4 — rapidly quenched and extruded.

€A1l = four irradiation temperatures: 300, 400, 500, and 600°C.

2.3.4.3 Tensile and Fatigue Specimens

The ss-1 type tensile specimens (Fig. 2.3.3) were loaded in bundles
of three to facilitate removal and reinsertion at the 10, 20, and 30 dpa
intervals. Since the SS-1 type specimens have the same external
dimensions as Grodzinski fatigue specimens, the two may be interchanged

at future loadings. The $%-1 loading is shown in Table 2.3.7.
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ORNL~DWG8-7701R

N 4445 .
/ '
o ' o1 <f
4.95 190 mm DIAM-
W, = 1.52mm

W, = 0.025 TO 0.038 mm
GREATER THAN W,

DIMENSIONS IN MILLIMETERS

Fig. 233 The SS-1 Sheet Tensile Specimen.

Table 2.37. The SS-1 Tensile Specimen Loading at Each
Irradiation Temperature

Number of Specimens to be Loaded for
Alloy@ Condition dpa Levels at Scheduled Discharge

10 dpa 20 dpa 30 dpa 50 dpa

316 SS 20% cold worked 8 8 8 9
Path A PCA  25% cold worked 8 8 8 9
Qror alloy composition see Table 2.3.1. PCA = Prime

Candidate Alloy.

The SS-2 type specimens (Fig. 2.3.4) were loaded in bundles of four.
The matrix for these specimens is given in Tables 238 and 239.

The Crodzinski fatigue specimens (Fig. 235) were loaded in bundles
of three. The loading matrix appears in Table 23.10.
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ORNL-DWG 78-7703R
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4.254
W, = 1.02WIDTH
W, = 0.0051TO 0.0127
GREATER THAN W,

DIMENSIONS IN
MILLIMETERS

Fig. 2.3.4. The SS-2 Sheet Tensile Sample.

Table 2.3.8. The S5-2 Tensile Specimen@ Loading
at Each Irradiation Temperature

Number of Specimens to be Loaded for

Alloyb Condition© dpa Levels at Scheduled Discharge

10 dpa 20 dpa 30 dpa 50 dpa
316 S8 20% cold worked 8 8 8 4
Path A PCA Al 4 4 4 4
Path A PCA Bl 4 4 4 4
Path A PCA 82 4 4 4 4
Path A PCA C 4 4 4 4
E20 L 3 3
E22 L 3 3
E23 L 2 2
E38 L 2 4

d3pecimens prepared by both Oak Ridge National laboratory and

Hanford Engineering Development Laboratory.
bror alloy composition see Table 23.1.

CFor conditions Al, Bl, and B2, see Fig.
condition L, see Table 2.35.

232

For
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Table 2.3.9. Loading for SS-2 Tensile Specimens Prepared
by Massachusetts Institute of Technology

Number of Specimens Loaded for

Irradiation
dpa Level at Scheduled Discharge

Alloy‘l Condition Temperature
- 10 dpa 20 dpa

Path A PCA 2 300
400
500
600

Path A PCA 1 400
500
600

PA-2 2 300
400
500
600

PA-2 1 400
500
600

ARAE DAL AR D AR
w

apCA = Prime Candidate Alloy.
by — splatted, annealed; 2 — splatted, 20% cold worked.

ORNL-DWG B80-12052

102 | 5.84 1.57 DIAM
2 HOLES
146

| t /

1.02 2.03
0.7

—= 414 il 36.2

DIMENSIONS IN
MILLIMETERS

44.4

Fig. 2.3.5. Grodzinski Fatigue Specimen.
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Table 2.3.10. Grodzinski Fatigue Specimen Loading at Each
Irradiation Temperature, 300 to 600°C

Number of Specimens Loaded for
dpa Levels at Scheduled Discharge

Alloy@ Condition
10 dpa 20 dpa 30 dpa 50 dpa
316 SS 20% cold worked 4 4 4 4
Path A PCA  25% cold worked 4 4 4 4

apCA = Prime Candidate Alloy.

2.3.4.4 Pressurized Tubes

Since no irradiation creep data exist on alloys containing fusion
reactor concentrations of helium, pressurized tubes of type 316 stainless
steel and Path A PCA were included in this experiment. Tubes with
4,57-mm (0.180-in.) diameters, 025-mm (0.010-in.) wall thicknesses, and
254-mm (1.0-in.) lengths were used. To measure zero stress swelling,
four rings — two of each alloy — were used at each temperature. Details
of the irradiation creep experiment specimen loading are given in
Table 2.3.11. The tubes will be removed from the experiment, their
diameters will be measured, and then they will be reloaded for continued
irradiation at each experiment change-out, scheduled at 10, 20, 30, and
50 dpa.

2.3.4.5 Crack Growth Specimens

Five crack growth specimens (Fig. 2.3.6) were included at each
temperature. At the time of the first specimen discharge, a decision
will be made as to which specimens will be tested. The test results will
be used to determine the dpa level to which the remaining specimens will

be irradiated. The irradiation matrix appears in Table 2.3.12.



Table 2.3.11.
Pressurized Tubes in
Creep Experiment
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Irradiation Matrix for

Irradiation

Pressurized Tube Loadings® at Various

Hoop
stress

(MPa)

Irradiation Temperatures

300°C

400°C

500°C 600°C

20

35

50

65

80

90
100
136
140
144
150
170
200
240
250
270
300
350
400
450

S, P
s, P

mwmwmwnnw
v ow ow ow ow e

L= ie=Ta - ile « Ml « By - Hin o

@ S = type 316 stainless steel, 20% cold

worked; P =
20% cold worked.

Path A Prime Candidate Alloy,

*’*—0.127

25.4

3.81

—=—6.35 —

Fig. 2.3.6. Crack Growth Specimen.
25.4-mm edge Tfollowing irradiation.

ORNL DWG 80 12053

0.559 — || ==

DIMENSIONS IN
MILLIMETERS

Tabs are welded along the
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determine the tritium production rates within the breeder region and the
neutron and gamma ray heating rates within the core and capsule elements.

The material compositions used in the six zone calculations are

presented in Table 2.4.1.

Table 2.4.1. Composition of the Six Zones of the Calculation Model®

Outer Radius Density

Zone of Zone Material (atoms/m3) Comments
{mm)
1 1.58 4He 269 x 1029  44e at 0.1 MaA
{1 atm)
2 2.82 Fe 586 x 1028 Stainless steel at
Ni 9.69 x 1027  7.87 Mg/m3
Cr 1.73 x 1028
3b 17.8 7Li 525 x 1028 Li,0 at 1.41 Mg/m3,
70% of fully dense
Liy0
611 426 x 1027
He 8.07 x 1024  %je at 30 kPa
(0.3 atm)
0 2.84 x 1028
4 19.1 Same as zone 2
43.0 Al 6.02 x 1028 27 Mg/m3
6C 129.0 235, 164 x 1026
238y 1.15 x 1022
Al 235 x 1028
0 2.03 x 1028
H 4.06 x 1028

@The one-—dimensional zone model of the reactor core region is
described in detail in T. A Gabriel, R A Lillie, and B. L Bishop,
"Neutronic Calculations for the Conceptual Design of an 'In-Pile' Solid
Breeder Experiment IPSB-01," ADIP Quart. Prog. Rep. Mar. 31, 1860,
DOE/ER-0045/2, pp. 1618

bNaturally occurring lithium. For some calculations the lithium
was assumed to be 0.5% OLi and 99.5% ’Li.

CRepresents standard fuel rods that surround the experiment. For
some calculations this value was reduced by 14/24, representing 140 g
fuel per rod rather than 240 g.

dsee T. P. Hamrick and J. H Swanks, The Osk Ridge Research
Reactor —A Functional Description, OWL-4169 (September 1968).
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The source neutron distribution was taken from the VENTURE3 run
VITACO.INP (C-3).

When these preliminary calculations were carried out, the coupled
neutron and gamma ray transport cross-section data sets were not totally
complete. The delayed fission gamma ray cross sections needed to account
for the gamma rays produced from fission products were not available. To
obtain an estimate of the influence of these gamma rays, the thermal
neutron group gamma transfer coefficient was increased by a factor of
about 2. This, of course, forces the shape of the energy spectra of the
delayed gammas to be equal to the prompt gammas. Results are presented
that indicate the effect of these gammas. In addition, only the incident
neutron spectrum and not' the gamma spectrum was known. Since these source
gammas were deemed important, all gammas that leaked from the system were
reflected back into the system so that an approximate gamma source could
be obtained.

The tritium production rates for two lithium compositions and two
fuel rod loadings are presented in Table 2.42 as a function of radial
position in the capsule. These values can be compared with those obtained
for the EPR fusion reactor,* which yielded tritium production levels
ranging from 1.2 x 1018 to0 6.2 x 1018 atoms/s m3 at 1 MW/m? wall loading.
For natural lithium, a rather large production gradient exists that is far
less important for 0.5% 5Li. In addition, for a lower fuel loading in
fuel elements surrounding the breeder region, the tritium production from
L1 increases while that from 7Li decreases. The reduced fuel offers a
smaller capture cross section for the incident thermal neutrons, thereby
allowing for more capture in the breeder region. Also the reduced number
of fissions in the fuel assembly reduces the number of fast neutrons and
thereby reduces the number of n + 7Li » n' + % + 34 reactions, where n
represents neutrons. Because of the large tritium production levels, we
have tentatively decided to use about 0.5% 6Li to reduce the amount of
tritium inventory and to maintain a relatively flat energy deposition
profile.

The heating rates in the breeder region and in the core piece are
presented in Table 2.4.3. The effect of gamma ray reflection and the

approximate treatment of the delayed fission gammas is apparent.
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Table 24.2. Tritium Production Rates in the Capsule

Tritium Production Rate,? atoms/s m3

6y 4 6
Radial Position 7-5h Pui 0.9% °Li
(mm) 240 g Fuel 240 g Fuel 140 g Fuel
6L1 "Li L1 7L bri 714

x 1019 x 10!? x 10!9 x 10! x 109 x 109

2.82-5.82 2.08 0.0184 2.3 0.0210 2.5 0.0168
5.82-8.81 2.9 0.0185 2.0 0.0211 2.8 0.0169
881411.3 3.24 0.0186 2.44 0.0212 3.06 0.0170
11.8-14.8 5.16 0.0188 2.51 0.0214 3.15 0.0172
14.8—17.8 13.1 0.0190 2.62 0.0217 3.9 0.0174

Grams of fuel indicate nominal content of each element
surrounding the experiment.

Table 24.3. Heating Rates in the Breeder Region (0.9% OL4)
and in the Aluminum Core Piece for a 240-g Fuel Loading

Heating Rates, b (MW/md)

Gamma Ray
7 a Zona@
one Content Neutron Reflection +
No Reflection Reflection Moclj\:gluetcrior‘]rk}egmal
Gamma Transfer
2 SS 0.53 (0.42) 0.4 .0 121 (98.3)
3 Breeder 15.7 (18.6) 4.31 8.64 178 (4.2
4 SS 0.4 (0.493) .1 0.4 122 (99.2)
5 Al 0.83 (©.7D) 9.68 18.8 3B.8 (31.0)

@The one-dimensional zone model of the reactor core region is described
in detail in T. A Gabriel, R A Lillie, and B. L Bishop, “Neutronic
Calculations for the Conceptual Design of an ‘In-Pile’ Solid Breeder
Experiment IPSB-01," APIP Quart. Prog. Rep. Mar. 31, 1980, DOE/ER-0045/2,
pp. 15-18.

PNumbers in parentheses are for a core loading with 140 g fuel per
fuel element.
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The heating rates have been zone averaged but are reasonably flat
throughout the zone. The total heating (neutron plus gamma) in the
breeder region is about 33 MW/m? and is somewhat insensitive to the fuel
loading.

So far we have not attempted to account for the effect of axial
position on the source flux gradient in the ORR. The source neutron
distribution for these calculations has been assumed to be constant and
at a maximum level over the surface of the system. As far as can be
determined, the numbers presented in the text €or both the breeding and
the heating rates should be reduced by about 25% to account for this
change in the incident flux. The numbers so obtained would then represent
the maximum values and should, to a reasonable approximation, fall below
this maximum, according to the change in the total flux. Since the
breeder region height is only about 0.10 m, variations in axial profile

will be reasonably small.

2.45 Conclusions and Future Work
The expected tritium production and energy deposition rates within

the breeder region for 0.5% 6Li and fuel elements with 140 g fuel loading
are presently determined to be 2.30 X 101? atoms/s m? and 24.6 MW/m3,
respectively. As soon as the cross sections for the delayed fission
gammas have been processed, more definitive heating rates will be

detemined.

2.4.6 References
1. T. A Gabriel, R A Lillie, and B L. Bishop, "Neutronic Calculations

for the Conceptual Design of an 'In-Pile' Solid Breeder Experiment
IPSB-01," ADIP Quart. Prog. Rep. Mar. 31, 1980, DOE/ER-0045/2,
pp. 16—18,

2. W. W. Engle, Jr., A User®"s Manual for ANISN, A One-Dimensional Diserete
Ordinates Code with Anisotropic Scattering, K-1693, Oak Ridge Gaseous
Diffusion Plant (1967).
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D. R Vondy, T. B. Fowler, and G. W. Cunningham, VENTURE, A Code Block
for Solving Multigroup Neutron Problems Applying Fine-Diffusion-
Theory Approximations to Neutron Transport, OKNL-5062 (October 1975).
R. T. Santoro, V. C. Baker, and J. M. Barnes, "Neutronics and Photonics

Calculations for the Tokamak Experimental Power Reactor," ¥ucZ. Technol.
37: 274 (1978).
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2.5 AN IRRADIATION EXPERIMENT TO SCOPE THE TENSILE PKOPEKTIES OF FEKKITIC
ALLOYS — HFIK-CTK-33 — M. L. Grossbeck and J. W. Woods (ORNL)

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

2.5.2 Objective
This experiment is designed primarily to evaluate the tensile

properties of ferritic steels following irradiation in a mixed-spectrum
fusion reactor at 50°C. Nickel has been added to HT9 and 9 Cr-1 Mo to
provide transmutation helium at levels relevant to fusion reactor first-

wall service.

2.5.3  Summary

An irradiation capsule was constructed containing sheet tensile
specimens for irradiation in the High Flux Isotope Reactor (HFIK). The
specimens were sealed in an aluminum rod to isolate them from the reactor
coolant yet still maintain good thermal contact with the coolant water.
The alloys were unmodified and nickel-doped HT9 and 9 Cr-1 M steels' as
well as reference type 316 stainless steel and the USSK austenitic stain-

less steel from the U.S5.-USSR Fusion Reactor Materials Agreement.

2.5.4 Progress and Status

The experiment primarily supports the Engineering Test Facility (ETF)
design project, in which the first wall will operate in the 50 to 300°C
range. It is also the first mixed-spectrum reactor irradiation of Path E
alloys and, therefore, will produce the first specimens of such alloys

containing both displacement damage and helium.

2.5.4.1 Capsule Description

The irradiation capsule consists of an aluminum rod. 520 mm long and
12.7 mm in diameter, split longitudinally with a channel milled along the
axis to accommodate sheet specimens of the type shown in Fig. 2.5.1. When

loaded with specimens, the rod was welded along the longitudinal seams.
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ORNL-DWG 78-7701R

44.45

1.90 mm DIAM/

W, = 1.52 mm
W, = 0.025TO 0.038 mm
GREATER THAN W,

DIMENSIONS IN MILLIMETERS

Fig. 25.1. The SS-1 Type Tensile Specimen.

Large weld beads were used to also serve as centering fins. Top and
bottom end fittings as used in previous HFIR experiments were welded in
place and a shroud tube was fastened over the entire capsule to provide

high-velocity coolant flow around the capsule.

2542 Specimen Loading

The specimens were sheet tensile of the SS-1 design (Fig. 2.5.1).

This is a standard specimen used previously in Experimental Breeder
Reactor (EBR)-II and Oak Ridge Research Reactor (ORR) irradiation
experiments.

A total of 44 specimens was included in 4 strings parallel to the rod
axis. Table 25.1 shows the specimen loading. The compositions of
specimen materials are shown in Table 25.2, and detailed analyses of the
nickel-doped alloys are in a previous report.' The heat treatments are
described in Table 253.

All ferritic allays were heat-treated in flowing helium. The furnace
chamber was evacuated to a pressure of 1073 Pa, then backfilled with

helium. Specimens were cooled in the cold zone of the furnace.
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Table 2.5.2. Compositions® of Alloys Included in HFIK-CTK-33

Content, wt
Alloy -
Cr Ni M W Y S Mn Al
HT9 115 0.5 1.0 0.5 0.3 0.25 0.5
HTO + 1 Ni 11.9 1.1 1.1 0.5 0.3 0.14 0.5
HT9 + 2 Ni 11.7 2.3 1.0 0.5 0.3 0.14 0.5
HT9 + 2 N1 Adjusted 13.5 2.3 1.6 0.7 0.3 0.14 0.5
9 Cr-1 Mo 8.6 0.1 1.0 0.2 0.4
9 Cr-1 M + 2 Ni 8.5 2.2 1.0 0.2 0.4
9 cr-1 M t 2 Ni 12.2 2.2 1.7 0.3 0.4
Adjusted
2 1/4 Cr-1 M 2.27 1.0 0.33 0.5
316 17.3 12.4 2.1 0.7 1.7
EP 838 12 4.6 0.45 0.6 13 1.0
@Balance Fe.
Table 2.5.3. Heat Treatments Used for Alloys in Irradiation
Experiment HFIK-CTK-33
Austenitizing Tempering
Alloy Heat Specimens Temperature Time Temperature  Time
(°c) () *c) (h)
HT9 91354 5 1050 0.5 780 2.5
HT9 XAAISE7 3 1050 0.5 780 2.5
HT9 + 1 b1 HAA3588 3 1050 0.5 780 2.5
HT9 + 2 Ni XAA3589 3 1050 0.5 700 5
HT9 + 2 Ni Adjusted XAA3592 3 1050 0.5 700 8
9 Cr-1 Mo X43590 3 1040 0.5 760 1
9 Cr-1 Mo + 2 Nt XA3591 3 1040 0.5 700 5
9 ¢r-1 Mo + 2 Adjusted XA3593 3 1050 0.5 700 8
2 1/4 Cr-1 Ma (HT1) 72768 3 900 0.5 700 1
2 1/4 Cr-1 Ma (HT2) 72768 3 900 0.52 700 2
316 (20% cold worked) X15893 10 1050 1
EP 838 2 1160 0,08
(5 min)b

9Furnace cool to 700°C,

Duater quench.
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2.5.4.3 Irradiation Conditions

Irradiation began on June 6, 1980, with HFIK cycle 194 and is planned
to continue through November 1980, cycle 198. The experiment is being
conducted in a peripheral target position, thus maximizing fast fluence.
A calculated damage level of up to 10 dpa will be achieved, and helium
levels up to 90 at. ppm are expected in the ferritic steels.

Flux monitors provided by L. R Greenwood of Argonne National
Laboratory have been included to measure fluence, spectrum, and helium

production.

2.5.5 Conclusions
The first HAR ferritic alloy experiment has been initiated. This
will provide the first tensile data for low—-temperature irradiations

(~50°C).

2.5.6 Reference

l. M. L Grossbeck, V. K Sikka, T. K. Roche, and R. L. Klueh, “Prepara-
tion of Nickel-Doped Ferritic Alloys for HFIR Irradiation to Produce
Helium,” ADIP Quart. Prog. Rep. Dee. 31, 1979, DOE/ER-0045/1,
pp. 10004,
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2.6 SPECIMEN MATRIX FOR HFIR IRRADIATION OF PATH B ALLOY — D. T. Peterson
(Hanford Engineering Development Laboratory)

2.6.1  ADIP Task

2.6.2 Objective

2.6.3  Summary
No report for this period.






3. PATH A ALLOY DEVELOPMENT — AUSTENITIC STAINLESS STEELS
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3.1 THE EXCHANGE OF AUSTENITIC STAINLESS STEELS UNUEK THE U.5.-USSR
FUSION REACTOR MATERIALS AGREEMENT — T. K Roche (ORNL)

3.1.1 ADIP Task
ADIP Task 1.D.1, Materials Stockpile for ¥rt Programs.

3.1.2 Objective
The United States and the USSR have agreed to develop common physical

points of reference (in materials and tests) to which other irradiation
effects research and development studies may be related. The first step
of this agreement was to exchange a stock of austenitic stainless steels.

3.13 Summary

Sheet and rod stock of austenitic stainless steels have been exchanged
between the U.S. and USSK fusion reactor materials irradiation effects
programs. The United States supplied type 316 stainless steel, while the
USSR submitted a low-nickel, high-manganese austenitic stainless steel.

314 Description of Material Exchanged

The United States supplied 41 pieces (B.8 kg total) of 7.9-mm-dian
(0.313-in.) rod with total length of 23 m (904 in.) and 50 pieces
(10.7 kg total) of 279- by 51- by 1.9-mm (11 x 2 x 0.075-in.) sheet
processed from the U.s5.-MFE reference heat type 316 stainless steel X-15893
in the s0%-cold-worked condition. A photograph of this material is shown
in Fig. 3.11. Although our reference condition for specimens made from
this material is 20% cold work after final heat treatment, supplying
50%-cold-worked material still allows the flexibility for further pro-
cessing (annealing and reworking) for evaluation in a variety of

conditions.

In return, 28 pieces of {0,5-mm-diam (0.41-in.) rod with total length
of 28 m (1106 in.) and 10 pieces of 991- by 10.2- by 2,6-om (39 x 040 x
0.104-in.) sheet of a low-nickel, high-manganese stainless steel,
type EP 838, were received from the USSR.
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Y-166807

100 mm

Fig. 3.1.1. The 79-mm-Diam (0.313-in.) Rod (Bottom) and the
1.9-mm-Thick (0.075-in.) Sheet (Top) of Type 316 Stainless Steel,
Heat X-15893, Supplied to the USSR Under the U,S5,-U$SR Fusion Reactor

Materials Agreement.

The composition of the steel EP 838 is shown below.

Content Content
Element (wt ) Element (Wt %}

C 0.z Ce 00 1-0.2
Cr 1143 B 0.0005
Mn 1214 S 0.4
S 0.6 P 0.4
N i 4eb—4 .8 0 0.001-0,002
Mo 0.3-0.6 N 0,05>0,09
Al 0.8-1.2 Fe Balance

This steel is reported to be produced on an experimental commercial
scale and has been designed for elevated-temperature and nuclear appli-
cations. The sheet and rod were hot rolled from double-melted ingot stock.
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The first melting was by air induction followed by plasma remelting under
a hydrogen-doped protective atmosphere. After hot rolling, the material

was annealed at 1160°C, water quenched, cleaned, then cold worked 20%.

3.1.5 Additional Fabrication of the USSR Steel

To provide stock for radiation damage evaluation, a piece of as-

received sheet stock was further processed without difficulty at ORNL by
cold rolling with intermediate annealing at 1160°C. Final thicknesses of
0.7 mm (0.029 in.) and 0.25 (0.010 1in.) were produced with approximately
20% cold work at finish. The 0.7-am-thick (0.029-in.) mterial received
the last in-process anneal in air followed by water quenching, and the
0.25-am-thick (0.010-in.) material received the last anneal in argon
followed by furnace cooling. The microstructure of the alloy at a
thickness of approximately 0.9 mm (0.036 in.) following water quenching
from 1160°C and pickling can be seen in Fig. 3.1.2. The matrix is
austenitic with numerous inclusions that are assumed to be oxides.
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Fig. 3.1.2. Microstructure of Type EP 838 Stainless Steel from the
USSR Following Water Quenching from 1160°C and Pickling. (a) As polished.
(b) Etched in aqua regia.
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3.2 FATIGUE CRACK (RowTH TESTING OF 316 SS FOR MFE-5 - A. M. Ermi
(Hanford Enginegring Development Laboratory)

3.2.1 ADIP Task
Task 1.B.1, Fatigue Crack Growth in Austenitic Alloys (Path A).

3.2.2 Objective

An apparatus to perform in-reactor fatigue crack propagation tests on
the Path A Reference Alloy is being developed. Effects of dynamic irradia-
tion on crack growth pehavior will be evaluated by comparing the results
with those of unirradiated and postirradiated tests.

3.2.3 Summary

The last in a Séries of tests demonstrating the prototypic fatigue
machine has been successfully completed. An eight-specimen chain test was
conducted at 425°C With one specimen being continuously monitored using
the electrical potential method. Results were used to finalize precracking
and loading conditions for the in-reactor test.

3.2.4 Progress and Status

3.2.4.1 Introduction

Fatigue crack propagation (FCP) in the first wall of a magnetic fusion
reactor may be a limiting criterion governing reactor lifetimes. Previous
studies of irradiatio, effects on FCP have all been conducted out of reactor
on materials preirradiated in the unstressed condition. The ORR-MFE-5
experiment will inveStigate FCP during irradiation, where dynamic irradia-

tion may effect crack growth characteristics.

3.2.4.2 Eight-SpecimMen Chain Test at 425°C

The pneumatic aCtuated fatigue machine designed to perform in-reactor
FCP tests was dascribed previouslygl’z) In preparation for the test, a
prototypic machine wais constructed and various room temperature tests were
performedEB) The last planned test before the actual in-reactor and thermal
control tests (both iy sodium) was an eight-specimen chain test in helium
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at 425°C.

The miniature center-cracked tension (CCT) specimens were of the
reference alloy, 20% cold-worked 316 stainless steel. Initial crack lengths
in the chain ranged from 4.5 to 10.0 mm. The crack length of one of the
specimens was continuously monitored using the electrical potential {(e.p.)
methodglo Test conditions included a frequency of 5.5 cycles/min, a maxi-
mm load of 350 lbs and a load ratio R = 0.10. A one meter electric kiln
with nine independent temperature zones was used for the test.

After 132,836 cycles, one of the specimens separated, and the test was
stopped. The seven remaining specimens were removed, and the final crack
lengths were measured optically under a 150 Ib load. These visual results
and those obtained from the e.p. method are shown in Figure 3.2.1. The
solid line is from a statistical analysis of only the initial and final
crack length values.(z) The room temperature band from Reference 3 is
included for comparison.

It has been shown that crack growth behavior in relatively inert
environments below one-half the absolute melting temperature is, in general,
guite close to that in a room temperature air environment.(5) Therefore, it
is not surprising that the results of the 425°C test in helium lie on the
upper bound of the room temperature band. Upon examination of the specimens,
it was clear that some slight oxidation had occurred, thus accelerating the
crack growth rates in comparison to previous room temperature helium chain

tests using the prototype.(B)

3.2.4.3 Loading and Test Conditions for the In-Reactor FCP Test

As reported earlier!") the duration of the in-reactor test will be up
to six months at temperature. Based on a cyclic frequency of one cycle/min
and taking into account the scheduled reactor down times, the number of
cycles which all eight specimens would see is up to 200,000. Omne of the
problems in designing such a test is being able to choose the load and crack
length combinations that will neither (a) result in seperation of a specimen
much earlier than anticipated, or (b) result in undetectable crack growth
after 200,000 cycles. Both of these cases are in reference to the thermal

control test since accelerated or retarded crack growth behavior during
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irradiation is the prime concern of the test.
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FIGURE 3.2.1 Comparison of the Prototype Eight-Specimen Chain Test at
425°C with Room Temperature Results from Reference 3.

Both the in-reactor and thermal control tests will be performed in
static sodium at 425°C.  Since prototypic studies using the specimen chain
were not done under these conditions, the predicted effects of sodium on
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crack growth must be based on results of other investigators. The consensus
appears to be that in high purity, low oxygen sodium, crack growth rates at
elevated temperatures (<600°C) are approximately the same as those in air
at room temperature,(f’"g) The upper bound of the room temperature band of
Figure 3.2.1 should therefore represent the worst case insofar as maximum
crack growth rates are concerned. A load of 335 lbs was selected which
represents a 200,000 cycle test whose curve lies midway in the band. The
worst case test would then accumulate about 125,000 cycles, or 62% of the
targeted number of cycles, The fact that the test is to be conducted at
one cycle/min should have little bearing since the frequency dependence
disappears in low oxygen sodium below 6OO°C§9) At the other extreme, the
lower bound represents a test which would normally last ~320,000cycles.
Still, significant and detectable crack growth would occur (~1.0 mm on
specimens with the smallest precracks if the test were to be halted after
only 200,000 cycles.

The loading arrangement and initial crack lengths for the in-reactor
test are outlined in Table 3.2.1. Specimen positions #3 through #7 are in
the higher flux region, with the peak flux in the vicinity of the sixth
specimen. Specimen #6 is triplicated (#1 and #3) while specimen #5 is
duplicated (#2). The specimen with the largest initial crack length, #8,
is located at the bottom of the chain. This specimen would completely
seperate before any of the others, and would be sacrificed in the event

that it breaks before the scheduled 200,000 cycles.

3.2.5 Conclusions

(a) Results of the final prototypic eight-specimen chain test at 425°C
lie in the upper region of the room temperature crack growth band. This is
considered the worst case of maximum growth rate that would be expected in
sodium at 425°C.

{b) Based on the room temperature results, a load was chosen which

will define a crack growth curve lying midway in the room temperature band.
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TABLE 3.2.1

SPECIMEN LOADING ARRANGEMENT FOR THE ORR-MFE-5 EXPERIMENT

INITIAL

LOADING SPECIMEN CRACK LENGTH, 2a ORR CORE
POSITION # {nun) POSITION C-7

1 AE-11 4.589 Top

2 AE-0L 5.689

3 AE-06 4.684

4 AE-05 6.952

5 AE-03 5.599 Center

6 AE-O7 4580 ~ Peak Flux Position

7 AE-02 8.796

3] AE-04 9.634 Bottom

3.2.6 Future Work

Fabrication of the in-reactor fatigue machine to be tested at ORNL
is 80%complete. Insertion into the ORR is scheduled for later this summer.
Specimen preparation for the thermal control test to be conducted at HEDL is

underway.

3.2.7 References

1. A M. Ermi, "Status of an In-Reactor Fatigue Crack Growth Experiment,"
ADIP Guarterly Progress Report, June 30, 1979, DOE/ET-0058/6, pp. 28-34.

2. A. M. Ermi, "Results of Prototypic Testing for the MFE-6 In-Reactor
Fatigue Crack Propagation Experiment,”™ ADIP Quarterly Progress Report,
September 30, 1979, DOE/ET-0058/7, pp. 50-65.

3. A. M. Ermi, "Prototype Testing of MFE-6 In-Reactor Fatigue Crack Growth
Experiment,” ADIP Quarterly Progress Report, March 31, 1980.

4, J. L. Straalsund and D. A. Mervyn, "Adaptation of an Electrical Poten-
tial Technique to Measure Fatigue Crack Growth,” ADIP Quarterly Progress
Report, December 31, 1978, DOE/ET-0058/4, pp. 4-9.

5. L. A James, "Fatigue Crack Propagation in Austenitic Stainless Steels,"
Atomic Energy Review, 14, 1 (1976), pp. 37-86.
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6. P. Marshall, "The Fatigue Behavior of Annealed AISI 316 Stainless
Steel in Air and High Temperature Sodium: Review and Preliminary Results,""
CEGB Report RD/B/N3236 (1374).

7. E. K. Priddle and C. Wiltshire, "'The Measurement of Fatigue Crack
Propagation in Specimens Immersed in Liquid Sodium at Elevated Temperatures:
Technique and Preliminary Results, Int. J. Fracture, iz (19751, pp. 697.

8. L. A. James and R. L. Knecht, "Fatigue Crack Propagation Behavior of
Type 304 Stainless Steel in a Liquid Sodium Environment,"* Met. Trans.,

8A (1975), pp. 1009.

9. P. Marshall, ""The Influence of Low Oxygen and Contaminated Sodium
Environments on the Fatigue Behavior of Solution Treated AISI 316 Stainless
Steel,”” 0. Mech. E., c¢101/77 (1877), pp. 27-36.
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3.3 THE MICROSTRUCTURE AND MECHANICAL PROPEKTIES OF 20%—COLD-WORKED
TYPES 316 STAINLESS STEEL ANH 316 + 0.23 wt % Ti AFTEK HFIK
IRRADIATION AT 55 to 375°C — P. J. ™aziasz, M., L. Grossbeck, and
FE W wWitfen (ORNL)

3.3.1 ADIP Tasks
ADIP Tasks I.C.I, Microstructural Stability; 1.C.2, Microstructure
and Swelling in Austenitic Alloys; and 1.8.13, Tensile Properties of

Austenitic Alloys.

3.3.2 Objective

The objective of this investigation iIs to compare the effects of
irradiation on titanium-modified type 316 and standard type 316 stainless
steel. Low irradiation temperatures of 55 to 375°C are emphasized to
determine any benefit of the titanium-modified material for Engineering
Test Facility (ETr) applications.

3.3.3 Summary
Tensile testing at a strain rate of 0.,0028/min indicates similar

Levels of strength and postirradiation ductility for both 20%-cold-worked
types 316 stainless steel (CWw 316) and 316 + 0.23 wt % Ti (CW 316 + Ti)
after High Flux Isotope Reactor (HFIK) irradiation at 55 to 375°C. The
irradiations produced up to 13 dpa and 740 at. ppm He. Both irradiated
steels show decreased strength properties and increased uniform elongation
as irradiation and test temperatures increase. The HFIR irradiation
increased the strength properties and decreased the ductility for CW 316.
By contrast, both strength and ductility properties increased for

Cw 316 + Ti. All irradiated samples exhibited the ductile-transgranular
fracture mode.

Microstructural examination for irradiations at 285 or 375°C reveals
loops and cavities in all samples. Swelling of CWw 316 increases as
irradiation temperature decreases with values of about 0.12% at 375°C
and 0.43% at 285°C., The cw 316 + Ti shows the same trend but with
slightly lower swelling. The microstructure coarsens with decreasing
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irradiation temperature in Cd 316 but is refined with decreasing tempera-
ture in ¢ 316 T Ti. No precipitation is observed in CW 316 irradiated
at 285°C. Fine gamma-prime precipitate particles are produced in CW 316
at 375°C, and fine MC particles are produced in G4 316 + Ti at both

375 and 285°C.

The Cw 316 and cW 316 * Ti offer quite similar properties after HFIR
irradiation at these temperatures and fluences. The latter has a slight
advantage, particularly with respect to the properties of irradiated
relative to unirradiated material. Flicrostructural examination of both
materials irradiated at 55°C and at higher fluences at 375°C is needed

before the comparison is complete.

3.34 Progress and Status

Cold-worked type 316 stainless steel is a candidate material for the
first wall of the ETF. The irradiation conditions will include the
incident flux of about 14-MeV (2.2-pJ) neutrons that simultaneously
produce both displacement damage and helium, irradiation temperatures in
the range 150 to 300°C, and integrated wall loadings up to 6 MWyr/mz.
Titanium-modified austenitic stainless steels have demonstrated advantages
over unmodified steels in resisting both mechanical properties degradation
and swelling at irradiation temperatures higher than those being considered
for the ETF. This work considers HFIR irradiation of 20%-cold-worked
types 316 (CW 316) and 316 * 0.23 wt % Ti (CW 316 + Ti) at temperatures
of 55, 285, and 375°C and fluences producing up to 13 dpa and

740 at. ppm He to extend the material comparison.

3.34.1 Experimental Details

Tensile specimens irradiated at 285°C and above are from experiments
HFIR-CTR-9 through -13. Tensile specimens irradiated at 55°C were from
HFIR-CTR-16. The same heats of material were used in all experiments, and
details of the experiments and specimen preparation as well as some
results were reported previously.1‘4 The compositions of the materials

are given in Table 3.3.1.
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Table 3.3.1. Composition of Two Cold-Worked Austenitic
Stainless Steels

Content,"™ wt %

Alloy ,
Cr Ni Mo Mn C Ti Sl P S N B

316 18.0 13.0 2.58 1.90 0.05 0.05 0.80 0.013 0.016 0.05 0.0005

316 + Ti 17.0 12.0 2.50 0.5 0.06 0.23 0.40 0.01 0.013 0.0055 0.0007

“*Balance iron.

Tensile specimens were machined from rod stock that had been annealed
for 1h at 1150°C, cold swaged to a 50% reduction in area, annealed 1 h at
1050°C, and then swaged another 20% before machining. The specimen
geometry is shown in Fig. 3.3.1.

Tensile specimens in HFIK-CTR-16 were irradiated at the reactor
coolant temperature of about 55°C. Specimens in HFIR-CTR-9 through -13
were irradiated at temperatures above the reactor coolant by using a
helium gas gap. This work includes specimens irradiated at 285 and at
370 to 375°C. The irradiation temperatures are calculated according to
early measurements of gamma heating by using SiC, Recent heating rate
measurements and heat transfer calculations indicate the actual irradia-
tion temperature to be 50 to 75°C higher5’6 than the previously calculated
7

temperatures, However, relative comparison is valid since the precision
of the temperature control is much better than its accuracy. Helium
levels were calculated from an empirical relation determined by

Wiffen et al.8 based upon mass spectrographic analysis of HFIR-irradiated
specimens and are accurate to better than 20%. Helium levels ranged from
180 to 740 at. ppm. Displacement damage (dpa) levels were calculated by
Gabriel et al,? from the neutron fluxes and energy spectra in the HFIR.
The dpa levels ranged from 5 to 13.

Postirradiation tensile testing was performed on an Instron machine.
Tests were performed in air at a strain rate of 0.0028/min at test
temperatures of 35, 300, and 350°C.

Transmission electron microscope (TEM) disks about 3 mm in diameter

and 0.4 mm thick were cut from the undeformed shoulder of tested specimens
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Fig. 3.3.1. The HFIR-CTK Tensile Specimen. Transmission electron
microscope disks are cut from either shoulder, which are at the same
irradiation temperature as the gage.

(Fig. 3.3.1). The disks were thinned to electron transparency by using
standard thinning techniques.lo The microstructures were examined with
conventional TEM techniques. Cavity statistics were obtained for void
volume fraction (swelling), and the precipitate phases were identified by
selected area electron diffraction (SAD). The loop component of the

microstructure is still being analyzed. Swelling determined by length
change and by immersion density has been reported for these samples. 1

3.3.4.2 Mechanical Properties

The tensile properties of control and HFIX-irradiated CW 316 and
QW 316 + Ti are presented in Table 3.3.2. Ultimate tensile stress (UTS)
and yield stress (YS) and uniform elongation (UE)} and total elongation (TE)
are plotted as a function of test temperature in Figs. 3.3.2 and 3.3.3,
respectively.

The unirradiated YS and UTS of CW 316 both decrease as the test

temperature increases. The UTS decreases from 870 to 820 MPa at 35°C to
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Table 3.3.2. Tensile Properties® of 20%-Cold-Worked Types 316
Stainl:ess Steel (CW 316) and 316 t 0.23 wt % Ti (CW 316 + Ti)

Irradiation Parameters Temperature, °C Stress, Mra Elongation, %
i o - . Ultimate .
d ) . -
{dpa) (at. ppm lie Test Irradiation Yield Tensile Uniform  Total

20%-Cold-Worked Type 316 Stainless Steel

35 785 817 4.1 12.3

35 836 864 7.9 17.8

35 818 862 33 11.2

300 708 747 1.4 6.0

300 682 719 17 6.4

350 527 633 12.0 17.0

350 585 676 7.8 13.0

450 496 641 12.0 18.0

450 572 663 8.3 14.0

450 542 645 10.0 16.0

4.9 180 35 55 960 967 0.4 9.1

8.5 380 35 55 943 950 04 14.7

10.8 520 35 55 948 954 0.4 12.0
8.8 380 35 55 945 949 03 1
77 390 300 285 998 998 0.2 5.1

4.9 180 350 370 780 848 45 85

7.7 390 350 370 855 917 4.2 8.7

8.5 380 350 375 611 752 3.3 6.8

13.0 740 350 375 594 731 3.3 6.4

13.0 740 350 375 638 800 4.6 83

20%-Cold-Worked Type 316 * 0.23% Ti

350 759 779 0.5 57

350 786 814 0.87 5.9

450 710 765 2.1 6.9

6.9 290 35 55 960 965 0.4 97

10,5 490 35 55 993 1002 04 9.4

77 390 300 285 903 903 0.2 5.8

4.9 180 350 370 752 786 3.1 85

8.5 380 350 375 786 848 2.6 70

13.0 740 350 375 772 855 4.2 8.4

13.0 740 350 375 758 834 47 9.0

d5train rate of 0.0028/min. Tests conducted iIn air.



53

1000 _ ORNL-DWG 80-12054
= 2
m
a ]
s [ J
- [ ]
2 900/ - A
g
0
z §
- 800 ° A
= [
2 A
L A
= Ie} [ 3
S 700
= o o
3 ’ 3 TEST CONDITIONS
a o
STRAIN RATE — 0.0028/min
600 | | TEST TEMPERATURE NEAR
1000 — ° IRRADIATION TEMPERATURE
- HFIR IRRADIATED AT
5 55 . 375°C
9- 15dpa
900 A 180 - 740 at. pprn He
0 OV 316, UNIRRADIATED
_ . ® CW 316, HFIR IRRADIATED
= 0 ACW 316 +Ti, UNIRRADIATED
- ACW 316 +Ti, HFIR IRRADIATED
o o S
[75]
i
o
b
O Fa
8 700 — 5 .
w
>
600 — 5
[¢]
O
500 _{b} { \ i o | o |
0 100 200 300 400 500

TEST TEMPERATURE {°C)

Fig. 332 (a) Ultimate Tensile Stress and (b) Yield Stress as
Functions of Test Temperature for 20%Z-Cold-Worked Types 316 Stainless
Steel and 316 T 0.3 wt % Ti Either Unirradiated or After HFIR Irradiation
Near the Test Temperature.



54

ORNL-OWG 80-12085

18 —5 e
(0]
16 — o
. 14}-0
Ll o
=
o o
—
> 12 r—o
(4] (@]
=
g 10 ’
o |4
< ]
'—
Q A
- | &
8 TEST CONDITIONS
STRAIN RATE — 0.0028/min
4 A TEST TEMPERATURE NEAR
6l g . IRRADIATION TEMPERATURE
" . R’ | HFIR IRRADIATED AT
& 55 - 375°C
12 9- 15dpa

180- 740 at. ppm He

© CW 316, UNIRRADIATED
10| - o * CW 316, HFIR IRRADIATED
A CW 316 + Ti, UNIRRADIATED

g A CW 316 + Ti, HFIR IRRADIATED
= O
c 8| o o
-
e
(4]
=
(»} 6| -
=
L
b=
S 4| i
[V
= o 1
2 A

- A

2 O

o o]

% A
o oREe S

0 100 200 300 400 500
TEST TEMPERATURE (°C)

Fig. 3.3.3. (a) Total Elongation and (b} Uniform Elongation as
Functions of Test Temperature for 20%-Cold-Worked Types 316 Stainless
Steel and 316 + 0.23 wt % Ti Either Unirradiated or After HFIR Irradiation
Near the Test Temperature.



55

from 670 to 640 MPa at 450°C. The YS follows the same trend. The YS is
about 30 MPa lower than the UTS at 35°C and about 120 MPa lower at 450°C.
Both the trend and magnitude of the UTS fall within the 95%confidence
level for CW 316 in the Nuclear Systems Materials (NSM) Handbook,ll but
the YS is somewhat higher than the handbook values. These trends are
outside the specimen-to-specimen scatter. By comparison, the YS and UTS
of CW 316 are considerably increased by irradiation in the HFIR. Post-
irradiation UTS and YS both appear to increase slightly with test and
irradiation temperature until 300°C and then drop at 350°C. However, the
data scatter considerably at 350°C, which does not exactly order with
fluence and has been noted previously.3!6 The UTS and YS are nearly equal
from 35 to 300°C, and then the YS is less than the UTS by about 100 MPa
at 350°C. The strength values at 35 and 300°C (950 and 1000 MPa) are
among the highest reported for C& 316, either unirradiated!? or after
neutron irradiation. 13

Unirradiated CW 316 + Ti has higher strength values than the CW 316
at test temperatures of 350 and 450°C (Table 3.3.2, Fig. 3.3.2). Both
properties decrease with increasing test temperature, as for CW 316. The
UTS is about 150 MPa higher and the YS about 175 to 200 ¥Pa higher for
CW 316 + Ti than the values for CW 316 tested at 350 to 450°C. The
strength values for irradiated CWw 316 + Ti are about the same or slightly
higher than the unirradiated values at 350°C, The UTS and YS for
irradiated CW 316 + Ti and irradiated CW 316 are similar from 35 to 350°C.
The specimen-to-specimen scatter is considerably less for irradiated
oW 316 * Ti than for CW 316 tested at 350°C.

The ductility of CW 316 is shown in Fig. 3.3.3(a) and (b) and
Table 3.3.2. The data scatter considerably in TE for unirradiated
material but not mich more than noted in the NSM Handbook data.ll The
TE is low (about 6.5%) at a test temperature of 300°C but 1Is about
12 to 18%at all other test temperatures from 35 to 450°C. The unirra-
diated UE shows similar scatter and increases somewhat with test tempera-
ture. The UE also shows the same minimum at 300°C as shown for TE. The
postirradiation TE of CW 316 is less than the unirradiated values at test
temperatures of 35 and 300°C and considerably less at 350°C (reduced by a
factor of about 2). The UE and TE of irradiated CW 316 parallel the
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temperature behavior of the unirrddiated properties. The UK is substan-
tially reduced by irrddiation at all test temperatures. Both properties
show less scatter after irradiation.

The unirrddiated ductility of CW 316 + Ti is considerably lower at
350 and 450°C than that of ¢cWw 316 (TE of 6~7%, compared with 15-18% for
CW 316). However, irrddiation increases both the TE and the UE of
CW 316 * Ti tested at 350°C. The postirradiation UE values are almost
exactly the same for CW 316 + Ti and CW 316 at all test temperatures.
The TE is slightly higher in CW 316 + Ti for the same comparison.

The fracture mode of all samples tested is ductile transgranular.
Scanning electron microscopy images of the fracture surfaces of CW 316
irradiated and tested at 55°C and 375°C are shown in Fig. 3.3.4.

3.34.3 Microstructure and Swelling

The statistics for the cavity and precipitate particle components of
the microstructures of CW 316 and CWw 316 + Ti irradiated at either 285 or
375°C are presented in Table 3.3.3 and 3.3.4, respectively. The dis-
location component of the microstructure is discussed qualitatively, but
work is still in progress. Immersion density measurements for these
samples are included in Table 3.3.3 and have been reported previouslyl
for CW 316.

Thermally aged samples of CW 316 and CW 316 + Ti were examined after
2770 and 4400 h at temperatures ranging from 275 to 470°C., None of the
aged samples showed any grain boundary or matrix precipitation or dis-
location recovery from the initial cold-worked material. A representative
microstructure of CW 316 + Ti aged 4400 h at 470°C shows both grain
boundary and matrix in Fig. 3.3.5. These microstructures are unchanged
from as—worked structures, showing the expected densely tangled cellular
structures.

The low-magnification microstructures of both materials at irra-
diation temperatures of 285 and 375°C are shown in Fig. 3.3.6. Resolvable
cavities can be seen at both irradiation temperatures in CW 316 but not
in CW 316 *+ Ti. Grain boundary eta phase is observed in CW 316 irradiated
at 375°C [Fig. 3.3.6(a)], but no grain boundary precipitation is

observable in the other samples.
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(b)

Fig. 3.3.4. Scanning Electron Micrographs of Fracture Surfaces of
20%~Cold-Worked Type 316 Stainless Steel After HFIR Irradiation at
(a) 55°C to 520 at. gm He and 10.8 dpa (Tensile Tested at 35°C) and
(b) 375°C to 380 at. gam He and 8.5 dpa (Tensile Tested at 350°C). Both
indicate a ductile-transgranular failure mode.
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Fig. 3.3.5. Transmission Electron Micrograph of 20%-Cold-Worked
Type 316 + 0.23 wt % Ti After Thermal Aging at 470°C for 4400 h.

(a) Grain boundary. (b) Matrix. Precipitation is not observable, and
recovery is not evident.
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Fig. 3.3.6. Low-Magnification Microstructure of 20%-Cold-Worked
Type 316 Stainless Steel Irradiated in the HFIR at (a) 375°C to
380 at. ppm He and 8.5 dpa and (b) 285°C to 390 at. ppm He and 7.7 dpa
and of 20%-Cold-Worked Type 316 + 0.23 wt % Ti Irradiated at (c) 375°C
to 380 at. ppm He and 8.5 dpa and (d) 285°C to 390 at. ppm He and 7.7 dpa.
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The dislocation microstructures in the HFIR-irradiated samples
are denser and more spatially uniform than in the thermally aged
control material. The CW 316 irradiated at 375°C and the CW 316 *+ Ti
irradiated at 285 and 375°C show the characteristic intergranular
deformation bands parallel to <111> in the face-centered cubic {fec)
austenite [Fig. 3.3.6(a), {(c), and (d)], whereas CW 316 irradiated at
285°C dves not [Fig. 3.3.6(b)].

The cavity component of the microstructure is shown at higher magni-
fication in Fig. 3.3.7, and cavity statistics are given in Table 3.3.3.
All values of swelling from cavity volume fraction are less than 0.5% and
are consistently higher than those for immersion density. Immersion
density can reflect densification resulting from precipitation, and
precipitation is observed in all samples that show either no swelling or
densification by immersion density. Both materials show decreases in
swelling as the temperature increases. Both measurements show slightly
less swelling in CW 316 + Ti than in ¢w 316. The refinement in cavity
distribution achieved in the CW 316 * Ti compared with CW 316 is reflected
both in Table 3.3.3 and Fig. 3.3.7. The swelling increase with decreasing
temperatutre occurs for totally different microstructural reasons in CW 316
and CW 316 + Ti. The cavity distribution coarsens considerably in CW 316
as the irradiation temperature is decreased. The bimodal cavity size
distribution observed in Fig. 3.3.7(a) at 375°C appears to shift almost
completely to the larger size mode as the temperature decreases. The
effect within this mode is then a normal increase in cavity density with
decreasing temperature but an unusuall? increase in cavity size with
decreasing temperature to cause the increase in swelling. By contrast the
cavity distribution in CW 316 + Ti continues to refine with decreasing
irradiation temperature. However, the cavity size decreases only slightly,
and the. large increase in cavity concentration causes the swelling in
CW 316 + Ti to be greater at 375 than at 285°C.

The dislocation component of the microstructure produced by irradia-
tion is very dense in all samples, as shown in Fig. 3.3.6. The dislocation
microstructures of CW 316 and CW 316 *+ Ti are approximately the same

before either aging or irradiation. The irradiated microstructures have
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Fig. 3.3.7. Cavity Component of the Microstructure Produced by HFIR
Irradiation in 20%-Cold-Worked Type 316 Stainless Steel Irradiated at
(a) 375°C to 380 at. ppm He and 8.5 dpa and (b) 285*C to YU at. ppm He
and 7.7 dpa and in 20%-Cold=Worked Type 316 + 0.23% Ti Irradiated at

(¢) 375°C to 380 at. pom He and 8.5 dpa and (d) 285°C to 390 at. ppm He
and 7.7 dpa. AV/Vg = void volume fraction expressed in percent, where

AV is change in volume and Vg is original volume.
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both a finer and a spatially more uniform dislocation density. Weak—beam
dark field imaging of irradiated microstructures (Fig. 3.3.8) reveals the
dislocation structure to be composed of both tangles and loops. These
faulted loops appear to be Frank loops from their contrast behaviorld and
from the appropriate satellite streaks seen in reciprocal space near (200)
matrix reflectionsl® (Fig. 3.3.9). Loops have not been observed previously
in HFIK-irradiated steel.l% In general, there are about 7 x 1021 to
9 x 102! 1oo0ps/m3 in both W 316 and ¢W 316 + Ti irradiated at 375°C.
The loops are about 30 to 35 nm in diameter in CW 316 and about 25 nm 1IN
ov 316 * Ti. In both materials the loop size increases as the irradiation
temperature increases. In cw 316 the loop concentration clearly decreases
with decreasing temperature, and some of the loops can be observed to be
unfaulted in Fig. 3.3.8(b). In contrast, the loop concentration increases
with decreasing irradiation temperature in @ 316 * Ti. The dislocation
loop component of the microstructure is clearly refined in €W 316 + Ti
compared with that of Cd 316 at both irradiation temperatures.
Precipitation is observed in all irradiated samples except CW 316
irradiated at 285°C., The CW 316 irradiated in HFIK at 375°C has a fine
distribution of gamma-prime particles, as shown in Fig. 3.3.10. The
precipitate particles are distributed along the network component of the
dislocation microstructure. Gamma prime has not been observed previously”
in HFIK-irradiated (34-316. Its morphology and crystallographic habit
(cube-on-cube) are similar to gamma prime observed by others in fast-
reactor-irradiated austenitic stainless steels. 18721 Care was taken to
image in dark field by using the known location of the gamma-—prime
reflections [Fig. 3.3.10(b)], even when such reflections could not be seen
in the diffraction pattern. 1921 Gamma-prime precipitate particles are
not evident in O4 316 irradiated at 285°C or in @4 316 T Ti irradiated at
either temperature. Fine MC precipitate particles were observed in the
W 316 + Ti irradiated at bath 285 and 375°C. Figure 3.3.11 shows the
CW 316 + Ti MC particles in dark field. Like the gamma-prime particles
in CW 316, they are also distributed primarily on the network portion of
the dislocation component of the microstructure. Table 3.3.4 shows that

the size, concentration, and volume fractions of MC in cW 316 * Ti and
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Fig. 3.3.8. The Dislocation Component of the Microstructure Produced
by HFIR Irradiation of 20%-Cold-Worked Type 316 Stainless Steel Irradiated
at (a) 375°C to 380 at. ppm He and 8.5 dpa and (b) 285°C to 390 at. ppm He
and 7.7 dpa and of 20%-Cold-Worked Type 316 + 0.23 wt % Ti Irradiated at
(c) 375°C to 380 at. ppm He and 8.5 dpa and (d) 285°C to 390 at. ppm He
and 7.7 dpa. All pictures are about gIBg weak-beam dark field images
taken with either gj;; [(b), (d)] or gogo [(a), (e)].
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Satellite

Fig. 3.3.9. (a) Selected Area Diffraction Shows (200) Matrix
Reflections in Reciprocal Space with Satellite Streaks Resulting from
Stacking Faults on (111) Planes. (b) Centered dark field imaging with
one of the satellite streaks, clearly indicating that they come from the
faulted plane of the loops. This helps confirm that the loops are Frank
faulted loops. The sample is 207%-cold-worked type 316 stainless steel
irradiated in the HFIR at 375°C.
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Fig. 3.3.10. (a) Centered Dark Field Image with Superlattice
Reflection of Gamma Prime Formed by HFIR Irradiation of 20%~Cold-Worked
Type 316 Stainless Steel at 375°C. (b) Selected area diffraction of
coincident (001) planes of gamma prime and the austenite matrix,

confirming the identification of the phase and indicating its cube-on-
cube crystallographic habit.



68

YE-11904 YE-11953

Fig. 3.3.11. Fine MC Particles Produced by HFIR Irradiation of 20%-
Cold-Worked Type 316 *+ 0.23 wt % Ti at 375°C. (a) Centered dark field
image of MC phase using (111) precipitate particle reflection.

(b} Selected area diffraction showing parallel (111) reflections from
the matrix and from the MC phase. The diffuse precipitate particle spot
in reciprocal space is consistent with a fairly small MC particle size.
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gamma prime in CW 316 are almost identical. However, comparison of

Figs. 3.3.10(a) and 3.3.11(a) shows that the distributions differ, with
gamma prime particles appearing to cluster, whereas most of the MC parti-
cles are discretely spaced along the dislocations. Precipitation of
gamma prime during HFLK irradiatton is consistent with the temperatures
at which gamma-prime formation is observed in type 316 alloys after fast-

reactor irradiation. 18-21

However, precipitation of MC particles during
HFIK irradiation occurs at much lower temperatures than observed in
titanium-modified austenitic steels after either fast-reactor irradiation22

or thermal aging (Fig. 3.3.6).

3.34.4 Discussion

The postirradiation mechanical properties of CW 316 and CW 316 + Ti
are quite similar after HFIK irradiation at temperatures from 55 to 375°C
to fluences producing up to 13 dpa and 740 at. ppm He. However, comparison
with unirradiated material shows that the ductility of CW 316 is reduced
by irradiation while that of CW 316 + Ti remains the same or increases.
These trends can be seen more clearly when YS and TE after irradiation at
about 375°C are plotted as a function of fluence by Grossbeck and Maziasz. 3
However, the high-strength, good ductility properties and the ductile-
transgranular fracture mode together indicate that both materials have
better properties than the same materials irradiated at higher tempera-
tures and/or higher fluences. 3,4,6,13,23,24

The increase in ¥S and UTS after irradiation at 285 and 375°C in both
CW 316 and CW 316 * Ti correlate well with several features of the
irradiation—produced microstructures. The generally increased dislocation
density, the presence of a significant number of sessile Frank faulted
loops, and the high concentration of small cavities in the irradiated
microstructures all contribute to the observed strengthening. When
strength increases, ductility usually decreases. Therefore, the reduction
of UE and TE when the YS and UT increase in CW 316 after irradiation is
not unusual. However, the increase in both strength and ductility
parameters in irradiated CW 316 + Ti is unexpected. The strength
parameters after irradiation at 285 and 375°C are lower in CW 316 + Ti
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than in CWw 316. However, this trend is qualitatively consistent with the
precipitation differences between the alloys. Pickering?® points out that
C and N are the most potent solid-solution strengtheners in austenite with
additional strengthening contributed by Si, Mo, Ti, and No. The ¢w 316
irradiated at 285°C has no precipitation and hence has its full complement
of solid-solution strengtheners in addition to the other microstructural
features that contribute to strengthening. In ¢y 316 irradiated at 375°C
the gamma—prime precipitate particles mainly remove silicon from solution,
little affecting the carbon that provides the more potent hardening. The
Cw 316 + Ti irradiated at 235°C has MC precipitation that removes C, Ti,
Mo, and Nb, as discussed in Chapter 34 of this quarterly report. Fine
MC carbide particles can provide dispersion strengthening, but the
strengthening must be traded off against the loss of solid-solution
strength as the precipitating elements are removed from the matrix. The
trade-off appears about even in cw 316 + Ti irradiated at 375°C because
unirradiated and irradiated values of YS and UT are equal.

The relative differences in YS and UTS of irradiated cw 316 and
CW 316 + Ti do not appear to correlate well with the relative changes in
other microstructural components. These data indicate a minor role of
cavities (and possibly loops) in hardening at these conditions.

Both @ 316 and ¢w 316 + Ti exhibit modest levels of swelling at 285
and 375°¢, measured by either immersion density or cavity volume fraction.
We did not expect the swelling to be considerably higher at 285 than at
375°C.  Although the swelling is less in the ¢W 316 + Ti than in Cv 316,
the trend of increased swelling with decreased irradiation temperature is
the same. The microstructural reason for the greater swelling at 285 than
at 375°C is different for each material — increased cavity size in ¢ 316
but increased cavity density in ¢/ 316 + Ti. The cavity refinement in
CW 316 *+ Ti relative to oW 316 results from the MC precipitation, an
effect established earlier for 316 + Ti at higher temperatures.26,27
The insensitivity of the total swelling to these drastic changes in
microstructure indicates a dominant role of the amount of helium and the
irradiation temperature on total swelling in cold-worked material at these

conditions.



71

3.35 Summary

1. The YS and UTS of both cW 316 and CW 316 * Ti increase signifi-
cantly on HFIK irradiation at 55 to 375°C at fluences producing up to
15 dpa and 740 at. pom He. Postirradiation YS ranges from 700 to 1000 Ma
and UTS from 800 to 1000 Ma for both materials, with CW 316 slightly
stronger than W 316 + Ti up to 350°C. The YS and UTS generally decrease
as the test and irradiation temperatures increase.

2. Postirradiation UE and TE are similar for both CW 316 and
Cw 316 * Ti after irradiation at 55 to 375°C. Postirradiation TE ranges
from 9 to 15%at 35°C and from 6.5 to 9%at 350°C but falls to 5 to 6%at
300°C. Postirradiation UE remains about constant at 0.2 to 0.5% at
35 to 300°C and increases to 2.5 to 4.5% at 350°C. Both UE and TE are
substantially decreased by irradiation in CW 316 but are increased
somewhat by irradiation in ¢cWw 316 + Ti.

3. The fracture mode of irradiated CW 316 and CW 316 + Ti remains
ductile transgranular over the range of irradiation and test temperatures
from 35 to 350°C.

4. Microstructural examination reveals measurable cavity swelling in
both CW 316 and CW 316 + Ti irradiated at 285 and 375°C to fluences
producing 7.7 to 85 dpa and 380 to 390 at. pom He. The total swelling
was 0.08 to 0.12% at 375°C and 0.36 to 0.43% at 285°C with slightly less
swelling in CW 316 + Ti at both temperatures. The cavity microstructure

is considerably refined in ¢Ww 316 * Ti compared with €W 316, particularly
at 283°cC,

5. The dislocation structure in all irradiated samples is signifi-
cantly denser than in unirradiated, thermally aged control samples. The
irradiated dislocation structure contains a substantial fraction of
Frank faulted loops as well as a network tangle. The loop structure is
much finer in CW 316 * Ti than in CW 316 at both 285 and 375°C.

6. Precipitation occurs in all samples except CW 316 irradiated
at 285°C., Finely distributed gamma prime (-3 nm in diameter,

7 x 1022 precipitate particles/m3) is produced in CW 316 irradiated at
375°C. Fine titanium-rich MC precipitate particles are produced during
irradiation of CW 316 + Ti at 285 and 375°C. The fine MC is distributed

on a scale similar to the gamma prime.
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7.  The mechanical properties, fracture mode, and swelling values are

the same as or slightly better €or CWw 316 * Ti compared with C¥ 316 after

irradiation at 50 to 375°C. The trend of improved rather than degraded

postirradiation ductility compared with unirradiated values favors

CW 316 + Ti over CW 316 €or applications in this temperature range.

3.3.6
1.
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34  COMPOSITION AND MICKOSTKUCTURE OF PKECIPITATE PHASES IN AUSTENITIC
STAINLESS STEELS — P. J. Maziasz (QRNL)

341  ADIP Task
ADIP Task 1.C.I, Microstructural Stability, and Task 1.C.2,
Microstructure and Swelling in Austenitic Alloys.

342 Objective

The objective of this work is to characterize the precipitate phases
that form In austenitic stainless steels during irradiation or thermal aging.
This informationwill help identify compositional changes for further
optimization of the Path A Prime Candidate Alloy (PC4),

3.4.3 Summary

The phases produced in type 316 stainless steel by thermal aging at
750°C or below are eta (n), tau (0, Laves, and sigma (o). Thermal aging
of type 316 + 0.23 wt % Ti (316 + Ti) produces titanium—rich MC in
addition to varying combinations of the above-mentioned phases. The
compositions of the thermally produced phases are unique and distinguish-
able. Relative to the matrix, MC is enriched in Mo, v, Ti, and Nb;
tau (M;3Cq) Us enriched in M and Cr; Laves is enriched in Si, Mo, and Cr;
eta is enriched in Si, Mo, Cr, and Ni; and sigma is enriched in ¥o and Cr.
All these phases produced by thermal aging are depleted in Fe and, with
the exception of eta, depleted in Ni. only tau and MC are depleted in Si.
The thermally produced phases in type 316 nucleate heterogeneously on
grain boundaries, matrix dislocations, or the interfaces of other precipi-
tate phases (sympathetic nucleation). In general, the increase of
available nucleation sites can account for the enhancement of eta, laves,
and sigma phases in thermally aged 20%-cold~worked as compared with
solution-annealed type 316 stainless steel. Precipitation of tau, eta,
and Laves together considerably reduces the Si and M contents of the
austenite matrix during thermal aging.

Irradiation can enhance laves, eta, and MC formation and retard or
eli inate formation of tau phase relative to thermal aging. The phases
produced during irradiation appear compositionally similar to their thermal
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counterparts (excluding the irradiation-induced phases) but with small,
systematic composition perturbations. The enrichment or depletion
behavior with respect to specific elements remains similar to the thermal
behavior. The exception is Laves phase, which can be enriched in Ni when
produced during irrddiation at lower temperatures. In general, the phases
enhanced during irradiation are those considerably enriched in Si, Mo, and
Ni. The exception is MC, which is clearly enhanced during High Flux
Isotope Reactor (HFIK) irradiation and yet incorporates little or no

Si or Ni.

Those precipitate phases that have no corresponding thermally
produced counterparts in the same material are considered to be induced
by the irradiation. These include G phase, gamma prime, and the
phosphorus—rich rod phase. However, these phases play either a minor
role (gamma prime) or are not formed at all during HFIK irradiation of
types 316 or 316 + Ti.

The current strategy in fusion alloy design for Path A materials is
to encourage and stabilize fine—scale MC precipitation, while reducing or
eliminating the formation of other phases. It appears that the Si content
of the matrix should be held low to discourage Laves and eta Eormation
during irradiation. Molybdenum is involved in eta, Laves, and sigma but
also in MC and should be varied to determine the effect on WMC stability.
Finally, systematic combinations of v and No with the normal Ti addition

should be considered to determine their effects on MC stability.

3.4.4 Progress and Status

Numerous papers report and discuss the enhancement and alteration of
precipitation in stainless steel during neutron irradiation and the
potential effects of precipitates on void or bubble swelling.l‘10
Precipitation produced during irradiation can also affect other properties,
such as strength or ductility,8 which is discussed in Chapter 3.3 of this
guarterly report. Many investigators have reported that phases produced
in stainless steel during irradiation are considerably altered in
composition compared with the same phases produced by thermal aging.

Recently, however, proper phase identification and quantitative x-ray
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energy dispersive spectroscopy (EDS) of matcrix-free precipitate particles
suspended on extraction replicas have shown that many of the phases
produced during either Experimental Breeder Reactor (EBR)-IL or HFIK
irradiation are compositionally quite similar to the same phases produced
during thermal aging. The comparison began with finding eta phase in
thermally aged type 316 and then its proper identificationl! in either
EBR~-I1- or HFIK-irradiated type 316. The comparison isS now extended to
tau (My3Cg), laves, and MC.

3.4.4.1 Experimental Details

Alloy compositions, determined by quantitative chemical analysis of
bulk material, are given in Table 3.4.1. The details of specimen fabri-
cation for 20%-cold-worked or solution-annealed types 316 stainless steel
(CW 316 or SA 316) or 316 * Ti (CW 316 + Ti or SA 316 T Ti) have been
reported in Chapter 3.3 of this quarterly report and elsewhere.B_S’IZ-M
Fabrication details for producing homogeneous Path A PCA have also been
reported-ls Specimens of type 316 and/or type 316 * Ti have been
irradiated in the HFIK at temperatures ranging from 370 to 700°C to
fluences producing up to about 4000 at. ppm He and 60 dpa.6_8’12 Several
specimens of the same heat of type 316 have been irradiated!3 in
EBR-II at 500 to 615°C to fluences producing about 9 dpa and about
4 to 5 at. ppm He. Samples for conventional transmission electron micros-
copy (CTEM) were obtained from a variety of samples: 3-mm-diam disks
cut from rod stock or punched from sheet for thermally aged material and

disks cut from the gage or shoulder of buttonhead tensile specimens or

Table 3.4.1. Composition of Three Austenitic Stainless Steels

Content,® wt %

Alloy
Cr Ni Mo Mn Si Ti C P S N B v Nb

316 18.0 13.0 26 19 0.8 0.6 0.06 0.013 0.016 0.006 0.0005 0.01 0.0005

316 + 11 17.0 12.0 2.5 0.5 04 0.23 0.06 0.01 0.013 0.006 0.0007 0.01 0.01

pcab 14.0 16.2 2.3 1.8 0.4 0.24 0.6 0.01 0.003 0.01 0.0005 e E

@Ralance iron plus trace lmpurities,
bpcaA = prime Candidate Alloy.
®Not detectable.
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from the gage of sheet tensile specimens for irradiated material. One
disk from each specimen was thinned to electron transparency with a
standard two-stage dimpling and electropolishing method. 16 A second disk
from several samples was used for extracting precipitates on an electron
transparent carbon film. The specimen surface IS prepared by electro-
polishing with 5 vol % perchloric acid in methanol followed by lightly
electroetching with 10 vol % hydrochloric acid in ethanol to obtain
surface relief. A 50- to 200-nm-thick carbon film was vacuum deposited
on the surface and removed by further electropolishing. The carbon film
is then floated in methanol and suspended on a beryllium grid. The
replicas thus produced contain well-separated, matrix-free precipitates
as recommended for quantitative x-ray EDS amalysis.17 The x-ray micro=-
analysis was performed in a JEM 100CX (120-kV) analytical electron
microscope (AEM) optimized for x-ray EDS. 18 A beryllium double-tilt
holder and gimble were used to further reduce the system x-ray background
signal. The EDS was performed!® in the CTEM rather than the scanning
transmission electron microscope (STEM) mode to maximize excited volume
and minimize contamination, which is important when analyzing for Si.
Precipitate phase particles were identified both in-foil and on replicas
by multizone tilting and selected area diffraction (SAD) or convergent
beam electron diffraction (CBED) and compared with available literature
data.19»20  The matrix was analyzed in the CTEM mode on elliptical areas
about 0.5 X 1um adjacent to the foil edge (between precipitate particles
in aged samples). In all cases the foil thickness was about 20 to 100 nm.
The x—ray spectra were collected and analyzed with a PDP 11/34 computer.
After appropriate background subtraction, integral intensities were
measured by fitting Gaussians and were converted into quantitative
compositional information via the standardless analysis technique,
employing programs developed by Zaluzec. 21,22 Overlapping peaks were
deconvoluted by using appropriate subtraction and the following
constants:17,18,21,22 ¢, (Kg/K,) = 0.138; Mo [L,/(L, T Lg)] = 0.735 and
(Ly t L)k, = 3.06; No [L /(L Tt L] = 0735 and (L, + Lg)/K, = 3.17;
Ti (KB/Ku) = 0.09; V (KB/Ka) = 0.10. Peaks analyzed contained from

100 to 100,000 counts with a statistical significance of 10 to 0.03%.

respectively, for the reported weight percent.
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3.4.5 Results

The information will be presented for each phase separately and then
for the matrix analyses performed. Precipitate phases occurring during
reactor irradiation can be considered to be enhanced by irradiation.
However, those precipitate phases that have no corresponding thermally
produced counterparts in the same material are considered to be induced
by the irradiation and are treated elsewhere.23 These include G phase,
gamma prime, and the phosphorus—rich rod phase. However, these phases
play either a minor role (gamma prime) or are not formed at all during
HFIR irradiation of types 316 or 316 + Ti. The phases considered in this
work are eta, tau (Mp3Cg), Laves, MC, sigma, and chi. A summary of phases
present for both the thermal aging and irradiation exposure is given in
Table 3.4.2. A summary of the crystallographic information and volumetric
misfit relative to the untransformed austenite for the various phases is

given in Table 3.4.3.

Table 3.4.2. Phases Present After Thermal Aging or Irradiation
of Types 316 Stainless Steel or 316 + Ti

Thermal Aging Neutron Irradiation

. Conditions
Material® Conditions
Time Temperature Phases b Temperature Danage Phases
(h) ) Reactor (°c) Level
(dpaj
SA 316 10,000 600 Tau HFIK 550 42 Eta, tau,
Laves
10,000 650 Tau, eta, Laves,
gigma
20% W 316 10,000 600 Tau, eta, Laves, HFIR 380 49 Eta
silgma
10.000 650 Tau, eta, Laves, HFIR 460 54 Eta, Laves
sigma
EBR-IL 500 9 Tau, eta
SA 316 + Ti 1 1050 MC HFIR 600 30 Tau, Laves,
MC
PCA 1 1050 MC

asa = solution annealed; CW = cold worked; PCA = Prime Candidate Alloy.
byFIR = High Flux lIsotope Reactor; EBR = Experimental Breeder Reactor.
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Table 3.4.3. Crystallographic Data and Calculated Volume ¥isfit for
Various Precipitate Phases in Type 316 Austenitic Stainless Steel

. b s '
Phase Crystal Structure@ Pléraatr%'ecter ‘c(%]f%g/ Mlsggt P;r?r/’réeter,
(nm) it cell) Toamitem

Austenite, ganma  (cubic, Fm3m, Al) ag = 0.36d 4 0
Tau (Crp3Cq)¢ (cubic, Fm3n, D8,) ag = 1,064 92 0.10
Eta (FeqWyC) (cubic, Fdim, E94) ag = 1,077 96 0.09
Laves (Fepto) (hexagonal, Péy/mmc, C14) ag = 0.474F 12 —0,05

CO = 0.77

afa = 1.64
Sigma (Fe, Cr) (tetragonal, P4/mam, D8) oy = 0,884 30 0.02

ey = 0.46

ala = 0.52
Chi (a-Mn) (cubic, I&3m, 1\12) ap = 0,894 58 0.04
Ti-rich MC (TIC)  (cubic, Fmim, B1) ag = 0.43%F 4 0.7
Gamma prime (cubic, Pmim, Lly; a; = 0.357 4 —0.08
(Ni48i)
P-rich rods (hexagonal, v32i, €22) ag = 0.6047T b .38
{FeyP) ey = 0.36

afa = 0.6
G phase (cubic. Fm3m, Al) ag = .14 116 0.04
{Tighig817)

AFor each phase (lattice system, space group, structure type) where lattice system is the
Bravais lattice type — space group is given by the short form of the point group symmetry
elements In the Hermann-Mauguin short notation; structure type is the Strukturbericht notation
for the element or pure compound that is the prototype structure for that crystal class.
Source: C J. Smithells, Ed., Metals Reference Rook, 5th ed., Butterworths, London, 1976,
pp. lo8-77.

bThe total number of atoms per unit cell of the structure minus the number of inter-
stitial carbon or nitrogen atoms (if any).

€& is the volume per solute atom in the precipitate structure; 6 = (volume/unit cell)/
(solute atom/unit cell); 6 = volume per solute atom in the austenite matrix.

dsource: B. Weiss and R. Stickler, "Phase Instabilities During High-Temperature Exposure
of 316 Austenitic Stainless Steel,” Metall. Trans. 3: 85166 (1972).

€Either prototype compound or compound appropriate to steel.

fsource: K. w. Andrews, P. J. Bryson, and S. R. Koewn, Interpretation of Electron
Diffmction Patterns, 2d ed., Plenum Press, New York, 1971.

gSource: H.  Hughes, "A New Silicide in a 12 Percent Chromium Steel,” Nature 183: 1543
(1959).

"Source: P. J. Maziasz. "The Formation of Diamond-Cubic Eta {n) Phase in Type 116
Stainless Steel Exposed to Thermal aging or Irradiation Environment,” Ser. Metall.
13: 621—-26 (July 1979).

TSource: J. Bentley and J. M Leitnaker, "Stable Phases in Aged Type 321 Stainless
Steel,” pp. 70-91 in The Metal Science of Stainless Steels, E. w. Collings and
H. w. King, Eds., The Metallurgical Society of AIME, New York, 1979.

Jsource: E H Lee, A F. Rowcliffe, and E. A, Kenik, "Effects of Si and Ti on the Phase
Stability and Swelling Behavior of AISI 316 Stainless Steel,” J. Nucl. Mater. 83: 79 (1979).
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3451 Tau Phase

The designation tau (t) is chosen following Stadelmail=t2% because
the stoichiometry of this phase in steel is not well knomn. Efforts are
under way by Zaluzec and Maziasz23 to measure the C content in tau
produced during thermal aging by using quantitative electron energy loss
spectroscopy (ELS)- However, with reference to the literature, tau and
"My3Cg" can be used interchangeably.

Tau phase is face—centered cubic (fcc) with a lattice parameter of
about 1.6 nm when formed in stainless steel (Table 343). The lattice
parameter determined by SAD in this work agrees within £0.05 mn, Tau phase
has approximately a +10% volume misfit with respect to untransformed
austenite on the basis of crystal structure and lattice parameters.

Tau phase is generally formed after thermal aging at 360°C and above in
either SA 316 or ¢y 316 examined in this work or in similar steels
examined by others.26-28 The crystallographic habit relationship is
cube-on-cube, as shown by SAD in Fig. 341 However, tau can sometimes
appear to have a twinned crystallographic habit with respect to the
surrounding matrix if it nucleates cube-on-cube with stacking faults or
deformation bands in cold-worked material. Figure 3.4,1(b) shows the
appropriate (O0L) diffraction pattern from a single tau particle that is
necessary to distinguish tcc tau phase from diamond-cubic eta phase.

Figure 3.4.2 indicates that intragranular tau phase produced on
thermal aging has a variety of morphologies while always maintaining the
same cube—on-cube crystallographic habit. Typical morphologies and
distributions of tau phase produced at grain boundaries in thermally aged
type 316 are shown in Fig. 343 The grain boundary particlas are
usually oriented cube-on-cube with only one of the grains at the boundary
and grow Into the suoersarurared matrix or ChaC grain,

In thermally aged, titanium-modified austanitas, tau phase is
generally reduced,?? as in type 316 + Ti, or sliminated,l> as in
Path A PCA. This is generally consistent with observations of others

Fh
r

titanium—modified compared with unmcdified austenitic stainless

~
o

steels.26’30"32
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Fig. 34.1. (a) Selected Area Diffraction (SAD) of (001) Zone AXis
for Austenite Matrix Plus Intragranular Tau Phase Particles in 20%-Cold-
Worked Type 316 Thermally Aged for 10,000 h at 650°C and (b) SAD from a
Single Particle of the Same Phase in the Same Crystallographic Orientation
on a Carbon Extraction Replica.
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YE-11232 S B YE-12064

YE-11832

Fig. 3.4.2. Bright Field Images of the Various Morphologies of Tau
Produced by Thermal Aging of Type 316. (a) Long <110> axis sword or laths
in solution-annealed type 316 aged 10,000 h at 600°C. (b) Wide laths or
rectangular particles in solution-annealed type 316 aged 10,000 h at
650°C. (c) Blocky or rounder shaped particles in 20%-cold-worked type 316

aged 10,000 h at 650°C. (d) Large rectangular plate particle of tau in
20%-cold-worked type 316 aged same as (c).
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YE-11518

Fig. 343. Typical Grain Boundary Tau Phase Produced by Thermal
Aging in (@) Solution-Annealed Type 316 Aged 10,000 h at 600°C and
(b) 20%-Cold-Worked Type 316 Aged 10,000 h at 600°C.
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Tau phase, In either CW 316 or SA 316, appears at somewhat lower
temperatures for £88-11 irradiation compared with thermal aging. 13
Figure 3.4.4 shows grain boundary microstructures produced in SA 316 and
CW 316 at 300°C and in SA 316 at $23°C during irradiation to a fluence of
8.4 dpa (irradiation time -3400 . The amount of tau phase appears
reduced after ZER~-11 irradiation when compared with type 316 thermally
aged at 600°C [Figs. 3.4,3(a) and 3,4.4], Tau phase is again produced
both at the grain boundaries and iIn the matrix of the same heat of
material irradiated In £3R-11 at 680 to 750°C. Tau phase is not observed
at al1/529 after HFIR irradiation at 350°C or below in CW 316 or
CW 316 *+ Ti. It is observed primarily at the grain boundariesS of
SA 316 * Ti irradiated in the HFIR at 600°C and at the grain boundaries
and in the matrix® of SA 316 irra—-diated in the HFIR at 350°C. It appears
in anomalously large particles® 1In cW 316 after HFIR irradiation at 500°C,
This sample recrystallized during the irradiation. Tau is always observed
to have its characteristic cube-on-cube crystallographic habit after
thermal aging or irradiation in either =8r-11 or HFIR.

The compositional measurements on a number of tau phase particles
produced either thermally or during neutron irradiation are given in
Table 3.4.4, and a characteristic x-ray EDS spectrum is shown In
Fig. 3.4.5. Matrix measurements for both unaged controls and the matrix
between precipitate particles after thermal aging are given iIn Table 3.4.5
for comparison. Tau on the average is low in Si, Fe, and ¥i and
considerably enriched in ¢r and o, relative to the bulk alloy composition.
Occasional particles show a large enrichment of Ti or V, which have very
low concentraticns In the austenite matrix. The composition of the phase
IS the same whether it !s- produced in SA 316 or CW 316 and shows no
systematic temperature dependence outside the particle-to-particle conpo-
sitional variation. An average composition for tau produced by thsrmal
aging In weight percent is 0.5 Si—14 Mo—64.5 Cr—),5 ¥r—15,5 Fe—4,0 ¥,
neglecting the occasional V and Ti. The composition of tau produced in
type 316 *+ Ti is very nearly similar, except that Tl appears regularly
at several weight percent,?2? Quantitative microprobe analysis of tau
produced thermally in either type 316 or closely related austenites2/s33
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YE-11982

Fig. 344 Typical Grain Boundary Microstructures Produced During
EBR-II Irradiation of (a) Solution-Annealed Type 316 Irradiated at 500°C,
(b) Solution-Annealed Type 316 Irradiated at 625°C, and {c) 20%-Cold-
Worked Type 316 Irradiated at 500°C. All samples were irradiated to a
fluence of 84 dpa, which corresponds to an exposure time of about 3400 h



Table 344.
Compositional Information@ from Tau (M53Cg)
Phase Produced by Either Thermal
Aging or Neutron Irradiation

a7

X-Ray Energy Dispersive Spectroscopy

Content, 2 wt %

Si M Ti v cr Mn Fe Ni
A Type 316 Aged 10,000 h at 600°C
(Grain_Boundary)

c 9.0 08 c 3.3 05 2r4a 4.0
0.2 9.7 02 c 67.4 c 195 30
0.2 10.6 04 c 67.0 c 183 35

SA Type 316 Aged 10,000 h at 600°C (Matrix)

03 16.0 30 c &2.0 C 170 17
c 1438 02 C 6.0 c 17.0 30
C 19.7 c c 67.0 c 123 10
C 16.6 c c 66.0 c 14.6 28

SA Type 316 Aged 10,000 h at 650°C (Matrix)

20 24.5 c C 5.7 c 183 35
C 165 c C 66.6 17 1.2 4.0
C 153 c c 63.4 0.6 13.0 2.7

20 170 10 2.3 %.3 c 13.0 94

20% CW Type 316 Aged 10,000 h at 600°C (Matrix)

08 24 c C 63.4 22 160 53
C 9.7 c o] 73.0 04 135 34
04 123 c C 61.0 14 200 50
06 126 c C 60.2 16 180 70
20 162 o 05 4.3 0.3 94 72
20% ON Type 316 Aged 10,000 h at 650°C (Matrix)

13 127 c c 71.0 c 80 7.0
c 85 0.4 c a3 03 13.2 33
20% OV Type 316, E3R-1I Irradiated at 500°C
to 9 dpa (Grain Boundary)

30 24 06 05 54 0.2 168 23
1.0 120 1.0 1.0 S6.5 L,8 23,0 35
23 128 04 04 5.0 10 14.8 9.2
ye 316 + Ti, HFIR Irradiated at 600°C

to 30 dpa (Grain Boun¢

05 100 0.6 T 56,0 c 538 48
10 1.0 @ € 64.7 € 180 47

%ut-in headings are aging or irradiation condi-
tions. Terms in parentheses indicate locations of

analyzed precipitate particles.

SA = solution annealed;

CW = cold worked.
Pyormalized weight percent.
™ot detectable.
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Table 34.5. X—Kay Energy Dispersive Spectroscopy Composi—

tional Information?® on the Austenite Matrix Before
or After Thermal Aging

Content, b wt 7%

- Precipitate Phases
Sl Mo Ti Cr Mn Fe N i

Type 316, SA Control

1.3 4.0 (o] 18.0 2.6 61.1 13.0 Néica
1.5 34 C 18.1 2.5 61.1 13.4

Type 316, 20% QN Control
1.0 2.5 C 19.4 1.6 63.1 12.4
1.2 3.8 C 18.3 1.7 62.3 12.7 None
1.2 3.3 o] 18.3 1.7 63.7 11.8

Type 316 + Ti, SA Control

0.5 2.3 0.2 18.8 0.6 65.0 12.5
0.2 2.4 0.2 19.3 0.6 66.0 11.4 MC, Ti(C,N)S
0.3 3.1 0.3 19.7 0.6 63.3 12.7

Path A PCA (Homogenized), SA Control

0.4 2.6 0.2 16.0 2.3 62.7 15.8
0.6 2.6 0.1 16.0 1.7 62.0 17.0 Ti(C,N)S
0.5 2.7 0.2 16.6 14 61.6 17.0

Type 316, SA, Thermally Aged 10,000 h at %00°C

2.0 3.4 (@ 19.0 2.0 61.0 12.6
1.3 3.0 c 18.2 1.8 62.7 13.0 Tau
1.3 4.0 C 18.3 2.0 62.2 12.2
Type 316, SA, Thermally Aged 100 h at 650°C
1.9 3.6 c 18.7 1.5 61.7 12.6 .
1.2 3.1 c 19.0 1.3 62.7 12.6 €
Type 316. SA, Thermally Aged 10,000 h at 650°C
0.9 1.4 C 18.6 1.5 65.6 12.0 Tau, eta, Laves,
0.8 1.5 c 18.5 2.0 64.2 13.0 and sigma
Type 316, 20% Cw, Thermally Aged 10,000 h at 600°C
1.1 1.2 c 18.3 2.2 64.8 12.4
0.7 3.1 C 19.5 1.8 62.5 ' Tau, eta, Laves,
06 21 c 196 19 630 158 arid sifisua
Type 316, 20% CW, Thermally Aged 10,000 h at 650°C
0.9 0.4 Cc 18.7 1.9 63.6 14.4
0.8 0.9 C 19.5 1.7 64.0 ' Tau, eta, Laves,
15 02 c 193 24 626 140 and sigma

%ut—in headings indicate aging conditions. SA = solution
annealed; oW = cold worked; PCA = prime candidate alloy.

Mormalized weight percent.
®Not detectable.
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YE-11827 PJM 2.025
20EY 1AB

Content
(wt %)
Si —nd
Mo — 19.7
Cr —67.0
M — nd
Fe —12.3
Ni— 1.0

PO 02 04 BE B8 18 12 14

Fig. 3.4.5. Characteristic X-Ray Energy Dispersive Spectroscopy
(EDS) Spectrum of Tau Phase Extracted from Solution-Annealed Type 316
Aged for 10,000 h at 600°C and Analyzed Quantitatively. (a) Bright field
image of the lath tau precipitate. (b) EDS spectrum and precipitate
composition. nd = not detectable.

agrees well with the composition measurements in this work. However,
those investigators did not measure the Si concentration. Other compo-
sition measurements3%:35 of tau phase in several heats of type 316 using
replicas and the same quantitative z-ray EDS techniques also agree well
with compositions reported in Table 3.4.4.

Tau phase produced during EBR-II irradiation of OV 316 or HFIR
irradiation of SA 316 + Ti has a composition similar to thermally produced
tau phase (Table 3.4.4). The Si and Ni concentrations are slightly
higher in tau phase produced by EBR-II irradiation compared with that
produced thermalily However, the composition of tau phase produced by
HFIR rrradiatron is the same as that produced thermally, despite the fact
that the comparison is between types 316 and 316 * Ti. Tau phase produced
in type 316 during irradiation appears to concentrate 0.5 to 2 wt % of
both V and Ti more regularly than does the thermally produced phase.

3.45.2 Eta Phase
Eta {n) phase has a diamond-cubic crystal structure with a lattice

parameter of about 1.07 nm (Table 3.4.3). Selected area diffraction
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measurements using ratios of interplanar spacings always shows the lattice
parameter of eta to be slightly larger than that for tau, which is consis-

tent with Table 3.4.3, Eta phase was only recently found in this heat of
type 316 thermally aged at 600 to 650°C by Maziaszll and in several other
heats of type 316 aged at the same conditions by Steeds and co-workers.34=37
Eta is most difficult to identify when intimately mixed with tau phase
because only subtle diffraction differences [missing 200 reflection on
(001) zone for diamond cubic] distinguish the two phases (Figs. 341 and
346). Eta phase is morphologically indistinguishable from tau phase,
and the two often form side by side, as shown in Fig. 3.4.7. Eta phase
also has the same cube-on-cube crystallographic habit, nucleation sites,
and volume misfit (Table 343) as tau phase. Eta phase is found
primarily at the grain boundaries in thermally aged SA 316 in a narrow
temperature range centered about 650°C. Eta phase is produced?? at the

§ YE-11823 YE-1183

Fig. 346. (@ Bright Field Image of Eta Phase Particle Extracted
from 20%-Cold-Worked Type 316 Aged 10,000 h at 650°C. (b) Selected area
diffraction on (001) zone axis. The missing 200 reflections unambiguously
confirm diamond-cubic structure (compare with Fig. 340).
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grain boundaries on thermal aging from 560 to 650°C and in the matrix from
600 to 650°C in CW 316. The relative amount of eta in the combination
eta plus tau can be as much as 50% in CW 316 aged at 600 to 650°C. As
with tau, thermally produced eta is considerably reduced?? in CW 316 + Ti
compared with CW 316 and eliminated in Path A PCA.l5

Eta phase formation is clearly enhanced in both SA 316 and CW 316
either by fast reactor irradiation at 600 to 650°C or belowll,13,23,29,38,39
or by HFIR irradiation at 550°C or below.’»11513,29 gra almost completely
replaces tau as the matrix phase in EBR-II-irradiated type 316 and
replaces tau in the matrix and at the grain boundaries in HFIR-irradiated
type 316, Eta phase is primarily confined to the grain boundaries in
CW 316 + Ti irradiated in the HFIR at 550°C or below.2? As during thermal
aging, eta phase formation appears to have an upper temperature limit
during neutron irradiation. Eta phase produced during irradiation can
have several variations in crystallographic habits in addition to the
normal cube-on-cube variant. Figure 3.4.8 shows the clear diamond-cubic
structure of eta phase and a stereographic representation of the
crystallographic habit as determined by SAD. Because the orientation
relation in Fig. 3.4.8(b) does not exactly match the matrix and precipita-
tion planes, it can have a multiplicity of small variations of the same
general habit and give the appearance of being randomly oriented.
Figure 3.4.9 again shows the diamond-cubic crystal structure of eta phase
produced by HFIR irradiation of CW 316.

The x-ray EDS compositional measurements of extracted eta phase
particles are presented in Table 3.4.6. A characteristic spectrum for
eta phase produced in thermal aging is shown in Fig. 3.4.7. Eta phase is
considerably enriched in Si, Mo, Ni, and to a lesser extent Cr, compared
with the unprecipitated matrix (Table 3.4.4). Eta is depleted in Fe and
contains Mn at about the matrix level or less. It can contain several
weight percent of either Ti or V, and their enrichments are somewhat more
regular than in thermally produced tau phase. An average composition of
eta precipitated in thermal aging in weight percent is 7 Si—23.5 Mo—
2 (V and/or Ti)-31 Cr—0.5 Mn—11 Fe—25 Ni. As with tau phase, there is some
particle-to-particle scatter, but within this scatter the composition




93

E-16713

ORNL-DWG 77-20345R

010

(C) 10

Fig. 3.4.8. Clear Selected Area Diffraction (SAD) ldentification of
Eld THASE L LULULEU Ll com ouviu nvsicas oy pe :': r___* -ed in EBR-II to
8.4 dpa at 500°C. (a) Bright field image. ~(b) SAD on (001) zone axis.
(c) Stereographic representation of the unusual crystallographic habit

represented with superimposed matrix and precipitate stereographic
projections.



Table 3.4.6.
Compositional

94

Information@

Particles Produced by Either Thermal
Aging or Neutron Irradiation

X-Ray Energy Dispersive Spectroscopy
from Eta Phase

Content, b gt ¥

si P Mo Ti V Cr Mn Fe Ni
SA Type 316 Aged 10,000 h at &50°C
(Grain Boundary)
63 C 23 C C 2.0 01 73 18.3
53 c 2i5 17 C 30.5 c 7.2 278
38 c 2.6 10 C 2.6 C 156 144
8.0 c $H.0 C c 217 C 13.2 2.0
20% ON Type 316 Aged 10,000 h at &00°¢C
(Grain Boundary)
6.8 c 72 C 22 2.0 16 106 2.7
8.3 c 17.2 C 24 33.0 12 6.8 31.0
6.4 c 15.0 C 26 3.0 1.8 B2 5.0
20% CW Type 316 Aged 10,000 h at 600°¢ (Matrix)
83 C 04 e C 2.0 C 13.6 237
56 C 2.7 c 13 28.0 15 125 24
6.0 C 17.0 c 2.0 $H5 26 13.6 24
7.0 c 190 C C 315 2.2 120 28.3
6.3 c 2.2 C c 6.6 20 15.0 210
93 c 2.0 c 1.0 3.4 c 26 6.7
20% CW Type 316 Aged 10,000 h at 530°¢ (Matrix)
80 c A7 22 C 31.0 C 38 30.3
56 C 5.5 17 c 24.4 c 50 17.8
8.8 c 236 28 c 318 C 3.3 2.7
46 C 15.0 25 6.4 45 c 94 2.6
7.0 C 153 28 07 H.7 10 7.0 0.6
20% CW Type 316, EBR-II lrradiated at s00°¢C
to 9 dpa (Matrix)
4.7 C 18.0 05 02 L5 10 n2 20
4.8 C 13.0 C c 2.8 06 6.2 2.6
4.0 04 13.8 06 C 47.2 20 15.0 170
46 10 15.7 U6 C 26 20 U5 190
55 08 14.7 08 08 D5 20 147 21.2
20% CN Type 316, HFIR Irradiated at 380°C
to 49 dpa (Matrix)
95 c 8.0 C 15 B4 0.8 16.8 2.0
80 C 6.0 C 12 3B.0 0.2 180 28.6
6.7 C 9.0 C 20 200 07 13.7 2.0
9.0 c 76 C 14 370 05 155 30.0
20% CW Type 316, HFIR Irradiated at 460°¢
to 54 dpa (Matrix)
23 C 74 C 31 33.7 04 20 31 1
Yut-in  headings are aging or irradiation conditions.

Terms in parentheses indicate locations of analyzed precipi-

tate particles.

byormalized weight percent.

®Not detectable.

SA = solution annealed; cW = cold worked.
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Fig. 349 Selected Area Diffraction (SAD) ldentification of
Eta Phase Produced in 20%-Cold-Worked Type 316 Irradiated in the HFIR
to 48 dpa at 330°c, (@) Bright field image of eta particle in austenite
matrix. (b) SAD on (001) zone axis.

shows little or no systematic temperature dependence and no significant
difference between solution-annealed and cold-worked conditions for
type 316. The composition of eta agrees well with similar measurements
made on eta in other thermally aged steels.3%4535,37 The composition of
eta produced thermally in cw 316 + Ti is perturbed to much higher Mo and
Ti concentrations and lower Cr and Ni concentrations?? compared with

Cw 316.

Table 346 also shows the composition of eta phase produced during
either EBR~LI or HFIR irradiation of type 316, and characteristic spectra
are shown in Fig. 3410 The eta phase produced by EBR-IT irradiation is
quite similar to the averaged thermally produced eta phase composition.
This trend has been noted previouslylls39 ari is supported by a much
larger base of EBR-II daia presented by Lee €t al. 23 several £8R-11-
produced particlas show detectable P, which is undetected in the thermal
phase particles. Eta phase produced by HFIR irradiation of CW 316 is also

similar to thermally produced eta but is systematically much lower iIn
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PJM 8.022
HS= 28EV 1AB

PIM 9.008

Content

(wt %)

SI— 95
Mo — 80
v — 15
Cr — 35.5
Mn — 1.0
Fe — 16.5
Ni — 28,0

(b)

Fig. 3.4.10. Characteristic X—Ray Energy Dispersive Spectroscopy
Spectra of Extracted Eta Phase Particles Produced by (a) EBR-II Irradiation
of 20%-Cold-Worked Type 316 to 8.4 dpa at 500°C and by (b) HFIR Irradiation
of 20%-Cold-Worked Type 316 to 48 dpa at 380°C. The quantitative chemical
analyses are also shown, Cugyg indicates copper detected in the
microscope and not from specimen.
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Mo and higher in Ni and/or Si concentrations (Figs. 3.4.7 and 3,4,10).
Eta phase produced in the HFIR also shows a more regular enrichment of

V than does thermal eta.

3.4.5.3 Laves Phase

Laves phase has a hexagonal crystal structure with lattice parameters
ag = 0.47 nm and ¢y = 0.77 nm (a nearly ideal c-to-a ratio of 1.64), as
shown in Table 3.4.3. Laves phase appears to have a small but negat:tve
volume misfit with respect to untransformed austenite. Laves forms iIn
SA 316 aged at 650°C and above and in CW 316 aged at 600°C and above ,
consistent with the observations of others.20728 Laves has two basi.
morphological variants. One variant has a blocky shape, while the other
has a long, narrow lath shape. Both are shown in Fig. 3.4.1l. The
individual particles appear to be made up of many thin crystallites joined
by internal faults, similar to the internal twins in martensite plates.
These can be seen inside the particles shown in Fig. 3.4.11(c) and appear
to be responsible for the thin particle streaking of the Laves reflections
in reciprocal space, as observed in SAD, because the particles themselves
are not that thin.

The two morphological variants of Laves phase correlate quite w21l
with two general, inexact crystallographic habit relationships that have
many variations themselves. These are summarized stereographically in
Figs. 3.4.12 and 3.4.13 for the lath and blocky morphological variants,
respe bserved
in sc to
differ systematicaiiy. In SA 316 the Laves lath variant correlates with a
crystallographic habit that generally has the basal (00.1) plane of Laves
located near a (123) type plane of the austenite [Figs. 3.4.12(a)].
Obviously this relationship can have many permutations. The blocky
variant correlates with a habit relationship that has (00.1) Laves
coincident with a (113) type plane in the austenite and (11.0) Laves
coincident with (110) austenite. This results in better overall plane
matching for the two phases [Fig. 3.4.13(a)]. Figure 3.4.11(c) shows

many of the Laves particles to be clustered about tau phase particles.
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Fig. 3.4.11. The Basic Laves Phase Morphologies in Thermally Aged
Type 316. (a) The blocky morphological variant of Laves in 20%-cold-
worked type 316 aged 10,000 h at 600°C. (b) The lath morphological
variant of Laves in 20%-cold-worked type 316 aged 10,000 h at 650°C.
(c) Laves phase particles nucleated sympathetically on intragranular tau
in solution-annealed type 316 aged 10,000 h at 650°C.
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LAVES ORIENTATION
RELATION-1]

y (e
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LAVES ORIENTATION RELATION II

—y {t.c.C.}

YE-11840

[51 . O]Laves

@ SEtIereograp!m represen!a!mn ! !he general crys!a”ograp!m !a!lt

observed for the lath-shaped morphological variant of Laves phase produced
in thermally aged solution-annealed type 316. (b) and (¢} Stereographic
representation and selected area diffraction evidence, respectively, of
the perturbation of the crystallographic habit caused by formation of
Laves laths iIn 20%=-cold~workad type 316.
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YE-11841

[El -0 ]Laves

Fig. 3.4.13. Crystallography of the Blocky Variation of Laves Phase.
(a) Stereographic representation of the general crystallographic habit
observed for the blocky morphological variant of Laves produced thermally
in solution-annealed type 316. (b) and {c) Stereographic representation
and selected area diffraction evidence, respectively, of the perturbation
of the crystallographic habit caused by formation of blocky Laves phase

in 20%-cold-worked type 316.
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The tau—austenite interface may influence the habit relationship for
Laves sympathetically nucleated in SA 316. Figures 3.4.12(b) and 3.4.13(b)
show the habit relations for both morphological variants of Laves formed
in CW 316, These stereograms show better plane matching between the
Laves phase and the austenite matrix in the cold-worked material than in
the solution—annealed case. This would certainly correlate with the
easier nucleation and hence enhancement of Laves phase in CW 316 compared
with Laves in SA 316.

The amount of intragranular Laves appears reduced during thermal
aging for SA 316 + Ti or CW 316 + Ti compared with type 316, but the
reduction is not nearly as much as for tau or eta phases. Laves occurs
at the grain boundaries of SA 316 + Ti, which is not an ordinary occurrence
for Laves in type 316 (Fig. 3.4.14), Laves also forms in the 20%-cold-
worked Path A PCA after thermal aging, but the amount seems considerably
reduced compared with type 316.

Laves phase 1s generally enhanced by neutron irradiation in both
types 316 and 316 + Ti. Laves appears at the same or slightly lower
temperatures after EBR-II or HFIR irradiation of SA 316 compared with
thermal aging. In CW 316 the irradiation temperatures at which Laves is
formed in either reactor are definitely lower than the temperatures of
formation during thermal aging. In both reactor environments the relative
amounts of Laves phase in type 316 appear increased after irradiation
compared with the amount after thermal aging. Laves phase produced by
HFIR irradiation in type 316 + Ti appears at the same temperature as in
HFIR-irradiated type 316. However, the relative amounts appear to vary.
For instance, more Laves appears to be produceds’10 in SA 316 + Ti than in
SA 316 at 575 to 600°C, but slightly less appears to be produced29 in
CW 316 + Ti than in CW 316 irradiated at 470°C.

The x-ray EDS compositional measurements for extracted Laves particles
are given in Table 3.4.7, and a characteristic x-ray EDS spectrum for
thermally formed Laves is shown in Fig. 3.4.15. Compared with the
unprecipitated matrix (Table 3.4.4), thermal Laves is considerably
enriched in Si and Mo, The Cr and Mn occur at about the same level as

in the matrix, and Laves is depleted of Fe and Ni. Laves contains
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Fig. 3.4.14. Typical Grain Boundary Precipitation Produced by
Thermal Aging at 700°C for 2770 h of (a) 20%-Cold-Worked Type 316 and

(b) 20%-Cold-Worked Type 316 + Ti. The basic difference is the formation
of Laves phase at the grain boundaries in the type 316 + Ti in addition
to the tau and/or eta found at grain boundaries of both steels.
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Table 3.4.7. X-Ray Energy Dispersive Spectroscopy
Compositional Information® from Laves Phase
Produced by Either Thermal Aging
or Neutron Irradiation

Content, wt %

Si NO Ti v Cr Mh Fe Ni

SA Type 316 Aged 10,000 h at 650°C (Matrix)

50 3.6 c 132 05 R.7 50
50 27 C c 2.2 10 A3 438
47 46.2 C C 104 c A3 4,42
20% CW Type 316 Aged 10,000 h at 600°C (Matrix)
36 0.0 C c 1550 0.3 b5 65
13 40.3 C C 13.6 05 3.0 73
46 .2 C c 142 20 A0 6.0
6.4 B4 C c 4.2 12 RB.3 6.7
4.6 40.2 o o 14.6 14 .3 70
46 0.0 c c U7 13 A0 65

20% CW Type 316 Aged 10,000 h at 650°C (Matrix)

45 470 c 02 1.7 05 31.6 45
7.4 0.0 C C 38 c 17.0 2.84
35 B7 c 10 5.7 17 .0 5.4d
32 2.0 c 1.0 13.0 17 %.0 6,04
40 43.0 c 05 13.0 14 B0 5.0d

SA Type 316, HFIR Irradiated at 550°C
to 42 dpa (Matrix)

4.8 2.4 c 10 135 04 6 7.3

20% CW Type 316, HFIR Irradiated at 460°C
to 54 dpa (Matrix)

38 190 22 07 207 10 31.0 2.
16 130 27 07 %0 10 .2 2

SA Type 316 *+ Ti, HFIR Irradiated at 600°C
to 30 dpa (Matrix)

40 3B.3 20 17 170 06 A4 70
50 310 15 15 153 0.3 3.3 10.0
36 3.0 06 10 160 01 . 40.0 84
44 314 10 10 16.6 10 3.0 84

%ut-in headings are aging or irradiation condi-
tions. Terms in parentheses indicate locations of
analyzed precipitate particles. SA = solution annealed;
CW = cold worked.

PNormalized weight percent.
®Not detectable.

dBlocky shaped morphological variant of Laves phase.
All other particles are the lath-shaped morphological
variant of Laves phase.
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PJM 2.013
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Content
(wt %)

5i — 5.0
Mo — 43,0
Cr — 12.0
Mn — 1.0
Fe — 34.0
Ni — 5.0

& - (b)

Fig. 3.4.15. Characteristic X-Ray Energy Dispersive Spectroscopy
(EDS) Spectrum of Laves Phase Extracted from Solution—-Annealed Type 316
Aged 10,000 at 650°C and Analyzed Quantitatively. (a) Bright field image
of extracted precipitate particle. (b) EDS spectrum and composition
information.,

detectable V only in CW 316 at 650°C., An average Laves composition in
weight percent is 4,5 Si—43 Mo—13 Cr—1 Mn—33 Fe—5.5 Ni. Laves has much
more Mo and more Fe than either eta or tau. It also has less Cr than
either. The individual particle compositions in Table 3.4.7 are quite
close to average composition and do not show significant temperature,
morphology, or pretreatment dependence. These measurements agree well
with measurements by others27533 on Laves composition in different heats
of type 316. The compositional measurements for Laves in aged CW 316 + Ti
are similar to these except that they show a more systematic enrichment
of Ti up to several weight percent.29

The composition of Laves phase produced in SA 316 or CW 316 and
SA 316 + Ti during HFIR irradiation is similar to that produced thermally
(Table 3.4.7). The x-ray spectra of laves produced during HFIR irradiation
of CW 316 at 470°C and SA 316 + Ti at 600°C are compared in Fig. 3.4.16(a)
and (b), respectively., The Laves produced during irradiation at 470°C in
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YE-11910 PIM 9.001
2BEV 1A
Content
v (wt %)
Si — 4.0
Mo — 19.0
Ti — 0.5
vV — 2.0
Cr — 22.0
Mn — 1.0
Fe — 31.0
. Ni — 20.5
(a) A L% 0.1 um
TESELASE PJM 10.004
= O HS= 2@0EU iaB
Content
(wt %)
Si — 4.5
Mo — 31.5
Ti — 1.0
v — 1.0
Cr — 16.5
Mn — 1.0
Fe — 36.0
Ni— 8.5

(b)

Fig. 3.4.16. Bright Field Images and Characteristic X-Ray Energy
Dispersive Spectroscopy Spectra of Laves Phase Extracted from (a) 20%-Cold-
Worked Type 316 Irradiated in the HFIR at 460°C to 54 dpa and (b) Solution-
Annealed Type 316 + Ti Irradiated in the HFIR at 600°C to 30 dpa and
Analyzed Quantitatively.
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CcW 316 is much lower in o and higher in Ni and Cr than thermally produced
Laves (compare Figs. 3.4.15 and 3.4.16). It also has a consistently
higher (Ti +v) level. However, Laves produced in either SA 316 or

SA 316 + Ti by irradiation at 550 to 650°¢C is very close to the thermally
produced Laves composition.

The same type behavior is observed for Laves produced during EBR-II
irradiation. That is, the Laves composition is lower in to and higher in
Ni at the low irradiation temperatures and has the same composition as
thermal Laves at the higher irradiation temperatures,Z2?

3454 Titanium-Rich MC Phase

The titanium-rich MC phase has an fce crystal structure with a
lattice parameter of about 0.43 nm, as shown in Table 3.4.3. Table 34.3
also indicates that MC has the largest positive volume misfit relative
to untransformed austenite of any of the phases produced either thermally
or during irradiation in stainless steel. The MC is observed only in
those steels having a high enough Ti and C concentration to drive the
2Tt tC » Ti,C reaction forward. For austenitic stainless steels with
about 0.05 wt % C, this Ti concentration is about 0.15 to 0.35 wt 20.The
titanium-modified steels in this work have 0.6 to 0.06 wt % C and 0.2
to 0.5 wt % Ti. The MC phase particles produced during thermal aging
maintain an exclusive cube-on-cube crystallographic habit relationship
at aging temperatures of 850°C and below. This habit is always associated
with the equiaxed morphological variant of MC (Fig. 3.4.17). At 900°¢C iIn
homogeneous Path A PCA, a rod-shaped morphological variant of MC is
produced40 with a crystallographic habit that has (332)Y Il (001)yc and
(110) |l (110)yc, as shown in Fig. 3.4.18.

In thermally aged SA 316 + Ti, MC is the predominant intragranular
phase at 560°C and above. Intragranular MC is always observed at
dislocations, and both the size and spatial distribution for cold-worked
material are much refined compared with solution-annealed material
(Fig. 3.4.17). The MC precipitates together with tau, Laves, and eta
at the grain boundaries in SA 316 + Ti or ¢ 316 *+ Ti. However, in
Path A PCA, MC becomes the dominant grain boundary phase, occurring with
occasional Laves phase particles (compare Figs. 34.14 and 3.4.19).
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0.25 um

YE-11918

YE-11753 YE-11754

Fig. 3.4.17. The Variation in Size and Distribution of the Cube-on-
Cube Variant of MC That Can Be Produced Thermally in Titanium-Modified
Material, (a) Large particle in solution-annealed Path A PCA aged 24 h at
900°C. (b) Smaller particles produced in solution-annealed type 316 + Ti
aged 2770 h at 700°C. (c) and (d) Bright field and centered dark field
images, respectively, of very fine particles on the dislocation network
in cold-worked Path A PCA aged 0.5 h at 750°C.
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YE-11750

YE-11751 YE-11752

Fig. 3.4.19. Grain Boundary Precipitation of MC in 25%-Cold-Worked
Path A PCA Aged 166 h at 750°C. (a) Bright field image showing grain
boundary and occasional Laves particle. (b) and (c) Centered dark field
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The MC phase formation appears considerably enhanced by HFIR
irradiation in CW 316 + Ti. No MC is observed in material thermally aged
below 560°C, but MC clearly forms at 280°C and above2? in the HFIR, as
discussed in Chapter 3.3 of this quarterly report. By comparison, MC does
not form23 below 500°C in titanium-modified austenitic stainless steels
irradiated in EBR-II. The MC is observed in SA 316 + Ti after HFIR
irradiation at 600 to 680°C, but lower irradiation temperatures have not
yet been examined. At least in SA 316 + Ti, the rod-shaped variant
appears to be the dominant form of MC after irradiation.8:10 1n general,
the amount of precipitation after HFIR irradiation appears about the same
or slightly greater than that produced by thermal aging.

The x~-ray EDS compositions of extracted MC phase particles are
given in Table 3.4.8, and a characteristic spectrum for thermally produced
MC is shown in Fig. 3.4.20. Compared with the matrix of type 316 + Ti
(Table 3.4.4), thermally produced MC is considerably enriched in Mo, Ti,
V, and Nb. The phase contains almost no detectable Si, Ni, or Mn and very
little Fe or Cr. An average composition of the MC in weight percent is
20 Mo—66 Ti—2.5 V1 Cr—l1 Fe—0.5 Ni—9 Nb. For the same condition (1 h at
1050°C), MC produced thermally in Path A PCA is about 10 wt % higher in
Mo and lower in Ti than MC in SA 316 + Ti. It also contains slightly
higher levels of Cr, Mn, and Fe but still very little or no Si and Ni.

The composition of MC produced in SA 316 + Ti by HFIR irradiation at
600°C to about 30 dpa is also given in Table 3.4.8, and a spectrum is
shown in Fig. 3.4.21. The average composition of MC after HFIR irradiation
in weight percent is 0.4 Si—38 Mo—37 Ti—6.5 V5.5 Cr—7.5 Fe—3 Ni—l.6 Nb.
Although qualitatively similar to thermally produced MC, the composition
of the MC produced during irradiation unmistakably tends toward having
more Mo, V, Cr, and Fe and less Ti and Nb as compared with that produced
thermally. The detectable Si and Ni concentrations also increase after
irradiation, but Si is at about the matrix level, and Ni is still depleted
relative to the matrix. Further work on longer time thermal aging of
SA 316 + Ti or Path A PCA indicates that the MC composition generally
progresses toward a lower Ti level and higher levels of Mo, Cr, and Fe as

the precipitation process continues, 38,40
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Table 3.4.8, X-Ray Energy Disgersive Spectroscopy
Compositional Information® from MC Phase
Produced Either by Thermal Aging
or Neutron Irradiation

Content, bt

Si M Ti \% Cr Mh Fe N i No

SA Type 316 * Ti Aged 1 h at 1050°C (Matrix)

C 16.1 69.2 2.8 0.4 C 1.2 C 10.3
C 22.0 66.0 1.3 0.8 C C C 9.4
C 23.5 62.0 3.3 15 e 1.6 0.8 7.3
C 17.3 68.6 2.0 1.0 e 1.8 0.5 8.8
Path A PCA Aged 1 h at 1050°C (Matrix)
C 37.4 49.0 2.6 1.0 1.3 1.7 1.0 C
e 28.6 54.6 3.7 3.0 2.4 7.0 0.7 C
C 24.2 61.0 4.6 2.3 1.5 5.6 0.8 C
C 32.8 46.3 2.0 6.5 C 55 1.4 5.4
SA Type 316 T Ti, HFIR Irradiated at 600°C
to 30 dpa (Matrix)
0.3 35.0 34.5 7.0 7.0 c 10.6 5.6 e, d
c 39.6 36.6 6.4 6.3 1.0 8.0 2.0 e, d
1.2 40.8 37.5 6.5 5.2 0.3 5.6 2.8 e, d
c 38.2 42.4 6.4 48 c 46 1.2 2.34d
c 44.4 30.0 7.0 5.4 C 9.5 3.7 e
0.5 36.5 30.0 7.3 6.5 c 9.9 5.5 3.8
0.6 33.3 46.0 5.3 3.4 c 4.6 1.3 94

ACut-in headings are aging or irradiation conditions.
Terms in parentheses indicate locations of analyzed precipitate
particles. SA = solution annealed; PCA = Prime Candidate Alloy.

bNormalized weight percent.
®Not detectable.

dRod—shaped morphological variant of MC. All other
particles are equiaxed or rectangular-shaped morphological
variants of MC that have an exclusive cube-on-cube
crystallographic habit.
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Nb = 10,3

(b)
Fig. 34.20. Characteristic X-Ray Energy Dispersive Spectroscopy

(EDS) Spectrum of Cube-on-Cube Variant of MC Extracted from Type 316 + Ti

Solution Annealed for 1 h at 1050°C and Analyzed ?uantitatively.

(@ Bright field image of precipitate particle. (b) EDS spectrum and

composition. nd = not detectable. Cugyg Indicates copper detected in

the microscope and not from specimen.

YE-11979 PJM 10.005
HE LIS  Content

ot 2)

si — 10
Mo — 41.0
Ti — 375
V — 6,5
Cr — 50
Mn — 05
Fe — 55
Ni — 3.0
Nb — nd

(a) {b)

Fig. 3.4.2L. Characteristic X-Ray Energy Dispersive Spectroscopy
(EDS) Spectrum of Rod Variant of MC Extracted from Solution-Annealed
Type 316 + Ti Irradiated in the HFIR at 600°C to a Fluence of 30 dpa and
Analyzed Quantitatively. (@ Bright field image of precipitate particle.
(b) EDS spectrum and composition. nd = not detectable.
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3.4.5.5 Sigma, Chi and Ti;CyS, Phases

These phases are treated together because they generally occur as
coarse particles and usually form at higher temperatures and/or longer
times than the phases treated previously. Sigma (o) and chi (x) occur
naturally from supersaturated solutions, whereas Ti;CyS, forms either near
the solvus or in the melt. From Table 3.4.3, sigma has a tetragonal
crystal structure with lattice parameters g = 0.88 nm, eg = 0.46 nm, and
e/a = 0.52 for the composition normally formed in steel.?/ Chi is body-
centered cubic (becc) with gy = 0.89 nm. The TijCySy is a hexagonal phase
with ag = 0.32 om, ¢g = 1.12 nm, and e/a = 3.5. Sigma and chi have almost
no volume misfit relative to untransformed austenite. The Ti,CySy phase
is found as an angular inclusion in titanium-modified austenites, very
coarsely distributed and generally at grain boundaries.

Sigma phase is observed in SA 316 after thermal aging at 650 to 900°C
but only after aging for several thousand hours, particularly at the lower
temperatures, In solution-annealed material, sigma is confined to the
grain boundaries. In CW 316 sigma is observed at 600°C (after 10,000 h)
and above and occurs at intragranular deformation bands, at the interfaces
between recrystallized and unrecrystallized material, and at grain
boundaries. Sigma phase particles have a variety of morphologies that
appear "glob-like" rather than sharply facetted. However, sigma does
have several well-defined crystallographic habit relationships.6’27s4l
The most common has (001), Il (lll)Y with (110)4 |l (110)Y'

Chi phase is generally intragranular after aging at temperatures
above 700 but below 900°C in either CW 316 or SA 316. It is not a
dominant thermal phase in any of the materials observed in this work.

Sigma phase formation is somewhat slower for thermally aged
SA 316 + Ti compared with SA 316 but appears enhanced in amount for
CW 316 + Ti as compared with CW 316. In contrast, considerable enhance-
ment of sigma phase in both SA 316 + Ti and CW 316 + Ti was found by
Grot and Spruiell30 in another heat of type 316 + Ti.

Irradiation of either types 316 or 316 + Ti generally results in

lower temperatures of formation and enhanced amounts of sigma and chi.
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Sigma appears after HFIR irradiation at 600°C and above in SA 316 and

at 550°C and above in CW 316. The particles are very large (several
micrometers) and generally form at grain boundaries. More sigma
particles29 are produced in CW 316 * Ti than in CW 316 during irradiation
at 550°C, Chi phase is a dominant portion of the intragranular precipita-
tion in both types 316 and 316 + Ti irradiated above 600 to 650°C.

The x-ray EDS composition of thermally produced sigma is given in
Table 3.4.9, and a characteristic spectrum is shown in Fig. 3.4.22. An
average composition in weight percent is 1.3 Si—6 Mo—36 Cr—l Mn—50.7 Fe—
5 Ni. The composition depends very little on either temperature or pre-
treatment microstructure. Other work3® confirms this trend up to 850 to
900°C. Sigma formed in type 316 * Ti shows little difference from the

average composition given above. These trends and compositions are in good

Table 3.4.9. X-Ray Energy Dispersive Spectroscopy Compositional
Information@ from Sigma and Ti;C,Sy Produced Thermally

Content, byt %

S Si M Ti v Cr M Fe N i No

Sigma, SA Type 316 Aged 10,000 h at 650°C
(Grain Boundary)

C 1.3 7.0 C C 35.1 0.6 50.4 5.0 C

c 1.3 5.8 C C 35.2 1.0 51.4 5.3 C
20% COW Type 316 Aged 10,000 h at 600°C

C 1.3 5.4 c c 37.7 2.2 48.5 5.0 c

c 1.2 5.4 C c 34.2 2.7 51.5 5.0 c
20% QW Type 316 Aged 10,000 h at 650°C

C 1.5 6.7 c C 34.8 c 51.7 5.3 c

c 1.4 6.0 C c 37.2 c 50.4 4.8 C

Ti4C2S82, SA Type 316 + Ti Aged 1h at 1050°C
18,7 c 14 54.6 2.0 45 0.4 15.0 24 1.0
25.5 c 2.0 65.0 3.5 0.4 c 14 C 22

%ut-in headings are aging conditions. Terms in parentheses
indicate locations of analyzed precipitate particles. SA = solution
annealed; CW = cold worked.

PNormalized weight percent.
CNot detectable.
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Si— 1.5
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Cr — 3170
Mn — nid
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(a)

Fig. 3.4.22, Characteristic X-Ray Energy Dispersive Spectroscopy
(EDS) Spectrum of Sigma Phase Produced in 20%-Cold-Worked Type 316
by Aging for 10,000 h at 650°C and Analyzed Quantitatively. (a) Bright
field image of precipitate particle. (b) EDS spectrum and composition.
nd = not detectable. indicates copper detected in microscope and

Cusys
not in specimen.

agreement with x-ray EDS measurements made by others.27=3‘£"!‘1

Composition
measurements for Ti;CyS, are included in Table 3.4.9 and show that, except
for almost completely replacing S by Mo, the composition is somewhat

similar to that for MC reported in Table 3.4.8.

3.4.5.6 Compositional Changes in the Austenite Matrix After Precipitation
During Thermal Aging

Measurements of the matrix composition made in thin foils of unaged
control material are given in Table 3.4.5. Comparison of x-ray EDS
compositions in Table 3.4.5 with quantitative bulk chemistry results in
Table 3.4.1 indicates generally good agreement between the two. Both the
Mo and Si concentrations appear a little higher by x-ray EDS in type 316,
and Cr appears a little higher in the PCA than values indicate for the
same elements in Table 3.4.l. The measurements on control samples of
type 316 (Table 3.4.5) provide the baseline for a relative comparison of
compositional changes after thermal aging. The area-to-—area variations
for the control samples of type 316 suggest the limit of compositional
change that can be attributed to thermal aging.



116

The matrix compositions of CW 316 and SA 316 were examined after
thermal aging at either 600 or 650°C for 10,000 h. Typical microstruc-
tures produced are shown in Fig. 3.4.23 to illustrate the spatial
distribution of precipitation, Compositional measurements are given in
Table 3.4.5, and Fig., 3.4.24 shows representative x-ray spectra for each
aging condition. The matrix composition of SA 316 changes little after
aging at 600°C for 10,000 h where tau is the only precipitate phase in the
system [Table 3.4.2, Figs. 3.4.23(a) and 3.4.24(c)]. The SA 316 aged at
650°C for 10,000 h shows a slight decrease in Si and a significant
decrease in Mo concentration when the precipitate phases are primarily
Laves and tau [Table 3.4.2, Figs. 3.4.23(b) and 3.4.24(e)]. The C¥ 316
aged at 600°C for 10,000 h is similar to SA 316 aged at 650°C. The
CW 316 aged at 650°C shows low Si and the lowest matrix Mo concentration.
In CW 316 aged at 650°C, the Ni concentration appears to increase slightly,
with the change being outside the normal area—-to-area variation. Both
cold-worked samples contain significant amounts of eta and some sigma,
in addition to the intergranular tau and Laves. Figure 3.4.23 shows that
the interparticle spacing of precipitates decreases significantly in
CW 316 as compared with SA 316. The matrix regions affected by the
precipitates may overlap, leaving the matrix seriously depleted of the
precipitating elements. Figure 3.4.25 shows a matrix region adjacent to
an eta particle in SA 316 aged at 650°C and gives an idea of how different
local matrix regions next to precipitates may be during thermal aging.
This region is rich in Cr and Mn and seriously depleted in Ni, Si, and
Mo. For the phases formed in thermal aging this could only be caused by
eta phase, which is rich in Ni. However, it can be seen that the matrix
composition is not far from that of sigma phase with the exceptions of
Mo and Mn (Table 3.4.8).

3.4.6 Discussion

Several general conclusions can be drawn from the data presented.
First, the phases produced during neutron irradiation are compositionally
very similar to their thermal aging counterparts. Second, phase

instability can be controlled during thermal aging and during irradiation
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YE-11820 T O T B vE-11821

Fig. 3.4.23. Representative Microstructures Produced by Thermal
Aging for 10,000 h. (a) Solution-annealed Type 316 at 600°C. (b) Solution-
annealed type 316 at 650°C. (c) 20%-cold-worked type 316 at 600°C.
(d) 20%-cold-worked type 316 at 650°C. This gives an idea of the spatial
distribution of precipitate phases in order to interpret the matrix
composition measurements.
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PJM 1.005 PJM 3.013

(a) (b)

PJM 1.015 PJM 7.009

(d)
PJM 1.023 PJM 1.027

SA +
650°C

¢ —— e (f)

Fig. 3.4.24. Changes in Matrix Composition Caused by Thermal Aging
for 10,000 h and Represented by Analyzed X-Ray Energy Dispersive Spectro-
scopy Spectra. (a) Solution-annealed type 316 control. (b) 20%-cold-
worked type 316 control. (c) Solution-annealed type 316 aged at 600°C.
(d) 20%-cold-worked type 316 aged at 600°C. (e) Solution-annealed

type 316 aged at 650°C. (f) 20%-cold-worked type 316 aged at 650°C. All
element compositions are in weight percent.
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(b)
Fig. 3.4.25. An Unusual Matrix Region Near Eta Phase Particles That

Is Very 1ow in Si, Mo, and Ni in Solution—Annealed Type 316 Aged 10,000 h

at 650°C and Analyzed by Quantitative X-Ray Energy Dispersive Spectroscopy

(EDS) Microanalysis. (a) Bright field image of precipitate particle.

(b) EDS spectrum and composition. nd = not detectable. Cugyg indicates

copper detected in microscope and not in specimen.
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by adding titanium to austenitic stainless steels. Third, Si and Mo are
the substitutional solute elements most involved in thermal precipitation
in type 316; for precipitation during irradiation, Ni is also active.

Many aspects of precipitation do change during irradiation, including
nucleation sites, formation temperatures, morphology, size, and spatial
distribution. However, the results examined here indicate that the phase
compositions for thermally stable phases are similar to the compositions
of the same phases precipitating under irradiation. The irradiation can
also induce phases to form that are not the stable or naturally forming
phases during thermal aging.”  These phases, including gamma prime, G, and
phosphorus-rich phases, have been treated elsewhere. 23

Many aspects of precipitation during irradiation can be understood by
considering the solute affinity of the thermal phases and combining this
with the effects of point defect supersaturations and radiation-induced
solute segregation. A good place to begin is by comparison of eta and
tau phase. Thermally, tau phase formation is driven by the chemical
reaction 23 Cr + 6 C + Cry3Cq with considerable substitutional solubility
of elements like Fe and Mo for Cr and possibly deviations from stoichi-
ometry as well. The phase usually nucleates at heterogeneities
(dislocations, faulted bands, or grain boundaries) and develops an
incoherent, dislocated interface. The composition of this phase indicates
little solubility for ¥4 and Si. Therefore, tau rejects these solutes
ahead of the interface as the particle grons. The side-by-side formation
of eta and tau phase particles results because the composition of eta phase
is naturally very rich in Si and Ni compared with tau. Eta, with a volume
misfit like tau, requires a heterogeneous nucleation site like the tau-
matrix interface, as in SA 316, or some portion of a faulted band, as in
CW 316. The Si is supersaturated at these temperatures in austenite, but
Ni is considerably undersaturated, and hence eta phase requires sympathetic
nucleation adjacent to a phase like tau that can increase the local Si and
Ni contents.

IT we now extend this basic solubility or chemical preference
behavior of the thermal phases and include the effects of radiation-
induced solute segregation,%2 %46 the enhancement of eta and retardation
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of tau becomes an expected result. Enrichment of Si and Ni can be
expected at any point defect recombination site or at sinks for inter-
stitials. This segregation would encourage eta phase formation while
resisting tau phase formation. Eta phase is not often observed thermally
as discrete particles but is almost always observed sympathetically with
tau or sometimes Laves. This behavior is consistent with eta being
eliminated when tau is eliminated, as in thermally aged type 316 + Ti.
Eta phase is often observed as discrete particles in either EBR-II- or
HFIK-irradiated type 316, because solute segregation serves to build up
the Si and Ni contents of the matrix. This same reasoning can be extended
to Laves formation29 and helps considerably in understanding formation of
the radiation-induced phases that have no thermal counterparts in type 316,
like G phase, phosphorus-rich rod phase, or gamma prime. 23

However, not all phases enhanced by irradiation are Ni and Si rich.
The outstanding exception is the MC phase. It incorporates almost no Ni
and Si on formation during thermal aging and very little of either solute
when formed during irradiation. Enhanced MC formation appears to result
from the very large negative free energy driving force,“s48 its large
positive volume misfit, and the effect of vacancies in stabilizing over-
sized misfit phases.‘*g"51 The free energy driving force for titanium-rich
MC formation is on the order of —10 kJ/wol °C and is the largest for the
phases formed on thermal aging in stainless steel. The volume misfit,
from Table 3.4.3, 1is also the largest observed for the phases formed in
steel. Precipitate stability theory*?2! indicates that the super-
saturation of vacancies produced during irradiation should help to
stabilize the oversized misfit phases. The oversized misfit demands that
the phase absorb vacancies during growth, and this is the idea employed by
Silcock and Tunstall®2 to explain stacking fault precipitation of MC at
Frank partial dislocations. These combined ideas explain enhanced MC
precipitation during irradiation. However, the effects of solute segrega-
tion of Ni and Si during irradiation do not cooperate with the growth of
MC precipitate particles that have very low solubilities for Ni and Si.

This indicates there may be some circumstances in which solute segregation
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during irradiation could reduce MC precipitation as it does tau phase.
A goal of alloy development then should be to encourage MC precipitation
by maintaining the lowest acceptable Si level iIn the matrix.

The compositional behavior of individual phases, when combined with
their volume misfit properties, correlates well with their effect on one
another, on the surrounding matrix, and on their sink behavior during
irradiation. The MC precipitate particles are able to prevent or reduce
tau formation on thermal aging because of their competition for C. Since
eta phase nucleates sympathetically with tau, It is consistent that it be
reduced as well. The MC rejects Si but enriches in Mo and Ti, and these
effects must be traded off in order to determine #C's effect on Laves
formation. From the standpoint of volume misfit, Laves being slightly
undersized and tC being oversized would be consistent with coprecipitation.
The MC precipitation in itself should not have much direct effect on
sigma phase precipitation because the only interaction appears to be
competition for Mo

For thermally aged SA 316 and c@ 316, the compositional changes in
the matrix are consistent with both the phases formed and their composi-
tions. The SA 316 aged at 600°C for 10,000 h precipitates tau particles
that are spaced about 0.5 to 2 ym apart. They affect the average matrix
composition little. All the other aging conditions produce eta and Laves,
together with tau, and reduce the average matrix concentration of Si and Mo.

The MC has been shown to be an effective helium trap, and fine
dispersions of MC are a goal of alloy development in austenitic stainless
steel. Its vacancy-absorbing and nickel- and silicon-rejecting behavior
are consistent with it being a vacancy-biased sink during irradiation.
These concepts are quite successful in explaining MC helium trapping.10
The other phases in steel have little usefulness during irradiation and
can often be associated with detrimental effects, increased swelling
(eta, Lawes), or embrittlement (eta, sigm). The Path A PCA appears to be
a considerable improvement over type 316 alloys because the increased Ni
and decreased Cr discourages both tau and sigma formation. Reduction of
Si would reduce Laves formation and reduce formation of the undesirable

radiation-induced phases.?23 Maintaining low P and tmn levels also will
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suppress the potential for formation of the phosphorous-rich rod phase and
manganese-stabilized G phase, respectively. Finally, systematic variation
of 1o and combination of V and Nb with the Ti addition may maximize the
MC stability.

3.4.7 Conclusions

1 Tau, eta, Laves, and sigma phases are produced during thermal
aging of type 316 alloys at temperatures below 700 to 750°C, The MC phase
is produced iIn addition to varying amounts of the above phases when the
austenite is modified by the addition of 0.2 t0 0.3 wt % Ti. The basic
composition of these phases is given in Table 3.4.10.

Table 3.4.10. Composition of Phases Produced by Thermal Aging
of Type 316 Stainless Steel

Precipitate Content ,? wt %

Phase Si Mo cr Mn Fe Ni V. OTi Nb
Tau 0.5 14 64.5 0.5 15.5 4.0 c c c
Eta 7 B5 31 05 11 25 2 C C
Laves 45 43 13 1 33 55 c c
Ti-Mc? c 20 1 c 1 0.5 25 66 9
Sigma 15 6 36 1 0.7 5

Qpveraged cOmpositions.
kormed only in titanium-modified steels.
%ot detectable.

2. The eta, Laves, and sigma phase formations are enhanced in
CW 316 compared with SA 316 during thermal aging. The eta and tau are
reduced, but sigma is enhanced in thermally aged type 316 * Ti, when
compared with type 316. The eta and tau are eliminated in thermally
aged Path A PCA.

3. Eta and Laves phase formation are enhanced by HFIR irradiation of
either SA 316 or CW 316 and W 316 t Ti relative to thermal aged material.
Tau phase formation is reduced or eliminated in both. The MC formation is
enhanced by HFIR irradiation of type 316 + Ti.
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4. Compositionally the thermal phases behave as follows with respect
to the matrix:

« eta is rich in Si, Mo Cr, and Ni and poor in Fe;

+ tau is rich in M and Cr and poor in Fe, Si, and Ni;

» Laves is rich in Si and Mo and poor in Fe and Ni;

»+ sigma is rich in Mo and Cr and poor in Fe, Ni, and Si;

« MC is rich in Ti, Elo, Nb, and V and poor in Cr, Fe, Si, and Ni.

All the phases contain from nearly zero to the matrix average content
of Mn, Laves, eta, and tau can have occasional enrichment of v and/or Ti.

5.  With respect to relative amounts of Si, Mo Cr, Fe, Ni, and
Ti(+Nb/+V), the compositions of the thermal phases order as follows:

« Si: eta, Laves 2 sigma > tau > MC;

+ Mo: Laves > MC, eta > tau > sigma;

« Cr: tau > sigma > eta 2 Laves > MC;

. Fe: sigma > Laves > eta, tau > PIC

« Ni: eta ” Laves, sigma > tau > MC

« Ti (and/or Nb, V): MC > eta, tau > Laves, sigma.

6. The compositions of Laves, tau, eta, and MC produced during
irradiation are similar to those of the same phases produced during
thermal aging. The enrichment or depletion relative to the matrix does
not change except for Laves produced at lower temperatures, which become
Ni rich. Some of the phases show slight increases in Si or Ni content
and, except for MC, show a more systematic enrichment of Ti and V at lower
irradiation temperatures.

7. The SA 316 aged for 10,000 h at 600°C shows little matrix
compositional change when tau phase precipitates. The CW 316 aged at
600°C and SA 316 and CW 316 aged at 650°C show a measurable reduction in
matrix Si and a considerable reduction of matrix Mo concentrations when
eta, Laves, and sigma precipitate in addition to tau phase.

8. Further development of Path A alloys to produce maximum MC
stability should consider the following:

= reduce Si to the lowest necessary or convenient level;

- systematically evaluate small changes in Mo content for the effect

on MC;
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- determine the minimum necessary M level;
» consider combinations of V and Nb with Ti to evaluate their effect on

MC formation and stability.
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5.1 THE EFFECT OF HYDROGEN ON FLAW GROWTH OF TITANIUM ALLOY Ti-6242s -
G. W. Wille and P. S. Pao (McDonnell Douglas Corporation)

5.1.1 ADIP Task
Task 1.B.3, Fatigue Crack Growth in Reactive/Refractory Alloys
(Path ¢).

5.1.2 Objective
The objective of this study is to develop quantitative data to

determine the effects of both internal and external hydrogen on fatigue
crack growth of Ti-6242s alloy at temperatures and hydrogen pressures

of interest for fusion reactors.

5.1.3 Summary
Machining of the specimens is complete. Calibration of equipment

to monitor crack growth is complete. The environmental test chamber for

fatigue testing has been set up.

5.1.4 Progress and Status

Machining of the modified-WOL specimens is complete.

The environmental test chamber has been set up for fatigue tests
of the Ti-6242s specimens in hydrogen environment. This is shown in
Figure 5.1.4-1.

The crack growth during testing in the environmental test chamber
will be monitored using an electrical potential means for measurement.
This technique is based on the principle that the electrical resistance
to an AC current passing through the specimen increases with crack
extension. A correlation can therefore be made between the electrical
potential across the specimen and the crack length. The calibration
tests were conducted on duplicate Ti-6242s specimens. The crack length
vs. normalized potential is shown in Figure 5.1.4-2. The calibration

equation is based on least-square linear regression analysis is:
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a=0.6+ 1,55V +0.299 7V
* o (v-vp) . .
where VvV = v - normalized potential at crack length, a
r
Vr = reference potential at starter notch
V = potential during fatigue testing

a = crack length
The accuracy of this calibration is better than 0.5% in the range
0.6 inch < a > 1.6 inch.

5.1.5 Conclusions
1. Machining of specimens is complete
2. Calibration of equipment to monitor crack growth is complete.
3. The environmental test chamber for fatigue testing has been

set up.
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5.2 TENSILE PKOPERTIES OF HELIUM-INJECTED AND REACTOR-IRRADIATED
V-0 Ti —M P. Tanaka, J. A Horak, and E. E Bloom (ORNL)

5.2.1 ADIP Tasks
ADLP Task I.B.15, Tensile Properties of Reactive and Refractory
Alloys.

5.2.2 Objective
The objective of this work is to determine the effect of preinjected

helium followed by neutron irradiation on the microstructure and
mechanical properties of ¥20% Ti. These results will be used for the

evaluation of the potential use of w20% Ti in fusion reactor service.

5.2.3 Summary

Sheet tensile specimens of annealed w20% Ti alloy have been pre-
injected with 90 and 200 at. ppm He by use of 60-MeV (9.6-pJ) alpha
particles at the Oak Ridge Isochronous Cyclotron (ORIC). Some of the
samples were then irradiated in row 7 of the Experimental Breeder Reactor
(EBR-11) at temperatures of 400, 525, 575, 625, and 700°C to neutron
fluences of 2 X 1020 to 4 x 1026 neutrons/m? (>0.1 ¥MeV).

Tensile properties and fractography of the injected and the irradiated
specimen have been compared with those of the control specimen. This
comparison showed that the helium injection increased the strength at test
temperatures below 500°C and decreased the elongation above 500°C. The
loss of ductility (reduction of elongation) depended on the amount of
injected helium. The loss of ductility resulting from the neutron
irradiation was much greater when the specimens were irradiated and tested

at temperatures above 600°C.

5.2.4  Progress and Status

The details of the helium implantation of samples used in this
study were reported by Horak. | Briefly, sheet specimens 191 by 254 by
0.254 mm of vacuum-annealed (0.5 h at 900°C) v=20% Ti were injected with
60-MeV alpha particles at the ORIC. The beam energy was degraded with a

variable thickness foil to give uniformly distributed helium contents of
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90 and 200 at. ppm He. After the injection, tensile specimens with a
length of 31.75 =m and a gage section 12.7 by 1.02 by 0.254 mm were
stamped from the sheet with a precision die.

The tensile specimens were irradiated in row 7 of EBR-LL, in
experiment X-287, to neutron fluences 2 x 1026 to 4 x 1026 neutrons/m?
(>0.1 MeV). The irradiation temperatures of 700, 625, and 575°C were
attained in heat-pipe capsules. The irradiation temperatures of
525 and 400°C were attained in gamma-heated capsules with gas gap tem-
perature control. Some of the specimens were immersed in static sodium;
the others were encapsulated in helium-filled subcapsules. Comparisons
will establish effects resulting from interstitial impurity mass transfer.

The tensile specimens were tested at a strain rate of 6.67 x 1074/
at temperatures near the neutron irradiation temperature. Tests were
conducted in a cold-wall, resistance-heated furnace contained in an ion
pumped vacuum chamber. The vacuum during testing wes below 40 uPa
(3 x 1077 tom).

Tensile results on control, helium-preinjected, and neutron-
irradiated specimens are tabulated in Table 521 The data are also
shown graphically in four figures that follow. Engineering stresses
reported are based on pretest specimen dimensions.

The yield stress, ultimate stress, and total elongation of the
control and helium-injected material are shown graphically in Fig. 521.
Helium injection has increased the yield stress and ultimate stress for
test temperatures of 525°C and lower. The increase in strength was
dependent on the amount of injected helium. At test temperatures 500 to
700°¢, the helium did not greatly affect the strength properties. However,
the elongation was reduced. The reduction of the total elongation in the
preinjected specimen depended on the injected helium content. The value
of the elongation at 700°C in the specimen injected with 200 at. ppm He
was 8,7%, which was less than half that of the control specimen. The
fracture surfaces of the specimen containing O and 200 at. ppm He tested
at 625°C are shown in Fig. 522. Cracks along grain boundaries can
clearly be seen in the helium-containing sample but are not seen for the
control material. The fracture surface shows many exposed grain
boundaries, consistent with a grain separation fracture mode.
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Fig. 5.2.2. Scanning Electron Micrographs Showing Characteristic
Fracture Surfaces Observed in v20% Ti Containing (a) 0 and

(b) 200 at. ppm H and Tested at 625°C. These samples were not
neutron irradiated.
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compared with those of control samples containing the same level of helium
but without neutron irradiation. The results are limited at present, but
some trends are clear. For the lowest irradiation and test temperature of
400°C, neutron irradiation has produced a significant increase in yield
and ultimate tensile stress and decrease in uniform and total elongation.
The decrease in total elongation results primarily from a decrease in
uniform strain. The necking or nonuniform strain is little changed. At
625 and 700°C the strength properties are not significantly altered.
However, the elongation is significantly reduced compared with the control
specimens at these higher temperatures. W cannot draw conclusions from

these limited data regarding effects of the preinjected helium.

5.2.5  Future Work

Tensile tests and scanning electron microscopy examination of the
rest of the irradiated specimens are now in progress. Electron microscopy
examination is also planned to determine the damage structure (bubble
size, dislocation structure, and void distribution) for the injected and

the irradiated specimens.

5.2.6 Reference

1. J, A Horak, "Helium Implantation in Potential CTR Structural
Materials,” Controlled Thermonuclear Materials Technology Annu. Prog.
Rep. June 30, 1975, ORNL-5082, p. 40.
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5.3 FATIGUE BEHAVIOR OF UNIRRADTATED PATH C ALLOYS — K. C., Liu (ORNL)

5.3.1  ADIP Task
ADIP Task I.B.3, Fatigue Crack Growth in Reactive and Refractory

Alloys.

5.3.2 Objective
The objective of this work is to develop baseline fatigue and crack
growth information for the Path C refractory metal scoping alloys in the

unirradiated condition.

5.3.3  Summary

Results of exploratory fatigue tests on annealed Nb-1% Zr showed that
this alloy has about the same fatigue resistance at room temperature and
at 650°C. It was also shown that the fatigue lifetime of Nb—1% Zr is
superior by a factor of about 10 in comparison with average values
obtained for 20%-cold-worked type 316 stainless steel tested at low strain
ranges.

Fatigue tests of the ADIP heat of ¥w15% Cr—5% Ti are presently under
way. Test results obtained to date indicate that at room temperature this
alloy has marginally better fatigue resistance than Nb-1% Zr. Only one
fatigue test on ¥15% Cr—5% Ti at 650°C has been completed. This data

point fell below the average trend curve of Nb—1% Zr.

5.3.4 Progress and Status

5.3.4.1 Status of Cyclic Fatigue Testing of Nb—i% Zr

Exploratory fatigue tests on unirradiated Nb—1% Zr (not the ADIP heat)
were discontinued to initiate scheduled fatigue tests on three vanadium-
based alloys from the ADIP heat. Since these tests were exploratory, only
a limited number of tests were performed, primarily to check out the long-
term operational capabilities of the testing system and its associated
control instrument and to examine the vacuum capability needed for Path C
alloys testing at high temperature. In spite of such limitations, useful

information on the fatigue behavior of Nb—1%Z Zr was obtained.
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Miniature hourglass—-shaped fatigue specimens, which were described in
detail previously,1 were used. Tests were performed under fully reversed
strain control, using a triangular waveform beginning in compression at a
strain rate of 4 x 10'3/3. Tests results obtained are summarized in
Table 5.3.1 and are also represented in Fig. 5.3.1. An average trend
curve for unirradiated 20%-cold-worked type 316 stainless steel tested at

430°C is also included in Fig. 5.3.1 for comparison.

Table 5.3.1. Fatigue Lifetime of Nb—1% Zr

Test Total Strain . e
Specimen@ Temperatureb Range Cyclic Il_lfetlme

(°C) (%) (cycles)
ANZ 111 650 2.0 2,848
ANZ 110 650 1.0 38,420
ANZ 112 650 0.6 1,042,187
ANZ 102 RT 2.0 3,308
ANZ 101 ut 1.0 31,402
CNZ 1 ut 1.0 19,148
CNZ 2 uT 0.5 967,447

asNz = annealed 1 h at 1400°C in vacuum; CNzZ = cold
worked.

BRT = room temperature.

These limited data suggest that the fatigue behavior of annealed
Nb—1% Zr at 650°C is about the same as that at room temperature. Cold-

worked Nb—17% Zr appears to be less fatigue resistant than the annealed
material, probably because of the reduced ductility.

Figure 5.3.2 shows the peak-to-peak stress amplitude or the stress
range for the hysteresis loops as a function of number of cycles for
Nb—1% Zr cycled at a total strain range of 1.0%. Continuous cycle tests
at room temperature resulted in cyclic softening throughout the test for
the cold-worked specimens. Under the same test condition, cyclic softening
also occurred in an annealed specimen but practically ceased after 200 to
300 cycles when a stable hysteresis loop was established. However, an
annealed specimen tested at 630°C showed a brief initial hardening
followed by a gradual cyclic softening until it reached a stable condition

at about 1000 cycles.
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The correlation between such behavior and the cyclic fatigue lifetime
is somewhat complex. However, it is reasonable to postulate that high
stress amplitude in the cold-worked specimen was a result of the cold-

worked structure that has reduced the ductility and fatigue lifetime.

5.3.4.2 Status of Cyclic Fatigue Testing of V—15% Cr—5% Ti

Fatigue tests on V15% Cr—5% Ti from the ADIP heat have been
initiated, and four tests have been completed to date. A fifth test at
650°C is currently under way. Specimens were made from 6.4-mm-diam bars,
which were annealed at 1200°C in a vacuum less than 10 uPa for 1 h before
machining. Specimens that passed inspections were then stress relieved at
the same temperature for 0.5 h. The method of testing, including the test
waveform and strain rate as described in the preceding section, was
adopted to develop a set of consistent baseline data for Path C alloys.
The test condition was altered for strain ranges no greater than 0.6%.
For these tests initial strain control at a strain rate of 4 x 1073/s was
changed to load control at a higher strain rate of 4 x 10=2/s after stable
elastic cycling was established. This reduces testing time by a factor of
about 10.

A matrix of 12 cyclic fatigue tests, as shown in Table 5.3.2, 1is being
followed. Results of completed tests are summarized in Table 5.3.3 and

also are presented in Fig. 5.3.3.

Table 5.3.2. Test Schedule@ for
v—15% Cr—5% Ti

Total Strain Range, %

Temperature
"0 20 1.0 06 04
* *
Room Temperature *
* * *
550 *
650 * * * *

Aasterisks indicate that tests are
scheduled for these temperatures and strain
ranges.
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Table 5.3.3. Fatigue Lifetime? of v—15% Cr—5% Ti
(Heat CAM=-335B-3)

Total Strain
Ran

Test
Specimen Temperatureb ge Cyclic Lifetime
o . cycles
(°c) ) (cycles)
AV 53 RT 2.0 4,345
AV S5t RT 1.0 109,125
AV 52°" RT 0.6 >2,047,000
AV 54 650 2.0 1,874
Av 554 650 0.6 >82,000

@A11 tests in vacuum of <13 pPa.
bRT = room temperature.
""Testing time exceeded 31 d, discontinued temporarily.

drest in progress.

ORNL~DW@0-12032

10
|
3 V-15% Cr-5% Ti TESTED IN VACUUM
o (HEAT NUMBER CAM-835 B-3)
= ® 25°C
. 0 650°C
[nnf
I«
o OF Nb-1% 2Zr FOR
= 25 AND 650°C
o
<]
01! i | | I I I i
103 104 105 1086 107

CYCLES TO FAILURE (W)

Fig. 5.3.3. Cyclic Fatigue Data for ¥—15% Cr—5% Ti Tested at 25 and
650°C in Vacuum. An average trend curve for Kb—1% Zr tested at 25 and
650°C is included for comparison.
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Examination of Fig. 5.3.3 shows that three room temperature data
points fell consistently above the average trend curve for Nb—1% Zr
discussed in the preceding section. The test of specimen AV-52 was
discontinued after it exceeded 2 x 10 cycles because the testing time had
exceeded 31 d with no indication of imminent failure. Alloy ¥V15% Cr—5% Ti
at room temperature appears to have better fatigue resistance than does
Nb—1%Z Zr. However, a single test conducted at a total strain range of 2%
indicated that v15% Cr—5% Ti at 650°C was less fatigue resistant than
Nb—1%Z Zr. A careful examination of the fractured specimen showed that a
slight indication of plastic instability had developed near the fracture
zone. 1t is possible that the synergistic effects of the plastic
instability from strain cycling at high strain range and the fatigue crack
propagation had accelerated the failure. Data scatter is of course
another possibility.

Unlike N¥b—1% Zr, which exhibited cyclic softening under continuous

fatigue tests, —I15% Cr—5% Ti appeared to be a cyclic hardening material
at strain ranges in excess of about 0.6%, as shown in Fig. 5.3.4. All
1000

V-15% Cr—5% Ti TESTED IN VACUUM
Ae, = TOTAL STRAIN RANGE
é=4x%10"3/5

w
[ 5°C
E Dey = 2'0%' G
w
g 600 Aep = 20%, 650°C%
S
O
2 ST 0% 5 .
« t A, = 0.6%.25°C .
& 400 t
1 —
E T B50°C
9 Aeg = 0.6%,
200 |
'TEST CHANGED TO LOAD CONTROL
AT THIS POINT FOR THIS TEST ONLY
0 | | l 1
10° 10 102 10% 104 108

NUMBFR OF CYCLES

Fig. 5.3.4. Cyclic 'Stress— Strain Behavior of V15% Cr—5% Ti Tested
at 25 and 650°C.
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tests at room temperature demonstrating cyclic hardening indicated that
strain hardening in ¥v—15% Cr—5% Ti increases monotonically as the number
of cycles increases, whereas at 650°C more stability after initial

hardening was demonstrated.

5.3.5 Conclusions

Limited data obtained to date indicated that annealed Nb—1% Zr has
about the same fatigue resistance at room temperature and at 650°C. It
was encouraging to see that three data points for V-45% Cr—5% Ti tested at
room temperature fell above the average curve of Nb—1% Zr. However, one
test datum at 650°C fell substantially below the same curve. No conclusion
will be made until more high-temperature data become available for further

evaluation.

5.3.6 Reference
1. K C. Liu, "Mechanical Property Testing of Unirradiated Path C Alloys,"

ADIP Quart. Prog. Rep. Sept. 30, 1979, DOE/ET-0058/7, pp. 141—43.
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6.1 BDEVELOPHENT OF IRON-SASE ALLOYS WITH LONG-RANGE-ORDERED CRYSTAL
STRUCTURE — €. T. Liu (ORHL)

6.1.1 AUIP Task
ADIP Task I.B.12, stress-rupture properties of special and innovative
materials, and Task |.K. 16, tensile properties of special and innovative

materials .

6.1.2 Objective

The objective of this study is to develop a unique class of high-
temperdturr alloys — ductile long-range-ordered (LRO) alloys based on
(Fe,Ni)3V — and to evaluate their potential for use as structural

naterials for fusion energy systems.

6.1.3 Summary
The iron-base LRO alloys with compositions (Fe,Ni)3V are being

developed for fusion energy applications. The alloys have excellent
high—temperature strength and good ductility and fabricability in the
ordered state. Studies of phase relations indicate that sigma phase
precipitates from the disordered solid solution (gamma) at temperatures
above the critical ordering temperature (T,). Below 7,, atom ordering
takes place in the alloys through the peritectoid reaction vy + o - Y7,
where Y~ is the cubic ordered phase (Lly-type) formed on the face-centered
cubic {fcc) lattice. The sigma phase region can he reduced or eliminated
by adding small amounts of titanium. Tensile tests as a function of
temperature indicate that the LRO alloys with base compositions show a
ductility minimum around T. However, modifying the alloys with titanium
significantly improves their ductility at elevated temperatures. The
tensile properties of the base and titanium-modified alloys are not
affected by long-term aging at 550°C. Preliminary evaluation of material
prepared by using commercially produced ferrovanadium as feed material
indicates this as a promising approach to lowering the alloy production

cost.
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614 Progress and Status

6.14.1 Introduction

Long-range-ordered alloys generally offer significant advantages
over conventional or disordered alloys for high-temperature structural
applications.!»2 This is based largely on relatively slow solid-state
diffusion processes and unique dislocation dynamics of ordered lattices.
The main difficulty limiting the use of LRO alloys is their low ductility
and fabricability in the ordered state. Recently, our work on cobalt-base
LRO alloys with compositions (Co,Fe)4Y has overcome this limitation, 3
We have demonstrated that the ductility of the ordered alloys can be
controlled by adjusting alloy composition and ordered crystal structure.
The alloys with cubic ordered structure (Lly-type} are ductile and
fabricable with tensile elongation in excess of 30k at room temperature.
Alloys with lower cobalt contents would offer the potential of higher
tritium breeding ratios, lower levels of structural activation, and lower
alloy production costs. For these reasons we are developing cobalt-free,
iron-base LRO alloys for fusion applications at temperatures to 700°C,

6.14.2 Alloy Preparation and Fabrication

The iron-base LRO alloys were prepared according to the composition
(Fe,Ni)3V. Table 611 [lists the nominal composition of the alloys we
have prepared so far. The base alloys (Fe,d1)4Y are also modified with
less than 1% Ti for further improvement in metallurgical and mechanical
properties.

The alloys LRO-35, -37, -38, -39, and 41 currently being evaluated
were made by arc melting or electron-beam melting and drop casting into a
25- by 13- by 140-mm rectangular mold. The ingots were clad in molybdenum
cover sheets and rolled to a total thickness reduction of 80% at 1100°¢C,
After breakdown by hot rolling, the alloy plates were cold rolled from
25 to 0.76 mm with an intermediate anneal at 1100°C, The as-rolled
sheets were of good quality with no indication of edge or end cracks
(Fig. 610). Thus, titanium additions do not affect the good fabrica-
bility of the iron-base LRO alloys.
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Table 6.1.1.  Alloy Composition of the Iron-Rasz Long-Range-Ordered
Alloys Currently Being Evaluated
Alloy Base Composition Ti-Modified Cf)mposition C?é;:)g?,;ta';%?r;ig
(we %) (wt %) (°c) -
LRC-15 Fe=31,0 NI-23.,0 V 670
-35 Fa—31.8 Ni—=25 W.4 Ti 690
-39 Fe—31,8 Ni—22,0 W. 9O Ti
LRO-40  P==35,7 Ni—=29 V
41 Fe—33,7 Ni—22,0 W_.9 Ti
LRO-20 #=39.5 Ni-=29 V 700
=37 Fe—=39.5 Ni—=24 W_.4 Ti 720
-38 Fe—39.5 Ni-22.0 W.9 Ti
Y-153908
Fig. 611  Alloy Sheet of LRO-37 Produced by Cold Rolling from

25 to 08 = at Room Temperature.
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6.1.4.3 Ordered Structure and Phase Relationships

The phase relationships and ordered structure in the iron-base LRO
alloys were studied by quenching and aging in the temperature range from
300 to 1200°C. Figure 6.1.2 shows the phase relationships in the base
alloy LR0O-20 {Fe—39.5% Ni—229 V) and in the titanium-modified alloy LRO-37
(Fe—39,5% Ni—2.4% v—0.4% Ti) determined by x-ray diffraction and metallo-
graphic examination. The disordered fcc solid solution (gamma phase)
existing in the LRO-20 at high temperatures was retained at room tempera-
ture on quenching from above 750°C. The gamma phase decomposes into
v *+ o in a narrow temperature range, 710 to 750°C. Below 710°C atom
ordering takes place in the alloy through the peritectoid reaction
v+ o + y°, where ¥~ is the cubic ordered phase (Lly type). The gamma
prime can also be produced by aging the quenched gamma at temperatures
below T,. The existence of sigma phase in the base alloy is not desirable
because, in some cases, the retention of sigma phase below Ta would lower

the ductility and weaken atomic order in the alloys. The sigma phase

ORNL-DWG 80-12050

PHASE RELATIONSHIPS

LRO - 20 LRO-37
{Fe—39 Ni—23 V]| {(Fe—39 Ni-22v—-04Ti

1200°C

v (DISORDERED) v

750°C l

yta

T, - 700°C { To= 720°C i

-~

+" {ORDERED)

Fig. 6.1.2. Phase Relationships of the Base Alloy LRO-20 and the
Titanium-Modified Alloy LRO-37.
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region can be substantially reduced or completely eliminated (depending on
nickel content) by adding small amounts of titanium. As indicated in

Fig. ©.1.2, the sigma phase formation is completely eliminated in LRO-37
containing 0.4% Ti. W currently adjust nickel and titanium concentration
for control of sigma phase formation in iron-base LRO alloys.

The T, was estimated from measurement of thermal expansion, x-ray
diffraction, and measurement of mechanical properties. Adding small
amounts of titanium appears to increase the critical ordering temperature.
As shown in Fig. 6.1.2 and Table 6.1.1, the T, of the titanium-modified
alloy is higher than that of base alloy by about 20°C.

6.1.4.4 Tensile Properties

Tensile properties of titanium-modified alloy LRO-37 and the base
alloy LRO-20 were determined on sheet specimens at a strain rate of
3.3 x 1073/s. Figure 6.1.3(a) shows a plot of yield strength as a func-
tion of test temperature. The yield strength of the titanium-modified
alloy, like the base alloy, increases with temperature and reaches a
maximum near T, which is about 720°C. The positive temperature dependence
of the strength makes the LRO alloys much stronger than conventional
alloys at elevated temperatures. For instance, the yield strength of the
ordered alloys reaches 400 MPa, which is about 4 times that of annealed
type 316 stainless steel at 650°C. The strength of the LRO alloys
decreases sharply above T, as a result of loss of long-range order.

Figure 6.1.3(b) compares the ductility of the base alloy LRO-20 with
the titanium-modified alloy LRO-37. Both alloys are ductile with tensile
elongation in excess of 35% at temperatures below 450°C. Above 450°C the
ductility of the base alloy LRO-20 decreases substantially with tempera-
ture and reaches a minimum of 14.6% near T,. In comparison, the ductility
of the titanium-modified alloy is much less dependent on temperature and
shows only a moderate drop near T,. The ductility minimum of the titanium-
modified alloy is 28.3% at 720°C. Thus, alloying with titanium additions
significantly improves the ductility of the iron-base alloys at elevated

temperatures.
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Fig. 6.1.3. Plot of Yield Strength and Total Elongation of the Base
Alloy LRO-20 and the Titanium-Modified Alloy LRO-37 as a Function of Test

Temperature.

6.1.45 Long-Term Aging Study

To evaluate the structural stability and mechanical properties of

iron-base LRO alloys, specimens of the base alloy LRO-20 and titanium-

modified alloy LRO-35 (F=—31.3% Ni—2.9%

w—0,4% Ti) were encapsulated in

vacuum and aged at 350°C, The tensile properties of the aged specimens

were determined at room temperature after 2000 h at temperature.

Table 6.1,2 Snows hte tensile properties of the aged material and compares

them with the properties of control material. The comparison indicates

that long-term aging at 550°C has little adverse effect on the tensile

properties of the iron-base LRO alloys.
of the aged material is in progress.

Characterization of the structure
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Table 6.1.2. Room Temperature Tensile Properties of
Long-Range-Ordered Alloys Aged 2000 h
at 550°C in Vacuum

Strength, Wa (ksi) Total
Alloy Condition? Elongation
Yield Tensile (%
LRO-20  Control 309 (44.9) 1054 (153.0) 43.8
LRO-20  Aged 336 (48.8) 1188 (172.5) 40.8
LRO-35 Control 270 (39.2) 1124 (163.1) 42.1
LRO-35  Aged 309 (44.8) 1216 (176.5) 40.3

2Control indicates no aging treatment.

6.1.4.6 Preparation of lron-Base LRO Alloys by Using Ferrovanadium

The iron-base LRO alloy currently being developed at oRNL contains
22 to 23 wt % V. The material cost of the alloys would be lowered by a
factor greater than 20 if commercially produced ferrovanadium can be used
in place of pure vanadium as feed material. The commercial ferrovanadium
generally contains 80 to 85%V and 10 to 15% Fe with impurities such as
1t 4% 0 and less than 2 &1 and Si. To study the feasibility of using
ferrovanadium, two 400-g alloy ingots of LRO-37 were prepared with
as-received and electron-beam-purified ferrovanadium. The fabricability
was then checked by hot rolling at 1100°C followed by a 50% cold roll at
room temperature. Both ingots were successfully rolled to 0.6-mm Sheets
with excellent quality. This result demonstrates that preparation of
iron-base LRO alloys with ferrovanadium does not impair their fabricability
and ductility. The evaluation of their mechanical properties is in
progress.

6.1.5 Conclusions and Future Work

The iron-base LRO alloys with compositions listed in Table 6.1.1 are
being developed for possible fusion energy applications. The LRO alloys
have excellent high-temperature strength and good ductility and fabrica-
bility in the ordered state. Alloying with less than 1% titanium
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significantly improves the metallurgical and mechanical properties of the
iron-base LRO alloys. The sigma phase with tetragonal crystal structure

Is observed in the base alloys at temperatures above T.,.
region can be reduced or completely eliminated by titanium additions.

The sigma phase

base alloys show a ductility minimum around T,; however, modification of

the alloys with titanium significantly improves their ductility at

elevated temperatures. The tensile properties of the base and titanium-

modified alloys are little affected by long-term aging at 550°C.

Our program is continuing to develop and characterize the iron-base

ordered alloys for fusion energy applications.
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6.2 THE EFFECT OF 4-rev NICKEL ION IRRADIATION ON THE MICROSTRUCTURE OF
(Fe,Ni)3V LONG—RANGE—ORDERED ALLOYS — D. N Braski (ORNL)

6.2.1 ADIP Task
ADIP Task 1.C.5, Microstructure and Swelling in Special and Innovative
Materials.

6.2.2 Objective
The objective of this research is to define the response of a new

class of (Fe,Ni)3V long-range-ordered (LrO} alloys to both neutron and ion
irradiation with the overall goal of evaluating the potential use of this
alloy class as structural material for fusion energy systems.

6.2.3  Summary
The unirradiated microstructure of (FegNi3g)3V contains a relatively

uniform distribution of small MC—type precipitate particles and large,
widely scattered islands of sigma phase. Essentially the same alloy,
except for a 04 wt % Ti addition, contained scattered inclusions with
MC-type precipitate particles decorating the dislocations at the inclusion-
matrix interfaces.

Irradiation of (FegNijyg)3V at 525, 570, 625, and 680°C with 4-Mev
(0.6-pJ) nickel ions to 70 dpa with the simultaneous injection of helium
and hydrogen produced cavities, a high density of dislocation loops, and
a redistribution of MC-type precipitate particles. The alloy remained
ordered throughout the irradiation except at s30°C, which was above its
critical ordering temperature of about 670°C. The irradiation also
produced a high density of dislocations in the titanium-modified alloy but
only a few small cavities at 525 and 370°C, Nb cavities were observed at
either 625 or 680°C. The MC-type particles precipitated in the modified
alloy at all bombardment temperatures. As the bombardment temperature was
increased, the precipitate particle size also increased. However, the
number of these particles decreased. The mechanism by which titanium
enhanced the resistance of (Feg Ni39)3V to ion damage is unclear.
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6.2.4 Progress and Status

6.2.4.1 Introduction

The relative resistance of (Fe,Ni)jV LRO alloys to radiation damage
has been studied experimentally by bombarding them with 44MeV nickel ions.
The effects of the bombardment on the microstructures of these alloys have
been evaluated by transmission electron microscopy (TEM) and will be
correlated later with results obtained from neutron (reactor) irradiation
of the same materials. This report summarizes the qualitative TEM results
for the iron-base alloy LRO-16G, which was bombarded to 70 dpa with
simultaneous injection of helium and hydrogen at temperatures of 525, 570,
625, and 680°C. V¢ will also report the effect of adding 0.4 wt % Ti on
the resistance of the alloy to radiation. The quantitative TEM results
concerning swelling, etc. will be presented and will be compared with
similar data collected for a cobalt-base LRO alloy and 20%-cold-worked

type 316 stainless steel in a later report.

6.2.4.2 Experimental Procedure

Ingots (about 0.3 kg) of two iron-base LRO alloys (see Table 6.2.1
for composition) were arc melted under argon. The molybdenum-wrapped
ingots were then hot rolled at 1100°C to a thickness of about 1 mm. The
thickness of the sheet was further reduced to about 0.6 mm by cold rolling.

Disks with 3-mm diameters were electrical-discharge machined from the
sheet and heat-treated to the ordered condition. The LRO-16G disks were

Table 6.2.1. Alloy Compositions

Content
Alloy wt % Nominal wt ppm
Fe Ni v Ti C N 0]
7L7F\;O—16G 46.0 31.0 23.0 21 106 95

LRO-35F  45.3 31.8 22.5 0.4 63 100 100
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annealed at 1130°C for 15 min, were quenched in water, and were aged in a
vacuum furnace at 605°C for 5.5 d. The LRO-35F disks were annealed at
1200°C in an attempt to avert sigma phase formation; were quenched in
water; and were aged at 650°C for 3 d, then at 600°C for 30 h, and finally
at 500°C for 60 h. Both sides of the disks were ground flat with 600-grit
emery paper, and one side of each disk was polished to a mirror finish
with vibratory polishing equipment.

The disks were bombarded in the ORNL dual ion beam facilityl with
4-MeV nickel ions to a dose of 70 dpa at 525, 570, 625, and 680°C. Helium
and hydrogen ions were simultaneously injected at levels of 8 and
28 at. ppm/dpa, respectively. The TEM specimens were prepared by electro-
polishing 0.50 * 0.15 um of material away from the polished (bombarded)
surface to reach the calculated damage layer. The polishing solution
contained 125 ml of concentrated H,50,4 and 875 ml of methanol. Then each
specimen was jet polished from the side opposite that which was bombarded,
using the same solution and a current density of about 65 kA/m2 until
perforation occurred. The TEM specimens were examined in a 120-kV

electron microscope with a eucentric double-tilt specimen stage.

6.2.4.3 Results

The composition of LRO-16G given in Table 6.2.1 may also be expressed
in chemical notation as (Feg(Nijg)3V. Its crystal structure is ordered
face—centered cubic (fcc) or Llp. The microstructure of LRO-16G before
ion irradiation (Fig. 6.2.1) consisted of about 10-nm-diam MC-type
precipitate particles dispersed in the ordered matrix and at grain
boundaries. An approximately 0,25-um zone denuded of precipitate particles
was observed on both sides of all grain boundaries. These particles have
not yet been analyzed, but similar ones in the cobalt-base alloys were VC
or V(C,N,0}, in which N and 0 may substitute for C in the precipitate
particle lattice. The precipitate particles exhibit interstitial strain
contrast as a result of the MC lattice parameter being substantially
larger than that of the matrix. Large islands of sigma phase were also
present in the microstructure, as shown in Fig. 6.2.2. The islands were

not single cyrstals but were composed of many tiny grains that were often
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Fig. 6.2.1. The LRO-16G Microstructure Before lon Irradiation.

heavily faulted. A zone denuded of precipitate particles was also
observed at the sigma phase boundary. Selected area electron diffraction
confirmed that the sigma phase had a tetragonal structure with ¢ = 0.46 mm
and ¢ = 0.88 nm, which agrees with the x-ray data for sigma phase found in
this system of alloys.2 After irradiation with nickel ions, the micro-
structure contained a high density of small dislocation loops and
dislocation segments, as shown in the micrograph in Fig. 6.2.3, which was
taken under dynamical or "two-beam" imaging conditions. When the imaging
conditions were changed to obtain kinematical conditions, numerous
cavities were observed at all four bombardment temperatures, as shown in
Fig. 624 With increasing temperature the average cavity Size increased
(Fig. 6.2.4). There was a narrow range of sizes for both 525 and 570°C
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Fig. 6.2.2. Large Isolated Sigma Phase Particle in LRO-16G Before
Ion Irradiation.

(Fig. 6.2.5), but a bimodal distribution was produced at 625 and 680°C.
0f course the wide distribution of the larger cavities was indicative of
the greater swelling that occurred in LRO-16G at the higher bombardment
temperatures. At 625 and 680°C the large cavities (Fig. 6.2.4) were
faceted, while the cavities with diameters no greater than about 10 om
were spherical. This could be an indication that the large cavities were
more "void-like" and contained less helium and hydrogen than needed to
balance the surface tension forces. Conversely, the small spherical
bubbles would then be considered "bubble-like" and may contain enough gas
to balance the bubble surface tension. This interpretation is based on
studies of bubble faceting3 and of annealing of stainless steel implanted
with helium.* The LRO-16G alloy remained ordered after 70 dpa at all
temperatures except 680°C. In this case the disordering was not caused by
the irradiation but resulted from the bombardment temperature being about
10°C above the critical ordering temperature for the alloy. At 625°C the

large cavities were coated with MC precipitate particles, as shown in the
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Fig. 623 Microstructure of LRO-16G after 70 dpa from Nickel lons
with Simultaneous Injection of 8 at. ppm/dpa He and 28 at. ppm/dpa H at
525°¢, Showing Small Dislocation Loops and Segments.

bright and dark field micrographs in Fig. 626 After comparing this
observation with the original MC precipitate particle distribution shown
in Fig. 6.21, one must conclude that the irradiation has caused their
redistribution. Redistribution of precipitate particles in alloys from
both ion and neutron irradiation has been observed by other investigations.>
The ordered alloy LRO-35F had the same composition as LRO-16G except
for an 04 wt % addition of titanium (Table 6,2,1), Furthermore, it was
examined after identical ion irradiation conditions. The effect of the
small titanium additions was quite significant. To begin with, the
unirradiated microstructure differed in that the small MC-type precipitate
particles were not nearly as uniformly distributed in the matrix, and
sigma phase was absent. Instead, there were a few large scattered
inclusions with interfacial dislocations that were decorated with tiny
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Fig. 6.2.5. Cavity Size Distribution in LRO-16G after 70 dpa from
Nickel Ion Irradiation with Simultaneous Injection of 8 at. ppm/dpa He and
28 at. ppm/dpa H.

MC-type precipitate particles, as shown in Fig. 6.2.7. The circular
patches seen in the micrograph were artifacts on the foil surfaces caused
by electropolishing.

After irradiation, the LRO-35F microstructure contained a high
density of loops and dislocation segments, as was observed in the LRO-16G
specimens. A relatively uniform distribution of MC-type precipitate
particles was also observed. The bright and dark field micrographs in
Fig. 6.2.8 show that, as higher bombardment temperatures are reached, the
dislocation density decreases, while the precipitate particles become
larger and less numerous.

A small number of cavities with diameters of about 3.5 nm was
observed in the LRO-35F specimens irradiated at 525 and 570°C. No
cavities were observed in specimens irradiated at 625 and 680°C. After
irradiation at 680°C, the LRO-35F microstructure was disordered because,
as in LRO-16G, 680°C was above the critical ordering temperature. From
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YE-11804

BF

Fig. 6.26. The Decoration of Cavities in LRO-16G Irradiated to
70 dpa from Nickel lons with Simultaneous Injection of 8 at. ppm/dpa He
and 28 at. ppm/dpa H at 625°C., (@ Bright field. <(b) Dark field using

(220) precipitate reflection.

these results we find that the 0.4 wt % addition of titanium has produced
an ordered alloy more resistant to swelling under nickel ion damage. The
mechanism whereby titanium accomplishes this improved microstructural
response to irradiation is not clear at this time.
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Fig. 6.2.7. The LRO-35F Microstructure Before lon Irradiation,
Showing MC-Type Precipitate Particles on Interfacial Dislocations.
(a) Bright field. (b) Dark field using (200) precipitate reflection.
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Fig. 6.2.8. Bright and Dark Field Images of the LRO-35F Alloy After
Nickel Ion Irradiation to 70 dpa with Simultaneous Injection of
8 at. ppm/dpa He and 28 at. ppm/dpa H at (a) 525°C (Bright Field), (b) 525°C
[Dark Field Using (220) Precipitate Reflection], (c) 680°C (Bright Field),
and (d) 680°C [Dark Field Using (200) Precipitate Reflection].
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625 Conclusions and Future Work
The addition of 0.4 wt % Ti to the base (FegiNijzg)3V LRO alloy
markedly improved its resistance to swelling under nickel ion irradiation

for the conditions used in the experiment. The mechanism whereby this
improvement was accomplished is not clear at this time.

Future work will include the quantification of the microstructural
data already collected for LRO-16G and LRO-35F and comparison of the
results with those for a cobalt-base LRO alloy and type 316 stainless
steel (20% cold worked) under the same irradiation conditions. Other ion
irradiation experiments are being planned for an iron-base LRO alloy with
composition modified t reduce formation of sigma phase. Other studies
will concentrate on establishing the role of titanium in this class of
alloys. Finally, the effects of neutron irradiation on the microstructure
of the iron-base LRO alloys will be evaluated.
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6.3 PROPERTIES OF RAPIDLY SOLIDIFIED NUCLEAR GRADE 316 STAINLESS
STEEL — K. Genssler and N. J. Grant (MIT)

6.3.1 ADIF Task
Tasks 1.B.16 and 1.B.12, Tensile and Stress-Rupture Properties.

6.3.2 Objective
The objective of this study is to investigate the mechanical pro-

perties of Nuclear grade 316 stainless steel which was structure refined
by rapid solidification (RS). Emphasis was given to the properties at
temperatures expected in the first wall of fusion systems. The pro-
perties of rapidly solidified material were compared with the proper-

ties of ingot material.

6.3.3  Summary
Nuclear grade 316 stainless steel was processed by rapid solidifi-

cation. Mechanical testing (room temperature and high temperature ten-
sile, Charpy impact, low cycle fatigue and stress rupture testing)
showed that the rapidly solidified alloy in all instances either matches
or exceeds to an important degree the mechanical properties of ingot
material; rational exceptions include long term creep at 650°C due to

the much finer grain size of the RS alloy.

6.3.4 Progress and Status

6.3.4.1 Introduction

Thermomechanical treatments for the purpose of grain refinement
face restrictions when wrought stainless steels are used. Typical re-
crystallization temperatures of 750 to 1000°C are usual. Problems of
carbide precipitation, and also of ¢ phase formation complicate grain
size control. Nevertheless, recrystallized grains as small ?S 3 um are
readily achieved, but carbides do precipitate from solution.

The purpose of this study was to investigate the properties of a
Nuclear grade type 316 stainless steel which was structure refined by
rapid solidification. Emphasis was given to mechanical properties at
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temperatures expected in the first wall of fusion systems. Hardness,
room temperature tensile, high temperature tensile, stress-rupture,
notch bar impact and low cycle fatigue properties of rapidly solidified
material were studied and were compared with the properties of ingot
material.

6.3.4.2 Production of Rapidly Solidified Alloy

Production of rapidly solidified (RS) alloy included rapid solidi-
fication by using the roller guenching technique, consolidation of
rapidly solidified foils by hot extrusion and different thermomechanical
treatments.

Nuclear grade 316 stainless steel was provided by ORNL as a bar
10 cm in diameter; it was designated as MFE Reference Heat (Heat
No. X-15893).

Rapid solidification was performed in a roller quenching
apparatus.* Material was melted in an argon atmosphere using induction
melting. A fine stream of molten metal was rapidly solidified in con-
tact with two counter-rotating rolls. Obtained foils were typically
75 to 100 ym thick and 5-10 cm long. The estimated cooling rate was
10°
dendrite arm spacing of 2 ym. Foils were cold compacted to obtain a
billet and then heated in the range 1040-1080°C and extruded. The re-

duction of area was 30:1 resulting in a 1.3 cm diameter bar.
The RS extruded material with a 16 ym equiaxed grain size was sub-
jected to various thermomechanical treatments (IMIS), in part because

to ]£§%C/sec. The alloy solidified dendritically with secondary

the 30:1 extrusion ratio results in insufficient hot work to guarantee
a structure which will not show small delaminations during mechanical
testing.

6.3.4.3 Mechanical Testing

Room temperature tests were run on an Instron Machine at a constant
crosshead speed of 0.13 cm/min. High temperature tensile tests were run
at 400°, 500° and 650°C on a Riehle testing machine using a Satec power
positioning furnace and Satec temperature controller. Charpy impact
tests were performed at room temperature on a Tinius Olson Machine with
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a linear hammer velocity at the instant of striking of 4.21 cm/sec.
Constant load stress rupture tests were run at 650°C using a flexible
load train and simple lever arm type frames. Low cycle fatigue test-
ing was performed at 400° and 650°C on an MTS model 10.1X 103 kg
servo-hydraulic fatigue machine.

Different processing conditions are summarized in Table 6.3.1 and
include as received ingot material, rapidly solidified (rRs) and
extruded (Extr) material, and RS material subjected to different thermo-
mechanical treatments (IMIs). Thermomechanical treatments comprised
swaging (60% CW) and heat treatments at temperatures of 940°, 1040 and
1090°c followed by water quenching (wQ).

Table 6.3.1. Processing Variables of Nuclear Grade
316 Stainless Steel

Treatment Grain Size
Designation Processing Condition (um)

1 RS + Extr 16.0

2 RS + Extr + 62% cW + 940°c, 1/2 hr + WQ 9.6

3 RS + Extr + 62% CW + 1040°C, 1/2 hr + WQ 12.0

4 RS + Extr + 62% CW + 1090°C, 1/2 hr + WQ 16.0

5 HRAP iIngot material 68.0

TMT with heat treatment at 1040°C resulted in the best combination
of strength and ductility. Therefore, mechanical tests, except for low
cycle fatigue and Charpy impact testing, were carried out in this TMT
condition. Low cycle fatigue and Charpy tests were performed on
material in the as-extruded condition. Ingot material was tested in
the as-received, solution treated condition.

Rockwell hardness, grain size and room temperature tensile pro-
perties of Nuclear grade 316 stainless steel for several processing
conditions are shown in Table 6.3.2. High temperature tensile pro-
perties are shown in Table 6.3.3. It follows that properties of RS
material are not only considerably higher than those of ingot material
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but also higher than those reported by other investigatorswho achieved
the same grain size by TMTs only." These results are attributed to
better use of solid solution strengtheners in RS material. Hardness
and tensile properties are shown to depend on grain size. Strength
values increase with decreasing grain size while ductility remains high
and decreases only slightly. A straight line relationship has been
observed when plotting vs and UTS versus elongation for the ingot
material and RS and cold worked material which was annealed at 9307,
1040" and 1030°C. In testing at 400-650°C, It was possible to relate
yield strength and test temperature for as-received ingot and RS
material; the slopes for both processing conditions are almost the same
indicating that the strength improvements are retained throughout the
temperature range of 400-650°C.

Stress rupture properties of ingot material and RS materials at
650°C are shown in Figure 6.3.1. The RS material is stronger than
ingot material at short rupture times; however, long term creep data at
650°C confirm that the fine grain size of the RS alloy is weaker than
the much coarser ingot product. On the other hand, the normal grain
boundary embrittlement of the ingot product in creep rupture tests at
650°C is absent in the RS alloy. As shown in Figure 6.3.1, the ingot
product follows a normal pattern of decreased elongation, 44% at short
rupture times and 8% at approximately 500 hr. rupture life. RS material
with fine grain size and refined structure shows a much smaller de-
crease in elongation, from 45% to 25% for comparable rupture times (a
similar trend may be observed in the RS material as a function of grain
size). This ductility behavior may be an important feature in subse-
quent irradiation testing wherein the absence of other embrittling
factors may be critical.

Charpy impact properties were examined at room temperature as we
are interested only in the temperature range of ductile fracture.

These tests revealed delamination of RS material which was not thermo-
mechanically treated. Despite delamination problems, Charpy impact
values were of the same order as those of ingot material. It is there-
fore reasonable to assume that the thermomechanical treatment would
yield higher Charpy impact values.
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Figure 6.3.1. Stress Rupture Data of Nuclear Grade 316 Stainless
Steel. Log Stress versus Log Rupture Life at 650°C.

Figure 2 shows the low cycle fatigue (LCF) properties of ingot
material and splat cooled material at 650°C. LCF properties of RS
material at 400° and 650°C improved considerably for low level of plas-
tic deformation close to the fatigue limit, but were not better for
large plastic deformation, where stress levels are high. This may be
due to the fact that LCF is essentially a process of stage II crack

3 As plastic

propagation and as such does not depend on grain size.
deformation decreases, the amount of stage I crack initiation as a
fraction of total life also increases, thus LCF properties become

more grain size dependent, and result in a higher endurance limit for
the RS material. Close examination of the crack initiation sites shows
that stage T microcracks extend only over the length of the grain size

for both ingot and RS material.
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Figure 6.3.2. Low Cycle Fatigue Data of Nuclear Grade 316
Stainless Steel. Total Strain as a Function of Number of Cycles to
Failure at 650°C.

6.3.5 Conclusions

A Nuclear grade type 316 stainless steel was processed by rapid
solidification at an estimated cooling rate of 105°C/sec. The alloy
solidified dendritically with a secondary dendrite arm spacing of 2 um
and recrystallized to a 16 ym equiaxed grain size during subsequent
extrusion at 1050°¢. To avoid longitudinal delamination, the RS and
extruded material was thermomechanically treated at three different
temperatures resulting in three different grain sizes.

Hardness, room temperature tensile properties and high temperature
tensile properties were considerably higher than those of ingot material,
and also higher than those of other investigations which achieved the
same grain size by thermomechanical treatments alone.

Charpy impact values were of the same order of magnitude as those
of i1ngot material although delaminations were observed on the fracture
surface of RS material due to limited amounts of hot work.

RS material is stronger than ingot material at short rupture times

at 550°C; long term creep data confirmed that the fine grain size of
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the RS alloy is weaker than the coarse ingot material. However, the

normal grain boundary embrittlement of the ingot product is absent in
the RS product.

L.CF properties of RS material at 400° and 650°C were improved con-

siderably for low level of plastic deformation close to the fatigue

limit but were not better at high stress levels.
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6.4 OPTIMIZATION OF STRUCTURE AND PROPERTIES OF PRIME CANDIDATE
ALLOY (pca) BY RAPID SOLIDIFICATION —J. Megusar, L. Arnberg,
J. B. Vander Sande and N. J. Grant (MIT)

6.4.1 ADIP Task
Tasks I.C.5 and 1.B.12, Microstructure and Swelling and Stress

Rupture Properties of Special and Innovative Materials.

6.4.2 Objective
The objective of this study is to show the potential of rapid

solidification in optimizing the structure and properties of Path A
Prime Candidate Alloy for use as a structural material for fusion
energy systems. Samples of rapidly solidified and thermomechanically
treated Path a-1 and Path A-2 alloys have been included in alloy

development irradiation experiments.

6.4.3 Summary
A high density of heterogeneous nucleation sites for helium trap-

ping was provided by reducing the grain size, by increasing the TiC
content and surface area and by controlling the dislocation structure

by rapid solidification and subsequent thermomechanical treatments.
Thermomechanical treatments were developed which resulted in higher
strength and elongation in stress rupture testing at 630°C than in a

20% cold worked reference state. While rapid solidification allowed for
a controlled TiC precipitate size, density and distribution, coarsen-

ing may effectively limit the applications of TiC dispersion strengthened
austenitic stainless steel at higher irradiation temperatures.

6.4.4 Progress and Status

6.4.4.1 Introduction

Rapid solidification of alloys allows a degree of manipulation
of composition and microstructure which is unattainable by other alloy
preparation methods.! Fine grained material containing fine second

phase particles and inclusions are obtained. The uniformity of com-
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position and ease of attaining highly supersaturated solid solutions
in rapidly solidified alloys allow for control of precipitate number
densities, sizes and interface structures. An alloy designed to

resist swelling should contain a maximum number of heterogeneous helium
trapping sites such as dislocation cores, grain boundaries and
matrix/particle interfaces.

Rapid solidification and subsequent thermomechanical treatments
were used to optimize the structure and properties of Path A PCA alloy.
In addition, the amount of carbon and titanium in the original Path A
PCA alloy has been doubled since it has been shown? that TiC carbides
are preferred sinks for accomodating helium in comparison with dis-

locations and other precipitate phases in 316 type stainless steel.

6.4.4.2 Production of Rapidly Solidified Alloys

PCA alloy was provided by ORNL as a 10 c¢cm diameter bar; it was
designated as Path A-1 alloy after rapid solidification. Path A2 alloy
was prepared by adding extra titanium and carbon to PCA alloy to approxi-
mately double the TiC content (0.081%C, 0.60%T1i).

Rapid solidification was performed in a roller quenching

3 Material was melted in an argon atmosphere using an in-

apparatus.
duction melting unit. A fine stream of molten metal was rapidly
solidified in contact with two counter-rotating rolls. Obtained foils
were typically 75 to 100 um thick and 5-10 c¢m long. The estimated
cooling rate was 105-106°C/Sec.

Consolidation of RS foils was performed by hot extrusion. Foils
were cold compacted to obtain an 85%dense billet and then heated in the
range 1040-1080°C and extruded. The reduction of area was 30:1 result-
ing in a 1.3 cm diameter round bar.

The RS and extruded material was subjected to various thermomechan-
ical treatments (TMTs) which included swaging of the as extruded bar to

60%R.A. with subsequent annealing in the temperature range 650-1000°C.

6.4.4.3 Stress Rupture Properties
The following TMTs were selected for the RS and extruded Path A-1

and Path A2 alloys based on the recrystallization results and the
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results from TEM studies: i) 60%CW * 850°C, 1/2 hr. (annealed);
ii) 60%CW + 700°C, 1/2 hr. (recovered); iii) 60% CW + 850°C,
1/2 hr. * 20% CW (cold worked). The latter would serve as the reference
state since the 20% ON condition is so designated for the fusion alloy
development program.

As shown in Figure 6.4.1, the Path A-~l1 alloy recovery annealed at
700°C shows the highest values of stress rupture strength at 650°C;
the bottom curve corresponds to Path A-1 which was annealed at 850°C
(recrystallized) and the curve in the middle corresponds to 20% CW con-
dition. Path A-1 recovered at 700°C has significantly superior rupture
strength and higher ductility at rupture in the preirradiated condition
when compared with the reference 20% CW state. The stress rupture
curve for Path A-2 annealed at 850°C lies, as expected, slightly above
the curve for Path A-1 alloy; the elongation values at rupture are

comparable for both alloys.

Numbers are % total elongation
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Figure 6.4.1. Stress rupture data for Path A-1 and Path A-2
alloys. Log stress versus log rupture life at 650°C.

Path A-1 annealed at 850°C after 60%CW shows relatively high

elongation at the longest rupture life; this is due to a fine recrys-
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tallized grain size. All stress rupture specimens tested at 650°C
showed a ductile fracture. Experiments were designed to determine the
effect of grain size on the strength and ductility; based on these
results and the results of the irradiation testing (currently in pro-
gress) an optimum grain size will be developed by choosing an appro-

priate TMT for this rapidly solidified material.

6.4.4.4 Microstructure of RS and Extruded Path A-1 and Path A-2 Alloy

The microstructures were examined by TEM using a Siemens Elmiskop
101 and by STEM (Vacuum Generators HB5) equipped with an energy dis-
persive X-ray detector and an energy loss spectrometer. The size dis-
tribution of carbide particles was determined using a computerized
image analyzer.

TEM showed that RS, hot extruded Path A-1 and Path A-2 alloys
which were subsequently 60% Cw and annealed for 1/2 hr. at 850°C had
a fully recrystallized structure with an average grain size of 10 pm.
Titanium carbide precipitates appeared to be distributed randomly in
the austenitic matrix and there was no preferential precipitation at
the grain boundaries.

The grain boundaries were carefully analyzed in situ in the
STEM for compositional variations. The results of energy dispersive
X-ray analysis of the grain boundary and the areas adjacent to the
grain boundary indicated no segregation at the grain boundary.

Precipitate particles have been analyzed in situ in the STEM.
Preliminary results showed carbon and titanium. No nitrogen peaks
were detected in the energy loss spectra and the X-ray spectra from the
precipitates did not show sulphur.

Measurements of the volume fraction of TiC in Path A-1 (annealed)
showed that approximately 25% precipitated during hot extrusion as a
somewhat coarser TiC and the remaining 75% precipitated during subse-
guent thermomechanical treatment as a much finer product. The median
size of TiC particles was 160 A (Figure 6.4.2) and the particle number
density was 900 um—3. Some particles were aligned on {111} planes.

TiC particles in Path A-2 alloy (fully annealed) were slightly coarser
because a billet was held longer at the extrusion temperature due to
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Figure 6.4.2. TicC particle size distribution in Path A-1
alloy (annealed).

problems arising during the extrusion process. If all the carbon is
precipitated as TiC the volume fractions are 0.38 and 0.68% for Path A-1
and Path A-2 alloy, respectively.

The recovery annealed structure of Path A-1 alloy showed a small
cell structure (Figure 6.4.3); annealing for 1/2 hr. at 70¢°¢ promoted
recovery of the dislocation network to a cellular structure with a
typical cell size of 0.2 um.

6.4.4.5 Microstructure of RS Foils of Path A-1 and Path A-2 Alloy

The microstructural ctaracterization has been extended to include
RS foils of Path A-1 and Path A-2 alloy which were prepared by the
roller quenching technique. The purpose of this study was to fully
demonstrate the different options which are available in optimizing
the structure and properties of the Path A Prime Candidate Alloy by
using rapid solidification technology.
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Figure 6.4.3. Bright-field TEM micrograph showing a small cell
structure in recovery annealed Path A-1 alloy.

Foils were cold rolled to 407 reduction in thickness and sub-
sequently annealed for 1/2 hr.at 700°C. The carbide size distributions
were analyzed by dark field electron microscopy of the unrecrystallized
region using (200)Tic reflection. TiC particles (Figure 6.4.4) in
Path A-1 alloy precipitated coherently in the austenitic matrix. Their
average diameter, as measured, was 22 A and their distribution was ran-
dom. Examination of the carbide size distribution in RS foils of
Path A-2 alloy showed similarly random distribution of coherent TiC
particles with slightly larger diameter (31 2.

The carbide size distributions in RS foils (Figure 6.4.4) are
considerably smaller than the carbide size distributions in RS and
extruded material (Figure 6.4.2). 1If desired, it should be possible
to reduce the size of TiC precipitates in RS and extruded Path A-1 and
Path A-2 alloys by lowering the extrusion temperature and by choosing
appropriate TMTs and to control the carbide particle size within the

range of 20 to 100 R diameter.

R
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Figure 6.4.4. Dark-field TEM micrograph showing coherent TiC
precipitates in RS foil of Path A~1 alloy which was 40% cold rolled
and annealed 1/2 hr. at 700°C.

6.4.4.6 Stability of TiC Precipitates

It has been shown, based on a modeling approach,“ that the sta-
bility of a dispersion of stable particles under irradiation may be
affected by factors including thermal coarsening and resolution due
to radiation recoil. At higher irradiation temperatures thermal

coarsening becomes a dominant mechanism, based on a modeling approach.
Experiments showed a similar result, namely, that coarsening of TiC

precipitates limits the use of TiC dispersion strengthened 316 stain-
less steel at higher temperatures under irradiation conditions.* Con-
sequently, this research has been extended to prepare AlZO3 dispersion
strengthened 316 type stainless steel and to study the effect of A1203
particles on the high temrerature strength and swelling resistance.

6.4.5 Conclusions and Future Work

The structure and properties of Path A Prime Candidate Alloy have
been optimized by rapid solidification and subsequent thermomechanical

treatments.
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A high density of heterogeneous nucleation sites for helium trapping
was provided by reducing the grain size, by increasing TiC content, and
by controlling the dislocation structure. These structural modifica-
tions are expected to have an effect on swelling and high temperature
strength and ductility of Path A alloys under irradiation.

Thermomechanical treatments were developed which resulted in
higher strength and elongation than in a 20%cold worked reference
state in stress rupture testing at 650°C.

While rapid solidification allowed for a controlled TiC precipitate
size, density and distribution, coarsening may effectively limit the
application of TiC dispersion strengthened austenitic stainless steel
at higher irradiation temperatures. Consequently, this research will
be extended to study the effect of A1,0, dispersion on high tempera-

273
ture strength and swelling resistance of rapidly solidified Path A alloy.
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7.1 PROCUREMENT AND CONVERSION OF THE NATIONAL FUSION-FERRITIC STEEL
PROGRAM 12Cr (HT-9) HEAT - R. D. Stevenson, B. E. Thurgood, and
S. N. Rosenwasser (General Atomic Company)

7.1.1 ADIP Task

The Department of Energy (DOE)/Office of Fusion Energy (OFE) has
stated the need to investigate ferritic alloys under the ADIP program
task, Ferritic Steels Development (Path E).

7.1.2 Objective

The primary objective of the General Atomic Fusion-Ferritic Program
is to establish the feasibility and develop the procedures for the weld-
ing and fabrication of 9-12Cr steels for use in the first wall and
blanket structures. An additional objective is to develop the method-
ology for the management of fracture safe design in the use of ferritic
steels in fusion, including the generation and analysis of pertinent,
unirradiated property data. In order to carry out these tasks, and
others in the national program, it is necessary to procure a large heat
of 12Cr-TMo-0.3V steel.

7.1.3  Summary
A 3,830 kg (8,440 Ib.) slab of 12Cr-1Mo-0.3V steel was fabricated

into four different plate thicknesses for use by the National Fusion-
Ferritics Steel Program. Details of the conversion are discussed in
this progress report.

7.1.4 Progress and Status

7.1.4.1 Introduction

A 14,750 kg (32,500 Ib.) heat of 12Cr-1Mo-0.3V steel was poured
at Electralloy Corporation for the National Fusion-Ferritic Steel Pro-
gram (Ref. 1). Shown in Table 7.1.1 are the chemistry specifications
of the heat, the Electralloy ladle test-pour analysis and the check
analysis performed on the ladle test-pour by Combustion Engineering of
Chattanooga, Tennessee. Also included are specifications and other
chemistries for comparison.
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Of all the major elements analyzed by Electralloy in the fusion
12Cr heat ladle test-pour, the phosphorus level (0.020) came closest
to the specification (0.020, max). The chemistry check made by Combus-
tion Engineering on the same ladle test-pour indicated a lower value
of 0.016. This determination was made by the molybdenum-blue method,
which is very accurate for phosphorus determinations. Thus the phos-
phorus content of the 12Cr-1Mo-0.3V Fusion-Ferritic Steel heat is
below its maximum specified level.

7.1.4.2  Conversion of Slab of 12Cr-1Mo-0.3V to Plate

Slab #9-607-2-2-1, measuring 20.3 cm (8") x 96.5 cm (38") x 251.9
om {99.2"), and weighing 3,830 kg (8,440 Ib.) was delivered to Jessop
Steel Company in Washington, Pennsylvania, after being given a 10 day
cooling period after pouring at Electralloy Corporation in 0il City,
Pennsylvania. Figure 7.1.1 shows a flow chart for the conversion that
fol lowed.

At Jessop, the slab was heated to 1200°C {2192°F) in a furnace with
an oxidizing atmosphere. The slab was held at this homogenization tem-
perature for three hours in order to insure a temperature of 1200°C
(2192°F) at the center of the slab for at least one hour. This was
done to homogenize any micro-segregation that may have been present
after the slab cooled from the molten state. The chemistries of the
ends of the slab showed that macro-segregation was not a problem (Ref.
1). The slab was then allowed to cool to 1010°C {1850°F) and was taken
to the rolling mill to be reduced (Figure 7.1.2). The reversible four
high rolling mill at Jessop has a 280 cm (110") working face on the 76
can (30") diameter working rolls (Figure 7.1,3{a)}. The 20.3 cm (8")
slab was reduced down to 12.7 om (5") thick in about six passes. At
this point the slab was about 403 on (160") long.

After the initial reduction, the slab was cut into three billets
as follows:

i) one billet to be rolled down to 15.9 mm {5/8") thick

ii) one billet to be rolled down to 28.6 mm (1.25") thick

iii) one billet to be rolled down to 38.1 mm (1.5") thick



195

8 x 38 x 99"
Starting Slab

Homogenize

Reduce to
5 x 38 x 160"

Cut into 3 Billets

Surface Grind

| |

Cross Roll Cross Roll Cross Roll
and Reduce and Reduce and Reduce
to 2.5 x 69" to 2.5 x 52" to 2.5 x 52"
Reheat Reheat Reh%at
Reduce to Reduce to Reduce to .
1.125 ¥ 69" 1.5 x 52" 0.625 x 52"
Heat 'Treat Heat Treat Heat Treat
Level Level Level
Descale Descale Descale
uT uT uT
— | ‘
1.125 x 69" Reduce to Reduce to Liiggér;_gzi.
’ 0.125 x 69" 0.375 x 52"
|
Heat Treat
Leve
Descale
|

Cut to 'Lengths
Dip iickle

Figure 7.1.1  Flow chart for conversion of 12Cr slab to plate and sheet
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TOP BACKING UP ROLL

SOLID LINE SHOWS TOP WORKING ROLL
PIECE BEING ROLLED ™

BOTTOM BACKING UP ROLL

Figure 7.1.2 Schematic of four high rolling mill as used by Jessop
Steel Company (Ref. 2)
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(b)

Figure 7.1.3 Photographs of (a) Jessop 280 an (110") four high rolling
mill, and (b) a 6.3 an (2.5") thick plate of 12Cr-1Mo-0.3V
steel being placed on a rolling mill bed after being re-
heated to 1010°C (1850°F)
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After cooling the slabs to 150°C, they were surface conditioned
(ground) to remove scale and surface inhomogeneities. Then the slabs
were placed back into the furnace and held at 1010°C (1850°F) for 1-1/2
hours. This temperature {1010°C) was selected as the rolling tempera-
ture because it was thought that the billets could be rolled from 12.7
on thick down to 1.59 on thick without intermediate reheating. This
would result in a fine grain size.

The next step in the rolling involved cross-rolling the billets to
132 on (52"). The reason for the cross-rolling was to reduce the amount
of texture and inhomogeneities in the plates. The 28.6 mm (1-1/8")
plate was accidently cross-rolled to a width of 175.3 an (69"). After
reduction down to about 6.3 an {2.5"), the billets had cooled to a tem-
perature too low to reduce them further without danger of cracking or
overloading the mill. The billets were reheated to 1010°C {1850°F) and
were brought back to the rolling mill one at a time (Figure 7.1.3(b))
for further reduction.

The 15.9 mm (0.625") plate was reduced to size without any prob-
lems. The 28.6 mm (1.125") and 38.1 mm (1.5") plates both turned upward
as they left one side of the working rolls (Figure 7.1.4(a)). This is
a common occurrence in rolling some alloys and is corrected by cross-
rolling with no reduction (Figure 7.1.4(b)). After the three billets
were reduced down to 15.9, 28.6, and 38.1 mm, respectively, they were
given a stress relief heat treatment of 740°C (1364°F) for 30 minutes
followed by an air cool. They were then sent to a leveler mill and
leveled to meet ASTM Spec. A480 (Table 9 for sheet, Table 20 for plate).
Next, they were blasted with iron shot to remove scaling. After the
descaling, the surface finish was sufficiently clean to allow ultra-
sonic inspection (UT) to take place.

The UT inspection of the plates was performed by Peabody Testing
using ASIM Spec. A-578-78 as a basis with their own modifications and
acceptance criteria. Their method was approved by General Atomic's
Quality Assurance Department prior to the testing. Since reliable UT
inspection of plate under 15.9 mm (0.625") is not feasible, the inspec-
tion for the final thicknesses of 3.2 mm (0.125") and 9.5 mm (0.375")
were respectively performed on pieces 28.6 mm (1.125") and 38.1 mm
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(b)
Figure 7.1.4  Photographs of turned up plates of 12Cr-1Mo-0.3V steel ga)

coming out of working rolls, and (b) turned sideways be
being straightened

ore
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(1.5") in thickness, prior to further reduction.

The 28.6 mm (1.125") plate was then cut into two pieces, one to be
rolled down to 3.2 mm (0.125"), and one to be left at a thickness of
28.6 mm (1.125"). The piece to be rolled down to 3.2 mm (0.125") and
the 38.1 mm (1.5") billet [to be rolled down to 9.5 mm (0.375")] were
reheated to 1010°C (1850°F) and then rolled without any problems. The
plate, 9.5 mm, and the sheet, 3.2 mm, were then annealed, leveled, and
blasted as before. A1l the plates and sheets (3.2-28.6 mm) were then
cut into 122 cm (48") lengths and given a dip-pickle finish.

7.1.5 Future Work

The plates and sheets will be characterized by chemistry, mechan-
ical properties (tensile and charpy), and microstructure. Both inter-
and intra-plate variations in properties or microstructure will be
assessed. MWelding test plates will be cut from the large plates and
General Atomic's parametric welding study will commence. Materials re-
quested by the other program participants will be distributed.

7.1.6 References

1. Lechtenberg, T. A., R. D. Stevenson, S. N. Rosenwasser, B. E. Thur-
good and L. D. Thompson, "Procurement of National 12Cr Heat and
Evaluation of Welding Procedures for Irradiation Specimens," from
Alloy Development for Irradiation Performance, Quarterly Progress
Report for Period Ending March 31, 1980, DOE/ER-0045/2, pp. 109-
12

2. The Making, Shaping, and Treating of Steel, U.S. Steel Co., Pitts-
burgh, Pennsylvania, 9th Edition, 1971, p. 610.




201

7.2 THE FRACTURE PROPERTIES OF A TEMPER EMBRITTLED 12Cr-1Mo-0.3V STEEL
T. A. Lechtenberg and S. Helfrich (General Atomic Company)

7.2.1 ADIP Task

The Department of Energy (DOE)/Office of Fusion Energy (OFE) has
stated the need to investigate ferritic alloys under the ADIP program
task, Ferritic Steels Development (Path E).

7.2.2 Objective
The primary objective of this study is to evaluate the irradiated

"worst-case" fracture properties of 12Cr-1Mo-0.3V steel by inducing tem-
per embrittlement. The lower shelf energies of embrittled material
would give a lower boundary on energy to cause fracture for this material
and would enable the estimation of critical flaw sizes, in advance of
the availability of pertinent fracture properties on irradiated material.

7.2.3  Summary
Dynamic fracture toughness, as measured by precracked and instru-

mented Charpy V-notch specimens, and standard Charpy V-notch tests were
performed at temperatures from -192" to 207°C on material in two con-
ditions. Material was austenitized for 1 hour at 1000°C, air cooled,
and tempered at 650°C for 1 hour; and austenitized and tempered for 1

hour at 1000°C and 650°C and air cooled, and subsequently aged at
550°C for 100 hours. The aging was done at a temperature known to

cause temper-embrittlement in this class of steels (1,2,12). Optical
metallography of the microstructure and X-ray analysis of extracted
carbides are presented. Fractography to relate the mode of fracture
with energy absorbed, and a more complete microstructural evaluation
continues and will be presented in the next ADIP quarterly.

7.2.4 Experimental Procedure

Material was obtained from the National Breeder Material Stock-
pile (Heat #31354) at HEDL in the form of 1-5/16" diameter rod. The
chemistry is given in Table 7.2.1. As-received material had been heated
to 1150°C for at least an hour, then hot worked with reheats to 1150°C
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between each pass, and slow cooled, with a subsequent temper of 750°C

for 1 hour with an air cool.

Table 7.2.1. Chemistry of Material* (wt %)

0.21 |12.09 | 1.02 | 0.33 |0.54 | 0.58 | 0.50 | 0.21 | 0.008 | 0.003

Specimen blanks were cut from this rod and all material was wrapped in
stainless steel foil for protection prior to heat treatment. The heat
treatment temperature was carefully monitored by attaching a thermo-
couple to a blank. When the surface reached temperature (~5 min}), the
material was held for one hour and then cooled in air. Hardness was
determined using a Kentrall Hardness Tester after successive water cooled
grindings. Specimens for metallography were cut with a water cooled
friction saw, mounted in Bakelite, ground with successively finer grit
paper, and polished to a 0.25 um finish with diamond abrasive. Several
etches were used. An etch of composition 65 ml H20, 65 m1 HC1, 15 ml
Acetic Acid, 15 ml HNO3 was used electrolytically at 0.75 volts for

1 min to determine prior austenite grain size. For general microstruc-
ture, 10 ml HF, 5 ml HNUS, 85 ml HZO reagent gave the clearest results.
Villela’s Reagent was used but with less success. Sometimes a sequence
of several etches and repolishing revealed features more clearly than a
single polish and etch. X-ray analyses were performed using Cu Ka
radiation and a Gunier camera on carbides extracted in a 10%HCI-metha-
nol electrolyte. Estimates of relative weight percentages of carbides

were also determined.

7.2.% Determination of Heat Treatment

Figure 7.2.1 shows the effect of austenitizing temperature On the
Rockwell hardness of 12Cr-1Mo-0.3V held at temperature for 1 hour and
then air cooled. Included on this graph are the ASTM grain size numbers
determined by comparison at 100X to a standard template. The as-quenched

*halance iron.
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Fig. 7.2.1. Effect of austenitizing temperature on the as-quenched
hardness of a 12Cr-1Mo-0.3V steel (austenitizing time
was 1 hour)



204

hardness of a steel is primarily due to the carbon content of the alloy
(3,4,5). After 1 hour at 900°C, the as-quenched hardness is RC 23. It
increases to Rc 41 at 950°C. This is due to the dissolution of ferrite
and carbides which exist at 900°C. This temperature is very close to
the A3 phase transition line to austenite (6). This was confirmed by
optical metallography with the presence of ferrite in the microstructure.

Figure 7.2.2 shows a diffraction interface contrast photomicrograph
with areas of ferrite lacking carbides. Most of the increase in hardness
was due to the dissolution of ferrite although some larger carbides also
dissolved which are shown in Figure 7.2.2. At 1000°C, the hardness in-
creased to RC 46 and remained nearly constant at 1050" and 1100°C. This
indicates that all phases present are stable in this temperature regime
after 1 hour.

Figure 7.2.3 shows optical micrographs of the specimens air-cooled
from 900°, 9507, 1000°, and 1100°C. The microstructure resembles a
collection of needles, typical of acicular martensite. A closer exami-
nation showed some small, round features assumed to be carbides. An
X-ray analysis is continuing. A one hour 1000°C austenitization treat-
ment was chosen because the hardness did not increase above that temper-
ature. This would ensure the maximum amount of carbon in solution avail-
able for precipitation upon tempering to a stable carbide, yet the small-
est grain diameter. N areas of ferrite were observed after a careful
examination of the microstructure. Specimens were tempered at 650°C
for 1 hour to ensure complete precipitation, then half were aged at
550°C for 100 hours. This temperature has been shown to cause temper
embrittlement in 12Cr steels. This is the segregation of tramp elements,
such as P, As, Sn, to prior austenite grain boundaries which cause
decohesion during fracture. At the end of each treatment, the hardnesses
were Rc 22.

X-ray analyses were performed on material as-quenched (AQ) ; AQ
and 650°C tempered; and AQ, 650°C tempered, and 550°C aged for 100 hours.
The results are given in Table 7.2.2.



205

Fig. 7.2.2. 12Cr-1Mo-0.3V steel after 900°C for 1 hour and air-cooling
showing undissolved carbides (large black area) and areas
of undissolved ferrite (arrows). Etchant was 10% HF, 5%
HNO, 85%HR0



Fig. 7.2.3. Optical photomicrograph of 12Cr-1Mo-0.3V etched in 10% HF ,
5% HNOB, and 85% Hy0 shown after austenitizations at

(a) 90 (b) 950°, (c) 1000°, and (d) 1100°C
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Condition Carbide Amount (Wi %)
1000°C, 1 h, air-cool M23(.‘6 0.86
1000°C, 1 h, air-cool
650°C, 1 h, air-cool M23(:6 2.19
1000°C, 1 h, air-cool
650°C, 1 h, air-cool M23(:6 2.65
550°C, 1 h, air-cool

As seen in the microstructure, the as-quenched martensite did yield
some undissolved M,4Ce 0.86% by weight of the sample. A high tempering
temperature of 650°C yielded the same M,.C. carbide at 2.19 wt % and

after 550°C for 100 hours, 2.65 wt %, azgrr?all amount more precipitated,
confirming that the 650°C temper condition was nearly stable. This
stability was found previously after a 780°C temper and subsequent aging
for 80,000 hours at 600°C (8). Figure 7.2.4 shows photomicrographs of
the as-quenched, tempered, and temper-embrittled microstructures. Figure
7.2.4(a) shows as-quenched microstructure. Figure 7.2.4(b) shows the
650°C temper, and Figure 7.2.4(c) the 650°C temper with the 100 hour
aging at 550°C. There is a difference between the two tempering treat-
ments in the carbide size and distribution. The morphology of the 650°C
temper M,,C. carbides is spherical and resolvable with optical techniques.

2376
The 100 hour aged microstructure appears to have a fine distribution of

carbides as well as the spherical precipitates. Presumably these five

carbides are the M23C6 type seen in the X-ray data. Scanning electron
microscopy and EDAX is in progress.

7.2.6 Fracture Data

Charpy impact specimens were machined from material in the tempered
and tempered-aged conditions. Some from each were precracked such that
0.45 <%/W<0.55 where a is the crack length and W is the width of the
specimen. The final 10%of crack length was grown at a stress intensity,
K, , of 33 WPa-m?, The specimens were fractured dynamically on a Dynatup
instrumented impact pendulum tester with an ETI 300 microprocessor.
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The energy absorbed during fracture is calculated and normalized for
crack length. The load at which dynamic yield occurs is used to calcu-
late a stress intensity factor, KQ’ which may be considered plane strain
where (1) the load strain trace shows a sharp peak indicating little
plastic deformation, and (2) after visual inspection of the specimen
indicates little plasticity. |If these criteria are fulfilled, the value
may be called KId and used to calculate critical flaw sizes (7). The
specimens were fractured at temperatures from -200"" to 300°C. The data
plotted in Figure 7.2.5 and is given in Table 7.3.3.

*

K1g  (Mpa-m?)
Test Temperature (°C) Embrittled Unembrittled

-200 16.0 27.6
-60 35.2 35.8
-30 38.6 66.2

0 30.9 81.7

20 59.6 96.5

65 85.0"" 133.5
100 95.4* 129.1*
185 125.8* 145.7*
310 126.7* 139.6*

The resulting curves have taken the familiar S-shape associated with the
transition from a ductile to a brittle fracture mode. The curve asso-
ciated with temper embrittlement is lower and to the right of the un-
embrittled material. The ductile-to-brittle transition temperature (DBTT)
is shifted upward 80°C. This is defined as the temperature halfway be-
tween the upper and lower shelf. Also the fracture energies to cause
dynamic fracture are lower on the upper and lower shelves. At -200°C,

*Those values denoted by an * did not fail in plane strain stress
state and are apparent dynamic stress intensity values, Ka'
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the KId of unembrittled material is 28 MPa—ml/z, compared to 22 MPa-m;5

for the embrittied case. At the upper shelf, the material was not con-
strained enough to prevent general yielding so plane strain conditions
were not met. However, on the upper shelf the energy absorbed for un-
embrittled material was 143 MPa—mlf, whereas it was 126 MPa-m;ﬁ for the
embrittled. On the lower shelf where plane strain conditions definitely
existed, the critical flaw size can be calculated from

2
R ASF
& T T 2Ta\s
C R _yd

where the critical flaw size is a constant times the square of the ratio

of dynamic stress intensity factor, KId’ and dynamic yield stress yd

The dynamic yield stress is found by

ayd = "6Y (B{Hﬁu—zﬂ)

where PGY is the load at general yield, B is the specimen thickness,
(W~a) is remaining ligament, and L is the load span length. On the lower
shelf of the embrittled material, the value of critical flaw size (i.e.,
the worst case) is 0.226 cm (0.089 in).

By comparison, Dufresne, et al., (10) predicted a critical flaw
depth of 0.07 cm on welded 304 stainless steel irradiated to 2.37 dpa
(8.18 x 1025 n/mz), although their data was on subsize 3-pt. bend speci-
mens at low He/dpa ratios. Cramer and Davis (11) made estimates of
fracture toughness with high helium contents. Using data for 20%cold
worked 316 stainless steel irradiated to 50 dpa and 3300 appm helium,
they estimated the fracture toughness at 350°C to be 9.5 MPa—m;i. This
was 37%of the predicted value for unirradiated material using the same
approach. In another estimate they discussed, Wolfer and Conn, using
the same data and another approach, estimated the fracture toughness to
be 20 MPa-mLi. Recently, data on the same heat of the 12Cr-1Mo-0.3V
steel used in this study, irradiated at 419°C to a fluence of 1.1 x
1022 n/cm2 (E>0.1MeV) shows a KJd’ dynamic ductile fracture toughness
of 45 MPa—mI/2 at 93°C, (12) on the lower shelf. By comparison, in this
study at -200°C the Kjq was 20 MPa—mli. This information suggests that
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a 12Cr-1Mo-0.3V steel in the irradiated condition may have similar tough-
ness as irradiated 316 stainless steel.

Standard Charpy impact tests were done at various temperatures
according to ASTM Standard E23-66. The data is plotted in Figure 7.2.6.
The results show the embrittlement time used to be insufficient to in-
crease the DBTT (12}, although upper and lower shelf energies decreased.
This could be due to the relative cleanliness of this steel which was
produced by the Vacuum Induction Melting/Electroslag Remelt {(VIM/ESR)
processes, or by an aging temperature which was not optimum for this
material. This steel is inherently resistant to temper embrittlement
which may be due to synergistic effects of Mh and Si (9). This agrees
with Smidts' data which shows that aging for 5000 hours at 427°C does
not cause an increase in the DBTT or decreases in the upper and lower
shelf energies, whereas at 538°C for 5000 hours there is some embrittle-
ment. An analysis of the fracture surface is in progress which may
give information about the fracture mode and embrittling process. At
this time, scanning electron microscopy data is unavailable to judge
whether intergranular fracture occurred or what micromechanism was
dominant.

The two types of fracture tests in this study, Kjq and
CVN, show different tendancies in measuring embrittlement. The transi-
tion curves of the precracked specimens showed a definite embrittling
effect, whereas there was no change in transition temperature as measured
by Charpy impact energy. This suggests that sharp notch testing may be
a more sensitive measure of the shift in DBTT caused by embrittlement.

7.2.7 Conclusions
(1) Austenitizing above 950°C for 1 hour results in hardnesses
and microstructure associated with martensite and some undissolved

M23C6'
(2) At 1000°C for 1 hour, ferrite is dissolved, and a small amount
of M23C6 remains undissolved. Hardness data suggest a small amount re-

mains undissolved at 1100°C.
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(3) Tempering at 650°C for 1 hour produces a nearly stable micro-
structure. A small amount of carbide will precipitate after 100 hours
aging at 550°C.

(4) The OBTT increased 80°C due to aging at 550°C for 100 hours
when measured by Kd obtained on precracked Charpy specimens; uppershelf
Kq decreased 18 Pa-ml/2 to 126 MPa-ml/2; lower-shelf Kiq decreased 6 MPa-
ml/2 due to embrittlement.

(5) The lower-shelf, embrittled condition at -200°C has a KId of
22 MPa-ml/2 which corresponds to a critical flaw size of 0.226 cm. This
may be a lower boundary on toughness for this material in an over-
tempered condition and a reasonable estimate of the "worst case" fracture
toughness. Dynamic fracture measurements on irradiated specimens with
pertinent He/dpa ratios will be required to more completely address the
"low" temperature fracture issue.

(6) Precracked and instrumented Charpy impact tests exhibited a
shift in DBTT due to embrittlement, whereas standard Charpy V-notch
tests did not. This result indicates that precracked instumented dynamic
testing is a more sensitive (and perhaps more pertinent) measure of
embrittlement then conventional CVN testing.
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7.3 TEMPERING AND TRANSFORMATION BEHAVIOR OF HT9 WELDMENTS
J. C. Lippold (Sandia National Laboratories, Livermore, CA)

7.3.1 ADIP Task

The Department of Energy (DOE)}/0ffice of Fusion Energy (OFE) has
cited the need for these data under the ADIP Program Task, Ferritic
Alloy Development (Path E).

7.3.2 Objective
The objective of this phase of the investigation was to determine

the solid state transformation behavior of HT9 weld and base material
using the Gleeble dilatometer, and to evaluate the tempering response
of various regions of the fusion zone and heat-affected zone in an

autogenous gas tungsten arc weld.

7.3.3 Summary
Dilatometric measurements of HTY weld and base material indicated

that the on-heating transformation to austenite occurs at approximately
840°C and that the martensite start temperature (Mg} upon cooling

from above the upper critical temperature (Acy) occurs at 240°C.

Postweld heat treatment of autogenous gas tungsten arc (GTa) welds
results in a variety of composite microstructures consisting basically

of tempered martensite and secondary carbides. The tempering response

is relatively sluggish at tempering temperatures below 600°¢c. A one-hour
heat treatment at 8§00°C reduced the martensitic hardness in the fusion
zone and heat-affected zone (HAZ) to nearly base metal values.

Tempering curves for both the fusion zone and HAZ are presented.

7.3.4 Progress and Status

The initial phases of this investigation of HTY martensitic
stainless steel has been directed toward characterization of of the
microstructure and properties of both the fusion zone and HAZ in the
as-welded condition. Formation of untempered martensite in the fusion

zone and portions of the HAZ imparts a high residual hardness to the



217

structure and usually necessitates a postweld heat treatment to
produce reasonable toughness in the weldment.

This study investigates the transformation behavior which takes
place during the weld thermal cycle and the effect of subsequent
tempering on the microstructure and hardness of the as-welded structure.
The results will he used to direct future development of alternate
preheat and/or tempering treatments compatible with acceptable weld

toughness.

7.3.4.1 Experimental Approach

Evaluation of transformation behavior and tempering response of
HT9 weldments utilized material originally provided by General
Atomic Company in the form of 6.4mm (0.25 in) thick pipe. For
reference, the composition of the material is listed in Table 1.

Table 1

C Si Mn Cr Mi Mo W v P S
0.22 0.38 0.52 11.3 0.50 0.85 0.50 0.27 .019 .006

Dilatometry—-The transformation temperatures of the material were
determined using a dilatometer in conjunction with the Model 1500
Gleeble,® Test samples with a reduced gage section of 5.1 mm

(0.2 in) were machined both from the as-received pipe and from a
section which contained a circumferential weld. The location of the

weld corresponded to the reduced section of the test sample.

Samples were rapidly heated (approximately 250°C/sec) to peak
temperatures of 1100, 1200, and 1300°C (2012, 2192, and 2372°F) and
allowed to cool to room temperature. Dilation versus temperature data
was collected during testing and plotted simultaneously on an X-Y

recorder.

*Duffers Associates, Troy, NY
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Postweld Heat Treatment. Postweld heat treatments were performed

on autogenous bead-on-plate welds which were made using the gas tungsten-
arc process with a heat input of 20 kJ/in (0.79 kJ/mm). The material
was not preheated prior to welding. Small coupons containing the

fusion zone, HAZ, and base metal were sectioned transverse to the
welding direction and subsequently heat treated in air at 200, 400,

600, 800, and 900°c (892, 752, 1112, 1472, and 1652°F) for periods

of 30 minutes and 1 hour. Heat-treated samples were inspected
metallographically and microhardness surveys were performed throughout
the weld region.

7.3.4.2 Transformation Behavior

Transformation temperatures upon heating and cooling were deter-
mined for both base metal and weld metal microstructures of similar
composition. Since a negative volume change is associated with the
transformation of BCT (body-centered tetragonal) martensite to FCC
(face centered cubic) austenite, a dilation, or change in dimension,
can be measured across the diameter of the Gleeble sample gage section.
A plot of dilation versus temperature for a base metal sample heated
to 1200°C (2192°F) is shown in Figure 1. Within single phase regions
dilation increases proportionally with temperature as a consequence of
the linear relationship between temperature and the coefficient of
thermal expansion in this alloy. A departure from linearity indicates
that a phase change has begun and subsequent return to linearity marks
1® Ac3, MS
and Ms temperatures have been determined from the plot in Figure 1.
The actual transformation temperatures have been corrected slightly

the completion of the transformation. Consequently, the Ac

for thermocouple errors which occur as a result of localized heat-
sinking at the thermocouple-specimen junction.

Multiple thermal excursions indicated that the transformation
temperatures are relatively insensitive to successive heating and
cooling cycles. In addition, dilatometric measurements of weld metal
samples indicated that the transformation characteristics of the fusion
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Figure 1. Dilation vs. Temperature Plot of a HT¢ Base Metal Sample.

zone are similar to those of the base metal. Results of the
dilatometry measurements are summarized in Table 2.

Table 2
Transformation Temperatures for HT9
Ac3 360-980°C (1760-1800°F)
Acl 830~850°C (1525-15657F)
M, 240°C (465°F)
B0-90YC (175-195°F)

Mg

Attempts to detect the austenite-delta ferrite transformation which
occurs at near-solidus temperatures were unsuccessful as a result of
the small proportion of delta ferrite which forms in this alloy.
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7.3.4.3 Tempering Response

A microhardness traverse across the weld region of an as-welded
sample which was not subjected to postweld heat treatment is shown
in Figure 2. The relationship between the microhardness results
and the microstructural features has been reviewed previously
Note that regions of maximum hardness include the fusion zone and
a portion of the HAZ adjacent to the fusion line. The drop in hardness
at the fusion line was shown to result from the presence of a two-
phase mixture of austenite and ferrite.

The tempering response of samples which were heated to 400, 600,
and 800°C (752, 1112, and 1472°F) for one hour is summarized in
Figure 3. Tempering of the martensite is extremely sluggish at 200
and 400°C and results in a microstructure with properties similar
to the as-welded sample shown in Figure 2. Tempering at 600°C (1112°F)
reduces the hardness uniformly in the fusion zone and throughout the
HAZ; however, note that a perceptible relative minimum in hardness
still exists at the fusion line. After one hour at 800°C the hardness
of the entire weld region has dropped to the level of the original
base metal microstructure (30 R.). Tempering at 900°C resulted

in an increase in hardness in the weld region relative to the 600°C
and 800°C heat treatments. Microstructural examination of this sample

indicated that partial reaustenization occurred due to heating above
the lower critical temperature (Al) and tends to verify the dila-
tometric measurements reported previously.

Metallographic examination of the weld sample tempered at 800°C
indicated that substantial microstructural transition occurs relative
to as-welded microstructures. Micrographs of typical regions in the
fusion zone, the coarse-grained and fine-grained regions of the HAZ,
and the base metal are shown in Figure 4. Microstructural evolution
involves the development of a tempered martensite which manifests
itself in a lath-1like morphology. Simultaneously, precipitation of
secondary carbides serves to maintain adequate mechanical properties
during tempering. These carbides were observed both along lath
boundaries and within the individual laths. A more detailed evaluation

of the effect of tempering on microstructural evolution will be
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Figure 2. Microhardness Traverse Across the Weld Region of an As-Welded
Sample.

included in a future report.

A tempering curve relating the microhardness iIn both the fusion
zone and the coarse—grained region of the HAZ 1O the time-temperature
parameter T(20 *+ log ) x 1073 is presented iIn Figure 5. The tempering
response for both regions is nearly identical and agrees reasonably
well with the curve developed by Mervyn et q;.z for HT9 base metal.

7.3.5 Conclusions

1. Dilatometric measurements indicated that the lower critical
temperature (Ac;) is in the range of 830-850°C (1525-1565°F).
The martensite start temperatures (Mg) was 240°C for both base metal
and weld metal samples.

2. Tempering response is relatively sluggish below 600°C. After
one hour at 3800°C the hardness of the weld region is reduced to that
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of the base metal.

3. The microstructure in both

of a mixture of tempered lath-martensite and carbides.

the fusion zone and HAZ consisted

I I I
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53 800°C
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T 2L LINE —1250
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| { | i I {
Figure 3. Microhardness Traverses Across the Weld Region of Samples

Tempered for One Hour at 400, 600 and 800°cC.
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(a)

Fusion Zone

(b)

Coarse-Grained HAZ
Figure 4. Microstructure of Sample Tempered at 800°C, 400X.
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Fine-Grained HAZ

Figure 4. (continued) Microstructure of Sample Tempered at 800°¢c,
400X.
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Figure 5. Tempering Curve for the Fusion Zone and HAz of an Autogenous
GTA Weld in HT9
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7.4 FATIGUE CRACK GROWTH IN PATH E AND PATH B ALLOYS - D. A. Mervyn
(Hanford Engineering Development Laboratory).

7.4.1 ADIP Task

Task Number 1.B.4 - Fatigue Crack Growth in Special and Innovative
Materials (Path E).

Task Number 1.B.2 - Fatigue Crack Growth in High Strength/High
Temperature Fe-Ni-Cr Alloys (Path B).

7.4.2 Objective
Baseline data on unirradiated Path E (HT-9 and 9Cr-1l#o) and Path B

alloys has been generated in order to determine their desirability in

reactor first wall applications.

7.4.3  Summary
Fatigue crack growth tests on unirradiated HT-9 in helium at 150, 300,

500 and 600°C and on 9Cr-1Mo at 25°C in air have been conducted. Room tem-
perature air testing of solution treated and aged B1, B2, B3, B4 and B6
alloys has been completed and is compared to the 50% cold-worked B alloys
tested under similar conditions. Comparisons of measured fatigue crack
growth are made with 20% cold-worked 316 stainless steel.

7.4.4 Progress and Status

7.4.4.1 Introduction

This study was conducted to characterize the fatigue crack propagation
behavior of unirradiated HT-9 and 9Cc-1¥o, In addition, the room temperature
crack growth behavior of the solution treated and aged Path B alloys was
determined.

7.4.4.2 Experimental

Compositions of the alloys tested and their thermomechanical treatments
are outlined in Table 7.4.1. The austenitized and tempered condition of
HT-9 was chosen from a number of themomechanical treatments investigated

in a previous studygl) 9Cr-1Mo was tested in a condition similar to that
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of HT-9.

Fatigue crack growth tests were conducted using miniature center-cracked
specimen technology and the electropotential technique described previously(2)
All specimens were cycled sinusoidally using load as the control parameter
at a stress ratio R of 0.05. HT-9 was tested in helium at 1Hz at 150, 300,
500 and 600°C and at a maximum load of 475 1lbs. Room temperature testing of

9Cr-1Mo and the Path B alloys was performed in air at a cyclic frequency of
15 Hz.

7.4.4.3 Results and Discussion

HT-9 test results between 150 and 600°C are presented in Figure 7.4.1.

103

TTTTATTT T T 1T 7T 1T 1T 17T LIS SR LI A R B |

T TTS

!
|Il||

600°C

104

Imick Growth Rate, da/dN. mm/cycle
I
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[TTTT]

I

e gm—r—
\

10_51”1]1:“] 1 T BRSBTS B
8 10 20 40
Stress Intensity Range. AK. MPa m

FIGURE 7.4.1 Comparison of Crack Growth Between 150 and 600°C
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At a stress intensity factor (AK) of 12 MPa vm, crack growth at 500°C is
a factor of 2.4 higher than at 150°C and at 600°C it is a factor of 12.3
higher. Crack growth at 300°C is essentially equivalent to that at 150°C,
considering the data scatter.

A total data scatter of a factor of two, on da/dN, is considered normal
for intralaboratory tests conducted on a single heat of material under iden-
tical conditions.(B) Therefore, an increase in crack growth by a factor of
2.4 between 150°C and 500°C is relatively insignificant. However, between
500 and 600°C crack growth increases rapidly.

The austenitized and tempered microstructure of HT-9 consist of
martensite laths within prior austenite grain boundaries. Precipitate
carbides lie within these laths as well as along lath and grain boundaries.(l)
The martensite is strengthened by carbon held in solution in its matrix.
Between 500 and 600°C the carbon comes out of solution to coarsen the pre-
cipitate carbides. Accordingly, the ultimate tensile strength and yield
strength decreases between these two temperatures.(a) The HT-9 creep
coefficient is also relatively insensitive to temperature below 600°C,
but above 600°C it becomes extremely temperature dependent. Some of these
microstructural and mechanical property changes may account for the rapid
increase in crack growth between 500 and 600°C in HT-9.

The crack growth behavior of 9Cr-1Mo tested in air at room temperature
is compared to that of HT-9 in Figure 7.4.2. The behavior of the two
ferritics is equivalent under these conditions.

Test results on the solution treated and aged (STA) Path B alloys are

presented in Figures 7.4.3, 7.4.4, 7.4.5, 7.4.6 and 7.4.7, where they are
compared to results from the 50% cold-worked (CW) alloy tested under the

same conditions??' In all cases, the crack growth rate of the 50%CW mater-
ial was higher than that of the STA material. The crack growth rates differ
by aslittle as afactorof 2 for alloy B4 and as much as a factor of18 for alloy Bé.
If Path B alloy tensile characteristics are similar to its commercial
counterpart, the difference between crack growth in the CW and STA condi-
tions can be explained. For instance, B4 has a similar composition and heat
treatment as STA Inconel 706.(5) Annealed 706 has a room temperature yield
strength of 46,000 psi, while the STA condition has a yield strength of

147,000 psi. A similar trend is observed in Inconel X750, which is like
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B6. Since an increase in yield strength increases crack growth resistance,
the lower crack growth rates of the STA Path B alloy can be explained if
this condition has a higher yield strength than the Cw alloy. Other factors
influence the fatigue behavior in these alloys, as evidenced by the fact
that although STA Inconel 706, or B4, appears to have a higher room tempera-
ture yield strength than STA Inconel X750, B6, it has a lower crack growth
resistance. Since there is a lack of Path B tensile data, a direct correla-
tion between the alloys, not only in behavior, but also iIn magnitude, cannot
be made at the present time.

A comparison of the STA group is presented in Figure 7.4.8. The crack
growth behavior of B and B2 are essentially equivalent, as is that of B3
and B4. The crack growth rate at AK = 11 MPa Ym of Bl and B2 is a factor
of 2.7 lower than that of B3 and B4. Crack growth in B6 is a factor of 12
lower than B3 or B4. Crack growth in B1l, B2 and B6 is also lower than that
in HT-9 or 20% CW 316 5SS tested under the same conditions.
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FIGURE 7.4.8 Comparison of Crack Growth in the Path B Alloys, with
HT-9! and 20% ow 316S52.



234

A correlation between crack growth rate and nickel content of the
five alloys, Figure 7.4.9, indicates that Ni content alone does not dictate
the crack growth behavior. The Figure does separate the alloys according
to their primary strengthening mechanisms. B3 and B4 are both doubly
strengthened, B3 by v' and Laves phase and B4 by ¥' and y". Bl and B2 are
strengthened solely by v' and B6 by the presence of y' and a high percentage
of nickel. This difference in crack growth behavior as a function of pre-
cipitate phases strengthening indicates that the continual addition of

strengthening phases may effect other properties in the Path B alloys.
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FIGURE 7.4.9 Crack Growth in the Path B Alloys as a Function of Nickel
Content.

Embrittling phases such as the Laves phase in B3 or excessive hardening
phases such as y" in B4 can decrease alloy ductility and therefore adversely

effect the crack growth behavior. The high crack growth resistance of
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alloy B6 may not only be attributed to its unembrittled y' strengthening,
but also to the known beneficial influence of its high nickel content.

7.4.5 Conclusions

1. A baseline fatigue crack growth study on unirradiated HT-9 has
been completed. Crack growth is relatively insensitive to temperatures
between 150 and 500°C. Above this temperature crack growth increases rapidly.

2. The crack growth rates of 9Cr-1Mo and HT-9 are equivalent in room
temperature air.

3. Crack growth in room temperature air of Path B alloys Bl and B2
is a factor of 2.7 lower and alloy B6 a factor of 12 lower than B3 and BA4.
The low crack growth resistance of B3 and B4 may be due to the presence of
embrittling phases in these alloys, which may lower ductility. The higher
nickel content of alloy B6 tends to enhance its crack growth resistance.

7.4.6  Future Work

A temperature dependent crack growth equation for HT-9 will be developed.
Baseline testing of unirradiated 9Cr-1Mo at elevated temperatures will be
completed. The STA Path B alloys will also be tested at elevated temperatures.
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7.5 ANALYSIS OF SINGLE SPECIMEN TESTS ON HT-9 FOR ch DETERMINATIOS
- F. H. Huang and G. L. Wire (Hanford Engineering Development
Laboratory)

7.5.1 ADIP Task - ADIP Fusion

7.5.2 Objective
The objective of this work is to evaluate the upper shelf toughness of

HT-9 using the electropotential technique. The ultimate goal is to charac-
terize the fracture behavior of fusion first wall materials by single speci-

men method.

7.5.3 Summary

Fracture toughness tests were performed on unirradiated 2.54 mm thick
HT-9 specimens at 25, 149, 232, 315, 427 and 539°C. The electropotential
technique was applied to develop single specimen method for Ji. determination.
Based on experimental data, a semi-emperical expression was obtained for a
calibration curve which was used to measure continuous crack extension. With
this continuous Aa measurement, it is possible to generate .J versus Aa curves
from single specimens at various temperatures successfully. Large specimens
were also tested at 232°C to study the thickness effect on upper shelf tough-
ness of HT-9. The upper shelf fracture toughness of HT-9 is evaluated at
temperatures ranging from room temperature to 539°C.

7.5.4 Progress and Status

7.5.4.1 Introduction

The upper shelf ductile fracture behavior of ferritic steels, which are
fusion first wall candidates, is studied using elastic/plastic fracture
mechanics. For materials under small-scale yielding conditions when the
plastic zone size is small compared to crack length, the stress intensity
factor K is used to characterize the material resistance to crack growth.
However, under large scale yielding Conditions,\J—intergral,(l) crack-
opening—displacement(z) and near-tip—strain(3) have been successfully used
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to characterize the fracture of ductile materials. Because of limitations
on irradiation space and the fact that the first wall is expected to be on
the order of 3 mm thick, miniaturized circular compact specimens are tested,
and single specimen techniques have been developed. The single specimen
method requires techniques capable of monitoring continuous crack extension

IfA) (5) and acoustic

during the test such as electropotentia compliance
emmission(é) method. The electropotential method is one of the most accurate
and sensitive techniques, particularly for small specimens, and has been used
for decades to study a wide range of fracture problems. The basis for crack
extension measurement by this method is that the potential difference be-
tween two points spanning the crack will increase as the crack propagates,
because the resistance increases while the current applied to the specimen

is maintained constant. A calibration curve relating the potential drop

to crack extension is generated from different specimens tested at a variety
of elevated temperatures. Through the use of this calibration curve, the
continuous crack extension can be measured and the procedure for single
specimen fracture toughness measurement established.

The material used in this experimental program is HT-9 which is ex-
pected to undergo a ductile-to-brittle transition around room temperature.
This transition temperature is known to be elevated by irradiation.(7) All
tests in this work were carried out at upper shelf temperatures. The
techniques for fracture toughness tests developed in this work will be

utilized in the hot cell for tests on irradiated specimens.

7.5.4.2 Experimental Procedure

The 2.54 mm thick test specimens were fabricated from as received
HT-9 bar stock in mill annealed condition, hot worked at 1149°C for 1 hour,
tempered at 740-760°C for 1 hour and air cooled. Details of the test
apparatus and test procedures were described in Reference 8 for room
temperature tests and Reference 9 for elevated temperature tests. The
schematic diagram of the specimen is shown in Figure 7.5.1(a). The posi-
tions of the current input and potential measurement leads were shown in
Figure 7.5.1{b). Al specimens were fatigue precracked to 1.3 mn below a
stress intensity factor of 28 ¥Pa v'm using a servo-hydraulic system.
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2.794 DIA

{a)

Figure 7.5.1 (@ Circular Compact Test Specimens of HT-9

SUPPLY

Figure 7.5.1 (v) Schematic Drawing of Electropotential Technique

Fracture toughness tests were performed at 259C, 1490C, 2320C, 3150C,
4270C and 539¢C. A constant DC current of 13.5 amp was applied to the
specimen. During each test, the load and electropotential were monitored
simultaneously. After the test was completed, each cracked specimen was
heat tinted at 5290C for 1 hour to reveal the crack extension (Figure 7.5.2),
which provided calibration data points for potential versus crack extension

curves,

The values of J were calculated from load versus load-line displacement

curves in the fbrm:(lo)

1+a 24 [1]
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Where: A is the area under load versus load-line displacement curve,
B is the specimen thickness, b i1s unbroken ligament size, a is

a=2I[(a/b)2 + (aj/p) + /21 - (2 a/b + 1) [2]

The equation is a simplified form of ; derived from Merkle-Corten ex-
prassion @  for a/w > 0.5.

—
Imm
(a) (b)

Figure 7,52 Crack Extension as Revealed by Heat Tinting for: (@) 2.54 mm
Thick: () 7.62 mm Thick Specimen of HT-9.

7.5.4.3 Results and Discussions

J versus sz data for various temperatures were plotted in Figure 7.5.3
through Figure 7.5.8. A Jj. value is determined by the intersection of the
blunting line having a slope of 20, and the best fit line drawn through the
J versus a data. ‘ch values for various temperature tests were compiled
in Table 7.5.1. The temperature dependence of ductile fracture toughness
&3 for HT-9 obtained by multispecimen method is shown in Figure 7.5.9. As
can be seen in Figure 7.5.9, Jic decreases with increasing upper shelf
temperature from room temperature to 250°C, then iIncreases as temperature
is increased up to 5350°C,

The temperature dependences of critical J value corresponding to a
crack extension of 0.2 mm and to an offset of 0.06 mm were also plotted in
Figure 7.5.9. It is interesting to note that the trends do not differ from
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that of J;,. versus temperature curves where J]C is determined by the con-
ventional multispecimen method. This alternate method may be convenient for

designer use to provide for less conservative design criteria.
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There are limits on the use of J as a single parameter to
characterize the strength of the crack tip singular field. One
of the limits is specimen size. The thickness criterion is expressed
by
25 Jic
B 2 of [3]

For HT-9, of = 717.2 MPa, Jy. = 112.3 KJ/m? at room temperature.

The thickness criterion is 3.5 mm which is close to the test specimen

thickness of 2.54 mm. Fracture toughness tests were also performed on

larger specimens to study size effects on fracture toughness. Figure 7.5.10

shows the J values obtained from 2.54 mm thick specimens and larger speci-

mens at 232°C. The larger specimen is 7.6 mm thick with other dimensions

doubled those of 2.54 mm thick specimens. It can be seen from Figure 7.5.10

that the fracture resistance of the large specimen is smaller than that of
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Table 7.5.1
FRACTURE TOUGHNESS TEST RESULTS AND MECHANICAL PROPERTIES
OF HT-9
Test Nominal 9ys  Nominal Zuts J1c
Temperature  (KSi  MPa)  (KS1i __MPa) (in~1b/in®) KJ/m?) T__|
25 90 620.6 118 813.7 573.4 112.4 121
149 87 600.0 111 765.5 385.4 75.5 131
232 84 579.3 106 731.0 287.3 56.3 146
316 80 551.7 100 689.6 302.5 59.3 118
427 73 503.4 89 613.7 411.6 80.7 147
539 59 406.9 70 482.7 638.6 125.2 130
I
Mo H’T!Il CIRCULAIH SPECIM[EN ' '
- 700
- 500
| 660
% %
2 10 3
+ 380
M- SYMBOL J DETERMINED AT
o A- = 0.2mm
—2m
o Aa = 0.06mm OFFSET
o] BLUNTING LINE
INTERSECTION 150
+] 1 1 1
0 100 200 300 400 500 800
TEMPERATURE (°C}
Figure 7.5.9 Temperature Dependence of Fracture Toughness for HT-9.
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7.5.4.3.1  Calibration Curve for Crack Extension. The number of speci-

mens needed for fracture toughness tests using the above multispecimen
method can be reduced significantly if crack extension is measured con-

tinuously. The whole curve of J versus Aa can be determined from a

single specimen. In this work the electropotential techniques were used
to measure continuous crack extension through a calibration curve which

is essential for a successful single specimen test method. Theoretical
calibration curves relating crack extension to electropotential measurement

can be obtained by using conformal mapping(12’13) and finite element
techniques(l4) to solve Laplace™s eguation
v? (¢) = o L&)

These calculations showed that the potential distribution is sensitive to

the notch geometry of the specimen and the location of the current leads.
A convenient and widely used method to obtain the calibration curve

and to determine optimum locations for the current leads and potential

probes is simulation using an electrically conductive paper for a
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particular specimen geometry. The results of such simulation performed on com-
pact tension specimen are shown in Figure 7.5.11. The potential drop is

found to be more sensitive to crack extension for the current leads located
at A than at B. Similarly, an experimental calibration curve can be
obtained by fatigue cracking the specimen, recording the potential change
and measuring the crack length optically. However, certain restrictions
must be imposed on the application of the calibration curves obtained by
the methods mentioned above. Crack extensions calculated from these cali-
bration curves are assumed to have straight crack fronts. [In an actual
specimen, the crack front is always curved. These calibration curves are
applicable only when the curved region is small in comparison with the

total crack extension. Therefore, they can only be considered as an
approximation for our case where the curved fracture front advance is
counted as the crack extension. In this study, interrupted tests of a
series of specimens were made to obtain calibration curves correlating
potential drop to crack extensions which were measured by heat tinting.

The test results of electropotential and crack extension for various
temperatures were presented in Figure 7.5.12 through Figure 7.5.15.
Calibration curves are given in the form of V/vo versus a/ac where v 1is

the potential drop across the crack length a and Vo is the initial potential
drop across the initial crack length ao. Calibration curves plotted in this
way are independent of specimen thickness and material properties. Because
the test specimens are small, shear lips which form as the crack estension
becomes large are expected to have a significant effect as the side
ligaments begin tearing. The tearing caused the rapid increase of the potential
and was evident by heat tinting. Only those specimens having no shear lip
formation at the final crack extension were used for calibration purpose.
The shear lip formation can be suppressed by side grooving the specimen to

12-1/2% of gross thickness.*?’

Side-grooving is not considered practical
for this thickness (2.54 mm) as the effective thickness would be reduced
substantially.

All potential ratios and crack extension ratios from various tem-
perature tests were plotted in Figure 7.5.16. It would appear that
straight lines with the same slope of 1 satisfactorily describe the V/V,

versus a/a, data outside the blunting region. This indicates that the
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at 25°C..

potential change is sensitive primarily to crack growth. The

data trend of V/Vo versus a/ao agrees with the simple intuitive notion that
resistance is inversely proportial to the area of unbroken ligament. The
linearity of V/Vo versus afac curve is a good approximation for a small

range of crack extension.

7.5.4.3.2 Experical Potential Change-Crack Extension Expression. The

V/Vo versus a/aoc outside the blunting region appear to be linear, and
can be expressed by
ViV, =X - 1+8 a/a, (5]

Here X, is the voltage ratio at initial crack length, 8 is the slope of the
straight line equal to 1 for HT-9 specimens tested in this work. X is re-
lated to the extent of blunting which is dependent on the fracture toughness

and tensile strength of the material, as shown in Figure 7.5.17.
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Figure 7.5.17 Potential Ratio X, Versus Jyc/9-

As discussed in Reference 8, the experimental calibration curve does
not extrapolate to a V/Vo = 1.0 from crack extensions. It was difficult
to obtain low crack extension data, few data points of crack extension
less than 0.1 mm and the error for these is of order = 0.02 mm in Figure
7.5.14 and Figure 7.5.15. However, it seems reasonable to assume that
the potential change immediately after loading can be attributed to the
extent of blunting due to plastic deformation. The potential change rates
before and after the crack initiation are different, although a continuity
between these two regions is expected. As the load is applied to the
specimen, the potential increases rapidly due to separation of the fatigue-

(4)

crack surfaces, then increases linearly with elastic load. A departure

from linearity starts as soon as plastic deformation and/or crack
extension occurs. As a result of dislocation density increase caused by

plastic deformation, the electrical resistance is increased but the con-
tribution is negligible because of the high grown-in dislocation density
due to the martensitic transformation.

In the blunting process, the potential change is approximated to be
proportional to the degree of blunting (Figure 7.5.17) and can be expressed
by

V/Vo =1 158 (ala, = 1) [6]

where S is the slope of calibration curve in the blunting region. Let
the blunting be equal to Aa* when the additional crack advance occurs

from the blunted crack, from Equation [5] we obtain
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, - Aa*
(\I/VO)Aa* =ity ke [7]
s is solved from Equation [6] and [7],
s=1+=2 (x, - 1) 18]

Aa*
Substituting Equation [8] into Equation [6] it follows

a a a .
V/Vy = (X, = 1) E&O_* (e_{g - 1)+a—0 for © <« Aa = Aa* (91

Equation (9] becomes Equation [5]when a = a, *+ Aa* at crack initiation,

and must be abandoned beyond initiation, (Figure 7.5.18).

vivo = Xo -1+ a/ao

ao
La*

vive = (Xo - 1}

{afee - 1} + a/ao

a/ao

Figure 7.5.18 Semi-Emperical Calibration Curve

Experimentally, Aa* can be estimated from a widely accepted blunting

curve which is iIn the form

pa = = [10]
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Where ¢ = (“ys + Sues) /2

To combine Equation [5] and Equation [9] into a unified equation, the
hyperbolic tangent function is used because of the following properties:

0 0
_0.75 . 1.0
tanh}{ = 0'91 as X — 1'5 [ll]
1.00 %

The analytical form of the calibration curve, therefore, Is chosen based on
the experimental data as

V/Vyo = (X, - 1) Tanh {g%ﬁ(a/ao - 1)}+ ﬁL {12]
0

Equation {12] offers a smooth slope change near the crack initiation
area which is more realistic in light of plastic deformation and crack
initiation occurring simultaneously. It will now be shown how Jy. can be
derived using this relationship to obtain a continuous plot of J versus Aa.

7.5.4.3.3 Locating Crack Initiation. The crack tip blunting increases

with an increase in loading. Jjc is defined as the J value at the point
where the first crack advance occurs beyond blunting. The crack initiation
cannot be universally detected precisely since cracking may begin as oids in
front of the blunted crack tip coalesce. With the electropotential tech-
nique, the crack initiation is usually determined at the First deviation

from linearity of the potential-load displacement curve,(a) as illustrated

in Figure 7.5.19. The J1¢ value, so obtained, tended to under-estimate the
initiation value predicted by multispecimen R-curve method (16 (Figure 7.5.3) .
However, the calibration curves of Equation [12] were not sensitive to the
variation of aa* value as shown in Figure 7.5.15 for room temperature tests.
In Figure 7.5.14, three 539°C calibration curves with Aa* values of 0.026,
0.075 and 0.122 mm were plotted. The one with Aa* = 0.075 mm provides the
best fit to the experimental data. This value is calculated from Equation [10]

using J value corresponding t V/V, = X;. As shown in the figures, the
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calibration curves described by Equation [12) with these aa* values fit

experimental data quite well.

HT-9
4,
TEST TEMP = 232°C '} i
150 |~
e - a8
@ Catll
¥ p—
o 10| i =
44 E
g =
—d
50 - E.P. PREDICTED 142
INITIATION
0 1 | 1 i 4.0

Figure 7.5.19 Crack Initiation Predicted by Electropotential.

7.5.4.3.4 Recipe for Single Specimen J-Integral Measurement. To summarize,

the recipe for producing J versus Aa curves is as follows:

1. Determine X from the optically measured crack extension. Experimen-
tally, load and voltage are monitored simultaneously during the test at any
temperature. The test is terminated after the maximum load is reached. The
specimen is then heat-tinted and broken to reveal crack extension. One data

point of V/V, and a/a, is obtained from the single specimen. X, can be de-

termined from Equation [5]: X, =V/V, - alag+1. A straight line with a

slope of 1, is drawn through the data point. The intercept of afap, = 1
vertical line gives the Xy value. As an example for simple specimen tests,
HT-9 specimen HR24 was tested, the test results were: 3 = 180.4 KJ/mZ,
V/Vy = 1.077 and a/a, = 1.060. The data points (V/Vy, a/ag) and (J, hAa)
were plotted in Figure 7.5.13 and Figure 7.5.7, respectively. A straight
line with a slope of 1 was drawn through the data point in Figure 7.5.13.
X, was found to be 1.017 through extrapolation of the straight line to the
line a/a, = 1.

2. Estimate Aa* from a = J/20¢ using J correspondingly to X, The corre-
sponding J value of X, is 55.5 KJ/m? which gives Aa* = 0.04 mm.
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3. Use Equation [12] = V/V, = (X, - D) tanh {aO/Aa* (alay - 1)}+ afag to
construct calibration curve.

The values of X, and Aa* were input into this equation for the calibra-
tion curve plotted in Figure 7.5.13, curve. The calibration curves for
various temperature tests were obtained following the same procedure and
presented in Figure 7.5.12 through Figure 7.5.15.

4, Construct J versus Aa curves using data and calibration curves. Using
this curve, we were able to calculate the continuous crack extensions from
potential-change data, and obtain the J versus Aa curve which was plotted in
Figure 7.5.7, curve a. For other temperature tests, the continuous J versus
Aa curves via the calibration curves are presented in Figure 7.5.3 to

Figure 7.5.8.

5. Nowv construct blunting line to on J versus Aa curve and find new pa%,
If this is significantly different than calculated in step 2, repeat step 3
and 4 using the new Aa*. In our example, curve a in Figure 7.5.5 intersects
the blunting line at J = 78.4 KJ/m? or Aa* = 0.063 mm which was used to
obtain the new calibration curve b in Figure 7.5.13, and J versus Aa curve
in Figure 7.5.7, curve b. The difference between these curves was suffi-

ciently small so that no far iteration was needed.

7.5.4.3.5 Crack Growth Stability. The J-integral R-curve approach has been

used to characterize the toughness properties of ductile metals in terms of

crack initiation. Attempts have also been made, based on the same approach,
to understand crack growth instability. In general, crack instability occurs

either in cleavage mode or tearing mode. A material's stable tearing proper-
ties can be characterized by the tearing modulus which is defined{(17) as

_4_E
T-—dax—a‘,—z [13]

Here%i— is the slope of the straight line portion of J versus Aa curve.
Table 7.5.1 contains a compilation of T values for various temperature
tests. AIll T values are much greater than 1, indicating that the Crad({lS)
growth of HT-9 on upper shelf is under J-controlled growth condition.
Under this condition, plastic loading is predominantly proportional, and
the singularity field, which is measured uniquely by J, is dominant at

the crack tip.
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7.5.5  Conclusion

1. A semi-emperical expression is formulated to account for crack

blunting in converting electropotential to crack extension data.

2. The single specimen J-integral measurement using electropotential
techniques was demonstrated in detail.

3. The 2.54 mm thick HT-9 specimens satisfies the thickness require-

ment for a valid J1c test. The thickness effect on the fracture toughness
of HT-9 does not appear to be great.

4, The upper-shelf toughness of HT-9 decreases with increasing temperature
from room temperature to 250°C, but increases as temperature is increased
from 250°C to 550°C.

5. The single specimen test techniques developed on unirradiated HT-9
specimens should be applicable for irradiated specimens since irradiation is

expected to reduce the upper shelf toughness of HT-9.

7.5.6 Future Work
Single specimen method will be applied to a variety of ferritic

composition and thermomechanical treatments.
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7.6 ENVIRONMENTAL EFFECTS ON PROPERTIES OF FERRITIC STEELS - 0. K. Chopra
and D. L. Smith (Argonne National Laboratory)

7.6.1 ADIP Task
ADIP tasks are not defined for ferritic steels in the 1978

program plan.

7.6.2 Objective
The objective of this work is to develop a data base on the corrosion,

compatibility, and the influence of chemical environment on the mechanical
properties of ferritic steels under environmental conditions proposed in
fusion reactor applications. Emphasis will be placed on the combined effect
of stress and chemical environment on corrosion and mechanical properties of
ferritic steels. Test environments to be investigated include lithium, water,
and helium as well as candidate solid breeding materials and neutron multi-
pliers. Initial tests will focus on the Sandvik Alloy HT-9 and a develop-

mental Fe-9Cr-1Mo alloy.

7.6.3 Summary
Calibration fatigue tests were conducted with HT-9 ferritic steel
specimens at 755 K in a flowing lithium environment. The procedure for
strain control and strain measurement has been established. Several con-
tinuous cycle fatigue tests have been performed with gauge specimens of
HT-9 alloy. The results are being analyzed to determine the strain-life
relationship. Exposure of corrosion specimens of HT-9 steel with solid
14,0, LiAlOz, and Li

2 2
Metallographic evaluation of the corrosion specimens iS in progress.

8103 breeding materials at 873 K has been completed.

7.6.4 Progress and Status

7.6.4.1 Introduction

Ferritic steels, such as Sandvik HT-9 and developmental
Fe-9Cr-1Mo, have been proposed as candidate materials for the first wall/

blanket of magnetically confined fusion reactors. Although these alloys are
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ferromagnetic, initial analyses indicate that the magnetic effects of ferritic
steels are relatively small and can be accommodated by the reactor design.
The primary incentive for consideration of ferritic steels was the prelimi-
nary indication that HT-9 alloy potentially offered lower void swelling and
higher in-reactor creep resistance than austenitic stainless steels. Also,
the better physical properties provide a reduced thermal stress factor.
However, relatively little information is available on the influence of the
chemical environment on mechanical properties of ferritic steels. There
is also concern regarding the combined effects of stress and coolant environ-
ment on the compatibility.

The first wall undergoes the most severe thermal cycling
because of its exposure to the plasma. Consequently, the fatigue behavior
of the material is the most important consideration relative to the design
of the blanket region. The initial phase of the present program is designed
to provide data on (1) the effects of liquid lithium environment on the
fatigue and creep- fatigue properties of HT-9 and Fe-9Cr-1Mo alloys and (2)
the compatibility of candidate ferritic steels with liquid lithium and

solid tritium-breeding materials.

7.6.4.2 Fatigue Tests

The facility for conducting fatigue tests in a flowing lithium
environment has been described in an earlier report.’ The lithium loop has
operated continuously for 2.3500 h; the initial 200 h at a maximum tempera-
ture of 1.630 K and the remainder at 2.750 K. The cold trap temperature was
maintained at 500 K. Filtered lithium dip samples were taken after fixed
intervals for analysis of nitrogen and carbon in lithium. The initial con-
centration of nitrogen in lithium obtained after 2.150 h of operation at
630 K was 445 ppm. Recent analyses show nitrogen concentration between
80 and 130 ppm. Specimens of zirconium, vanadium, and yttrium were exposed
to lithium to determine the concentrations of oxygen and hydrogen in lithium.

Several fatigue tests have been conducted with 2,5~mm-
diameter specimens of HT-9 alloy at 755K in a flowing lithium environment.
Detailed dimensions of the gauge-length and hourglass calibration specimens

. . 2 . .
were described earlier. The fatigue tests were performed in a stroke-control
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mode by means of a standard resistance-type extensometer located on the
upper portion of the fixture in an ambient-temperature region. An enlarged
view of the test specimen and fixture is shown in Fig. 1. The flexible pins
at the top of the specimen are used to maintain proper alignment during

the test.

The extensometer measures the sum of the strains in the
fixture and the gauge and shoulder region of the specimen. To determine
the amount of strain in the gauge section of a test specimen, hourglass
specimens with identical geometry, except for the gauge section, were used
as reference. Calibration tests were performed with the hourglass specimen
to determine elongation in the fixture and shoulder region of the specimen
as a function of load. During calibration tests, hysteresis loops were
recorded when the plastic strain and load attained steady-state values.

The strain was increased incrementally and the procedure repeated at various
strain ranges to obtain the complete calibration curve. Tests were also
conducted to determine the load required to bend the alignment pins as a
function of axial displacement. For a given strain-cycling condition, the
load due to pin bending was subtracted from the measured load to obtain the
load in the test specimen. The displacement obtained with an hourglass
specimen was subtracted from the measured displacement of a test specimen
under identical loading conditions to determine the total strain in the
gauge section of the test specimen. The calibration curve for the HT-9
specimen tested in lithium at 755 K is shown in Fig. 2. The continuous
cycle fatigue data are being analyzed to determine the strain-life rela-

tionship for the material in a lithium environment.

7.6.4.3 Compatibility

The combined effects of stress and liquid lithium environ-
ment on the corrosion behavior of ferritic steels will be evaluated by
exposing stressed specimens of HT-9 and Fe-9Cr-1Mo steels in the specimen-
exposure vessel of the lithium loop. For this investigation, tapered spe-
cimens will be used and stress applied by deadweights. Fabrication of the

corrosion specimens and the specimen holder is in progress,
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Initial tests to study the compatibility of ferritic steels
with candidate solid breeding materials have been completed. Corrosion
specimens of HT-9 ferritic steel were exposed with solid Li20, LiAlOZ,

and LiZSiO3 at 873 K for ~2000 h. The specimens are being examined

metallographically to evaluate the corrosion behavior.

7.6.5 Conclusions

Several continuous cycle fatigue tests have been conducted with
HT-9 ferritic steel specimens at 755 K in a flowing lithium environment.
The results are being analyzed to establish the strain-1life behavior.

7.6.6 References

1. 0. K. Chopra and D. L. Smith, "Environmental Effects on Properties of
Ferritic Steels," ADIP Quarterly Progress Report, March 31, 1980.

2. D. L. Smith, 0. K. Chopra, and R. R. Schlueter, ""Environmental Effects
on Properties of Ferritic Steels,” ADIP Quarterly Progress Report,
December 31, 1979, DOE/ER-0045/1, pp. 115-118.

Fig. 1. Test Specimen in the
Fixture Prior to Testing.
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7.7 SPECIMEN PREPARATION AND LOADING FOR THE AD-2 FERRITICS EXPERIMENT -
R. J. Puigh and N. F. Panayotou (Hanford Engineering Development
Laboratory).

7.7.1 ADIP Task

The Department of Energy (DOE), Office of Fusion Energy (OFE} has cited
the need for these data under the ADIP Program Task, Ferritic Material
Development (Path E).

7.7.2 Objective

The objective of the AD-2 experiment is to provide baseline, high fluence
data at several temperatures for the ferritic alloys HT-2 and 9Cr-1Mo.
Developmental 2-1/4Cr-1Mo will also he scoped in this experiment. The AD-2
experiment is designed to yield data concerning the radiation effects on
the mechanical properties of these alloys with particular emphasis on
their fatigue, fracture toughness and weld properties. Characterization
of the radiation effects on the microstructure of these alloys will also

he performed.

7.7.3  Summary
Experimental hardware has been built and specimens have been fabricated

for the AD-2 experiment. The loading of the specimens into the six
uninstrumented B-7C capsules has been completed and these capsules have been

shipped to ldaho Falls for insertion into EBR-II, Cycle 109.

7.7.4 Progress and Status

7.7.4.1 Introduction

The ferritic alloys, HT-9 and developmental 9Cr-1Mo, exhibit desirable
mechanical properties when considered in applications as materials for the
first wall or blanket of a fusion power reactor!") Except for irradiation
creepgz) relatively little information has been gathered about the radia-
tion effects at high fluences upon the mechanical properties of these ferri-
tic alloys. Of particular concern are the fracture and weld properties of

these materials. The AD2 experiment has been designed to provide data on
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these properties. Alloy selection and irradiation temperatures have been
specified by the Alloy Development for Near Term Applications Working Group
and approval in principle for this experiment has been granted by DOE(3)
This report will describe the fabrication procedure for the specimens and
will give the specimen matrix which was loaded into the six B-7c capsules
comprising the AD-2 experiment.

7.7.4.2 Specimen Material Processing

The vendor certified compositions for the alloy stocks used for the
AD-2 experiment are listed in Table 7.7.1. Overchecks of the chemical
compositions of each alloy were also performed. The HT-9 material stock
was manufactured by Carpenter Technology Corporation. Material used in the
fabrication of the welded plate and the fatigue initiation specimens came
from heat number 91353. Material used for all other specimens fabricated
from HT-9 came from heat number 91354. These two heats of HT-9 are from
the same melt and both have comparable chemical compositions, as seen iIn
Table 7.7.1. The modified 9Cr-1¥o material stock was also manufactured by
Carpenter Technology Corporation and came from ESR ingot 30182. The develop-
mental 2-1/4Cr-1Mo material was taken from a section of pipe fabricated from
Mannesman heat number 38649 material.

General Atomic Corporation was responsible for the welding of the 6.35
mm thick HT-9 and 9Cc-1io plates. Thyssen Specialty Steels, Inc. supplied
the 1.2 mm diameter weld wire for the HT-9 plates and San Diego Welders
Supply, Inc. supplied the 4.8 mm diameter weld wire for the 9Cc-1o plates.
The chemical compositions of these weld wires are given in Table 7.7.2.
The chemical compositions of HT-9 and its associated weld wire are similar.
From a comparison of the chemical compositions of the developmental 9Cz- 1Mo
and its associated weld wire one finds that the weld wire has more sulphur
and silicon alloying elements than are found in the plate metal. The chemi-
cal compositions of modified $Cr-1Mo and Its associated weld wire are
similar for the other alloying elements. The 9Cr-1li¥o weld wire meets ASME
SFA 5.9 specifications.
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ranin 70t
CHEFTOAL, ComPas PTIens o SPRUIMeN MATES LA

T T s s T e ceer ulan) | 2l Caeay)
LEMENT VIR RO TN N R e CERDORY N GHECK vipagt GVRRCHETR
c 0.21 0.23 0.21 0.20 0.086 G.008 0.09} . 0.083
My 1.50 AR . A .19 [A I n. o AR ",

P 0.u07 tr, i 0N,z 0,011 .0 u.011

I .t om0 0,060) 0004 [V N1k
Si 0.22 0.21 0.21 0. 14 0.16 0.19 0.17 0.19
Mi 0.52 0.46 n.58 3.49 Gl G.%0 G40

Cr 11.80 12.34 12.11 12,39 R.41 8,45 2,15 2.17
Mo 1.02 0.99 1.02 0,99 0.89 0.88 0.95 0,99

v 0,32 0.45 .33 .45 0.24 0.21

Nb 0.08 .07

11 9.003 0.002 <0,02 0.001

Co 0.01 0.02 0.017

c 0.04 0.07 0.00 0.07 0.03 0.03 0.16

Al 0.028 0.034 0.0L4 0.009 0.001

B <0.001C 0.0007 <0.001 <0.00t

As <0,01 <0.005 <(.001 0.017
Sn 0.002 0.0088
Zr "0.00L

N 0.006 0.004 0.054 0.010
0 0.0058 0.008

Pb «0,001

Sh “0.00 0.0024
Ta <{0.01 <0.01

) 0.50 0.53 <0.,01

Fe BAL. BAL. DAL, BAL. BAL. BAL. BAL. BAL.

All numbers ~ r eeight percents.
lcarpenter Technology Certificate of Cempositioen, dated July 22, 1975.
2Koon-Hall Test Report, dated August 21, 1979.

3carpenter Technology Certlficate of Composition, dated Becember 19, 1975.

“Carpenter Technology (ORNL report "Modified 9Cc-1Mo Stcel Develoyment Progress Report for Period
Ending September 30, 1979").

SCombution Fnglnecring (ORNL report, "Mudlfied 9Cr-1Mo Steel Development Progress Report for Period
Ending Seprember 30, 1979"}).

6Hanneﬂmann Cumpauy.

Tcl tmax Molybdinum Company of Mlchlgan,
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TABLE 7.1.2
CHEMICAL COMPOSITIONS OF WELD WIRES

ELEMENT yr-9! 9Cr-1Mo?

C 0.26

Mn 0.50

P 0.011 0.011
S 0.005 0.015
Si 0.26 0.32
N i 0.62 0.046
Cr 11.6 8.93
Mb 0.95 0.98
v 0.29

Nb <0.01

Ti <0.01

co 0.03 0.020
cu 0.04

Al 0.011

N 0.024

Ta <0.01

W 0.49

Fe Bal. Bal.

All numbers are weight percents.

IThyssen Specialty Steels, Inc.
25an Diego Welders Supply, Inc.

The HT-9 fracture toughness and miniature Charpy base metal specimens
were machined directly from the 33.3 mm diameter, heat number 91354, bar
stock. This bar stock was hot worked after soaking at 1149°C for a minimum
of one hour, tempered at 750°C for one hour, and followed by an air ¢ool.
This thermomechanical treatment is referred to as the " millannealed"

condition for HT-9 in this report.
Figure 7.7.1 outlines the processing steps HEDL used to obtain the HT-9
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HT-9 HEAT NUMBER 91354

| 33.3 mm DIAM. BAR
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AT 1038°C
12.7 mm
T
HOT ROLL
AT 1038°C
07.6 mm
GRIND SURFACES
4.04 mm
4.04lmm
HEAT TREAT
CcoLD R(l 148%) COLD R"Z)LL {59%]
‘ 1.68 mm
2.11 mm =68
|
HEAT TREAT HEAT TREAT
COLD ROLL 140%) COLD ROLL {40%}
1.25 mm 1.02 mm
I T
HEATTREAT HEAT TREAT
COLD ROLL {40%) COLD ROLL (40%)
0.762mm 0.610 mm
FIGURE 7.7.1 Mechanical Processing of HT-9 Sheet Alloy Stock.

stock, from which the Grodzinski fatigue, fatigue crack growth and tensile
specimens were fabricated. The 33.3 mm diameter bar, heat number 91354,
was hammer forged at 1038°C to a thickness of 12.7 mm and then hot rolled
at 1038°C to a thickness of 7.6 mm. The surfaces of the bar were then
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ground and grit-blasted to remove any decarburized layer formed during this
process. Micrographs were taken of cross sections from the material stock
to ensure no decarburized layer remained on the bar. The material was then
cut and cold rolled to a thickness of 4.04 mm (47% cold-work (CW)). The
material was then encapsulated in quartz with 1/4 atmosphere of argon and
given the following heat treatment: 1038°C/30 min/AC + 760°C/2.5 hr/AC,

At this point the material stock was cut and divided into two approximately
equal quantities. Half the material would be processed to a thickness of

0.762 mm and the other half would be processed to a thickness of 0.610 mm.
This was done to ensure that the last two reductions in thickness for both

lots resulted in cold work levels of 40%. The material stock then went
through a series of thickness reductions in the following sequence: 1) cold
roll; 2) cut into shorter lengths; 3) encapsulate in quartz with 1/4 atmos-
phere argon; and 4) heat treatment. Since two conditions of HT-9 are to be
investigated in the AD-2 experiment, two different intermediate heat treat-
ments were given to the material stock for the rest of the processing.
Approximately 40% of the material stock received intermediate heat treatments
of 1038°C/30 min/AC *+ 760°C/2.5 hr/AC. The remaining 60% of the material
stock received intermediate heat treatments of 1038°C/8 min/AC + 760°C/30
min/AC.

Microhardness measurements were performed upon the 40% CW material.

The sheet stock receiving the intermediate heat treatments, 1038°C/8 min/

AC + 760°C/30 min/AC, was found to have a hardness of 326 DPH (500 gn).

This corresponds to a RC hardness value of 33. Similarly, the sheet stock
receiving the intermediate heat treatments, 1038°C/30 min/AC * 760°C/2.5 hr/
AC was found to have a hardness of 303 DPH (500 g¢m). This corresponds to a
RC hardness value of 30.5. To improve the machinability of this material,
the sheet stock was given its final heat treatments prior to specimen
fabrication.

A recent study of the effects of different thermomechanical treatments
(TMTs) on HT—9(4) has indicated that for a given TMT involving relatively
short austenitizing times, the grain size is dependent upon the thickness
of the material. Since we wished to investigate grain size effects on the
properties of HT-9, the final heat treatments chosen for the 0.610 and
0.762 mm HT-9 sheet stock were: & 1038°C/30 win/AC + 760°C/2.5 hr/AC,
and b) 1038°C/4 min/AC + 760°C/30 min/AC. These TMTs resulted in prior
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austenitic grain sizes of ASTM 5 and ASTM 7, respectively, for this HT-9
sheet stock.

Figure 7.7.2 outlines the processing steps ORNL used to obtain the
6.35 mm thick HT-9 plate, which was welded by General Atomic Corporation.
The 79.4 mm diameter bar, heat number 91353, after machining was extruded at
1100°C through a 22.3 x 50.8 mm? sheet die bar. Extrusion loads varied
from 2.67 to 3.11 x 10% Nt. and resulted in a reduction of 12.25 to 1. The
pieces were then wrapped in stainless steel foil and heat treated: 950°C
for one hour, furnace cooled to 700°C, held at 700°C for sixteen hours, then
air cooled. The hardness of the material at this point varied from RC 42
to RC 48. The material was then hot rolled at 1000°C with heavy passes of
up to 3.18 mm per pass being taken. The material was first cross rolled
with respect to the extrusion direction until the desired width of 10.16 an
was obtained, and then the material was straight rolled until the plate had
a thickness of 6.60 to 6.86 mm. Observable edge, lead and tail cracking
occurred during the fabrication process. Also, hardness and thickness
variations were measured in the same piece.

General Atomic Corporation used this material in the fabrication of
welded plate material for specimens. They gave the 6.60 to 6.86 mm thick
plates the following heat treatment: 1050°C/30 min/AC T 760°C/2.5 hr/AC.
From an investigation of a number of welding procedures for HT—9E5) the
process using a gas-tungsten arc was chosen for fabrication of the welded
plate material stock. The HT-9 plate is preheated to 93°C and interpass
temperatures between 93°C and 143°C were used during welding. The post-weld
tempering treatment for the weld material was 780°C for one hour. Each
plate, which measured 12.7 x 30.5 c¢m, was then inspected using dye penetrant
and radiography to ensure the quality of the weld.

Figure 7.7.3 outlines the processing steps ORNL used to obtain the

modified ggr-1Mo material stock from which specimens were fabricated. The

59.9 om diameter bar was first machined into extrusion billets and then side
forged at 1200°C to a slab thickness of 31.8 mm. These slabs were given a
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HT-9 HEAT NUMBER 91353

79.4 mm DIAM. BAR

MACHINE

74.9mm DIAM.*x 14.3cm
EXTRUSION BILLETS

1100°C
EXTRUDE

J

l 23388 mm” (

HEAT TREAT
HOT ROLL {1000°C)

!

6.3%5 mm x 10.1& cm

FIGURE 7.7.2 Mechanical Processing of HT-9 Plate for Weld Material
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MODIFIED 8Cr - 1Mo AOD/ESR Ingot 30182
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Mechanical Processing of Modified 9Cr-1Mo Alloy Stock
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softening treatment of 700°C for fifteen minutes followed by an air cool
and sandblasted to remove the sealing. The material was cold rolled to a

thickness of approximately 6.5 nun. A portion of this material was then

used in the fabrication of weld plate material and the fabrication of minia-
ture Charpy specimens. The rest of the material was then given a softening

treatment of 700°C for fifteen minutes and sandblasted. The material stock
was cold rolled to a thickness of 4.06 mm. Some of this material stock was

used to fabricate the fracture toughness specimens and the remainder of the
stock was cold rolled to a thickness of 2.79 mm. The material stock was

again given a softening treatment of 700°C for fifteen minutes followed by
an air cool, sandblasted ang then cold rolled down to thicknesses of 0.762

and 0.635 nun. A || the material stock was given a heat treatment of 1038°C/
| hr/AC + 760°C/1 hr/AC before the fabrication of 9Cr-1Mo specimens and of

the welded plate material stock.

General Atomic Corporation welded some of the modified 9Cr-1Mo 6.35 nun
thick plate to provide weld material for AD-2 specimens. The same welding
procedure used for HT-9 was also used for 9Cr-1Mo. The same post-weld
tempering treatment of 780°C for one hour was also used. Each plate was
inspected using dye penetrant and radiography to ensure the quality of the
weld.

Figure 7.7.4 outlines the processing steps HEDL used to obtain the
2-1/4Cr-1Mo sheet stock from which the fatigue crack growth, Crodzinski
fatigue and tensile strength specimens were fabricated. Material came from
a section of pipe and was cut and divided into two approximately equal lots.
Half of the material was processed to a thickness of 0.711 to 0.762 nun and
the other half was processed to a thickness of 0.559 to 0.610 mm. All heat
treatments were given with the material encapsulated in quartz at 1/4 atmos-
phere argon. Initially, both lots were given an anneal: 1250°C/5 hr/FC.
The material stock then went through a series of thickness reductions using
the following sequence: 1) cold roll; 2) cut into shorter lengths; 3) encap-

sulate; and 4) heat treatment. The specimens were fabricated from the cold

work material and the final heat treatment for 2-1/4Cr-1Mo material was
chosen to be 900°C/30 min/AC + 700°C/1 hr/AC.
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24 Cr — 1 Mo MANNESMANN HEAT NUMBER 38649

’7 11.2 mm THICK PIPE
WALL SECTION

ANNEAL
(1250°C/S hr/FC)

1
COLD ROLL (53% CW) COLD ROLL (66%CW)
¥ 1
-
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T 1
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(760°C /1 hr/AC) (750°C/1 hr/AC)
COLD ROLL (60% CW) COLD ROLL (67% CW)
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I T
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| . | '
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COLD ROLL {40-44%) COLD ROLL (40-47%)
I
0.711—m 782 mm I 0.559—.0.610mm
FIGURE 7.7.4 Mechanical Processing of 2-1/4Cr-1Mo Alloy Stock

7.7.4.3 Metallographic Characterization of Specimen Materials
A micrographof the mill annealed 33.3 mm diameter HT-9 bar from which
fracture toughness and miniature Charpy specimens were fabricated is

shown in Figure 7.7.5. This transverse view at 400x shows the martensitic
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FIGURE 7.7.5 Micrograph at 400x of Transverse Section from 33.3 mm
Diameter HT-9 Bar Stock

structure in HT-9. An estimate of the prior austenitic grain size for this
material is between ASTM 8 and ASTM 9. The microhardness of this material
was found to be 270 DPH (500 gm).

Micrographs of the transverse sections of the 0.610 mm HT-9 sheet stock
are shown in Figure 7.7.6. There was no evidence of any decarburized layer
on this material. For the material receiving the final heat treatment,
1038°C/30 min/AC t 760°C/2,5 hr/AC, the prior austenitic grain size was
estimated to be between ASTM 4 and ASTM 6. Microhardness measurements for
this material yielded values of 266 + 4 DPH (500 gn) for the 0.610 mm thick
material and 271 = 7 DPH (500 gn) for the 0.672 mm thick material. For the
material receiving the final heat treatment, 1038°C/4 min/AC+ 760°C/30 min/AC,
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FIGURE 7.7.6 Micrographs at 400x of Transverse Section of HT-9 Sheet
Stock:
a) 0.61 mm (1038°C/30 min/AC + 760°C/2.5 hr/AC), and
b) 0.61 mm (1038°C/4 min/AC + 760°C/30 min/AC).

the prior austenitic grain size was estimated to be between ASTM 6 and ASTM
8. Microhardness measurements for this material yielded a wvalue of 272 * 6
DPH (500 gm) for both thicknesses, 0.610 and 0.762 mm.

The fracture toughness and Charpy specimens, machined from mill annealed
HT-9 bar stock, have TMIs which differ from the tensile and fatigue type
specimens, which were machined from heat treated, 40% CW sheet stock. The
relevance of any comparison or correlation between the tensile and fracture
toughness data depends upon whether or not the properties which result from
these different TMIs are comparable. Table 7.7.3 lists the prior history,

microhardness and grain size of the four conditions of HT-9.
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TABLE 7.7.3
MICROHARDNESS  GRAIN SIZE
_TMT NUMBER _PRIOR HISTORY 500 gm DPH ASTM
#1 40% CW + 1038°C/4 min/ac T 270 6-8
760°C/30 min/AC
#2 40% CW + 1038°C/0.5 he/ac T 268 4-6
760°G/2,5 he/AC
#3 Mill Annealed! 270 8-9
#a Mill Ancealed'+ 1030°C/0.5 tr/
AC + 780°C/2,5 ar/AC 244 3-4

lsae page 4 of this report.

The aim of ™T #1 and #3 was to obtain a structure with a grain size of
ASTM 7 or smaller. The aim of TMT #2 and #4 was to increase the prior
austenitic grain size to ASTM 5. TMTs #1 and #3 resulted in comparable
microhardness and grain size, while T™MT #2 and /4 have comparable grain
size, but differ in microhardness. It is known that microhardness values
are indicative of tensile properties and that both microhardness and grain
size will affect fracture toughness. Therefore, it appears that while valid
correlations can be obtained for data generated from specimens with TMT #1
and #3, data correlations between specimens with T™™Is #2 and #4 may not be
valid. Actual fracture toughness tests will be performed on control speci-
mens in each of the four TwTs to verify these assumptions. The results will

be reported in the next quarterly report.
Micrographs of the modified 9cr-1¥o 6.35 and 0.635 mm thick sheet stock

are shown in Figure 7.7.7. Although there was significant scaling of the
material from the final heat treatment, no evidence of any decarburized
layer was found in any of the material stock. An estimate of the prior
austenitic grain size for this material is between ASTM 8 and ASTM 10.
Microhardness measurements on this material indicate that the material
has a hardness of 226 DPH (500 g.

A micrograph at 400x of the transverse section of the 2-1/4Cr-1Mo
material is shown in Figure 7.7.8. An estimate of the prior austenitic
grain size is between ASTM 8 and ASTM 9. Microhardness measurements indicate
the hardness of the material to be 207 DPH (500 gn).
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FIGURE 7.7.8 Micrograph at 400x of Transverse Section of 2-1/4Cr-1Mo
Alloy Stock

Metal lography and hardness measurements were performed on the HT-9

and modified 9cr-1Mo butt welded plate materials. Representative samples
were cut from the centers of various plates. Figure 7.7.9 shows a 5xmacro-
graph of a transverse section for HT-9 welded plate. The surfaces on the
left hand side from the weld appear to have a different structure from the
middle of the plate. Also, this structure is not apparent on the surfaces
of the righthand side from the weld. An estimate of the prior austenitic
grain size in the center of the plates is between ASTM 4 and ASTM 5. iicro-
hardness measurements across the width of the left hand side from the weld
gave a variance in hardness for the plate from 247 + 6 DPH (800 gn) in the
center of the plate to 160 + 8 DPH (800 gn) at the surfaces of the plate.
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FIGURE 7.7.9 Macrograph at 5x of Transverse Section of HT-9 Weld
Material

This is indicative of a decarburized layer, which probably occurred during
fabrication. To determine what fraction of the welded plate material
exhibited evidence of a decarburized layer, Rockwell B type hardness
measurements were also performed on all plates. The hardness was found to
vary between RB 84 and RB 103. Approximately 607% of the HT-9 welded p%ate
stock had hardness values of less than RB 95. The material stock with

lower hardness values was used in the fabrication of the fatigue crack
growth specimens since these specimens could be cut from the center of the
weld plate to ensure that no decarburized material was included in the final
specimen. The material stock with little or no decarburized layer was used

in the fabrication of the fracture toughness and Charpy specimens.
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Microhardness measurements were also performed across the weld region. The
post-weld temper produced hardness values of 263 * 7 DPH (500 gm) in the
weld metal, 250 + 9 DPH (500 gm) in the heat affected zone (HAZ), and 247 #
6 DPH (500 gm) in the base metal. The welds themselves in the HT-9 material
appear to be very good.

A macrograph of the modified 9Cr-iMo welded plate is shown in Figure
7.7.10. There was no evidence for a decarburized layer on any of the modi-
fied 9Cc-1Mo plates. Microhardness measurements across the weld varied from
209 = 7 DPH (500 gm) in the base material to 226 + 16 DPH (500 gn) in the
HAZ to 266 + 11 DPH (B00 gn) in the weld metal.

FLGUKE 1.1. LU Macrograph at 5x of Transverse Section of Modified $Cr-1Mo
Weld Material
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7.7.4.4 Specimen Preparation

The nominal dimensions for the specimens in the AD-2 experiment are
shown in Figures 7.7.11 and 7.7.12. Further specifications on the dimensions
of the specimens may be obtained from the drawings listed in Table 7.7.4.
The fatigue initiation and Grodzinski fatigue specimens were fabricated by
Oak Ridge National Laboratory, and HEDL had responsibility for fabrication

of all the other specimens for the AD-2 experiment.

FATIGUE INITIATION (FI)

3.18 DIAM.
17.45 L 1031 | 17.45 636
i " 4521 | = |<P——-1

TENSILE STRENGTH (T)

®) 11_52” I*-%

®)

12.07 N 20.31 _ 12.07
I |

44.45 ;ié;_
GRODZINSKI FATIGUE (GF)
— —
O O |dz03 4.95
10.16 | 24.13 _10.16
' 44.45 ! -
0.762

FATIGUE CRACK GROWTH (CG)

[ 12.70

10.795 | 3.81 | 10.795 I
% | g -'l-——
25.4 0.559-0.762

-

FIGURE 7.7.11 Nominal Dimensions of Specimens in AD-2 Experiment
(All dimensions in mm.)
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FRACTURE TOUGHNESS (FT}

2.79DIA
/ e
/
/ —
‘ \/\ B —— 8
i\—‘—'—
2.54
MINIATURE CHARPY (C)
30°
3]
0.8 R MAX. o) <+
A I N M
11.81
! 23.62 500

ALL DIMENSIONS IN mm

FIGURE 7.7.12 Nominal Dimensions of Specimens in AD-2 Experiment

TABLE 7.7.4

SPECIMEN TYPE
Charpy Specimen - C

Fracture Toughness Specimen - FT
Tensile Specimen - T

Fatigue Initiation Specimen - FI
Fatigue Specimen - GF

Crack Growth Blank - CG

TEM Disc - D

DRAWING NUVBER
H-3-46299 (HEDL)
H-3-46752 (HEDL)
H-3-37395 (HEDL)
M-11950-EM=003C (Union Carbide)
00E05706% (McDonnell-Douglas)
H-3-46018 (Part A) (HEDL)
H-3-39231 (r/N 5) (HEDL)
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The Grodzinski fatigue specimens were fabricated from 0.762 mm thick
material stock and specimens were oriented both parallel and perpendicular
to the rolling direction. The HT-9 fatigue initiation specimens were fabri-
cated from 6.35 mm diameter mill annealed rod stock and the modified 9Cr-1Mo
fatigue initiation specimens were fabricated from the 6.35 mm thick plate
and oriented so that the specimen axis was parallel to the rolling direction.
All HT-9 and modified 9Cr-1Mo tensile strength specimens were oriented with
their gage length sections perpendicular to the rolling direction. Because
of the final dimensions of the 2-1/4Cr-1Mo 0.762 mm thick material stock,
the tensile or specimens for this alloy were all oriented 5151161 to
the rolling direction. All the fatigue crack growth specimens, expect weld
specimens, were fabricated from sheet stock 0.559 to 0.610 mm thick and were
oriented with the notch length parallel to the rolling direction.

The dimensions of the fracture toughness and miniature Charpy specimens
are shown in Figure 7.7.12. The details of the fracture toughness specimen
have been reported elsewhere!®) The miniature Charpy specimen has the same
cross sectional dimensions as a half-size standard Charpy specimen but
differs in length and notch dimensions. The overall specimen length was
limited by the irradiation capsule hardware restrictions. However, the
length is sufficient to permit the use of the standard span dimension 4N
(W = 5.00 mm) for both precracking and Charpy type testing.

The orientation in which the circular fracture toughness and Charpy
specimens were machined from the HT-9 and 9Cr-1Mo alloy stock is shown in

Figure 7.7.13. HT-9 fracture toughness and Charpy specimens were machined

from 33.3 mm diameter mill annealed bar stock, heat number 91354. The
fracture toughness of this mill annealed bar stock has been studied and the
results have been reported elsewhere.(6) The 9Cr-1Mo fracture toughness and

miniature Charpy specimens were machined from 4.1 mm and 6.4 mm thick

plates, respectively.
Charpy specimens were precracked in accordance with ASIM specification

E—399.(7) Precracking was accomplished using an 89kN Materials Test System
(MTS) load frame and a model 436-406 controller. The crack extension was
measured using a traveling microscope which was accurate to 2.54 um. The
precracking was done in three point bending using a fixture designed to

the specifications of ASIM E-399. Precracking was performed using a
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) S

ROLLING DIRECTION

3.3 cm DIA

FIGURE 7.7.13 Orientation of Fracture Toughness and Charpy Specimens with
Respect to Material Stock

sinosodial 30 Hz loading waveform. The loading was adjusted to obtain a
value of about 0.1 for the ratio of minimum to maximum load.
Using standard procedures, the precracking load, P, was calculated as

follows,

KBw3/2
P T SEamn o

were K is a stress intensity factor, B and w are the cross sectional dimen-
sions of the miniature Charpy specimen, S is the distance between the two
specimen support points and f(a/w) is calculated from the standard formula-
tion for bend specimens:

3a/w)/2 [1.99 - (a/w)(2.15 - 3.93 a/w + 2.7 a2/w?)]
2(1 + 2 a/w) (1 - a/w)3/2

fla/w) = [21]

where a is the length of the machined notch plus the fatigue precrack. In
this experiment, B =w = 500 mm, S = 20.00 mm and specimens were precracked
until a = 2.41 £ 0.3 mm, that is until the length of the fatigue crack was
1.7 £ 3 mm. This resulted in an a/w ratio of 0.48.

In order to produce a true fatigue precrack, a maximum stress intensity
factor, K, of 16 MPa - m1/2 was specified for the final 0.25 mm of crack

extension. According to Equation [1], if a maximum value is specified for K,
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the maximum value of the precracking load, P, as a function of crack exten-
sion, is also specified. The calculated precracking required to obtain a
maximum K of 16 MPa * m!/? for the miniature Charpy specimens is plotted as

a function of crack length in Figure 7.7.14.

2.0——— | [ 1 | [

1.6—

ACTUAL LOADING

1.2—

0.8 ICALCULATED LOADING
FOR Kmax =16 MPa vm

MAXIMUM PRECRACKING LOAD (kN)

0.4

o{_l_,j__EAJ];Lgut CRACKI ENGTH (thén) 1 210 |

FIGURE 7.7.14 Calculated and Actual Maximum Load Fatigue Precracking
Loading Schedules.
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A typical maximum load history is also plotted. Loads in excess of the
calculated value were employed in the early stages of crack growth in

order to ensure prompt crack initiation and propagation. After about 1.275
mm Of crack extension the magnitude of the loading was controlled so that
the specified maximum stress intensity value would not be exceeded. The
rate of crack growth during the final 0.25 mm of crack extension was also
maintained below 2.54 X 105 mm/cycle. Although the value of 16 MPa - ml/2
was specified for the precracking of HT-9 specifically, it was judged to

be a sufficiently conservative value for 9Cr-1Mo as well, based on a compari-
son of the relative yield strengths of these alloys. A fatigue cracking
record was maintained for each precracked specimen. The length of one sur-
face crack was monitored continuously while the length of the second surface
crack was checked periodically. The longer of the two surface cracks
determined the termination of the precracking procedure. The precracking of
all 9Cr-1Mo and HT-9 Charpy specimens was accomplished without any deviation
from loading, crack length or growth rate specifications.

The general orientation of the Charpy, fracture toughness and fatigue
crack growth specimens, with respect to the welded plate stock, is shown in
Figure 7.7.15. The Charpy specimens were machined so that properties of
the fusion metal and the heat affected zone (HAZ) would be sampled for the
HT-9 weld material. The location of the notch within the weld region was
verified for each specimen loaded into AD-2 by visual examination following
an oxalic acid electrolytic etch. Typical examples of the Charpy notch
locations are shown in Figure 7.7.16.  Although the notch in both weld
and weld/HAZ Charpy specimens is located within the weld, fatigue cracks
were produced in each miniature Charpy specimen, which, in the case of the
weld/HAZ specimen, extendedinto the HAZ,

The fracture toughness specimens were machined so that properties of
the fusion metal and the HAZ would be investigated for the HT-9 welded
material. The notch was oriented so that the crack would propagate along
the middle of the fusion metal and parallel to the fusion line for those
specimens macninea” to investigate the fracture properties of the fusion
metal. For those specimens machined to investigate the fracture properties
of the HAZ, the notch was oriented in the centerofthe HAZ so that the
crack would propogate parallel to the fusion line and in the HAZ. The
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WELD METAL SPECIMENS

ROLLING DIRECTION

FIGURE 7.7.15 Orientation of Charpy, Fracture Toughness and Fatigue
Crack Growth Specimens with Respect to Weld Material

(b)

FIGURE 7.7.16 Charpy Specimen Notch Location: (a) weld metal; (b) weld/
HAZ region.
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location of the notch with respect to the weld material was visually
verified after each specimen was electrolytically etched in oxalic acid.

For the fatigue crack growth specimens fabricated from the HT-9 welded
plate the orientation of the specimen within the material stock was chosen
so that the fatigue properties of the weld metal, the heat affected zone,
and the fusion line between the weld material and HAZ could be explored. A
specific example of a fatigue crack growth specimen with its notch located
along the fusion line is shown in Figure 7.7.17. The figure shows both sides
of a specimen which has been etched to bring out the pertinent weld micro-
structures within the specimen. ©On the front side the notch appears to be
in the weld metal and on the other side the specimen's notch appears to be
completely within the HAZ. Because of the geometry of the weld and the fact
that we wished to stay away from the decarburized layers on these plates,
it was difficult to place the notch precisely on the fusion line. Therefore,
each specimen of this type is unique. Eachspecimenwasetchedinanoxalicacid

(a) ‘ (b)

FIGURE 7.7.17 Fatigue Crack Growth Specimen with Notch Along Fusion Line:
(a) Front Side; (b) Back Side.
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and photographs of both sides of each specimen were taken to characterize
them individually. The placement of the notch in each specimen was checked
visually after each specimen had been etched. All the fatigue crack growth
specimens fabricated from the 9Cz-1tlo welded plate were oriented with the
notch in the center of the fusion metal.

Upon receipt of the specimens for the AD-2 specimen at HEDL, each
specimen was checked by HEDL Quality Assurance to determine compliance of
the as-machined specimens with the drawing specifications. Specimens were
then engraved using a laser engraving technique.

Table 7.7.5 lists the TEM specimen matrix for the AD-2 experiment and
the mulciplicey for each thermomechanical treatment that is being investi-
gated. In addition to the primary alloys being investigated in this experi-
ment, the TEM matrix also contains alloys which are part of the DAFS program
and specimens provided by MIT. The TEM discs are loaded into disc packets
which hold approximately 60 TEM discs each.

TABLE 7.7.5
AD-2 SPECIMEN MATRIX

_Alloy _Thermomechanical Treatment Multiplicity

HT-9 40% CWw + 1038°C/5 min/AC 11 - 12
+ 760°C/0,5 hr/AC

HT-9 40% cW + 1038°C/0.5 hr/AC 11 - 12
+ 760°C/2,5 ar/AC

HT-9 40% CW T 1038°C/5 min/AC 4
+ 675°C/2,5 ar/AC

HT-9 40% CW + 1050°C/0.5 hr/AC 4
+ 730°C/2.5 ar/AC

HT-9 1038°C/5 min/AC + 760°C/0,5 hr/AC 4
+ 209% CW

HT-9 1038°C/5 min/ac T 760°¢/0,5 he/AC 4
+ 30% cw

9Cr- 1Mo 40% CW + 1038°C/1 wr/AC 11 - 12
+ 760°C/1 he/AC

9= 1Mo 40% CW T 1038°C/5 min/AC 4
+ 760°C/1 hr/AC

9Cr-1Mo 40% CW T 1038°C/5 min/AC 4

+ 675°C/2.5 av/AC



Alloy

9Cr-itmo
9Cr-1Mo

2-1/4Cr-1¥o
2-1/4Cr-1Mo
2-1/4Cr-1Mo
2-1/4Cr-1Mo
Amorphous Ni- Nb
Fe-B=0

Fa-Eel
316-41,04

316 Al,04

AISI 316 + 1000 appm
10 + zr

AlISI 316 + 5000 appm
B+ Zr

AISI 316 (N-Lot)
AlISI 316 (MFE Heat)
A508 (Class 3)
A533-B (Class 1)

B2

B3

B4

D57-B
10Cr-2Mo~V-Nb

AISI 316 (N-Lot)
AISI 316 (MFE Heat)

Ipelgian forging steel

"S= Reference 8
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TABLE 7.7.5
(cont'd)

Thermomechanical Treatment

1038°C/1 hr/AC + 760°C/1 hr/AC
+ 20% CW

1038°C/1 hr/AC + 760°C/1 hr/AC
+ 30% Cw

900°C/0.5 hr/AC + 700°C/1 hr/AC
900°C/0,5 hr/AC + 650°C/1 hr/AC
920°C/10 min/WQ + 720°C/1 hr/AC
40% CW + 750°C/1 hr/AC

Annealed

CW

Annealed

cw

850°C/1 hr/Wo

380°C/0,5 hr/AC

1050°C/2 min/AC + 20% cw
1050°C/2 min/AC + 20% CW

As received”

As received?

1025°C/5 min/AC + 800°C/8 hr/AC
1025°C/5 min/AC + 750°C/8 hr/AC

1025°C/5 min/AC T B850°C/3 hr/AC
+ 720°C/8 nhr/FC to
620°C/18 total/AC

1025°C/5 min/AC + 25% CW
1050°C/0.,5 ar/AC + 800°C/1 hr/AC
1050°C/2 min/AC T 20% CW
1050°C/2 min/AC + 20% cw

Multiplicity
4
4
11 - 12
4
4
4
4
4
4
4
4
7 -8
7 -8
7-8
7-8
7 -8
7-8
7 -8
7 -8
7 -8
7 -8
7 -8
7-8
7-8
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7.7.4.5 Specimen Loading

The specimens were loaded into two B-7c weeper capsules, which were
designed to maintain the specimen temperature at 390°C, and into four B-7c
subcapsules designed to maintain the specimen temperatures at 450°C, 500°C
(two subcapsules), and 550°C during irradiation. The specific level
loading for each capsule is given in Tables 7.7.6 through 7.7.9. Each
level measured approximately 50 mm in length. The fracture toughness
specimens were stacked vertically within a level with wire spacers separating

each specimen.

7.7.5 Conclusions and Future Work
The fabrication of specimens and experimental hardware for the AD-2
experiment has been completed. The experiment has been assembled and shipped
to EBR-II. Irradiation of specimens will begin in EBR-II, Cycle 109,
August 11, 1980. The schedule of future work expected in this experiment
is:
Ship to EBR-TII June 25, 1980
Begin lIrradiation August 11, 1980

Remove for Interim

. . June 7, 1981
Examination
Continue Irradiation October 6, 1981

End Irradiation August 1982

Work is now in progress on baseline tests on the alloys being investigated

in the AD2 experiment.

7.7.6 References

1. L. D. Thompson and S. N. Rosenwasser, " Ferritic Stainless Steels for
Fusion Applications," ADIP Quarterly Progress Report, June 30, 1979.
S. N. Rosenwasser, P. Miller, J. A Dalessandro, J. M. Rawls, W. F.
Toffolo, and W. Chen, "The Application of Martensitic Stainless Steels
in Long Lifetime Fusion Wall/Blankets," J. Nucl. Mat, 85 & 86, (1973),
pp. 177-182.
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TABLE 7.7.6

SPECIMEN MATRIX FOR INSERTION INTO EBR-II SUBASSEMBLY X-344a
Temperatures - 390°C (743°F) and 500°C (932°F)

Distance From
Center of Level to

Level No. Core Midplane (mm) Specific Alloy Loading+
3 FI 3 FI HT-9 (84)
8 T 1 158 5 T HT-9 (112)
1 TED 3T 2-1/4Cr-1Mo
6 FT 9 108 6 FT HT-9 (it4)
6 FT(W) 6 FT(W) HT-9
7 CG(W/HAZY HT-9
23 CG(W) 3 56 10 CG(W) HT-9
2D 6 CG(W) 9cr—-1Mo
2 D Discs Packets
11 CG HT-9 (#1)
26 CG 5 0.0 5 CG HT-9 (#2)
1 TED ' 5 CG 9Cr-1MO
5 CG 2-1/4Cr-1Mo
80 4 C(W/HAZ) HT-9
ot 5 _54 4 C HT-9 (#3)
2D 5T HT_—9 (#1)
2 D Disk Packets
4 1 C(W/HAZ) HT-9
g(w) 4 C 9Cr-1Mo
‘7‘ o 6 ~102 3 C(W) HT-9
3T 5 GF HT-9 (#1)
2 GF 9Cr-~1Mo
3 T 9Cr-1Mo
3 FI 3 Fl 9Cr-1Mo
8T 7 -152 5 T HT-9 (#1)
1 TED 3 T 9Cr-1Me

+See Table 7.7.3 for specific thermomechanical heat treatments used for HT-9
specimens. See Table 7.7.4 for specimen name abbreviations used in this
table.
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TABLE 7.7.7

SPECIMEN MATRIX FOR INSERTION INTO EBR-II SUBASSEMBLY X-344a
Temperature - 550°C (1022°F)

Distance From
Center of Level to

- Level No. Core Midplane (mm) Specific Alloy Loading™
8 T 3 Fl HT-9 (#4)
1 TED 1 158 5 T HT-9 (#2)
6 FT 3 T 2-1/4Cr-1Mo
6 FT(W) 6 FT HT-9 (#3)
2 108 3 FT(W/HAZ) HT-9
6 FT(W) 3 FT(W) HT-9
7 CG(W/HAZ) HT-9
23 CG (W) 3 56 10 CG(W) HT-9
2D 6 CG(W) 9Cr-1Mo
2 D Discs Packets
11 CG HT-9 (#1)
26 CG 4 0.0 5 CG HT-9 (#2)
1 TED : 5 CG 9Cr-1Mo
5 CG 2-1/4Cr-1Mo
8 C 8 C HT-9 (#3)
5 D 5 -54 5T HT-9 (#1)
2D 2 D Disc Packers
4 4 C 9Cr-1Mo
4 CQW) 4 ¢ (W) HT-9
7 oF 6 -102 5 GF HT-9 (#1)
3T 2 GF 9Cr-1Mo
3 T 9Cr-1Mo
3 FI 3 FI 9Cr-1Mo
8 T 7 -152 5 T HT-9 (#1)
1 TED 3 T 9Cr-1Mo
[ VAP

See Table 7.7.3 for specific thermomechanical heat treatments used for HT-9
specimens. See Table 7.7.4 for specimen name abbreviations used in this
table.
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TABLE 7.7.8

SPECIMEN MATRIX FOR INSERTION INTO EBR-II SUBASSEMBLY X-359
Temperatures - 390°C (743°F) and 500°C (932°F)

Distance From
Center of Level to

- - - +
Level No.  Core Midplane (mm) Specific Alloy Loading

3 FI 3 FI HT-9 (#4)
8 T 1 158 5T HT-9 (#2)
1 TED 3 T 2-1/4Cr-1Mo
4 I_—r 4 I——I' 9Cr—lMo
1 FT(W/HAZ) HT-9
10 FT HT-9 (#3)
12 FT 3 56 2 FT 9Cr-1Mo
11 CG HT-9 (#1)
26 CG 4 0.0 5 CG HT-9 (#2)
1 TED : 5 CG 9Cr-1Mo
5 CG 2-1/4Cr-1Mo
g 2 C (W/HAZ) HT-9
¢ 5 64 6 C HT-=9 (#3)
52_’ T 5T HT-9 (#7)
D 2 D Disc Packets
4 ¢ 4 C 9Cr-1Mo
4 C(W) . 102 4 ¢ (W) HT-9
5 GF - 5 GF HT-9 (#1)
2D 2 D Disc Packets
3 FI 3 FI 9Cr-1Mo
8 T 7 -152 57T HT-9 (#1)
1 TED 3 T 9Cr-1Mo

+See Table 7.7.3 for specific thermomechanical heat treatments used for HT-9
specimens. See Table 7.7.4 for specimen name abbreviations used in this
table.
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TABLE 7.7.9

SPECIMEN MATRIX FOR INSERTION INTO EBR-II SUBASSEMBLY X-359
Temperature - 450°C (842°F)

Distance from
Center of Level to
Level No. Core Midplane (mm) Specific Alloy Loading™

3 FI HT-9 (#&)
1 158 5 T HT-9 (#2)
3 T 2-1/4Cr-1Mo

6 FT(W) HT-9
6 FI(W/HAZ) HT-9

6 FT HT-9 (#3)
6 FT 9Cr-1Mo

12 FT(W, 2 108

11 cG HT-9 (#1)
26 CG 5 CG HT-9 (if2)

5 CG 9Cr-1Mo

5 CG 2-1/4Cr-1Mo

C HT-9 (113)
T HT-9 (#1)
D Disc Packets

(&)
I
(&)
o

N 01 0o

C 9Cr-1Mo

C (W) HT-9

GF HT-9 (#1)
GF 9Cr-1Mo

D Disc Packets

FI 9Cr-1Mo
T HT-9 (#1)
T 9Cr-1Mo

4 (W 6 -102

3 FI
7 -152

WOoITw NNOTA D

1 TED

+ . .
See Table 7.7.3 for specific thermomechanical heat treatments used for HT-9
specimens. See Table 7.7.4 for specimen name abbreviations used in this
table.
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7.8 CHARACTERIZATION OF FERRITIC STEELS FOR HFIR IRRADIATION — R. L. Klueh
and J. M Vitek {ORNL)

7.8.1 ADIP Task
ADIP 'Casks are not defined for Path E ferritic steels in the 1978

program plan.

7.8.2 Objective
The goal of this project is to prepare ferritic steels for irradiation
experiments that will produce both displacement damage and transmutation

helium at levels relevant to fusion reactor service.

7.8.3  Summary

Small heats of ferritic (martensitic) steels based on 12% Cr-1% M
and 9% Cr-1%Mo were prepared containing about 0, 1, and 2%Ni. Additional
heats were made with 2% Ni, in which the content of the ferrite-forming
elements was adjusted to restore the net chromium equivalent to a value
near that of the unmodified alloy. During irradiation in the High Flux
Isotope Reactor (HFIK), transmutation of the SBNi will give helium
concentrations approximating those produced in such steels in fusion
reactor service. Because the addition of nickel can affect the response
to heat treatment, the microstructures of the alloys are being
characterized.

After normalizing, the alloys without nickel and those containing
1 and 2 Ni (but with no chromium equivalent adjustments) had micro-
structures that were entirely martensite. The 2% Ni addition lowered the
4ey temperature, making it necessary to temper these alloys at tempera-
tures no greater than 700°C. The normalized microstructure of the 2% Ni
alloys with adjusted chromium equivalent contained large amounts of a
phase in addition to the predominant martensite. Work is in progress to

determine if this phase is 6-ferrite or retained austenite.
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7.8.4 Progress and Status

7.8.4,1 Introduction

The irradiation-resistant properties of ferritic (martensitic)
steels, such as those based on 12%Cr-1% M and 9% Cr-1% Mo, have led to
these alloys being considered for use as fusion reactor blanket structural
components. Since an adequate source of deuterium-—tritium fusion
neutrons is not available, an alternative method for simulating l4-Mey
(2.2-pJ) neutron irradiation must be used. For austenitic stainless
steels, sufficient nickel is present in the alloy that irradiation in
some mixed spectrum fission reactors produces the required helium by
thermal neutron captures. However, the commercial steels based on
12 Cr-=1 M and 9 Cr-1 Mo generally contain less than 0.5% Ni, which is
not adequate for this helium simulation. If these alloys contained
approximately 2 Ni, they could be irradiated in the HFIR to obtain
approximately the same helium production rate as the original alloys would
develop during fusion reactor service for a neutronic wall loading near
3 MW/m2. The rate of displacement damage production under these
conditions is also appropriate for this wall loading.

Seven electroslag-remelted heats of ferritic steel with varying
nickel contents were prepared by Combustion Engineering (CE):l four
heats were based on 12 Cr-1 M and three on 9 Cr-1 Mo (the base alloys
also contain strong carbide formers). Because nickel can affect the
microstructure and strength of a martensitic steel, we began a series of
heat treatment studies to determine the proper heat treating procedures

to use for these materials.

7.8.4.2 Results

The compositions of the 12 Cr-1 Mo alloys prepared for the present
studies were based on the commercial Sandvik alloy designated HT9. This
alloy with about 0.2% C also contains the carbide-forming elements
vanadium (-0.3%) and tungsten (-0.5%). It contains nominally 0.5% Ni.
In addition to preparing this basic UT9 alloy, alloys were prepared with

the basic HT9 composition but with 1 and 2% Ni additions. Finally, an
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HT9-type alloy with 2 Ni was prepared in which the ferrite-forming
element concentrations were increased to increase the net chromium
equivalent to a value similar to that of the unmodified HT9 alloy.l The
net chromium equivalent was calculated by the following equation:?2

Net Cr Equiv = % Cr + 6(% Si) + 4(%Mo) * 1.5(% W)
+ 11(% V) + 5(% Nb) — 40(% C) — 2(% Mn) (D
— 4 (% Ni) — A% Co) — 30(% N) .

This is essentially the difference between the chromium equivalent
(positive terms) and nickel equivalent (negative terms) for the alloy.

To adjust the net chromium equivalent to account for the nickel additions,
the ferrite-forming elements Cr, Mo, and W were added in amounts to keep
within the HT9 composition range specified for these elements. For ease
of discussion, these alloys will hereafter be referred to as 12 C¢r-1 Mo

12 Cr=1 Mo-1 Ni, 12 Cr-1 Mo-2 Ni, and 12 cr-1 Mo-2 Ni (adjusted). The
actual chemical compositions were presented previously. Table 7.8.1 gives
the chemical compositions for elements important to this discussion.

Table 7.8.1. Chemical Composition of Major Elements in
12 Cr-1 Mo and 9 ¢r-1 Mo Steels

Content, wt %

Alloy Heat
Cr Mo Ni v Nb w C N

12 Cr-1 M XAA-3587 11.99 0.93 0.43 0.27 0.018 0.54 0.21 0.020
12 Cr-1 Mo-1 Ni XAA-3588 11.97 1.04 1.14 0.31 0.015 0.53 0.20 0.016
12 Cr=1 Mo-2 Ni XAA-3589 11.71 1.02 2.27 0.31 0.015 0.54 0.20 0.017

12 Cr-1 Mo-2 Ni XAA-3592 13.60 1.59 2.30 0.30 0.016 0.64 0.15 0.014
(Adjusted)

9 Cr-1 M XAA-3590 8.62 0.98 0.11 0.21 0.063 0.01 0.09 0.050
9 Cr-1 Mo-2 Ni XAA-3591 8.57 0.98 2.17 0.22 0.066 0.01 0.064 0.053

9 Cr-1 Ma-2 Ni XAA-3593 12.30 1.70 2.24 0.29 0.074 0.01 0.067 0.059
(Adjusted)




297

The commercial 9 ¢r-1 o steel with about 0.1% C (without carbide
formers) has been modified by cz and orRNL3 by the addition of the carbide-
forming elements V (~0.2%), Nb (~0.!%), and N (-0.08%; HT9 contains
0.0 N This alloy contains nominally 0.2¢ Ni. A basic modified
9 ce-1 Mo alloy was prepared along with an alloy that contained 2% Ni.
Another alloy with 2 Ni wes adjusted by Cr and #o additions to get a net
chromium equivalent similar to that for the modified 9 C:-1 Mo steel
without a Ni addition. The result was a steel with about 12.3 Cr and
1.7 Mo; all remaining elements were present in amounts similar to those
in the basic modified 9 ¢e-i Mo alloy. For the present discussion we will
refer to these three alloys as 9 ¢r-1 Mo, 9 Cr-1 Mo-2 Ni, and 9 Cr-1 to-
2 N1 (adjusted).  The chemical compositions of the elements that are
important for the present discussion are also given in Table 7.8.1.

These steels are to be used in the normalized-and-tempered condition.
In normal steelmaking practice, normalizing consists of heating the steel
above the 42, temperature to transform the steel to austenite
(austenization) and then air cooling. For the present study, where
0.2~ and 0.762-nm sheet are being used, we austenitized in a tube
furnace containing dynamic helium, after which the specimens were pulled
into the cold zone and cooled in the flowing helium. The four 12 ¢r-1 Mo
alloys and the 9 cc-1 Mo alloys were austenitized for 05 h at 1050 and
1040°¢, respectively. The tempering treatments were carried out in the
same helium-atmosphere furnace by using the same cooling procedure.

After normalizing, the microstructures of the 12 cr-1 Mo (Fig- 78J)
and the 9 cc-1 Mo (Fig. 782 were entirely martensite. Similarly, all-
martensitic structures were observed for the normalized 12 Cr-1 o=l Ni,
12 ¢r-1 Mo-2 Ni, and 9 ¢r-1 Mo-2 i alloys. When the 12 Cr-l Mo=2 ¥i
ed) and h0 9 Cr-1 Mo-" Ni (adjusted) alloys were normalized, the
microstructures contained two constituents. The major constituent was
again martensite. The 12 Cr-1 Mo-2 ¥{ (adjusted) alloy (Fig. 7.8.3)
1d consciiuene than the 9 Cr-1 Mo-2 Ni (adjusted)

d more of the seco
oy (Fig. 789.

A series of specimens from each of the alloys was normalized and then
tempered for 1 h at 650, 700, 730, 760, and 730°C; specimens were also
tempered 25 h at 650 and 730°C.
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Metallographic examination showed no major changes resulting from the
tempering treatments. At high magnification, there were indications of
fine precipitate particles in the martensite that did not appear to be
present in the untempered condition. However, these alloys have proved
difficult to etch, and a detailed description of precipitate particle
changes will require electron microscopy studies. The second constituent
in the 12 Cr-1 Mo-2 Ni (adjusted) and 9 Cr-1 Mo-2 Ni (adjusted) alloys
also showed little change as a result of tempering.

Hardness and microhardness measurements were macle on the normalized
and tempered alloys (Tables 7.8.2 and 7.8.3). Rockwell F hardness
measurements (l.6-mm ball indenter under a 60-kg load) were made on the
surface of the 0,76-mm sheet, and diamond pyramid microhardness (1000-g
load, 20X objective) values (DPH) were determined on the polished cross
section of the 0.76-mm-sheet specimens mounted for metallographic study.
In general, the hardness trends determined by the two methods agreed
qualitatively (Figs. 7.8.5 and 7.8.6).

The hardnesses of the 12 Cr-1 Mo and 12 Cr-1 Mo--1 Ni showed a general
decrease with increasing tempering temperature (Fig. 7.8.5). Although
the hardness values of these two steels differ at temperatures between
650 and 780°C, the hardnesses of the two alloys differ little after 1 h at
780°C. A slight further decrease in hardness occurred when these alloys
were tempered for 2.5 h at 780°C (Table 7.8.2).

The 12 Cr-1 Mo-2 Ni alloy showed a decrease in hardness when tempered
1 h at 650 and 700°C, after which the hardness went through a minimum and
began to increase with increase in tempering temperature, The hardness
of the alloy essentially did not differ when tempered 1 or 2.5 h at 780°C.
For the 12 Cr-1 Mo-2 Ni (adjusted) alloy, the hardnesis decreased between
650 and 700°C, after which it remained fairly constant (the microhardness
values remained fairly constant between 650 and 780°C) .

Hardness and microhardness values for the 9 Cr-1 Mo alloys displayed
trends similar to those for the 12 Cr-1 Mo alloys (Fig. 7.8.6). The
hardness of the 9 Cr-1 Mo decreased continuously between 650 and 780°C.,
The rate of decrease was larger than for 12 Cr-1 Mo, thus giving a final
hardness for the 9 Cr-1 Mo after 1 h at 780°C considerably less than that
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Table 7.8.2, Hardnesses of 12 Cr-1 Mo Steels After
Normalizing—-and-Tempering Treatments

Hardness, Rockwell F (DPH)

Normalizing%and-
Tempering Treatment — 1p ¢} \p 12 cr-1 Mo=1 N4 12 Cr-2 Mo2 ¢ 2 {71 Mo-2 Ni
(Adjusted)
N 25.5 (545) 25.4 {511) 25.3 (568) 241 (494)
N + 1h 650°C 19.1 (309) 18.0 (313) 18.6 (313) 18.3 (295)
N + 25 h 650°C 17.9 (307) 18.5 (300) 17.4 (303) 18.6 (293)
N + 1h 700°C 15.9 (304) 15.6 (301) 16.0 (300) 16.0 (300)
N + 1h 730°C 16.2 (276) 13.7 (268) 16.4 (293) 15.7 (300)
N+ 1h 760°C 14.8 (263) 12.8 (266) 17.0 (317) 14.9 (302)
N+ 1h 780°C 10.7 (249) 11.8 (254) 18.2 (330) 15.5 (302)
N + 2.5 h 780°C 10.3 (225) 11.3 (254) 17.7 (333) 15.3 (302)

ormalizing (N) treatment was 0.5 h at 1050°C followed by rapid cooling.

Table 7.8.3. Hardnesses of 9 Cr—-1 M Steels After
Normalizingand- Tempering Treatments

Hardness, Rockwell F {(DPH)

Normalizing@-and-

Tempering Treatment 9 cr-1 Mo 9 cr-1 Mo2 Ni 9 C(rA:j}lJI;/IE;%)Ni
N 22.4 (388) 22.7 (384) 23.5 (412)
N + 1 h 650°C 18.6 (313) 19.1 (315) 19.6 (326)

N + 25 h 650°C 18.1 (295) 18.8 (305) 19.0 (313)
N + 1 h 700°C 14.2 (286) 14.9 (300) 16.9 (315)
N + 1 h 730°C 12.0 (257) 15.0 (290) 16.0 (308)
N + 1h 760°C 8.8 (222) 16.2 (317) 16.3 (305)
N + 1 h 780°C 6.6 (197) 18.4 (351) 16.0 (308)
N + 25 h 780°C 5.4 (196) 18.7 (358) 16.2 (310)

ANormalizing (N) treatment was 0.5 h at 1040°C followed by
rapid cooling.
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for the 12 Cr-1 Mo. The 9 Cr-1 Mo2 Ni and 9 Cr-1 Mo-2 Ni (adjusted)
alloys displayed hardness trends similar to those of the 12 Cr-1 Mo-2 Ni
and 12 Cr-1 Mo-2 Ni (adjusted) alloys, respectively. In fact, when the
hardness curves for the respective alloys are superimposed, the absolute
hardness values differ very little.

The changes in hardness for the 12 Cr-~1 Mo, 12 Cr-1 Mo-1 Ni, and
9 Cr-1 Mo steels are easily understood. In the normalized condition,
the microstructures are entirely martensite. When tempered, carbide
particles precipitate from the supersaturated solution of carbon that
gives untempered martensite its high hardness. The higher the tempering
temperature, the more rapidly this precipitation process occurs. For
alloy steels, the precipitation sequence is often quite complicated and
will not be discussed for any of these alloys until after the electron
microscopy studies are complete. For the present discussion suffice it
to say that the continuous decrease in hardness for the three alloys in
guestion results from the carbide precipitation.

Nickel can affect a ferritic steel containing 9 to 12%Cr in two
ways.4 First, it can lead to a lowering of the Ae; temperature. If the
steel is subsequently tempered above the 4z temperature, part of the
steel is reaustenitized. On cooling, martensite forms, and the resulting
microstructure will contain tempered and untempered martensite. The
second effect of a Ni addition, as well as additions of Cr, Mo, and W, is
the lowering of the martensite start (Ms) and finish (Mf') temperatures.
If the Mf is below room temperature, the normalized microstructure will
contain retained austenite. When a steel with retained austenite is
tempered, carbon precipitates, which in turn increases the p, and Mf.
The austenite can subsequently transform to martensite when the steel is
cooled from the tempering temperature.

The effect of tempering temperature on the hardness of the 12 Cr-
1 Mo-2 N1 and 9 Cr-1 Mo-2 Ni can be explained by the lowering of the
Aey temperature. Judging from Figs. 7.8,5 and 7.8.6, we would estimate
that the Ae) for these alloys is somewhere above 700°C. When these alloys
are tempered above this temperature, austenite forms, which then

transforms to martensite on cooling. Although it is not possible to
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discern the untempered martensite metallographically, the microstructures
of these alloys must contain both tempered and untempered martensite. As
the tempering temperature is raised, the amount of untempered martensite
increases. The increase in hardness with increased tempering temperature
indicates that the hardness increase results from the formation of
untempered martensite. This increase must exceed the hardness decrease
accompanying the tempering of the martensite that does not transform to
austenite during tempering.

If the 4e; temperature is above about 700°C, then we should be able
to temper at 700°C. This happened when the 12 Cr-1 Mo-2 Ni and 9 Cr-
1 Mo-2 Ni steels were tempered for up to 10 h at 700°C (Fig. 7.8.7). The
decrease in hardness of the 9 Cr-1 Mo-2 Ni steel was slightly greater than
that for 12 Cr-1 Mo2 Ni steel. This relative difference is comparable
with the tempering behavior of 12 Cr-1 M and 9 Cr-1 M (Figs. 7.8.5 and
7.8.6). The decrease in hardness with tempering at 700°C agrees with our

conclusion that Aey is at least 700°C.
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9 Cr-1 Mo2 Ni Alloys with Tempering Time at 700°C.
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Without further study we are not presently able to adequately explain
the observations on the 12 Cr-1 Mo-2 Ni (adjusted) and 9 Cr-1 Mo-2 Ni
(adjusted) steels. When these alloys were tempered €or up to 10 h at
700°C, the hardness decreased with most of the decrease occurring in the
first 25 h (Fig. 7.8.8). Essentially, neither the hardness nor hardness
changes of the 12 ¢r-1 Mo-2 ni (adjusted) and the 9 Cr-1 Mo-2 Ni (adjusted)
steels differed. This is not unexpected, since the chemical compositions
of the two alloys differ little (Table 7.8.1); most of the chromium
equivalent adjustment for the 9 Cr-1 Mo-2 Ni (adjusted) alloy was made by
adding chromium.

We can attempt to understand these alloys by examining the effect of
ferrite-forming elements (Cr, Mo, Si, v, Al, Nb, Ti, and W) and austenite-
forming elements (Ni, Co, Mn, Cu, N, and C) on microstructure.

Figure 7.8.9 shows the Schaeffler diagram as modified by Schneldec®

where the chromium equivalent is plotted against the nickel equivalent.
This diagram gives the microstructure expected when the alloy is quite
rapidly cooled from the austenitizing temperature. The equations used to
calculate the chromium and nickel equivalents are:

Chromium Equivalent = (% Cr) + 2(% Si) + 1.5(% Mo)
+ 5(% V) + 5.5(% Al) + 1,75(% Nb) (2)
+ 1.5¢% Ti) +0.75(% W) .

Nickel Equivalent = (% Ni) + (% Co) + 0.5(% Mn)
(3)
+0.3(% cu) *25¢(Z N) +30(% ¢) .

By using Egs. (2) and (3) we calculated the 12 Cr-1 Mo-2 Ni (adjusted)
alloy chromium and nickel equivalents to be approximately 18.2 and 7.3,
respectively. For the 9 ¢r-1 Ma-2 Ni (adjusted) alloy, the values are
approximately 16.7 and 5.9, respectively. According to Fig. 7.8.9 this
would place both alloys in the austenite plus martensite plus &-fsrrite
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region. The é-ferrite would be present because the steel was heated into
the two-phase 6 *+ v region during austenization treatment. The retained

austenite would be caused by an Mf below room temperature.

It should be noted that a diagram such as Fig. 7.8.9 is qualitative
at best. Several different equations for chromium and nickel equivalents
have been derived. Indeed, the net chromium equivalent given by Egq. (1)
differs from Egs. (2) and (3). In our microstructural studies on the two
nickel (adjusted) alloys, we were only able to distinguish two
constituents, one of which was martensite. Thus, if both é-ferrite and
retained austenite are present, one must be present in very small amounts.
V¢ are presently conducting further heat treatment experiments along with
electron microscopy studies to determine the nature of the second phase in

these alloys.
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8.1 IRRADIATION EXPERIMENT STATUS AND SCHEUULE

The following bar charts show the schedule for all ADIP reactor
irradiation experiments. Experiments are presently under way in the
Oak Ridge Research Reactor (ORR) and the High Flux Isotope Reactor (HFIR),
which are mixed spectrum reactors, and in the Experimental Breeder Reactor
{EBR-IL), which is a fast reactor.

During the reporting period irradiation was begun for two irradiation
experiments: ORR-MFE-4A in the ORR and HFIK-CTK-33 in the HFIK

The ORR spectral tailoring experiment, ORR-MFE-4A, operates at 300
and 400°C and will achieve the fusion reactor He/dpa ratio in austenitic
stainless steels. It will serve as a major irradiation vehicle for the
ADIP program over the next five years. It provides for specimen discharge
and reencapsulation. The second capsule, ORR-MFE-4B, will operate at

500 and 600°C. It will begin irradiation in early FY 1981.
The HFIK-CTK-33 experiment includes specimens for the evaluation of

tensile, swelling, and microstructural properties in ferritic alloys
irradiated at 50°C, a temperature relevant to Engineering Test Facility
(ETF) operation.

An EBR-II experiment, AD-2, was constructed for insertion in
August 1980. It was designed to supplement the EBR-IT irradiation data
generated by the Fast Breeder Reactor (FBR) program with fracture

toughness, fatigue, and crack growth data on ferritic alloys.
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8.2 ETM RESEARCH MATEKIALS INVENTORY — F. W. Wiffen, T. K Roche (ORNL)
and J. W. Davis (McDonnell Douglas)

8.2.1 ADIP Task
ADIP Task 1.D.I, Materials Stockpile for ME Programs.

8.2.2 Objective

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 in the Fusion Reactor Materials research and develop-
ment programs. The objective is to provide a common supply of materials
for the Fusion Reactor Materials Program. This will minimize unintended
materials variables and provide for economy in procurement and for centra-
lized recordkeeping. Initially this inventory is to focus on materials
related to first-wall and structural applications and related research,
but various special purpose materials may be added in the future.

The use of materials from this inventory for research that is coor-
dinated with or otherwise related technically to the Fusion Reactor
Materials Program of DOE, but which is not an integral or directly funded

part of it, Is encouraged.

8.2.3 Materials Requests and Release

Materials requests shall be directed to ETM Research Materials
Inventory at ORNL (Attention: F. W Wiffen). Materials will be released
directly if:

(a) The material is to be used for programs funded by the Office of
Fusion Energy, with goals consistent with the approved Materials Program
Plans of the Materials and Radiation Effects Branch.

(b) The requested amount of material is available, without compro-
mising other intended uses.

Materials requests that do not satisfy both (a) and (b) will be
discussed with the staff of the Materials and Radiation Effects Branch,

Office of Fusion Energy, for agreement on action.
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8.2.4  Records
Chemistry and materials preparation records are maintained for all
inventory material. AIll materials supplied to program uses will be

accompanied by summary characterization information.

8.2.5 Summary of Current Inventory and Material Movement in Period
Apr. 1 to June 30, 1980

A condensed, qualitative description of the content of materials in

the ETM Research Materials Inventory is given in Table 8.2.1. This table
indicates the nominal diameter of rod or thickness of sheet for product
forms of each alloy and also indicates by weight the amount of each alloy
in larger sizes available for fabrication to produce other product forms
as needed by the program. Table 8.2.2 lists materials received into the
inventory in the quarter covered. Materials distributed from the inven-
tory are listed in Table 8.2.3.
Alloy compositions and more detail on the alloys and on alloy

procurement and/or fabrication are given in earlier ADIP quarterly

progress reports.
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Table 8.2.1. Summary Status of Material Availability
in the ETM Kesearch Materials Inventory

Product Form

Alloy Tt Red,? Sheet ,° ebing.
o2 Diameter Thickness 19,
Weight (mm) (mm) Wall Thickness
(ke) (mm)
Path A Alloys
316 S8 900 16 and 7.2 13 and 7.9 0.25
PCA 490 12 13 0.25
USSR — Cr-Mn Steeld 0 10.5 2.6 0
Path B Alloys
PE-16 140 16 and 7.1 13 and 1.6 0.25
B-1 180 0 0 0
B-2 180 0 0 0
B-3 180 0 0 0
B-4 180 0 0 0
B-6 180 0 0 0
Path C Alloys
Ti-64 0 0 0.76 0
Ti—-62425 0 0 0.76 0
Ti-5621s 0 0 6.3. 2.5. 0
and 0.76
Ti-38644 0 0 0.76 0
Nb—1% Zr 0 6.3 2.5, 1.5, 0
and 0.76
Nb—3% Mo—1% Zr 0 6.3 2.5. 1.5. 0
and 0.76
v--20% Ti 0 6.3 2.5. 1.5. 0
and 0.76
v—15% Cr—5% Ti 0 6.3 2.5, 1.5, 0
and 0.76
Vanstar-7 0 6.3 2.5, 1.5. 0
and 0.76
Path D Alloys — No tlaterial in Inventory
Path E Alloys
HT9 0 0 45 and 18 0
HT2 + 190N i 0 0 4.5 and 18 0
HT9 + 2% ni 0 0 45 and 18 0
HT9 + 2% Ni 0 0 4.5 and 18 0
+ Cr adjusted
T-9 modified 0 0 45 and 18 0
T-9 modified + 2% Ni 0 0 45 and 18 0
T-9 modified + 2% Ni 0 0 4.5 and 18 0
+ Cr adjusted
2 1/4 Cr-1 Mo 0 0 e 0

AGreater than 25 mm, minimum dimension.

bless than 25 mm in diameter. Some Path A and Path B alloys are
available in two different diameters.

“Less than 15 w=m thick. Some Path A, Path B, and Path C alloys are
available in two or three different thicknesses.

drod and sheet of a USSR stainless steel supplied under the y.$,-0SSR
Fusion Reactor Materials Exchange Program.

#Material is thick—wall Pipe, rerolled as necessary to produce sheet
or rad.



322

*paisn[pe juaTearnbe wnywoayd yiipmy,

Surasautfuy C*0 x €1 x OH T
UOTISHQUO) 1 BT % §°% 1L % %11 ad1g 6%98¢ =10 #/1 ¢
Butassutluy £°0 % g1 X 6-£65¢ pIN %2 +
uoT3Isnquon I ¥ x 12 20T x €£% 23ETd -vX-4si pa1ITPO®™ §6-1
Butrasautduy [0 x 81 x 6-165¢ IN %2 +
uoT31snquogy 1 ? x £T ZO0T X %8G 23ETd -VX~HSH pa13Ipom g-J,
BurasouySuy £*0 % 81 x 6-06GE
uoeTISNqUo’ T ¥ X &7 COT x %86 IIBTd -VX-453 pa21iIpoOm §-1
Rutzasurfuy 170 % 81 x 6-765€
UoFISNquo) 1 ¥ x 0¢ 20T x g80Og 231eTd =VVxX-4sd pIN ¥Z + 6LH
Buiavauiduy {0 x 81 X 6-686¢
uoT3sNquon 1 ? x vZ 707 % 019 23e7d —-VVvi-48Hd TN %2 + 6LH
Futaaautiuy [0 x 81 x 6-88G¢E
uoyaIsnquo) 1 7 x 07 701 X BOS 21eTd ~-¥V¥-45% IN %1 + B1H
Burresuiduy L0 X 81 x y-{85¢
uoTisnquon 1 ¥ x 1T Z01 % EES 21eTd ~¥vVX-483 6LH
§T323§ DTITIA3d — SAOTTV d uIed
WSS a2z 9011 1°82 weyp oIy*Q welp €°01 poy
8e8 ss ud Y3TH
¥ssN 01 CEST 660 AITYT %01°0 {2TUI ¥9°Z 192ug dy 2dAL -TH #07]
ST221§ SSATUTE}g DT3ITU23IsNy — SAOTTV V YIed
(seoe1d)  (;'uT)  (pm) (U (W) (q1)  (Bw) (*u1) (mm) w104 ]
anineg 1onpoig 194 OTTV
A3T3uend SUOTSUIMY(
08-0£-9 03 08-T-D s1d1909y ‘meadoird 10310edy uoTsni ‘£103udAUT STETISIBN UYdIe=say WL= 7 7 8 STQEL



323

S108I3J4 UOTIRIPFY 79 91 WeIp OR1*0 wetp /G°h poy
e ‘dnoag
323337 uorIvipey 8 Tz WeTp Z{Z*0 wetp 16°9 poy
N0 ‘dnoas 1°0 x 8T x 6—685 €
Buissanoad sTEISW X 9T 20T * 019 23eTd =VVX-USH IN %+ 61H
N0 ‘dnoan
§31097J4 uOTIRIPEY i9 L1 WETP DRI O wetp /G ¥ poy
N0 *dnoan
§198334 UCTIRTIPEY 16 £z OIp TLT"0 wetp 16°9 POy
TNHe “dnoan L0 % 81 x 6-885¢
Burssatoag sreILk 7 % 0T 701 x 80¢ 3381d  -¥VX-¥S3  IN %1 + 6IH
10 ‘dnoag
123337 uollvipey 7L 8°1 weIp 0§10 WETp (G b poy
NeQ “dnoag
103331 uerIvIpRY <6 vz WeIp 7{2°0 WETP 16°G poy
Ee “dnoay L0 x Bl x Y—-18%E
Butssadold sTeiIsH VB 4 701 » €% 23eTd  -VVX-¥UsA 61LH
§T9935 DJT1TIIaj — SACTTV 4 yied
IN¥O “dnoan
$308734 UOTIBRTPEY gvE  wwIt0 21Ul Q100 1214 §Z*0 1@ayg 0RZ-X ¥od
TTEM QT0°0 TTBM4 CZ*0
TAIH 09 g7 x 40 081°0 X 40 £G*Y Surqny 087-X ¥0d
ST29215 SS3aTUTLIS D1Ituaysny — SAOTTY V yled
(zeur) (@) (rup)  (m)  (q1) {(3W) (-u1) (wm?)
L i d o e3y kot1Tv
ues £3713UENH SUOTSUIWL] onpoid

08-0E-9 ©1

= SQUDWISINGST(

103089 UCIsSNg

STeRTI238 yYd>Ie9s899 WIH

£°C°8 °TqEL



324

*paisn{pe juaTeafnbs wnymoayo YiTHg

*Aiojeloqe] TBRUOTIEN 98PTH HeD = TNMC {430irioqeT jusmdoTanad FuriasuiBuy DICIUBH = TATH.
INHO ‘dnois
$302331 UCTIBIPEY 67 L0 081°0 FAS poyd
o ‘dnoag g0 % £1 x T
Burssadold STRIIN I 8'T x ¢°F 12 x %11 6%98]€ =10 hil g
o ‘dnoin
S1923J4 uoTlerpEy E6 ¢ Z WEIE 081 O WelE /G ¥ F Y
N0 fdnoan
S308J39 uolleipey 16 £z Wwelp 7{(T70 mweTp 16°9 poy
IN¥0 fdnhoan £°0 % 81 x 6-L65t g % +
Burssavolg sTeIIN 1 7 x 12 01 x €S 21e1d =V¥X-¥54 P21ITPOU f-1
Mg “‘dnoan
83122339 uoTIETPEY %9 91 welp Q81°0 WweIp [G*% POy
g0 fdnoag
§1021JY UOTIETpPEY 8 1°T WeIp Z7LT°0 WeIp 1679 POy
o fdnoin L0 X 81 x 6-T65¢€ N %7 +
Burssavoid sTeIal T 7 x £7 ¢0T x %8BS ®318Td -¥VX—4SI PITITpow g-1L
INH0 fdnoan
53122339 UOTIBTIPEY 89 L1 ueIp §81°Q WEIP [C°h POy
INEO ‘dnoan
§399334 UGOTIBIPEY 88 Fa weyp 7.7°0 WEIP 16°9 poyd
140 ‘dnoas L70 x Bl x 6-065E
Burssadoad sTeIay i v X £C c0T x 98S 83®eTd YX-4S3 ParjIpow g-lL
10 ‘dnoxg
§39291J3 UO0T3EB1pEY 89 L1 TWeTp Q08T"0 weIp [S*% Pod
N0 ‘dnoin
§1093J3% uOollRIpPFY £6 e WeTIp Z/[T°0 meTp 16°9 pod
NE0 dnox) £°0 % 8T x 6-265E g™ 1T
3urssad01d STEIDNK T ¥ N7 ZNT w ONC ERLA —_wwv_weT L o£TUu
03 (se021d)  (z*uT) (@ (*up) (@) (A1) (B) (*u1) () -
Ncw 1on om e H Aormy
AJ1juenh SUOTSUIWI poid
L[@=MQ 2+00) £ ¢ E P19 L
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9.1 HYDROGEN DISSOLUTION AND PERMEATION STUDIES OF ADIP PROGRAM
ALLOYS - E.H. Van Deventer and V. A. Maroni
(Argonne National Laboratory).

9.1.1 ADIP Task
I.A.4 Hydrogen Dissolution and Permeation Effects. The results
presented in this section contribute to Subtask 1.A.4., Milestones 1.A.a

through I.A.d,

9.1.2 Objectives
The objective of the work reported in this section is to provide

base-1line hydrogen dissolution and permeation data for alloys currently
under study in the ADIP Program. The hydrogen dissolution, outgassing
and permeation characteristics of these materials are vital to an under-
standing of their performance as first—wall and blanket structural
materials for fusion devices. A further objective of this work is to
examine methods for overcoming any serious hydrogen isotope uptake and
migration problems associated with the rather strong hydride-forming

nature of some classes of allovs.

9.1.3 Summm
No report for this period. The next reporting of progress on

this task will be at the end of the fourth quarter of FY-1980.



327

9.2 VANADIUM ALLOY/LITHIUM PUMPED-LOOP STUDIES - D. L. Smith,
R. H. Lee, and R. M. Yonco (Argonne National Laboratory)

9.2.1 ADIP Task
I.A.3. Chemical and Metallurgical Compatibility Analysis. The
results presented in this section contribute to Subtask 1.A.3.4, Mile-

stones I.A.3.c and |.A.3.d.

9.2.2 Objective

The objective of this work is to develop preliminary data on the
compatibility of candidate Path C alloys exposed to a flowing lithium
environment. The major effort involves investigations of nonmetallic
element interactions in reactive/refractory metal-Ilithium systems and
the effects of lithium exposure on the mechanical properties of refrac-
tory metal alloys. Information relating to atmospheric contamination
of reactive/refractory metal alloys will also be generated. Specific
near—term experiments include measurements of the distribution of non-
metallic elements between selected refractory metals and lithium. The
results of this work will contribute to the data base that relates
compatibility and corrosion phenomena to other alloy development activi-
ties and will provide a basis for selecting candidate Path C alloys for

further development.

9.2.3 Summary
No report for this period. The next reporting of progress on

this task will be at the end of the fourth quarter of FY-1980.
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9.3 COMPATIBILITY OF STATIC LITHIUM WITH A LONG-RANGE-ORDERED Fe-Ni-V
ALLOY AND 2 1/4 Cr-1 Mo STEEL — P. F. Tortorelli , J. H DeVan, and
C. T. Liu (ORNL)

9.3.1 ADIP Task
ADIP Task I.A.3, Perform Chemical and Metallurgical Compatibility

Analyses.

9.3.2 Objective

The purpose of this program is to determine the chemical compatibility
of fusion reactor candidate materials with metallic lithium. Specimens
are exposed to static lithium containing selected solute additions to
identify the kinetics and mechanisms that govern corrosion by lithium.
Specific program objectives are: (1) to determine the effects of N, C,
H, and O on apparent solubilities of metals in Li; (2) to determine the
Cc and N partitioning coefficients between alloys and Li; (3) to determine
the effects of soluble (Ca, Al) and solid (Y, Zr, Ti) active metal
additions on corrosion by Li; and (4) to determine the tendencies for

dissimilar— metal mass transfer.

9.3.3  Summary

Tests of 2 1/4 Cr-1 M steel in static lithium at 400, 500, and 600°C
for exposures up to 3000 h have been completed. Analysis of the post-test
lithium from the 500- and 1000-h experiments at 500°C indicated a decar-
burization of the 2 1/4 Cr-1 Mo steel, which probably caused the observed
decreases in yield and ultimate tensile strengths of the steel when
exposed to lithium at 600°C for 3000 h. A long-range—ordered (LRO)
Fe—31.8 Ni—225 W .4 Ti {wt %) alloy with a critical ordering temperature
(T,) of 680°C was compatible with static lithium after 2000 h at 650 and
710°C.

9.3.4 Progress and Status

Tests of 2 1/4 Cr-1 Mo steel in static molten lithium were initiated
at the first stage in a study of the compatibility of ferritic steels with

this element. These preliminary experiments will be used to establish
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baseline data on carbon transfer and i1ts effects on mechanical properties
as an aid in determining the optimum alloy composition and microstructure
for lithium compatibility.

Specimens of 2 1/4 Cr-1 Mo steel were given two different heat treat-
ments before testing in lithium. The first heat treatment, #Tl, involved
austenitizing for 1 h at 930°¢ in flowing argon followed by furnace
cooling to room temperature at about 50°C/th., The resulting microstructure
Is shown in Fig. 9.3.1¢(a). The second heat treatment, T2, consisted of a
similar austenitizing procedure followed by rapid cooling to room tempera-
ture iIn argon and tempering at 700°C for 1 h  This produced the micro-
structure shown in Fig. 9.,3.1(b),

Purified lithium and tensile specimens of 2 1/4 ¢r-1 Mo steels with
gage lengths of 127 =zm and 32- by 0.5-mm gage sections were sealed
inside 2.1-mm-ID by 1.6-mwall capsules. The capsules were of the same
composition and heat treatment as the internal test specimens. One
control sample from each heat treatment was placed in an argon-filled
capsule for each test temperature. The capsules were then placed iIn tube
furnaces at 400, 500, and 500°C for various exposure times.

In the preceding quacterly! we reported some results from static
tests of 2 /4 Cr-} Mo steel exposed for 500 and 1000 h to 500°C lithium
and argon. Weight changes were negligible, although the yield and
ultimate tensile strengths decreased 4 to 104 for the lithium-exposed
specimens. Exposures of 3000 h have now been completed, and the results
from these experiments are summarized in Table 931 While the weight
losses were not large and did not vary greatly between the two heat
treatments, they did iIncrease with iIncreasing temperature. Relative to
the tests in argon, yield and ultimate tensile strengths of 2 1/4 cr-1 Mo
steel exposed to lithium decreased at 600°C (Table 932).

The partitioning of the carbon between the 2 /4 cr-1 Mo steel and
the lithium is of concern since the mechanical properties of the steel are
sensitive to its carbon concentration. The analytical results for both
the 500- and 1000-h tests are given in Table 9.33. We previously
ceported! that carbon transfer from the steel to the lithium was less
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Fig. 9.3.1. The 2 1/4 Cr-1 Mo Before Exposure to Lithium.
(a) Annealed at 930°C for 1 h and cooled at 60°C/h to room temperature.
(b) Normalized at 930°C for 1 h and tempered at 700°C for 1 h.
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Table 9.3.1. Weight Change and Tensile Propertiesn of 2 1/4 Cr-1 M

Steel Exposed to Static Argon and Lithium for 3000 h

_ Weight Strength, MPa _
Heat Environ- Tenzper)ature Chanpe —  ———— EIo?gatlon
Treatment ment °C . Ultimate %)
(g/n%) Yield Tensile
HTL Ar 400 +0.5 251 480 14.9
nr1? Li 400 —0.5 232 494 17.2
HT2 Ar 400 +0.5 452 607 11.2
HT2D Li 400 0.6 459 602 9.3
HT1 Ar 500 —0.9 265 521 16.4
HT1D Li 500 —1.4 219 478 15.1
HT2 Ar 500 —0.5 485 620 8.6
HTZb Li 500 —-1.0 484 616 8.7
HTI Ar 600 —0.5 212 452 19.2
HT1? Li 600 —25 161 356 23.2
HT2 AK 600 —0.2 323 499 17.1
HT2b Li 600 —2.6 153 338 21.7

ARoom temperature tensile tests with a strain rate of 3.33 X 1073/s.

bAverage of two specimens.

Table 9.3.2. Relative Changes in Yield Strength,
Ultimate Tensile Strength, and Elongation of
2 1/4 Cr-1 M Exposed to Static
Lithium for 3000 h

Relative Change, @ %

Temperature Heat ;
. Ultimate
(°C) Treatment S‘ﬁg—#dth Tensile Elongation
g Strength
400 HT1 -a +3 +15
HT2 +2 0 47
500 HT 1 47 -8 8
HT2 0 0 0
600 HT1 24 21 +21
HT2 53 -32 +27

AQRelative to 2 1/4 Cr-1 Mo specimens exposed to argon
under the same conditions.
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Table 9.3.3. Carbon Concentrations
of Post-Test Lithium Used in
2 1/4 Cr-1 M Experiments@

Carbon Concentrations, ? ut ppm

Test

TIMe  From 500°C HTL  From 500°C HT2
(n) Capsules Capsules
500 243 103

1000 238 136

Zpnalyses were performed by
R. M. Yonco of Argonne National
Laboratory using the acetylene-evolution
method. This method is described in
E. M. Hobart and R. G Bjork, "Validity
of Determining Carbon in Lithium by
Measurement of Acetylene Evolved on
Hydrolysis," Anal. Chem. 39: 202 (1967).
A control lithium sample was found to
have a concentration of 3 wt ppm.

Priltered lithium samples were
taken at 500°C.

after 500 h for the specimens that were normalized and tempered (HT2Z) than
for those that were simply annealed (HT1). The 1000-h experiments showed
the same trend (Table 9.3.3): the carbon loss from the HTl steel was
greater than that from the HT2 steel. Note that the amounts of carbon
gained by the lithium in the HTl experiments were the same at 500 and
1000 h, while the carbon transfer between the HI2 steel and lithium was
slightly greater after 1000 than after 500 h. The decarburization of
2 1/4 Cr-1 M steel when exposed to molten lithium may explain the reduc-
tion in the yield and ultimate tensile strengths and the increase in
elongation noted above. V¢ will be able to make a more definite correla-
tion between the redistribution of carbon and the changes in tensile
properties when the carbon analyses of the lithium from the 3000-h tests
are completed.

The above results are consistent with decarburization studies of

2 1/4 Cr=1 M steel in molten sodium.2’3 Decarburization was found to
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depend on the prior metallurgical structure such that carbon loss in
sodium was less rapid for normalized and tempered specimens than for
specimens that were just normalized. This difference in the amount of
carbon transferred has been attributed to the relatively slow decompo-
sition of carbides in the normalized and tempered steel,?

Ductile LRO alloys have been developed at ORNL for high-temperature
applications.!* In previous corrosion tests® an LRO alloy composed of
Fe—31.8 Ni—225 V0.4 Ti (wt %) was found to be compatible with static
lithium at 500 and 600°C. This was in contrast to alloy 800 [46 Fe—32 Ni—
21 Cr (wt )1, which, like other higher nickel alloys,®»’ suffered
significant attack by static lithium.® To determine if the corrosion
resistance of the LRO alloy could be attributed to its ordered structure
(for example, as a result of reduced nickel activity and mobility in the
LRO lattice), similar experiments were conducted at temperatures slightly
above and below the critical ordering temperature of 680°C. The weight
change results of Fe—31,8 Ni—225 0.4 Ti (wt %) LRO exposed to static

lithium for 2000 h are shown below.

Test

Temperature Weight Change
) (g/m?)
500 -0.2, —0.5, -0.5
600 —0.2, =0.5, -0.5
650 0.0, 00, —0.2
710 +0.2, 0.0, —0.2

These results include data from previous tests at 500 and 600°C. Three
weight change values are indicated for each temperature since three
specimens were tested in a single capsule at that temperature. Note that
the specimens in the disordered state (those held at 710°C in static
lithium) did not suffer grcater weight losses than the specimens at 650°C.
On the other hand, the specimens exposed at 710°C did show marked
increases in yield strength and decreases in elongation when compared
with the control specimens, while the same properties of those exposed

below Te did not change substantially (Table 9.3.4). Metallographic
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Table 9.3.4. Tensile Properties of Long-Range-
Ordered [Fe—31.8 Ni—225 V0.4 Ti (wt %)]
Specimens Exposed to Static Lithium

for 2000 h
Temperature, °C Strength, MPa
_ Elongation

Lithium Tensile : Ultimate (%)
Exposure Test vield Tensile
Unexposed 25 270 1124 42.1
650 25 270 1034 44.5
710 25 701 1122 5.1
Unexposed 650 391 027 33.6
650 650 367 726 30.2
710 650 507 791 15.3

examination of the specimens revealed distinctly different post-test
microstructures (Fig. 9.3.2). The micrograph in Fig. 9.3.2(b) and the
characteristics of the stress-strain curves suggest that sigma phase
formed during the 710°C exposure. Subsequent x-ray diffraction confirmed
the presence of this phase which would then account for the reduced
ductility of the specimens held above 7,. It therefore appears that the
increases in yield strength and decreases in elongation can be ascribed
strictly to thermal effects and probably not to any influence of the

lithium.

9.3.5 Conclusions

1. Relative to tests in argon, the room temperature yield and
ultimate tensile strengths of 2 1/4 Ccr-1 M steel exposed to 600°C lithium
for 3000 h decreased significantly. This can probably be ascribed to
decarburization. Carbon was transferred from 2 1/4 Cr-1 M steel to
lithium at 500°C after 1000-h exposures with the amount of carbon loss
being greater for the annealed steel than for the alloy in a normalized

and tempered condition.
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Alloy Exposed to Static Lithium for 2000 hh (@) 650°c. (b) 710°C.



336

2. The LRO Fe—318 Ni—225 W .4 Ti (wt %) alloy is compatible with
static lithium up to 710°C (2000 h), which is 30°C above the critical
ordering temperature. The reduced ductility of the alloy after exposure
at 710°C resulted from the formation of sigma phase by thermal aging and

thus is not a result of the presence of lithium.
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9.4 MASS TRANSFER OF TYPE 316 STAINLESS STEEL IN LITHIUM THERMAL-
CONVECTION LOOPS — P. F. Tortorelli and J. H DeVan (ORNL)

9.4.1 ADIP Task
ADIP Task 1.A.3, Perform Chemical and Metallurgical Compatibility
Analyses.

9.4.2 Objective

The purpose of this task is to evaluate the corrosion resistance of
candidate first-wall materials to flowing lithium in the presence of a
temperature gradient. Corrosion rates (in both dissolution and deposition)
are measured as functions of time, temperature, additions to the lithium,
and flow conditions. These measurements are combined with chemical and
metallographic examinations of specimen surfaces to establish the
mechanisms and rate-controlling processes for dissolution and deposition

reactions.

9.4.3 Summary
The possible effects of nitrogen in lithium-type 316 stainless steel

thermal-convection systems are diszcussad, Variations in the normally low
nitrogen concentrations of the lithium did not significantly alter the
short-time dissolution rate. However, the presence of nitrogen in lithium
may influence the distribution of the dissolved elements around the loops
through nitrogen interactions with other elements (especially chromium) in
the lithium.

9.4.4 Progress and Status

We have continued our study of the mass transfer of type 316 stain-
less steel in flowing lithium using previously described! thermal-
convection loops (TCLs) with accessible specimens. These loops are
designed so that lithium samples can be taken and corrosion coupons can
be withdrawn and inserted without altering the loop operating conditions.
Each of three such loops have been operating for several thousand hours
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and have yielded data on dissolution and deposition processes as a
function of time,2s3 Plugging from mass transfer deposits has necessitated
eventual replacement of the cold legs in all three loops.

While enhanced levels of nitrogen in static lithium (>1000 wt ppm)
have been shown” to promote the corrosion of stainless steel, the effect
has been much less pronounced in our thermal-convection systems, which
have operated at a maximum temperature of 600°C. McKee? found a signifi-
cant increase in mass transfer in loops operated at 800°C when the
nitrogen content of the lithium was increased from 125 to 370 wt ppm. On
the other hand, other experimentsﬁﬂ have shown that nitrogen additions
to flowing lithium have a negligible effect on the overall mass transfer
rate. Recent results from our long-term TCLs operating at a maximum
temperature of 600°C with a AT of 150°C have shown that variations of no
more than 100 wt ppm in the baseline nitrogen and oxygen concentrations of
lithium have no effect on dissolution. This can be seen from the data in

Table 9.4.1, which lists the average weight losses after initial 500-h

Table 9.4.1. The 500-h Average Weight
Losses@ for Type 316 Stainless Steel
Exposed to Flowing Lithium in
Thermal- Convection Loops

Concentrations in Lithium,

Wt ppm Average Weight

Loss
Nitrogenb Oxygen® (g/m?)
30 90 115
44 12 7.34d
124 86 10.0
128 134 9.1

aan average of five coupons situated
between 520 and 600°C.

bnitrogen concentration determined by
micro- Kjedahl method.

Coxygen concentration determined by
neutron activation analysis.

dresults from a fresh type 316 stain-
less steel loop with fresh coupons; in the
other three cases, fresh coupons were in
loops that had already circulated lithium
for several thousand hours.
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exposures of the specimens in the dissolution ragions (H3 through H6,

Fig. 9.4.1) of the three TCLs described above and the corresponding
starting nitrogen and oxygen concentrations. No correlation betwecn the
impurity levels of the lithium and the average weight losses is apparent.
This may result from these concentrations heing less than threshold Levels
€or observing an effect. However, it does appear that, at least for flow
velocities typical of this study (-30 ma/s), nitrogen concentrations in
lithium may he allowed to vary over an order of 1 to 130 wt ppm Or greater
without significantly affecting compatibility. By analogy with oxygen
effects in 50dium,8 it is possible that at higher lithium velocities even
these relatively low nitrogen levels may have a detrimental effect on the

corrosion resistance of stainless steels.
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The presence of nitrogen in lithium may influence mass transfer of
stainless steel in ways other than those possibly affecting the dissolution
rate. For example, there are indications' that the presence of nitrogen
at levels of 500 and 1700 wt pom in lithium may change the dissolution and
deposition pattern around the loop without causing a drastic change in the
rate of material loss. Furthermore, recent data on Cr-LisN interactions
in lithium9 may help explain the deposition of pure chromium in the cold
legs of type 316 stainless steel-Ilithium TCLs during the initial period of
operation.3 Specifically, Calaway9 has reported that chromium reacts with
nitrogen in solution in lithium above 500°C and has proposed the existence
of a Li-Cr-N ternary compound. 1t is possible that this type compound
formed in the hotter regions of our TCLs (500—600°C) hut decomposed in the
cooler areas (450-500°C), where elemental chromium was then deposited.
Since nitrogen would react eventually with the other elements in the
lithium and with those of the loop wall, this process would he a transient
one. This proposed mechanism would explain the observed initial deposition
characteristics; however, the reported reaction of chromium with Liy¥ in
lithium occurred at nitrogen levels in lithium down to concentrations of
about 1000 wt ppm, which were still much greater than the normal concen-
trations in our loops. Further work on the effect of nitrogen in lithium
on mass transfer is thus required. V¢ are planning to more definitively
study this effect by modifying one of our type 316 stainless steel TCLs

to allow direct additions of nitrogen into the flowing lithium.

9.4.5 Conclusions
1. Variations in the residual nitrogen and oxygen concentrations of
naturally convective flowing lithium from 30 to 135 wt ppm did not signi-
ficantly alter the short-time dissolution rate of type 316 stainless steel.
2. The presence of nitrogen in lithium may influence the distribution
of the dissolved elements around the loop circuits through nitrogen

interactions with other elements in the lithium.
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