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FOREWORD

This is the thirty-fourth in a series of semiannual technical progress reports on fusion materials
science activities supported by the Fusion Energy Sciences Program of the U.S. Department of
Energy. This report focuses on research addressing the effects on materials properties and
performance from exposure to the neutronic, thermal, and chemical environments anticipated in
the chambers of fusion experiments and energy systems. This research is a major element of the
national effort to establish the materials knowledge base of an economically and environmentally
attractive fusion energy source. Research activities on issues related to the interaction of
materials with plasmas are reported separately.

The results reported are the product of a national effort involving a number of national
laboratories and universities. A large fraction of this work, particularly in relation to fission reactor
irradiations, is carried out collaboratively with partners in Japan, Russia, and the European Union.
The purpose of this series of reports is to provide a working technical record for the use of
program participants, and to provide a means of communicating the efforts of fusion materials
scientists to the broader fusion community, both nationally and worldwide.

This report has been compiled and edited under the guidance of Ron Klueh and Renetta Godfrey,
Oak Ridge National Laboratory. Their efforts, and the efforts of the many persons who made
technical contributions, are gratefully acknowledged.

S. E. Berk
Facilities and Enabling Technologies Division
Office of Fusion Energy Sciences
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ELECTRICAL RESISTIVITY DATA OF VANADIUM ALLOYS IN THE RB-17J
EXPERIMENT - M. Li, D. T. Hoelzer and S. J. Zinkle (Oak Ridge National Laboratory)

The room temperature electrical resistivity was measured for tensile specimens of
vanadium alloys containing 4-15% Cr and 0.2-15% Ti, V-4Cr-0.38Zr, V-4Cr-0.57Ti-
0.1C, and V-4Cr-4Ti weld material. The influence of 100ppm boron on the resistivity of
unalloyed vanadium and V-4Cr-4Ti alloy with different thermal-mechanical treatment
(TMT) was also examined. It was found that Ti has the strongest effect on the resistivity
of vanadium alloys among solute species of Ti, Cr and Zr. Carbon significantly
increases the resistivity of the alloys. The resistivity of unalloyed vanadium increases
with the addition of 100ppm boron, but the influence of the same amount of boron on
the resistivity of vanadium alloys is minimal. The resistivity of vanadium alloys also
depends on the final annealing temperature.

FABRICATION OF CREEP TUBING FROM THE US AND NIFS HEATS OF V-4Cr-4Ti
A.F. Rowcliffe, D. T. Hoelzer (Oak Ridge National Laboratory), W. R. Johnson (RSME
Services, San Diego), C. Young (Century Tubes Inc, San Diego).

The first batch of commercially-fabricated creep tubing from the US program heat of
V-4Cr-4Ti has been used for the on-going program of creep measurements in vacuum
and Li environments and also for irradiation creep measurements both in ATR and in
HFIR. This tubing (Batch A) had a fairly high frequency of surface cracking both at the
ID and OD surfaces and both carbon and oxygen concentrations increased significantly
during tube processing. Recently a second tubing campaign was undertaken (Batch B)
to produce sufficient tubing to continue creep studies within both the US and Japanese
programs. To overcome the shortcomings of Batch A tubing, modifications were made
to the procedure including changes to the drawing schedule to reduce drawing stresses
and changes to the cleaning procedures to reduce carbon pick-up. During the
processing of Batch A, intermediate anneals at 000°C were carried out under vacuum
conditions in the 107 torr range. For Batch B, vacuum conditions of < 2x10™° torr were
specified and a different vendor selected.

PROCESSING AND FABRICATION OF EXPERIMENTAL VANADIUM ALLOYS FOR
HFIR RB-17J EXPERIMENT - D. T. Hoelzer, A. F. Rowcliffe, and L. T. Gibson (ORNL)

A proposed plan was formulated to make 12 experimental heats of vanadium alloys
(HR1-HR12) to investigate the effects of composition, precipitation, and the presence
of He on the microstructure and mechanical properties of vanadium during neutron
irradiation in the HFIR RB-17J experiment. The main objectives for controlling the
substitutional and interstitial solute concentrations in the alloys were achieved in this
study. All of the alloys except the high N alloy (HR9) were successfully rolled into
plates, which were suitable for machining flat sheet tensile (SS-J1 and SS-J2), TEM
disks, and pre-cracked bend bars (PCBB) specimens. The alloys were processed with
two (three for HR11) thermo-mechanical processes (TMP) in order to develop
microstructures containing different precipitate and grain structures for the unirradiated
annealing and neutron irradiation experiments.
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CHARACTERIZATION OF REACTION PRODUCTS AFTER OXIDATION OF
V-4Cr-4Ti AT LOW PRESSURES - B. A. Pint and H. M. Meyer (Oak Ridge National
Laboratory)

There was a significant change in oxidation kinetics between 10*atm He and 10°atm
He. The higher pressure results were similar to those observed in 1atm He where a
surface oxide was observed. Using Auger electron spectroscopy (AES), a thicker (30-
40nm) oxide was observed after 100h at 700°C in the higher He pressure whereas a
thinner oxide (10-20nm) formed at the lower pressure.

STRONGLY NON-ARRHENIUS INTERSTITIAL DIFFUSION IN VANADIUM--
L. A. Zepeda-Ruiz (Lawrence Livermore National Laboratory), S. Han (Princeton
University), G. J. Ackland (University of Edinburgh), R. Car (Princeton University), and
D. J. Srolovitz (Princeton University)

The creation and evolution of point defects play an important role in determining the
structural properties of materials. The two elementary point defects in elemental metals
are vacancies and self-interstitial atoms (SIA). The creation and migration of SIA are
critical for microstructural evolution of materials in high-energy radiation environments
and in ion implantation. SIAs are usually very mobile (i.e., the migration barriers for
SlAs are relatively small) and, hence, play an important role in controlling the rates of
several types of microstructural processes in such applications.

ON THE CHARACTER OF SELF-INTERSTITIAL LOOPS IN VANADIUM -
L. A. Zepeda-Ruiz (Lawrence Livermore National Laboratory), J. Marian (Lawrence
Livermore National Laboratory), B. D. Wirth (University of California Berkeley), and
D. J. Srolovitz (Princeton University)

Isolated self-interstitial atoms (SIA) and SIA clusters produced during collision
cascades are key components of the microstructure observed when metals are
irradiated with high-energy particles. The evolution of these defects may cause
undesirable changes in the mechanical properties of the material under irradiation.
Therefore, knowledge of the properties, formation and diffusion mechanisms of SIA is
essential for understanding and predicting the effects of radiation damage.

MOLECULAR DYNAMICS STUDY OF THE THRESHOLD DISPLACEMENT
ENERGY IN VANADIUM - L. A. Zepeda-Ruiz (Princeton University and Lawrence
Livermore National Laboratory), S. Han (Princeton University), D. J. Srolovitz
(Princeton University), R. Car (Princeton University) and B. D. Wirth (University of
California, Berkeley)

One of the most important physical parameters for describing radiation damage is the
threshold displacement energy (TDE). The TDE is the minimum kinetic energy
transferred to an atom in the lattice from an impinging particle necessary to
permanently displace an atom from its lattice site, thus generating stable defect, such
as a Frenkel pair. In the case of high kinetic energy particle impingement (such as 14
MeV neutrons in a fusion reactor environment), the initial cascade gives rise to a series
of subcascades which stop when the highest energy particle has kinetic energy smaller
than the TDE. Hence, threshold displacement energies are critical parameters for both
low and high energy irradiation conditions. The TDE provides a lower limit on particle
kinetic energies that must be considered in molecular dynamics (MD) simulations of
radiation damage and, hence, is a key parameter for enabling MD simulations of
displacement cascades.
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CERAMIC COMPOSITE MATERIALS

CHARACTERIZATION OF A 2D-SIC/SIC COMPOSITE MADE BY ICVI WITH
HI-NICALON™ TYPE S FABRIC - G. E. Youngblood and R. H. Jones (Pacific
Northwest National Laboratory)

In this report, the mechanical and thermal properties of a 2D-SiC/SiC composite made
by the CVI process with the Hi-Nicalon™ type S fabric are assessed in detail with
respect to meeting fusion design requirements. Minimum strength and stiffness
structural requirements likely can be met by CVI processed SiCf/SiC composites when
made with advanced SiC fibers. Unfortunately, it appears unlikely that the minimum
thermal conduction goals can be met for CVI-processed material. Even for an
optimized 2D SiCf/SiC system, the margin of improvement required is just too large for
only minor improvements potentially possible through CVI-processing upgrades or
other structural or architectural methods.

THERMAL DIFFUSIVITY/CONDUCTIVITY OF IRRADIATED HI-NICALON™
2D-SIC+/SIC COMPOSITE- G. E. Youngblood, D. J. Senor and R. H. Jones (Pacific
Northwest National Laboratory)

NOTE: This report was inadvertently left out of the previous FMSPR (DOE/ER-
0313/33). Two companion papers did appear in the previous FMSPR, “Thermal
diffusivity/conductivity of irradiated Sylramic™ 2D-SiC/SiC composite” and “Thermal
diffusivity/conductivity of irradiated monolithic CVDSIC.” For continuity, these reports
should be read in sequence since the details for all three experiments and the
description of the H2L model are given in this report.

The primary objective of this task is to assess the thermal conduction properties of
SiC/SiC composites made from SiC fibers (with various SiC-type matrices, fiber
coatings and architectures) before and after neutron irradiation, and to develop analytic
models that describe the transverse and in-plane thermal conductivity of these
composites as a function of constituent properties and geometry as well as
temperature and radiation dose.

FERRITIC MARTENSITIC STEELS

FRACTURE TOUGHNESS VARIABILITY IN F82H - D. S. Gelles (Pacific Northwest
National Laboratory) and Mikhail A. Sokolov (Oak Ridge National Laboratory)

The fracture toughness database for F82H displays some anomalous behavior.
Metallographic examination reveals banding in the center of 25 mm thick F82H plate,
which is more evident in transverse section. The banding is shown to arise because
some grains are etched on a very fine scale whereas the remainder is etched more
strongly and better delineates the martensite lath structure. However, the banding
found does not provide explanation for the anomalous fracture toughness behavior.
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FURTHER EXAMINATION OF CRACK TIP MICROSTRUCTURES IN F82H ON THE
LOWER SHELF - D. S. Gelles (Pacific Northwest National Laboratory), G. R. Odette
(University of California at Santa Barbara) and P. Spatig (Ecole Polytechnique
Fédérale de Lausanne, — Centre de Recherches en Physique des Plasma, Villigen PSI,
Switzerland)

Dislocation microstructures have been further examined near the crack tip of a
compact tension specimen of unirradiated F82H loaded to 25.6 MPa m'? at —196°C
after fatigue precracking. A specimen was prepared by sectioning, dimple grinding and
ion milling to produce electron transparency just ahead of the crack tip. Further ion
milling has allowed improved examination of the microstructure immediately ahead of
the crack tip. It is found that subgrain structure is relatively unaffected near the crack tip
whereas 3 ym from the crack tip, dislocation loop structure was identified.

IRRADIATION EFFECTS ON IMPACT TOUGHNESS OF LOW-CHROMIUM
BAINITIC STEELS - R. L. Klueh and M. A. Sokolov (Oak Ridge National Laboratory)

Charpy specimens of five bainitic steels were irradiated at 378-404°C in the
Experimental Breeder Reactor (EBR-II) to 26-33 dpa. The steels were experimental
reduced-activation 3Cr-WV steels with additions tantalum, boron, and nickel. The
steels were normalized, and specimens of the normalized steel were given two
tempering treatments: 1 hr at 700°C and 1 h at 750°C. The Charpy tests demonstrated
only minor effects of 1% W, 0.05% Ta, and 0.005 %B in the steels in the unirradiated
condition. Tungsten and tantalum had a favorable effect on the irradiated properties.
Nickel, on the other hand, had a favorable effect on the impact toughness of the steel
before and after irradiation.

IRRADIATION CREEP AND SWELLING OF RUSSIAN FERRITIC-MARTENSITIC
STEELS IRRADIATED TO VERY HIGH EXPOSURES IN THE BN-350 FAST
REACTOR AT 305-335°C — Y. V. Konobeev, A. M. Dvoriashin, S. |. Porollo, and
S. V. Shulepin. (Institute of Physics and Power Engineering, Russia), N. |. Budylkin,
and E. G. Mironova (Research Institute of Inorganic Materials, Russia) F. A. Garner
and M. B. Toloczko (Pacific Northwest National Laboratory)

Russian ferritic/martensitic (F/M) steels EP-450, EP-852 and EP-823 were irradiated in
the BN-350 fast reactor in the form of gas-pressurized creep tubes. The first steel is
used in Russia for hexagonal wrappers in fast reactors. The other steels were
developed for compatibility with Pb-Bi coolants and serve to enhance our
understanding of the general behavior of this class of steels. In an earlier paper we
published data on irradiation creep of EP-450 and EP-823 at temperatures between
390 and 520°C, with dpa levels ranging from 20 to 60 dpa. In the current paper new
data on the irradiation creep and swelling of EP-450 and EP- 852 at temperatures
between 305 and 335°C and doses ranging from 61 to 89 dpa are presented. Where
comparisons are possible, it appears that these steels exhibit behavior that is very
consistent with that of Western steels. Swelling is relatively low at high neutron
exposure and confined to temperatures <420°C, but may be camouflaged somewhat
by precipitation-related densification. These irradiation creep studies confirm that the
creep compliance of F/M steels is about one-half that of austenitic steels.
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STATUS OF IN-REACTOR TENSILE STRAINING OF PURE COPPER AT A
CONSTANT STRAIN RATE - D. J. Edwards (Pacific Northwest National Laboratory),
B. N. Singh (Risg National Laboratory, Denmark), S. Tahtinen, P. Moilanen (VTT
Industrial Systems, Finland), P. Jacquet and J. Dekeyser (Reactor Technology
Department, SCK-CEN, Belgium)

Annealed tensile samples of pure copper were irradiated in the fission reactor BR-2 in
Mol, Belgium at 90°C with a damage rate of 6 x 10 dpa/sec. The tensile specimens
were a sheet-type specimen with a 3-mm gage width and a gage length of 7 mm. The
first experiment involved two specimens, one of which was irradiated with no load to
provide a comparative specimen to the other specimen, which was loaded at a
constant strain rate of 1.3 x 10”7 s™. The uniaxial tensile load was applied 4 hrs after the
irradiation rig was inserted into the reactor core. This corresponded to a total
displacement damage of 8.6 x 10* dpa accumulated before the tensile test was
started. The tensile test was considered complete once the load began rapidly falling
and reached 100 MPa, at which level the test was stopped and the load quickly
reduced to zero to leave the specimen intact. For these test conditions the specimen
reached a total plastic strain of ~13% when the test was stopped, considerably less
than that of unirradiated pure copper tested under the same strain rate, which was on
the order of 50% total elongation. The second experiment involved two samples
irradiated under identical irradiation and test conditions, but in this case the tensile load
was not applied until a total dose of 1 x 10-2 dpa (~50 hours after insertion into the
reactor core) was reached. Once the load was applied, the stress immediately climbed
to ~150 MPa with little plastic strain, followed by a small yield drop and work hardening
up to a maximum stress of ~200 MPa. As in the first experiment, the tensile test was
stopped when the load began decreasing and reached a level of 100 MPa.

THE EFFECT OF POST-IRRADATION ANNEALING ON STACKING FAULT
TETRAHEDRA IN NEUTRON-IRRADIATED OFHC COPPER - D. J. Edwards (Pacific
Northwest National Laboratory), B. N. Singh and M. Eldrup (Risg National Laboratory,
Denmark)

Two irradiation experiments have been completed wherein two sets of tensile
specimens of OFHC copper were irradiated with fission neutrons, one set at 200°C and
the other at 250°C. Post-irradiation annealing in vacuum was then used to evaluate the
change in the defect microstructure, including vacancy-type SFT, voids, and dislocation
loops. Individual samples within each set were given one annealing exposure at 300,
350, 400, 450, 500, or 550°C for 2 hours. The fine-scale defect microstructure was
characterized by transmission electron microscopy (TEM) to compare the defect size
and spatial distribution at each annealing temperature and reference the results to that
measured in the as-irradiated condition. Based on the change in the SFT size
distributions, post-irradiation annealing led to a preferential removal of the smaller
sized SFT, but did not lead to a general coarsening as might be expected from an
Oswald ripening scenario. The issue of whether the SFT produced during irradiation
are all structurally perfect is still being investigated at the time of this report, however,
the images of the SFT appeared more perfect after annealing at 300°C and higher.
Further analysis is being performed to determine whether intermediate stages of SFT
formation exist in the as-irradiated condition.
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MHD INSULATORS, INSULATING CERAMICS AND OPTICAL MATERIALS

STUDY OF THE LONG-TERM STABILITY OF MHD COATINGS FOR FUSION
REACTOR APPLICATIONS -- B. A. Pint and L. D. Chitwood (Oak Ridge National
Laboratory, USA) and A. Suzuki (NIFS, Japan)

In order to determine the high temperature resistivity and Li compatibility of several
candidate materials, bulk specimens were fabricated for testing. Results for Y,04
showed sufficiently low resistivity up to 800°C. Combined with the Li compatibility
results, Y,O; meets the metrics for bulk materials and should be tested as a coating.
Initial characterization of the electron beam physical vapor deposited (EB-PVD) Y,0,
coatings shows significant deterioration after exposure to Li at 700° or 800°C.

BREEDING MATERIALS
No Contributions.
RADIATION EFFECTS, MECHANISTIC STUDIES, AND EXPERIMENTAL METHOD

DEFORMATION AND FRACTURE MECHANISMS IN IRRADIATED FCC AND BCC
METALS-S. J. Zinkle (Oak Ridge National Laboratory) and G. E. Lucas (University of
California-Santa Barbara)

The effects of irradiation on the mechanical behavior of face-centered cubic (FCC) and
body centered cubic (BCC) metals are briefly reviewed, including dislocation
channeling, cleavage fracture, and irradiation creep at low irradiation temperatures and
helium grain boundary embrittiement at high temperatures. Particular emphasis is
placed on the microstructural mechanisms responsible for the changes in mechanical
behavior. Four different material systems are examined as typical examples of
behavior in FCC (dispersion strengthened and precipitation strengthened copper, Type
316 austenitic stainless steel) and BCC (V-Cr-Ti alloys, 8-9 Cr ferritic/martensitic steel)
metals. Similarities and differences in the mechanical behavior of irradiated FCC and
BCC metals are highlighted. The stress and temperature regimes where various
deformation mechanisms predominate before and after irradiation are displayed in
terms of Ashby deformation maps. Tensile tests can often provide a misleading
indication of the fracture toughness behavior due to the lack of stress concentrators in
un-notched specimens.
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ATOMIC-LEVEL INTERACTION OF AN EDGE DISLOCATION WITH LOCALIZED
OBSTACLES IN FCC AND BCC METALS - Yu. N. Osetsky (Oak Ridge National
Laboratory) and D. J. Bacon (Department of Engineering, The University of Liverpool,
UK)

Interaction between a moving dislocation and localized obstacles determines
microstructure-induced hardening. The mechanisms and parameters of such
interactions are necessary inputs to large scale dislocation dynamics modelling. We
have developed a model to investigate these characteristics at the atomic level for
dislocation-obstacle interactions under both static (T=0K) and dynamic (T>0K)
conditions. We present results on hardening due to pinning of edge dislocations at
obstacles such as voids, coherent precipitates and stacking fault tetrahedra in bcc-iron
and fcc-copper at temperatures from 0 to 600K. It is demonstrated that atomic-scale
simulation is required to determine the effects of stress, strain rate and temperature
and that such effects cannot always be rationalized within continuum theory.

A KINETIC MONTE CARLO MODEL FOR HELIUM DIFFUSION AND CLUSTERING
IN FUSION ENVIRONMENTS -- B. D. Wirth (University of California, Berkeley) and
E. M. Bringa (Lawrence Livermore National Laboratory)

Structural materials in fusion reactors will operate in harsh radiation conditions
including high displacement rates from 14 MeV neutrons with accompanying high
levels of hydrogen and helium production and will experience severe property
degradation. Predicting their in-service performance requires a detailed understanding
of the mechanisms of defect accumulation and microstructure evolution. Here, we
describe a kinetic Monte Carlo (KMC) model to simulate the migration and clustering of
transmutant helium gas atoms and ultimately determine the role of He in mediating the
long term aging of primary defects (vacancies, self-interstitial atoms and their clusters)
produced in displacement cascades.

SUPPRESSION OF HELIUM BUBBLE GROWTH IN FRICTION STIR WELDING OF
IRRADIATED MATERIALS - Zhili Feng and Stan A. David (Oak Ridge National
Laboratory)

Computational simulations were conducted to investigate the helium bubble growth
during friction stir welding of irradiated stainless steel. The helium bubble evolution
model by Kawano et al was incorporated into the finite element based welding
temperature and stress computational model to obtain the temporal and spatial
distribution of the helium bubbles in the heat-affected zone of a weld. The predicted
maximum helium bubble location in a gas tungsten arc weld correlated very well with
the actual helium induced cracking site. The compressive thermal stress, coupled with
the lower temperature, of the friction stir welding process inhibits the helium bubble
growth. The calculations show that, even without fine-tuning the FSW process
parameters, the maximum helium bubble size in a friction stir weld is only about 27% of
a gas tungsten arc weld of comparable size. This preliminary study suggests that
friction stir welding is advantageous in circumventing the helium induced cracking for
welding of irradiated materials.
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PLANNING OF THE US-JAPAN JP-26 EXPERIMENT FOR IRRADIATION IN THE
HFIR - R. E. Stoller (Oak Ridge National Laboratory) and H. Tanigawa (Japan Atomic
Energy Research Institute, Tokai, Japan)

The experimental matrix for JP-26 was finalized and final design of the irradiation
vehicle was completed. Components needed to build the irradiation vehicle are being
machined and will be delivered to ORNL by late August. Most of the necessary
specimens have been fabricated and final delivery to ORNL is expected by late August.
Assembly of the experiment is expected to take place in early September so that the
irradiation can begin by mid September.
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1.0 VANADIUM ALLOYS



ELECTRICAL RESISTIVITY DATA OF VANADIUM ALLOYS IN THE RB-17J EXPERIMENT — M. Li,
D.T. Hoelzer and S.J. Zinkle (Oak Ridge National Laboratory)

OBJECTIVE

The objective of this report is to summarize the room temperature electrical resistivity measurements on
several vanadium alloys, which will be included in the RB-17J neutron irradiation experiment.

SUMMARY

The room temperature electrical resistivity was measured for tensile specimens of vanadium alloys
containing 4-15% Cr and 0.2-15% Ti, V-4Cr-0.38Zr, V-4Cr-0.57Ti-0.1C, and V-4Cr-4Ti weld material. The
influence of 100ppm boron on the resistivity of unalloyed vanadium and V-4Cr-4Ti alloy with different
thermal-mechanical treatment (TMT) was also examined. It was found that Ti has the strongest effect on
the resistivity of vanadium alloys among solute species of Ti, Cr and Zr. Carbon significantly increases
the resistivity of the alloys. The resistivity of unalloyed vanadium increases with the addition of 100ppm
boron, but the influence of the same amount of boron on the resistivity of vanadium alloys is minimal. The
resistivity of vanadium alloys also depends on the final annealing temperature.

PROGRESS AND STATUS
Experimental Procedure

The electrical resistivity was measured on several vanadium alloys including V-4Cr-4Ti (U.S. 832665 heat
and Japanese NIFS-2 heat) and a series of model alloys (designated HR heats) of V-10Cr-4Ti, V-15Cr-
4Ti, V-4Cr-0.2Ti, V-4Cr-0.5Ti, V-4Cr-10Ti, V-4Cr-15Ti, V + 100ppmB, V-4Cr-4Ti +100ppmB, V-4Cr-0.38Zr,
and V-4Cr-0.57Ti-0.1C. The electrical resistivity measurements were also carried out on V-4Cr-4Ti weld
(Heat GTA25). All materials received a final annealing treatment for 2 hours between 950 and 1300°C.
The GTA25 V-4Cr-4Ti weld was further annealed at 400°C for 2 hours to remove the hydrogen
contamination. The electrical resistivity measurements were performed on types SS-J1 and SS-J2 sheet
tensile specimens. The SS-J1 specimens had nominal gauge dimensions of 0.25x1.2x5 mm and total
length of 16 mm, and the SS-J2 specimens had nominal gauge dimensions of 0.5x1.2x5 mm and total
length of 16 mm. Table 1 lists alloy classes, heat number and final heat treatment of the materials
examined in this study, and specimen identification and specimen type.

A four-point probe technique was used for electrical resistivity measurements following the guidelines in
ASTM Standard Test Method for Resistivity of Electrical Conductor Materials, ASTM B 193-87
(reapproved 1992). A constant electrical current of 100 mA was supplied by a Keithley 237 High Voltage
Source Measure Unit through electrical contacts located in the grip region of the tensile specimens. The
voltage drop in the gauge section was measured using a Keithley 182 Sensitive Digital Voltmeter. The
distance between the spring-loaded voltage contacts was 4.42 mm. Thermal emf offset potentials were
subtracted using the “relative reading” offset function of the Keithley 182 voltmeter. Multiple specimens
(between 6 and 19 specimens) were measured for each material and heat treatment condition. Five
electrical measurements were made on each specimen and were averaged. The specimen thickness and
width were measured to an accuracy of 1 um using a Mitutoyo digital micrometer. The resistance data
were converted to resistivity values with the measured specimen dimensions. The temperature was
recorded at the beginning and end of the measurement period. The temperatures were between 26 and
27°C. Further details on the alloy processing and measured chemical composition will be reported
separately.



Table 1. Alloy classes, annealing condition and specimen identification and type.

oy | v | PP | Sedmen Spiemar Tveon
V-4Cr-4Ti 832665 1000°C/2h UB30 UB48 SS-J1
V-4Cr-4Ti GTA25 191%%2%//222 UWO00 UWO05 S$S-J1
V-4Cr-4Ti HR-1 1000°C/2h UE0O UE11 SS-J1
V-10Cr-4Ti HR-2 1000°C/2h UF00 UF11 SS-J1
V-15Cr-4Ti HR-3 1000°C/2h UV00 UV14 $S-J2
V-15Cr-4Ti HR-3 1300°C/2h UV15 UV29 S$S-J2
V-4Cr-10Ti HR-4 1000°C/2h UHO0 UH11 SS-J1
V-4Cr-15Ti HR-5 1000°C/2h UMO0O UM11 SS-J1
Yééﬁ&ig * HR-11 950°C/2h UP00 UP11 SS-J1
Yé‘(‘)ggrfB' ¥ HR-11 1000°C/2h UP12 uP23 SS-J1
Yé‘(‘)ggrfB' ¥ HR-11 1300°C/2h UP24 UP35 SS-J1
V + 100 ppm B HR-12 1000°C/2h UR00 UR11 SS-J1
V + 100 ppm B HR-12 1300°C/2h UR12 UR23 SS-J1
V-4Cr-4Ti NIFS-2 1000°C/2h UNOO UN18 S$S-J2
V-4Cr-0.20Ti HR-6 1000°C/2h US00 Us14 S$S-J2
V-4Cr-0.20Ti HR-6 1300°C/2h Us15 US29 $S-J2
V-4Cr-0.38Zr HR-7 1000°C/2h UTO00 UT14 S$S-J2
V-4Cr-0.38Zr HR-7 1300°C/2h UT15 UT29 $S-J2
V-4Cr-0.57Ti-0.1C HR-8 1000°C/2h UGO0 UG11 $S-J1
V-4Cr-0.50Ti HR-10 1000°C/2h UY00 uY14 $S-J2
V-4Cr-0.50Ti HR-10 1300°C/2h uY15 uY29 $S-J2

Results and Discussion

Table 2 summarizes the results of the electrical resistivity measurements on annealed vanadium alloys
and the weld. The resistivity data were corrected to a reference temperature of 20°C using the V-Cr-Ti
temperature coefficient for resistivity of dp/dT = 0.75 nQ-m/K [1]. The values of electrical resistivity in
table 2 are the averages for multiple specimens of each material and heat treatment condition. The
standard error of the mean ranged from +0.6 nQ-m to +2.4 nQ-m for the SS-J1 tensile specimens and
ranged from +0.3 to £0.9 nQ-m for the SS-J2 tensile specimens. A large portion of the experimental error
in the resistivity measurements was caused by the uncertainties in the gauge section thickness of tensile
specimens [1]. It is noted that the standard error of the mean is generally smaller for the SS-J2
specimens than for the SS-J1 specimens. Since the thickness of the SS-J1 specimens is half the
thickness of the SS-J2 specimens, the uncertainties in the specimen dimensions in the tensile gauge
section of the SS-J1 specimens gave a larger error in the resistivity measurements for the SS-J1
specimens than for the SS-J2 specimens.

Figure 1 compares the electrical resistivity at 20°C for the various classes of vanadium alloys and the
weld in annealed condition. The experimental results showed that the resistivity of vanadium alloys
increases with increasing Ti solute content. Ti showed a strong effect on the resistivity. In contrast, a
nonmonotonic effect was observed for the influence of Cr solute content on the resistivity of vanadium.



Table 2. Results of electrical resistivity measurements.

Al Heat Final REI?ctt'ri'(:al . Corrgct_et_i Electri::al No. of
oy ea Anneal (°C) 26_e25.,'fc“(':lé_am) Resw::;;y:)t 20°C Specimens
V-4Cr-4Ti 832665 | 1000°C/2h 3123+15 307.1 19
V-4Cr-4Ti GTA25 | 1000°C/2h 3147+ 1.6 310.2 6
V-4Cr-4Ti GTA25 128828%2 307.8+1.7 302.6 6
V-4Cr-4Ti HR-1 | 1000°C/2h 2935417 289.0 12
V-10Cr-4Ti HR-2 | 1000°C/2h 303.7 + 1.0 298.5 12
V-15Cr-4Ti HR-3 | 1000°C/2h 298.0 + 0.4 292.8 15
V-15Cr-4Ti HR-3 | 1300°C/2h 304.9 + 0.4 2997 15
V-4Cr-10Ti HR-4 | 1000°C/2h 378.6+ 1.8 373.4 12
V-4Cr-15Ti HR-5 | 1000°C/2h 4433417 4381 12
\1’6‘(‘)%':1;' ¥ HR-11 | 950°C/2h 297.7+1.7 293.2 12
Yé‘égg;TB' ¥ HR-11 | 1000°C/2h 296.7 + 1.4 292.2 12
Yé%ﬁ&ig ¥ HR-11 | 1300°C/2h 304.3 + 2.1 299.8 12
V + 100 ppm B HR-12 | 1000°C/2h 239.3 + 1.1 2348 12
V + 100 ppm B HR-12 | 1300°C/2h 2522 +2.4 247.0 12
V-4Cr-4Ti NIFS-2 | 1000°C/2h 297.0+ 0.9 2925 18
V-4Cr-0.20Ti HR-6 | 1000°C/2h 239.7 + 0.6 2345 15
V-4Cr-0.20Ti HR-6 | 1300°C/2h 243.0+0.3 237.8 15
V-4Cr-0.382r HR-7 | 1000°C/2h 2281 + 0.4 222.9 15
V-4Cr-0.38Zr HR-7 | 1300°C/2h 232.9+0.4 227.7 15
V-4Cr-057Ti-01C | HR-8 | 1000°C/2h 2515+ 0.6 246.3 12
V-4Cr-0.50Ti HR-10 | 1000°C/2h 2418+ 05 236.6 15
V-4Cr-0.50Ti HR-10 | 1300°C/2h 2482 + 0.4 243.0 15

According to the literature [2,3], the specific resistivity (resistivity per atomic percent, nQ-m/at%) of Ti
solute atoms is >15.5 nQ-m/at%, and the specific resistivity of Cr solute atoms is 4.0 nQ-m/at%. Based
on Matthiessen’s rule, a larger contribution to the resistivity for Ti than for Cr is expected on an atomic
percent basis. Zr solute atoms were observed to have a smaller influence on the resistivity compared
with Ti. The weld material (GTA25) showed higher resistivity compared to the base V-4Cr-4Ti alloy, as
expected. The further annealing treatment at 400°C for 2 hours on the GTA25 V-4Cr-4Ti decreased its
electrical resistivity due to the elimination of hydrogen contamination.

The addition of 100 ppm boron significantly increased the resistivity of unalloyed vanadium (the resistivity
of pure vanadium is 196 nQ2-m [1]), but the influence on resistivity of the same amount of boron in V-4Cr-
4Ti alloy is trivial. The addition of carbon increased the resistivity of a vanadium alloy. The resistivity of
V-4Cr-0.57Ti-0.1C is 10 nQ-m higher than the resistivity of V-4Cr-0.5Ti. The increase in resistivity due to
carbon solute atoms is lower than the reported specific resistivity of 90 nQQ-m/at% [4]. It implies that the
matrix concentration of free carbon interstitial solutes is low due to precipitation.
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Figure 1. Comparison of the electrical resistivity of various classes of vanadium alloys.

The electrical resistivity results showed a small dependence on the final annealing temperature in the
model HR6-8, and HR10-12 alloys. A slight increase of electrical resistivity was observed in all of the
specimens annealed at 1300°C for 2 hours compared with the resistivity of the specimens annealed at
1000°C for 2 hours. This is likely attributed to interstitials dissolving back into the matrix during the
annealing of the specimens at 1300°C. For V-4Cr-4Ti +100ppmB alloy, the resistivity of the specimens
annealed at 950°C is the same as those annealed at 1000°C. The annealing temperature has a stronger
effect on the resistivity of unalloyed vanadium (HR12) with 100ppmB. It is interesting to note that the
measured resistivity in the V-4Cr-4Ti specimens (heat 832665) was somewhat higher than that measured
on the same heat of material in a previous study [1]. The cause of this difference in electrical resistivity is
uncertain.
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Fabrication of Creep Tubing from the US and NIFS Heats of V-4Cr-4Ti
A.F. Rowcliffe, D.T. Hoelzer (Oak Ridge National Laboratory), W.R. Johnson ( RSME Services, San
Diego), C.Young (Century Tubes Inc, San Diego).

OBJECTIVE

Utilize commercial-scale processing to fabricate small-diameter ,thin-wall tubing from plate stock of V-
4Cr-4Ti for both the US program heat no. 832665 and the NIFS-HEAT-2 and produce sufficient tubing to
meet programmatic needs for investigating creep behavior in both lithium and vacuum environments and
for carrying out irradiation creep measurements.

SUMMARY

The first batch of commercially-fabricated creep tubing from the US program heat of V-4Cr-4Ti has been
used for the on-going program of creep measurements in vacuum and Li environments and also for
irradiation creep measurements both in ATR and in HFIR. This tubing (Batch A) had a fairly high
frequency of surface cracking both at the ID and OD surfaces and both carbon and oxygen
concentrations increased significantly during tube processing. Recently a second tubing campaign was
undertaken (Batch B) to produce sufficient tubing to continue creep studies within both the US and
Japanese programs. To overcome the shortcomings of Batch A tubing, modifications were made to the
procedure including changes to the drawing schedule to reduce drawing stresses and changes to the
cleaning procedures to reduce carbon pick-up. During the processing of Batch A, intermediate anneals at
1000°C were carried out under vacuum conditions in the 10™ torr range. For Batch B, vacuum conditions
of < 2x10° torr were specified and a different vendor selected.

In spite of these improvements, the rate of oxygen pick-up was higher during Batch B processing by a
factor of 3-4. Because of the dependence of oxygen concentration on the surface area; volume ratio, the
oxygen content of the tubing doubled during the final 2 anneals to reach 1745 wppm for the US heat and
1645 wppm for the NIFS heat. To reduce oxygen concentrations to more acceptable levels, a double heat
treatment in liquid Li at 800°C and 1000°C was devised which lowered oxygen levels to below 750 wppm
and simultaneously produced a uniform grain size distribution with 12-15 grains across the tubing wall for
both heats. A sufficient number of creep tubes were prepared in this way for the RB-17J irradiation
experiment in HFIR. Further experiments were carried out to determine the origins of the enhanced pick-
up of oxygen in Batch B. Processing variables investigated included a) differences in furnace geometry,
leak rate and vacuum measurement between the two vendors, b) differences in gettering procedure and
c) differences in the rate of attack during the acid cleaning procedure.

Our preliminary conclusions are that although the above processing variables have some significance,
the primary cause of the enhanced rate of oxygen pick-up is related to changes in the mechanism of
oxidation of the V-4Cr-4Ti alloy with changes in the partial pressure of oxygen during the annealing
treatment. The evidence suggests that under poor vacuum conditions (Batch A) the uptake of oxygen is
slowed by the formation of a temporarily protective oxide film. Under improved vacuum conditions (Batch
B) the protective oxide film does not form and the oxygen concentration increase more rapidly. It is
probable that during Batch A processing conditions, a major fraction of the oxygen in the form of a visible
oxide film, was removed each time the tubing was acid cleaned. Further investigation of these factors is
proceeding with the object of defining a set of conditions under which a further batch of tubing could be
fabricated with minimal oxygen pick-up.

PROGRESS AND STATUS
Introduction

The pressurized tube creep specimen measures 25.4mm long with a 4.57mm outside diameter and a wall
thickness of 0.25mm. In 1995, Argonne National Laboratory coordinated a campaign to fabricate ~6



meters of tubing from the US program heat No0.832665 with Century Tubes Inc. of San Diego as the
primary sub-contractor [1]. This effort met with mixed success with a large fraction of the tubing
developing cracks on both the inside and outside surfaces. These cracks were frequently linked together
through the wall thickness via a band of severe macroscopic deformation. Since they were long enough
to be visible to the naked eye, it was possible to select relatively sound segments of tubing to prepare a
sufficient number of creep specimens to meet short term needs. This tubing was used for an initial series
of testing both in vacuum and in lithium environments [2] and was also used to develop irradiation creep
data in experiments conducted in the ATR [1] and in the HFIR [3]. However it was not possible to
eliminate all defects by visual inspection, and it has been suggested that defects in the tube wall could be
responsible for inconsistencies in the measured strains to failure. Thus an important goal for this tubing
campaign was the elimination of surface cracking. In addition to the cracking problems it was also found
that the levels of interstitials increased significantly during processing with carbon increasing from 80 to
300 wppm, oxygen increasing from 310 to 700 wppm and nitrogen increasing slightly from 85 to 95
wppm. The increase in oxygen was of particular concern since creep rate is sensitive to oxygen
concentrations in this range and in general the analysis of creep behavior is complicated by the removal
of oxygen during testing in Li and the pick—up of oxygen during ultra-high vacuum creep testing. The goal
adopted for the new creep tube fabrication campaign was to maintain oxygen levels in the 300-400 wppm
range so that at least the initial oxygen level would be similar to that for the other mechanical property
specimens fabricated from plate-stock of V-4Cr-4Ti.

Two small heats of V-4Cr-4Ti with low levels of interstitials have been produced in Japan under the
direction of the National Institute for Fusion Sciences (NIFS).A small quantity of creep tuning was
prepared from the NIFS-HEAT-2 material using a three-directional rolling process [4]. Less severe
problems were encountered with interstitial pick-up and the development of surface defects. Based upon
the experience gained from processing the US heat into tubing (Batch A) and the experience gained from
processing the NIFS heat, a new procedure was developed which was designed to minimize interstitial
pick-up, improve initial surface quality and reduce the probability of surface cracking by lowering stress
levels in the final drawing stages. These changes and the rationale behind them were detailed in the
previous semi-annual progress report [5] which also described the status of the Batch B, US and NIFS
tubing after 7 drawing and 8 annealing cycles. The present report documents the remaining steps to the
completion of the campaign and describes the results of intermittent interstitial analyses and
metallographic examination and an assessment of the quality of the final creep tubing.

BATCH B REVISED PROCEDURE

The complete drawing and annealing schedule for the Batch B tubing from both the US and NIFS heats is
shown in Table 1; the drawing schedule for the earlier Batch A tubing from the US heat is shown in Table
2. To overcome the problems of surface cracking encountered with Batch A and to minimize oxygen pick-
up, a number of changes were made to the Batch A procedure [4], which may be summarized as follows;

a) The intermediate heat treatments for Batch A were carried out by a commercial vendor (Certified
Metalcraft) using a tube furnace with a reported vacuum in the 10 torr. range. For Batch B a
minimum vacuum of 2x 10 torr was specified and the heat treatments carried out by a different
vendor (Bodycote) using a large volume oven furnace capable of operating in the 10°® torr range.

b) It was conjectured that the cracking problems encountered in Batch A resulted from a
combination of high surface oxygen levels picked up during the annealing cycle and high stresses
imposed by the large reductions in area, (> 40% per cycle), specified in the drawing schedule.
For Batch B therefore it was specified that the reduction in area (R/A) per cycle should not
exceed ~30%. for the last 6 drawing cycles.

c) A more rigorous cleaning operation involving successive treatments in Alconox, acetone and
alcohol was introduced as a more effective mean of removing die lubricant prior to annealing. A
less aggressive acid cleaning procedure was introduced consisting of a 30sec treatment with
20% HNO3+10% HF +70%H,0 compared with the Batch A treatment of 5min with 20% HNO;
+20%HF +60%H,0.



The twin requirements of reducing drawing stresses and reducing the rate of oxygen pick-up are
somewhat in conflict since reducing the reductions per draw means an increase in the number of draw
cycles and hence an increase in the number of anneals. Thus in Batch A the final size was achieved with
a total of 10 anneals at 1000°C for 1 hour whereas the modified procedure for Batch B necessitated a
total of 13 anneals .However it was reasoned that the additional 3 hours at temperature would not result
in higher oxygen levels since the specified vacuum was an order of magnitude better than that used
during the processing of Batch A.

Table 1. Drawing schedule for Batch B tubing of US and NIFS heats.

Cycle oD ID Wall RA/Cycle Anneal
No. (ins) (ins) (ins) % No.
Tube blank | 1.010 0.626 0.192 1
1 0.940 0.600 0.170 17.3 2
2 0.818 0.542 0.138 304 3
3 0.723 0.499 0.112 31.3 4
4 0.588 0.420 0.084 44.4 5
5 0.495 0.375 0.060 44.7 6
6 0.395 0.299 0.048 425 7
7 0.318 0.240 0.039 39.0 8
8 0.288 0.224 0.032 29.2 9
9 0.262 0.212 0.025 29.0 10
10 0.246 0.208 0.019 30.2 11
11 0.229 0.199 0.015 31.0 12
12 0.203 0.179 0.012 32.0 13
13 0.188 0.168 0.010 21.0
Sizing 0.180 0.160 0.010 5.5
Final 26.5%

Table 2. Drawing schedule for Batch A tubing of US heat.

Cycle oD ID Wall RA/Cycle Anneal
No. (ins) (ins) (ins) % No.
Tube blank | 1.100 0.770 0.165 1
1 0.981 0.750 0.177 40.6 2
2 0.920 0.750 0.085 33.3 3
3 0.863 0.750 0.057 41.1 4
4 0.830 0.750 0.040 34.4 5
5 0.755 0.700 0.029 37.6 6
6 0.688 0.650 0.020 41.5 7
7 0.606 0.580 0.015 41.1 8
8 0.520 0.500 0.010 45.9 9
9 0.288 0.264 0.012 40.0 10
10 0.178 0.157 0.011 45.4

CHARACTERIZATION OF BATCH B TUBING
INTERSTITIAL PICK-UP

Archive samples for chemical analysis and metallography were removed after each draw and after each
vacuum anneal. During this study several anomalously high values for both oxygen and carbon were



encountered and it was shown that these were due to contamination during sectioning and cleaning to
prepare the analysis sample. Using careful cutting and cleaning procedures and multiple samples it was
determined that the overall uncertainty in determining oxygen was of the order of +/- 15%. The interstitial
analysis data for both heats is shown in Table 3.

Table 3. Chemical analysis (wppm) for Batch B tubing

Anneal Wall U.S. Heat NIFS Heat
No. (mm) C o N C o N
BLANK 4.87 119 331 88 59 130 156
1 4.87 134 346 93 63 152 132
2 4.32
3 3.50
4 2.85
5 2.13 169 403 92 85 219 140
6 1.52 119 511 94
7 1.22 155 494 101 90 378 148
8 0.99 179 637
9 0.81
10 0.64 223 741 210
11 0.48 264 994 133 253 879 206
12 0.38
13 0.31 457 1745 170 390 1675 211

In the previous semi-annual report [4], data were available up to the eighth anneal for the US heat and
the seventh anneal for the NIFS heat. At this stage the oxygen content had approximately doubled for
both heats and with 5-6 more stages to be completed, these increases in oxygen were of concern.
Accordingly, one half of the tubing from both heats was put on hold following the eighth anneal. After
carefully checking the cleaning and Ta tenting procedures and ensuring that the vacuum was maintained
at better than 2x10™ torr while at temperature, processing to final size was completed on the other half of
both heats.

In spite of these precautions, the rate of pick-up of oxygen accelerated rapidly in the final cycles. During
the final two anneals, the oxygen content of both heats approximately doubled to reach 1745 wppm for
the US heat and 1675 wppm for the NIFS heat. Significant increases also occurred in both the nitrogen
and carbon concentrations of both heats. Thus in spite of the efforts to improve the fabrication
procedures, the final oxygen content of the Batch B tubing was more than double that of the earlier Batch
A tubing; carbon and nitrogen levels were also elevated above those for Batch A (C- 300wppm; N-
95wppm) but not as dramatically.

For a given set of vacuum conditions, exposure time and temperature, the quantity of oxygen adsorbed
depends on specimen geometry and is proportional to the surface area:volume ratio. The surface
area:volume ratio (SAV) of the tubing is plotted for each annealing cycle in Figs.1and 2.(For a cylindrical
tube the SAV is equal to 2/t where t is the wall thickness). The oxygen analysis data is also plotted for
each stage. A curve having approximately the same shape as the SAV curve has been drawn through the
oxygen analysis data. The rapid acceleration in the oxygen concentration reflects the rapid increase in
SAV during the final 4-5 stages of the drawing schedule.

SURFACE DEFECTS
At the end of the fifth drawing cycle several longitudinal surface defects were observed on the OD of the

US heat tubing which at this stage had a wall thickness of 1.5mm. The original plate material was
characterized by a banded microstructure with arrays of Ti(CON) particles associated with regions of finer
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Figure 1. SAV ratio and O concentration versus annealing cycle for Batch B (U.S. Heat).
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Figure 2. SAV ratio and O concentration versus annealing cycle for Batch B tubing (NIFS Heat).

gains where grain growth was impeded by the particles.[5]. At the outset it was recognized that the
development of the cracks which penetrated from both surfaces in the Batch A tubing [4] was possibly
related to regions of severe microstructural inhomogeneity in the original plate. A mechanism based on
the rotation of bands of particles and their intersection with the surface during successive drawing stages
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has been suggested to explain the cracking observed in the NIFS tubing prepared in Japan [6].
Accordingly, during the processing of Batch B one of the LT surfaces of the original plate was designated
as the top surface (zero degrees) and the corresponding position was tracked during tube drawing so that
the appearance of surface defects could be related to the orientation of the bands in the original plate.

At the end of the fifth drawing cycle several longitudinal surface defects were detected visually on the OD
of the tubing from the US heat . The defects occurred parallel to the drawing direction at a location of 90
degrees to the original top surface of the plate. Each defect appeared to be a shallow region
approximately 1-2 mm long which had separated from the tube surface. Following the sixth draw cycle the
tube from the US heat was cut into 2 sections with the region containing the defects confined to a
localized region of one tube (Tube A, 177 cm long) while the other tube (TubeA1, 127 cm long) appeared
to be defect-free. The development of these defects at a stage where very little oxygen pick-up had
occurred (total oxygen 403wppm), and their localization in one section of the tubing strongly suggests that
they are related to a macroscopic inhomogeneity in the original cold—rolled plate rather than developing
from a loss of near—surface ductility due to oxygen pick-up. Defects of this type were not observed in the
NIFS heat tubing at this stage of the drawing.

As noted above, one half of the tubing was put on hold because of concerns regarding the extent of
oxygen pick-up. Tube A1 was held back and processing continued with Tube A, a portion of which
contained the visible defects. After the eighth draw cycle tube A was again cut into two sections and the
section containing the visible defects was designated Tube A2. After further sub-division into sections, A2
and A4, section A2 which contained multiple visible defects developed extensive longitudinal cracks
during the eleventh draw cycle and processing was discontinued. The remaining sections continued
through to the final draw to 4.57 mm OD and 0.254 mm wall thickness. For the US heat, three of the final
tubes (A, AA, and A3, total length ~385 cm), contained very few visible surface defects. The fourth tube
(A4, total length ~200 cm) contained approximately 30 visible defects irregularly spaced along one side of
the tube.

Thus Batch B at this stage, delivered sufficient length of sound tubing for ~150 creep tubes with a further
200 cm (Tube A4) which could be used by judiciously avoiding regions containing visible defects.
Similarly with the NIFS heat, ~100 cm of tubing (Tube B1) was put on hold after the eighth anneal
because of concerns with oxygen pick-up. The other half of the tubing (Tube B) was processed
satisfactorily without any signs of surface defects until during the final draw (No.13) when one section
(B2, 138 cm long), developed longitudinal cracks which linked together and produced significant splitting;
processing of this section was discontinued. A total length of ~370 cm of final tubing virtually free from
visible defects was produced from the NIFS heat during Batch B processing.

MICROSTRUCTURE

During the early stages of processing the recrystallized microstructures were uniform across the wall
thickness and consisted of well-developed equi-axed grains; Fig. 3 shows the microstructure following the
fifth anneal. The microstructure of the NIFS heat was uniform with an average grain size of ~50 microns.
The US heat contained a much higher fraction of small grains (5- 10 microns) with an overall average
grain size of ~ 28 microns. These grain size differences are probably related to the differences in oxygen
concentration, which at this stage is 400 wppm for the US heat and 220 wppm for the NIFS heat, and also
differences in the number density and distribution of Ti (CON) particles in the starting plate materials. As
noted previously [4], there was clear evidence at this stage that the original bands of Ti(CON) particles
become strongly curved, particularly near the OD wall, as the grains rotate to accommodate the
deformation as the material is drawn through the die.

As the drawing schedule progressed, the recrystallized microstructures reflected the increasing
concentration of interstitials, particularly oxygen. A near surface zone developed which etched very
differently and was characterized by very fine irregularly shaped grains. After the tenth anneal the oxygen
concentrations had increased to ~950 and ~741 wppm in the US and NIFS heats respectively and the
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Figure 3. Optical micrographs of the Batch B tubes of the (a) US Heat and (b) NIFS Heat after the fifth
anneal.

surface zones were 40-50 microns in depth Fig. 4. In some areas, primarily in the US heat, small cracks
penetrated from the surface and were arrested at the edge of the zone. At this stage the average grain
sizes in the central areas of the wall were ~62 and ~29 microns for the US and NIFS heats respectively.
During the eleventh anneal the oxygen concentrations increase to ~1150 wppm (US) and ~880 wppm
(NIFS) and the surface—affected layers increased to 60-80 microns deep at the OD surface and 40-
50microns deep at the ID. The interior microstructures however were still similar to the microstructures
after the fifth anneal, with the NIFS heat still having a factor of ~2 larger grain size. After the thirteenth
anneal at Bodycote, the tubes were given a draw of 25.6% R/A to reach final size. During the thirteenth
anneal, oxygen concentrations increased to 1770 wppm and 1675 wppm in the US and NIFS heats
respectively. The microstructures resulting from a subsequent anneal at ORNL of 2 hours at 1000°C in a
vacuum of 10 torr are shown in Fig. 5. The tubing from both heats are similar with very irregular
inhomogeneous grain structures suggesting extensive grain boundary pinning during recrystallization,
and surface zones characterized by very fine grains extending 60-70 microns in from the OD surface and
about 30-40 microns in from the ID. In spite of the very high oxygen concentrations, there was no
generalized surface cracking.

To obtain more detailed information on the nature of the oxidation process and in particular the
partitioning of oxygen between the matrix and the Ti(CON) particles, tubing cross-sections were
examined using a Scanning-Auger system (PHI 680). Details of the surface zone in the US heat tubing
following the tenth anneal (950 wppm oxygen) are shown in the scanning images of Fig. 6. Within the
zone, grain growth is severely limited by the high number density of Ti(CON) particles with sizes in the
range 0.1-0.5 microns. A detailed analysis of the composition of the particles, the partitioning of oxygen
between the matrix and the particles and a discussion of the mechanisms of oxidation and will be
reported later. However the preliminary findings indicate that a process of internal oxidation occurs with
oxygen combining with Ti to form new particles of the globular form of Ti(CON) with possibly growth of the
pre-existing Ti(CON)s also occurring. The number density of particles increases towards the surfaces,
with most of the oxygen being associated with the Ti(CON) particles. There are no significant difference
between the oxygen concentration in the matrix regions located near the center of the tube wall and the
matrix regions near the surfaces.
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Figure 4. Optical micrographs of the Batch B tubes of the (a) US Heat and (b) NIFS Heat after the tenth
anneal.
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Figure 5. Optical micrographs of the Batch B tubes of the (a) US Heat and (b) NIFS Heat after annealing
in vacuum for 2 hr at 1000°C.

OXYGEN REMOVAL

The high overall oxygen content and inhomogeneous grain structure of the finished tubing made it
unacceptable for the fabrication of irradiation creep specimens and it was decided to reduce the oxygen
content by exposing non-pressurized creep specimens to Li, at 800°C -1000°C, in a closed retort system.
Previous experience with creep testing the Batch A tubing in molten Li at 800°C had shown that the
kinetics of oxygen transport were sufficiently high to make this a viable approach to lowering the oxygen
levels of the Batch B tubing down to the 700 wppm level of the Batch A tubing. A series of different heat
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Figure 6. SEM micrographs showing (a) the changes in grain size from surface to the interior of the tube
wall and (b) the increase in number density of TIiCON particles near the surgace region of the
Batch B tube (US Heat) after the tenth anneal.

treatments were carried out to accomplish the twin goals of lowering the oxygen concentration and
developing a homogeneous recrystallized microstructure with a minimum of 10-12 grains across the tube
wall. A summary of the interstitial concentrations following various heat treatments is shown in Fig. 7.

During the initial treatment of one week in Li at 800°C, the oxygen concentration of the US heat tubing
was reduced from 1745 wppm to 1060 wppm, confirming the viability of this approach to achieving
acceptable oxygen levels. At this temperature, recrystallization does not occur and recovery may be
strongly impeded by the high density of particles and elevated matrix oxygen levels, Fig. 8. The hardness
decreased from the as-drawn value of 213 DPH down to 164 DPH, substantially higher than a fully
recrystallized value of ~ 140 DPH.
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Figure 7. Interstitial concentrations measured in the Batch B tube (US Heat) following various conditions
of exposure to molten Li.
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Figure 8. Optical micrograph of the Batch B tube(US Heat) after exposing in molten Li for 1 week at
800°C.

The Li temperature was increased to 1000°C to induce full recrystallization and it was found that a one
hour treatment at 1000°C reduced oxygen to acceptable levels for both heats, (710 wppm for the US heat
and 572 wppm for the NIFS heat). Although recrystallization did occur, the grain size distribution was not
uniform across the tube wall, Fig. 9. In the US heat, a zone of smaller grains extended some 50-60
microns in from the OD surface and 15-25 microns in from the ID surface. A possible explanation for this
microstructure is that the nucleation and growth of new grains is strongly influenced by the size and

(a) (b)

03-1217-03 A13-LI-1000 zox ‘20m 03-1218-01 B13-LI-1000 - 2 20pum '

40H,0/20HNO,/20HF 40H,0/20HNOC,/20HF

Figure 9. Optical micrographs of the Batch B tubes of the (a) US Heat and (b) NIFS Heat after exposing
in molten Li for 1 hr at 1000°C.
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number density of Ti(CON)s and that nucleation of new grains occurred rapidly before significant
dissolution of the Ti(CON)s had take place. Based on these observations it was decided to combine the
two Li exposure treatments and to allow Ti(CON) dissolution and oxygen transfer to the Li to occur at
800°C before raising the temperature and recrystallizing at 1000°C.

The double heat treatment of one week at 800°C followed by one hour at 1000°C lowered the oxygen
concentrations to 700 wppm for the US heat, (analysis for the NIFS heat was not available at the time of
writing but is expected to be of the same order). The levels of carbon and nitrogen were virtually
unchanged by the exposures to Li. For both heats the double Li treatment resulted in a fully recrystallized
microstructure with a fairly uniform grain distribution and approximately 12-15 grains across the tube wall.
Apparently a sufficiently high level of stored energy is retained during the 800°C exposure to drive
recrystallization in the subsequent treatment at 1000°C. The dissolution of the Ti(CON) particles occurs to
such an extent that grain growth is fairly uniform across the tube wall and the surface zone of fine grains

)‘ G- 9 O ] YA

03-1283-01 A13  V-4Cr-4Ti 22 20pm
Li 800-1000

Figure 10. Optical micrograph of the Batch B tube (US Heat) after exposing to molten Li for 1 week at
800°C followed by 1 hr at 1000°C.

is eliminated, Fig. 10. A detailed description of the final preparation of pressurized creep tubes including
final dimensions, fill pressures, and profilometry measurements will be reported later.

DISCUSSION OF OXIDATION BEHAVIOR

During the Batch B fabrication campaign, both the US and the NIFS heat tubing experienced increases in
total oxygen concentration that far exceeded the increase that occurred during the fabrication of the Batch
A tubing from the US heat (Table 4). The magnitude of the oxygen increase was totally unexpected since
examination of the processing records from Certified Metalcraft (CM) for Batch A revealed that the
intermediate anneals had been carried out with reported vacuum levels in the 10™ torr range. For Batch B
the vacuum specification was raised to >2 x 10” torr and the records from Bodycote (BC) show that the
measured vacuum levels ranged from 1.2 x 10 to 2.0 x 107 torr.

Table 4. Increase in interstitial concentrations (wppm)

Campaign C (0] N
US BATCH A 220 390 10
US BATCHB 338 1414 82

NIFS BATCH B 331 1545 55
NIFS (JAPAN) 70 208 24




17

The increase in oxygen concentration during each one hour anneal at 1000°C is directly proportional to
the impingement rate of oxygen atoms at the tube surface and to the SAV ratio of the tubing. The
oxidation behavior of the two batches may be conveniently compared by plotting the incremental oxygen
increase versus the SAV ratio for each anneal cycle. Although chemical analyses have not been
completed on every archive sample taken, the increase in oxygen concentration for each stage can be
estimated for Batch B from the smooth curve drawn through the chemical analysis data shown in Figs. 1
and 2. The oxygen increase data are tabulated in Table 5 together with the vacuum conditions reported
by the vendor and plotted in Fig. 11. Deviations from proportionality occur because the vacuum conditions
and hence the impingement rate of oxygen atoms vary from one anneal to the next; the error bars reflect
the uncertainty in oxygen analysis.

Table 5: Estimated oxygen pick-up data for Batch B

Anneal Wall SAV O Content | O Increase Vacuum
No. (mm) (mm™) (wppm) (wppm) (107 torr)
4 2.85 0.70 375 20 5.1
5 2.13 0.94 400 25 4.0
6 1.52 1.3 450 50 2.6
7 1.22 1.6 525 75 2.8
8 0.99 2.0 625 100 1.2
9 0.81 2.5 760 135 3.8
10 0.64 3.2 950 190 7.2
11 0.48 4.1 1170 220 10.1
12 0.38 5.3 1425 255 12.1
13 0.31 6.6 1745 320 10.3
350 T T T T T T T
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Figure 11. Linear curve fit to data. Error bars are 15% of the calculated value.

The only oxygen data available for Batch A are the initial and final analyses. The SAV ratios for the 10
cycles are plotted in Fig. 12 (The SAV ratio decreased during draw 9 which was a sinking operation to
increase the final wall thickness). Superimposing the initial and final oxygen concentrations on a curve
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Figure 12. SAV ratio and O concentration versus annealing cycle for Batch A tubing (US Heat).

with the same shape as the SAV ratio curve allows us to estimate the incremental oxygen increase for
each anneal; these incremental values are shown on Table 6 and plotted versus SAV ratio in Fig. 10. A
comparison of the slopes of the two lines in Fig. 10 indicates that the increase in oxygen concentration for
a given SAV ratio was a factor of 3-4 lower during the processing of Batch A than it was during the
processing of Batch B.

Table 6 : Estimated oxygen pick-up data for Batch A

Anneal Wall SAV O Content O Increase
No. (mm) (mm") (wppm) (wppm)

3 2.16 0.93 330

4 1.45 1.4 350 20
5 1.02 2.0 380 30
6 0.77 2.6 420 40
7 0.51 3.9 475 55
8 0.38 5.3 545 70
9 0.25 8.0 680 135

The procedures followed together with the recorded heat treatment data from the two vendors were
examined in an attempt to identify the origins of the factor of 3-4 difference in oxygen pick-up between the
two batches. At least experimental 3 factors could be contributing the higher oxygen pick-up rates for
Batch B, namely, a) differences in furnace geometry, vacuum measurement techniques and furnace leak
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rates, b) differences in gettering methods and c) differences in the rate of attack and removal of surface
layers during chemical cleaning.

The intermediate heat treatments for Batch A were carried out in a horizontal tube furnace ~60 cm in
diameter with a volume of ~170 liters. On the other hand the Batch B heat treatments were carried out in
a furnace measuring ~150 cm in diameter with a volume of ~2760 liters. The internal surface area of the
BC furnace is a factor of x50 greater than that of the CM furnace. The large volume and surface area of
the BC furnace coupled with a high pumping rate and a high leak rate could possibly result in higher
partial pressures of oxygen and water vapor than indicated by the ion gauge readings. However
information on leak rates is not available from either of the vendors. For the Batch B processing, Ta foil
was substituted for the Ti wrap used during Batch A processing because of problems associated with the
diffusion bonding of the Ti foil to the tube surface. Although Ti is somewhat more effective getter than Ta,
it was considered that the difference was not sufficiently great to off-set the order-of-magnitude better
vacuum measured in the BC furnace. During the Batch A processing the same Ti tent was used
throughout whereas for Batch B, fresh Ta foil was used for each anneal.

For the Batch A processing, the acid cleaning stage immediately prior to vacuum heat treatment
consisted of 5 minutes in a 30HNO;-10HF-60H,0 solution; the original solution was used unchanged for
the complete processing. For Batch B, because of concerns regarding pitting or grain boundary attack,
the acid cleaning time was reduced to 30 seconds and the solution changed to 30HNO;-20HF-50H,0:
again, the same solution was unchanged for all the cleaning stages. Because of the longer exposure time
it is likely that surface layer removal by chemical etching after each draw cycle was greater during Batch
A. However it is difficult to assess whether the rate of dissolution was aggressive enough to remove a
sufficient depth of oxidized material to explain the measured differences in oxygen pick-up for the two
batches. Tests carried out at ORNL with the latter solution indicate that a 3 minute immersion removes
~0.0005 in.

MODIFIED FABRICATION PROCEDURE; BATCH C

In an effort to produce a batch of tubing with a lower final oxygen concentration, the procedure used for
Batch B was modified in several respects with the objective of lowering the oxygen pick-up rate by a
factor of (3-4). Tube A1, which had been held back following anneal No. 8 was used as the starting
material with the tube dimensions being 8.08mm OD with a 0.99mm wall and the oxygen concentration at
637wppm. Following a draw cycle of ~30% R/A, the tube was put through a sanding process to remove
approximately 0.025 mm from the outside surface followed by the normal de-greasing operation and an
extended chemical cleaning in the HNO3/HF solution for 5 minutes. This resulted in a wall thickness of
0.71 mm (0.028 in) Chemical analysis at this stage showed that these surface treatments were effective
in reducing the overall oxygen concentration from 637 wppm to 497 wppm. This tubing was then tented
with an inner layer of fresh Ta foil and an outer layer of fresh Ti foil and annealed in the BTH furnace. The
time at temperature was reduced from 1 hour to 30 minutes. To provide an additional measurement of the
oxidation rate, a sample of the US heat in the form of a 0.5 mm thick sheet (S40) with an initial oxygen
content of 366 wppm was also placed inside the Ta/Ti tent. The chemical analysis data from these
operations are shown in Table 7.

Table7: Chemical analysis data for Batch C

. C (0] N (o)

Condition I.D. (wppm) (wppm) (wppm) Change
Annealed Tube A1 179 637 101

30% RA,;
Sand/acid clean C1 7 497 98 (140)
1000°C 30 min C1-A 175 594 150 97
30%CW sheet S40 135 366 97
1000°C 30 min S40-1 140 450 186 84
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To assess the effectiveness of reducing the anneal time and introducing Ti in addition to the Ta wrap, the
changes in oxygen content must be compared at the same thickness (SAV ratio). The increases in
oxygen that occurred during the processing of Batch A and Batch B at the same SAV ratio as the Tube
C1 sample were obtained from Figs. (q) and (s) and summarized in Table 8.

Table 8: Comparison of O pick-up for Batches B and C

Thickness SAV O Increase Anneal Time
1.D. -1) . Getter
( mm) (mm (wppm) (min)
C1-A 0.71 2.8 97 30 Ta+Ti
Batch B 0.71 2.8 145 60 Ta
Batch A 0.71 2.8 42 60 Ti

The combination of reduced time at temperature and adding Ti as a getter reduced the oxygen pick-up at
a tube wall thickness of 0.71 mm from 145 to 97 wppm.. The experimental uncertainty in measuring
change in oxygen concentration is approximately +/- 25 wppm. This magnitude of change in oxygen pick-
up could be entirely accounted for by the factor of two reduction in annealing time and it is evident that
the addition of a Ti getter has a minimal effect under the conditions pertaining to the BHT furnace. It is
concluded that the use of the Ti getter during Batch A processing was not responsible for the observed
lower oxygen pick-up rates. This experiment therefore indicated that the lower oxygen pick-up rates
experienced during Batch A processing (60 min. anneals) are related to more favorable vacuum furnace
geometry and leak rate conditions at CM in spite of the fact that the vacuum gauge readings were an
order of magnitude higher than in the BHT furnace. To assess this possibility, a second experiment was
carried out to compare directly, the oxygen pick-up in the two furnace systems.

The Tube C1-A was given a further draw cycle of 28.4% R/A, and then given the surface sanding
treatment followed by the 5 min acid cleaning procedure. This resulted in a tube with a 6.42 mm OD and
a wall thickness of 0.533 mm Two 55 cm long sections of this tubing were wrapped in both Ta and Ti and
heat treated at the two vendors for 30 minutes at 1000°C with a request to maintain a vacuum of >2 x 107
torr. The furnace used at CM was the same furnace that was used for the processing of Batch A. The
preliminary results of this comparison were surprising, but instructive. The tube that was annealed at CM
was covered with a brownish oxide film whereas for the BC tube, the surface appearance was unchanged
by the anneal at 1000°C. A coupon of the US heat sheet material (S40) was included and this also
developed a surface oxide during the anneal at CM. Chemical analysis of these materials is not available
at this time but the preliminary conclusion can be drawn that the vacuum gauge readings reported by the
vendors (CM ~10™ torr; BC <2 x 10° torr) are a reasonable indication of the different vacuum conditions
at the tubing and that the partial pressure of oxygen is indeed much higher in the CM furnace used in the
processing of Batch A tubing. It is concluded that the differences in furnace volume and surface area,
leak rate etc. are not responsible for the higher oxygen pick-up rates in the Batch B annealing treatments
carried out at BC.

It now seems highly probable that the differences in behavior between the two batches of tubing are
related to differences in the mechanisms of oxidation of V-4Cr-4Ti when exposed to different partial
pressures of oxygen at 1000°C. A possible explanation of the observed behavior may be found in the
work of Pint and DiStefano [6] who studied the kinetics of oxidation of the US heat of V-4Cr-4Ti at 600-
700°C under partial pressures of oxygen in the range 10°-10® Pa. It was found that at very low oxygen
partial pressures, oxidation is limited by a surface reaction such as oxygen absorption and the oxidation
kinetics are linear. However at higher oxygen partial pressures a surface oxide may form and oxygen
uptake is limited by diffusion through the surface oxide and under these conditions the kinetics take a
linear-parabolic form. The observation of a visible oxide film during the 1000°C anneal in the CM furnace
and not in the BC furnace indicates that we are in two different oxidation regimes due to the differences in
oxygen partial pressure. A possible scenario is that during the Batch A annealing at CM, oxygen pick-up
in the bulk of the tubing was limited by the formation of a temporarily protective oxide layer. This oxide
layer remained on the tubing during the next draw cycle and could possibly have contributed to the fairly
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high incidence of surface cracking on the OD and ID of the Batch A tubing. The subsequent 5 minute acid
cleaning could well have been sufficient to remove the oxide layer and therefore a major fraction of the
oxygen picked-up during the anneal. On the other hand, during the annealing treatments in the better
vacuum conditions prevailing in the BC furnace, no protective layer was formed and the oxygen up-take
was correspondingly much higher. Very little of the oxygen was removed during the acid cleaning
because a) the oxygen was not concentrated in a surface oxide and b) the acid cleaning time was only 30
seconds duration.

FUTURE WORK

Further investigation of tubing samples taken from these experiments is in progress including the
effectiveness of the acid cleaning process in lowering overall oxygen concentration. Oxidation rates will
be estimated based on the weight gains calculated from the oxygen analyses and compared with
empirical oxidation model [6]. Once the reasons for the high oxygen pick-up rates during the Batch B
processing are understood, it should be possible to develop a procedure that limits oxygen pick-up during
processing and proceed to the preparation of a new batch of creep tubing for both heats utilizing the
8.08mm OD tubing that was held back following the eighth annealing cycle.
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