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Advanced nano-structured ferritic alloys (NFAs) containing a high density of
ultra-fine (2-5 nm) nanoclusters (NCs) enriched in Y, Ti, and O are considered promising
candidates for structural components in future nuclear systems. The superior tensile
strengths of NFAs relative to conventional oxide dispersion strengthened (ODS) ferritic
alloys are attributed to the high number density of NCs, which may provide effective
trapping centers for point defects and transmutation products generated during neutron
irradiation. This study consists of production, irradiation, and characterization of an
advanced NFA, designated 14YWT, currently being developed at Oak Ridge National
Laboratory (ORNL), in Oak Ridge, Tennessee.

The purpose of this study was to

characterize the tensile and fracture toughness properties of 14YWT produced during this
project at ORNL before and after irradiation to evaluate it’s resistance to radiationvi

induced changes in mechanical properties.

Another alloy, designated 14WT, was

produced during this project using identical production parameters used for 14YWT but
without the Y2O3 addition during ball milling required for NC formation. Tensile and
fracture toughness specimens were produced from both alloys and irradiated in small
“rabbit” capsules in the High Flux Isotope Reactor (HFIR) at ORNL.

Five other

structural alloys that are currently being evaluated for applications in nuclear
environments were irradiated and tested during this project to serve as comparison
materials.

Microstructural characterization was performed using optical microscopy,

scanning electron microscopy, transmission electron microscopy, and atom probe
tomography. Tensile strengths for 14YWT were found to be far superior to the other
alloys for both irradiated and unirradiated conditions, with yield strength for 14YWT
decreasing from ~1,450 MPa at 26°C to ~700 MPa at 600°C. Moderate radiationinduced hardening (50-200 MPa) and reduction in ductility was observed for 14YWT for
all irradiation conditions and test temperatures.

Fracture toughness results showed

14YWT in the unirradiated condition had a fracture toughness transition temperature
(FTTT) around -150°C and upper-shelf KJIc values around 175 MPa√m. Results from
irradiated 14YWT fracture toughness tests were found to closely mirror the unirradiated
data and no shift in FTTT or decrease in KJIc values were observed following neutron
irradiation to 1.5 dpa at 300°C. Master curve analysis of the fracture toughness data
show 14YWT to have a To reference temperature of -188 and -176°C in the unirradiated
and irradiated condition, respectively, which is unprecedented for a high-strength
dispersion strengthened ferritic alloy. The results from this study show 14YWT to be
resistant to radiation-induced changes in mechanical properties and a promising candidate
for structural applications in future nuclear systems.
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Chapter One: Introduction

Future power generation systems utilizing nuclear fission and fusion will create
unique operational environments for structural materials; namely high-temperature
operation in the presence of high-energy particle radiation. Neutron and other energetic
particle (ion) radiation cause damage in materials by changing the arrangement and
composition of a material on the atomic scale. The change of atomic structure and
composition can alter material properties and bulk dimensions by a number of processes.
Radiation-induced changes in atomic structure can affect all material properties including
electrical, optical, magnetic, and mechanical properties.

Though many material

properties and characteristics may be affected by radiation-induced changes, the design
requirements of the material determine which changes are relevant. For example, while
changes in electrical and magnetic properties might be the most critical concern for
performance of semiconductor and polymeric materials, they are inconsequential to the
performance of materials in load bearing applications. The most important radiationinduced changes for metallic structural materials are degradation of mechanical
properties and gross changes in size and shape, which is termed dimensional instability.
Mechanical properties can change in a number of ways including radiation-induced
hardening/softening, loss of ductility, degradation of fracture toughness, and
enhancement of time-dependent plastic deformation (creep). Alteration of mechanical
properties can occur to such a degree that they fall outside of design requirements,
notably decrease in ductility and degradation of fracture toughness. Radiation-induced
dimensional instabilities can be volume changing, such as void swelling and shrinkage, or
volume-conserving, for example radiation-enhanced creep or growth of anisotropic
materials in the absence of an applied stress [Mansur – 1991]. Dimensional instability of
structural materials exposed to radiation becomes the most important radiation damage
mechanism for components that require stringent dimensional tolerances for proper
operation. Applications such as fuel cladding, fuel bundle containment structures, and
1

coolant channel components require dimensional stability to maintain proper cooling and
prevent hotspots in fission reactor components.
Since neutrons are the primary particle radiation in fission and fusion
environments that cause damage in metallic structural materials, understanding their
interaction with matrix atoms and the subsequent processes that follow are critical for
development of radiation damage resistant alloys. As neutrons propagate through a
metallic lattice they transfer energy to matrix atoms through ballistic displacement of
atoms from lattice positions, which produce point defects in the microstructure, and by
ionization and electronic excitation processes.

Point defects produced by neutron

radiation include single and clusters of vacancies, self-interstitial atoms, and
transmutation gases such as hydrogen or helium produced by (n, p) and (n, α) reactions,
respectively.

These defects migrate through the microstructure and coalesce at

microstructural features like grain boundaries, phase interfaces, precipitates, or dispersed
second phases. Point defects alter the microstructure of metals through a number of
mechanisms, including non-equilibrium phase formation/dissolution, solute-atom
segregation to/from grain boundaries, void nucleation/growth, and transmutation gases
embrittlement [Mansur – 1987]. Vacancies, interstitials, and transmutation gases can
agglomerate to form crystalline defects like dislocation loops and void cavities, which
can grow and cause macroscopic swelling of the bulk material on the meter length scale.
One method to increase radiation damage resistance in metallic materials is to produce
alloys with a microstructure that contains a high number density of trapping and
recombination sites for point defects [Lee, et al. – 1981] [Mansur – 1981] [Mansur –
1986]. Lattice defects like precipitates, phase boundaries, and small particle inclusions
provide interfaces in the crystalline lattice for point defects to become trapped or
recombine.

Trapping crystalline point defects prevents coalescence of vacancies,

transmutation gases, and dislocations, which causes embrittlement and swelling, while
recombination of vacancies and interstitials removes both defects from the lattice and
essentially “heal” the material.
2

A class of metal alloys called oxide dispersion strengthened (ODS) alloys is
uniquely suited to address radiation-induced embrittlement and void swelling. Metals are
oxide dispersion strengthened through formation of a fine dispersion of oxide particles
throughout a ductile microstructure. The oxide particles increase the tensile strength and
creep resistance of materials by impeding dislocation motion through the crystalline
lattice, which delays the onset of plastic deformation and increases yield strength. These
oxide particles also increase the radiation resistance of metals by providing a high
number density of small point defect recombination and trapping sites throughout the
microstructure. Since both the strength and radiation resistance is proportional to the
spacing and number density of oxide-particle dispersions there has been a drive to
develop alloys with fine nm-scale dispersions [Ukai, et al. – 1993]. The pursuit of fine
scale ODS ferritic alloys has produced alloys with remarkable mechanical properties and
radiation resistance, which are considered promising candidates for structural
applications in future nuclear systems [Ukai and Fujiwara – 2002] [Klueh, et al. – 2005].
A new class of dispersion strengthened ferritic alloy called nano-structured
ferritic alloys (NFAs) is currently being developed to resist radiation-induced changes in
mechanical properties, while maintaining high temperature strength and creep resistance.
NFAs contain a large number density (1024 m-3) of ultra-fine nm-scale clusters of atoms
containing predominantly Y, O, and Ti, called nanoclusters (NCs). Results from energyfiltered transmission electron microscopy (TEM) [Klimiankou, et al. – 2004] [Bentley, et
al. – 2004], atom probe tomography (APT) [Miller, et al. – 2003], and small angle
neutron scattering (SANS) [Alinger, et al. – 2004] examinations all suggest that NCs
form during extrusion, and atoms associated with NCs reside on the body centered cubic
(bcc) crystal lattice sites. APT examinations have also shown NCs to resist coarsening
and prevent grain growth following isothermal aging up to 1,300°C [Miller, et al. – 2005]
[Miller, et al. – 2006]. Recent work has also shown that NCs are resistant to coarsening
and dissociation following ion irradiation and may provide efficient trapping sites for
point defects [Pareige, et al. – 2007] [Yamamoto, et al. – 2007] [Allen, et al. – 2008].
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NCs were first discovered during three-dimensional atom probe microstructural
characterization experiments at Oak Ridge National Laboratory (ORNL) during the late
1990’s in an alloy developed and produced by Kobe Steel in conjunction with Nagoya
University (Japan) [Larson, et al. – 2001]. The alloy was produced by extrusion of a
high-chromium ferritic powder mechanically alloyed with Y2O3, designated 12YWT
[nominal composition: Fe-12wt%Cr-3%W-0.4%Ti-0.25%Y2O3].

The base ferritic

powder for 12YWT was a 12 wt% Cr alloy that contained Ti, W, and other minor
alloying elements, which was mechanically alloyed with 0.25 wt% Y2O3 in a horizontal
high-energy attritor ball mill. APT results revealed that the microstructure contained a
high number density (Nv ≈ 1.4 x 1024 m-3) of small 3-5 nm diameter regions enriched
with predominantly Y, Ti, and O atoms [Miller, et al. – 2003].

Subsequent TEM

examinations established that these NCs could not be easily resolved using diffraction
contrast, but were readily imaged using energy-filtered TEM [Bentley, et al. – 2004].
The combination of microstructure characterization results strongly suggests that the YTi-O atoms in NCs are on the body-centered cubic (bcc) lattice sites, distinguishing
NFAs from ODS alloys that have second phase particle dispersions.

Recent first-

principle work has identified a oxygen-vacancy pair formation mechanism that enables
the nucleation of oxygen-enriched Ti-Y-O nanoclusters on the underlying bcc crystal
structure; the remarkable high-temperature stability of nanoclusters has been accredited
to a bound state system of low energy and high stability formed between oxygen-vacancy
pairs and Y-Ti solute atoms [Fu, et al. – 2007]. Extensive research is currently underway
to model and better understand the processes governing formation of NCs and
crystallographic structure of these clusters in NFAs [Alinger, et al. – 2007] [Hoelzer, et
al. – 2007].
Though the tensile and creep properties of 12YWT were quite impressive [Klueh,
et al. – 2002], its fracture toughness properties were found to be inferior; with a fracture
toughness transition temperature (FTTT) around 75°C [Sokolov, et al. – 2007]. Ferritic
alloys undergo a transition from ductile deformation behavior at high temperatures to a
4

brittle fracture behavior at low temperatures; the temperature range over which this
transition occurs is called the ductile to brittle transition temperature region. The FTTT
is defined as the midpoint temperature between complete brittle fracture and complete
ductile tearing behavior.

This interpretation is not exact but provides a useful

characterization of transition from ductile to brittle fracture toughness behavior and
allows comparison of fracture mode transition temperature between alloys.

The

relatively high FTTT of 12YWT was inferior to conventional structural ferritic alloys and
proved to be a significant drawback to an otherwise superior alloy with respect to hightemperature strength and creep resistance.
A new NFA based on 12YWT was produced with slight alloying changes and
modified thermo-mechanical processing parameters, designated 14YWT [nominal
composition: Fe-14wt%Cr-3%W-0.4%Ti-0.3%Y2O3]. This new alloy contains 14 wt%
Cr (2% more than 12YWT) and 0.3 wt% Y2O3, while the extrusion temperature was
decreased from 1150ºC for 12YWT to 850°C for 14YWT. TEM images of 12YWT and
14YWT microstructures are presented in Figure 1, showing the difference in grain size
and anisotropy between these two NC-strengthened alloys [McClintock, et al. – 2008].
The grain length-to-width aspect ratio for 12YWT was found to be ~10, with grains
roughly 5-20 µm in length and 1 µ m thick [Sokolov, et al. – 2007]; 14YWT has a lower
aspect ratio of ~1-5 and grains with sub-micron dimensions [Hoelzer, et al. – 2007]. The
modified extrusion temperature and thermo-mechanical heat treatment parameters used to
produce 14YWT result in a much finer grain size and higher number density of Y-Ti-O
rich NCs distributed throughout the microstructure compared to the first generation
12YWT. This study was performed to characterize the NCs in the optimized 14YWT
and investigate their effect on mechanical properties, and to evaluate the resistance NCs
provide to radiation-induced changes in material properties.

5

(a)
(b)
Figure 1: Bright-field diffraction contrast TEM images of (a) 12YWT and (b) 14YWT.
Reproduced from [McClintock, et al. – 2008].

1.1

Project Scope and Objectives
The new 14YWT alloy developed at ORNL is being investigated by the United

States Department of Energy (DOE) Fusion Materials Program for structural applications
in future fusion reactor systems and other nuclear applications with neutron radiation
environments.

This project is a study of mechanical properties, before and after

irradiation, of the 14YWT alloy that was produced using the improved extrusion and
thermo-mechanical processing parameters. Data from this project is intended to expand
the body of knowledge for radiation-induced changes in nanocluster strengthened ferritic
alloys and provide information for materials section of components for future nuclear
systems. The 14YWT and 14WT dispersion strengthened ferritic alloys irradiated and
tested during this project were produced at ORNL using mechanical alloying and warm
extrusion. Tensile and fracture toughness specimens produced from 14YWT and 14WT
were irradiated in small “rabbit” capsule tubes in the High Flux Isotope Reactor (HFIR)
at ORNL to 1.5 displacements per atom (dpa) at an irradiation temperature of 300°C for
fracture toughness specimens and 300, 580, and 670°C for tensile specimens. Rabbit
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capsules are small tubes made of aluminum (6061-T6) and vanadium (V-4Cr4Ti) alloys
that contain mechanical and/or microstructural characterization specimens sealed inside.
The capsules are stacked inside perforated holder tubes, which are inserted into HFIR
target positions for neutron irradiation. Unirradiated mechanical tests were performed to
quantify tensile and fracture toughness properties of the new 14YWT alloy before
irradiation and allow accurate calculation of the radiation-induced changes in mechanical
properties following irradiation.
Several other structural alloys were irradiated and tested during this project to
produce data for materials selection research programs and provide performance
comparison data for 14YWT.

Tensile specimens from three reduced-activation

ferritic/martensitic steels were irradiated and tested: ORNL 9Cr-2WVTa, EUROFER 97,
and EUROFER 97 ODS.

These ferritic/martensitic alloys are being examined for

structural applications in fusion reactor systems by the DOE Office of Fusion Energy
Sciences, Fusion Materials Program. Specimens from two commercial nickel alloys,
Inconel 617 and Incoloy 800H, were also irradiated and tested as part of the Generation
IV High-temperature Materials Evaluation Program in the DOE Office of Nuclear Energy
Science and Technology.

Tensile specimens were irradiated and tested for all

comparison alloys, while tensile and fracture toughness characterizations were performed
for EUROFER 97 and EUROFER 97 ODS.
Microstructure characterization was performed on the 14YWT and 14WT alloys
using optical microscopy, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and atom probe tomography (APT). Optical microscopy was used to
provide microstructure information on the micrometer level; specifically optical
microscopy provided macroscopic characterization of grain structure anisotropy and
“stringer” inclusions produced during extrusion. Fracture surfaces of fracture toughness
specimens examined using SEM to provide insight into the failure mechanisms dominate
at various test temperatures and identify any cleavage fracture initiation sites. TEM
performed on 14YWT and 14WT specimens was used to characterize the grain size,
7

anisotropy, and oxide particle size in 14WT. Since NCs can only be reliably resolved
using energy-filtered TEM, which was unavailable during this project, APT examination
of 14YWT specimens was used to provide characterization of NCs size, number density,
and composition.
Mechanical properties were characterized using tensile and fracture toughness
testing. Tensile tests were performed using miniaturized sheet-type tensile specimen
design that has been used extensively for irradiated material testing at ORNL, designated
SS-3.

The SS-3 specimens tested during this project were shoulder loaded using

specimen holder specifically designed for tensile testing in hotcell facilities using remote
manipulators. Fracture toughness characterization was accomplished using a dual-notch
three-point bend specimen, which was designed during the course of this project for
irradiation in rabbit capsules. During design of the new fracture toughness specimen
special attention was paid to ensure all specimen design guidelines in ASTM E 1820-06
were met and that testing results were be valid under all relevant ASTM testing
standards.
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2

Chapter Two: Project Background

Overviews of radiation damage processes in metallic materials and the historical
development of oxide dispersion strengthening in metals are presented here to provide a
background for the development of the NC strengthened alloy 14YWT examined during
this project. Operational environments found in nuclear power generation systems are
outlined, including a description of particle radiation and material requirements for both
fusion and fission reactor systems.

Pertinent radiation damage mechanisms and

processes in metallic materials are outlined in the following section to outline the
significance of alloy microstructure on radiation damage resistance. This overview of
radiation damage is intended to give the reader a general understanding of radiationinduced changes in the microstructure of metallic materials and the resulting alteration of
material properties, and alloy design strategies to mitigate radiation-induced damage. For
a more detailed discussion of radiation damage mechanisms and reaction rate theory of
radiation effects in materials, an extended book chapter by Louis K. Mansur in reference
[Mansur – 1987] is recommended. A discussion of the historical development of ODS
alloys is also presented to provide a background for the development from the first alloys
strengthened with a fine dispersion of second phase particles to the current generation of
NC strengthened NFAs. During this project five other structural alloys were irradiated
and tested with the 14YWT and 14WT specimens. These alloys were two commercial
nickel alloys (Inconel 617 and Incoloy 800H), two experimental high-chromium ferritic
alloys (ORNL 9Cr-2WVTa and EUROFER 97), and an experimental oxide dispersion
strengthened high-chromium ferritic alloy (EUROFER 97 ODS). A brief description of
each comparison alloy is presented along with the possible application for each material
in future nuclear power production systems.
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2.1

Radiation Environments in Nuclear Systems
Power generation systems utilizing nuclear reactions produce exceptionally harsh

operational environments for structural materials. In addition to the high temperature
conditions found in conventional fossil fueled power generation plants, nuclear systems
produce high-energy radiation that alter the structure and species of atoms in structural
materials, which change mechanical properties. Neutron radiation exposure also causes
materials to become radioactive (activated), further complicating both the repair of plant
components during operation and material disposal following plant decommissioning.
Though radiation damage and radioactive activation are common challenges for structural
materials in all nuclear power generation systems, the nature of the radiation environment
and the degradation rate of material properties depend on the type of reactor system.
Fission reactors are generally divided into two categories depending on the energy of the
neutron causing nuclear fission of the fuel atoms, and the characteristic radiations of each
system pose different challenges to structural materials.

Fusion reactor systems

envisioned for future power generation that exploit bonding of hydrogen isotopes present
yet another unique challenge for radiation damage control in structural materials. A brief
description of the radiation environments present in these different nuclear systems is
presented to highlight the diverse challenges for radiation-induced damage control in
structural materials of the various systems.

2.1.1 Fission Reactor Environment
Power generation using nuclear fission is the most developed and utilized method
of producing usable power from nuclear reactions, and is used in all commercial nuclear
reactors for electricity generation and naval propulsion systems. Nuclear fission is the
splitting of a “heavy” (high atomic number) atom into two or more smaller atoms, usually
through the absorption of a neutron. Though heavy nuclei do radioactively decay by
spontaneous fission, this reaction does not occur frequently or predictably enough to be
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useful for power generation. To induce separation of nucleons in heavy nuclei the
attractive forces in the nucleus must be overcome; therefore energy must be supplied to
the nucleus to cause fission in a predictable and controllable manner. In fission reactors
neutrons are used to supply the energy required to initiate fission reactions and control
the rate of subsequent fission events. Neutron-induced nuclear fission is initiated when a
heavy fissile atom absorbs a neutron to form an unstable excited compound nucleus. The
excited compound nucleus then decays by splitting into two or more fragments
accompanied by the release of neutrons. Neutrons emitted at the moment of fission are
called prompt neutrons. The fragments of the large atom are nuclei with atomic numbers
less than the original heavy atom called fission products, which are usually unstable
radioactive isotopes that decay by emitting radiation in the form of one or more γ-ray,
neutron, β-particle, proton, or α-particle. Neutrons emitted by fission products are called
delayed neutrons, and play a central role in reactor kinetics and control of nuclear chain
reactions in fission reactors.
Nuclear fission reactors produce power by harnessing the energy released by
neutron-induced fission chain reactions. A nuclear fission chain reaction is sustained by
the following process: after a heavy atom absorbs a neutron and fissions the neutrons
released (prompt and delayed) go on to cause other fission reactions in adjacent heavy
atoms, which emit neutrons that proceed to induce further fission reactions, and so on.
The thermal energy generated in a nuclear reactor core is produced by the recoverable
energy from fission reactions. Most of the energy release from fission (~85%) appears as
kinetic energy of fission products, while the remainder is emitted in the form of prompt
neutrons, prompt γ-rays, and radiation from fission-product decay [Lamarsh and Baratta
– 2001]. The only non-recoverable energy (~5%) released from fission reactions is the
energy loss from the escape of neutrinos and antineutrinos from the reactor core that are
emitted as part of β + and β − radioactive decay, respectively, of fission products. The
kinetic energy of fission products, neutrons, and radiation emitted from the decay of
fission products are deposited in the nuclear fuel, coolant, and reactor components as
11

thermal energy.

The thermal energy produced in fuel and surrounding reactor

components heats the reactor coolant, which enters a thermodynamic power cycle to
produce electricity.
Fission reactors in power generation systems are separated into two general
categories that are defined by the energy of neutrons causing the majority of fission
reactions. Reactors that are powered primarily from fission reactions caused by relatively
low-energy neutrons are called thermal reactors. Thermal reactors get their name from
the fact that the neutrons causing fission have an energy distribution described by a
Maxwellian distribution, that is, they have slowed down to the point where their energy is
dependent on the temperature of the medium they traverse. Thermal reactors utilize a
“slow-down” medium called a moderator to decrease the energy of neutrons emitted by
fission reactions (~1-10 MeV) to thermal energy levels (~0.0253 eV). Neutrons are
moderated in thermal reactors because the cross-section (probability) for fission increases
as neutron energy decreases for

235
92

U , which is the most common fissile isotope used in

nuclear fuel. Neutrons born from fission lose the majority of their kinetic energy through
repeated elastic collisions with nuclei of atoms in the moderator. Conservation of energy
calculations for a neutron of initial kinetic energy E undergoing an elastic collision with a
nucleus of atomic number A at an angle υ will have a final energy E’ described by

E' =

[

E
cosυ + A2 − sin 2 υ
(1 + A) 2

].
2

(2.0)

The minimum possible energy of a neutron after undergoing an elastic collision would
occur when the neutron strikes a nucleus and bounces directly back, where υ = 180° (π).
For the case of maximum energy transfer Eq. (2.0) can be rewritten to describe the
minimum possible energy E 'min of a neutron following an elastic collision with nucleus
of mass A as
12

2

 A −1 
E 'min = E 
 .
 A +1 

(2.1)

Eq. (2.1) shows that neutron-nucleus elastic collisions between low atomic number nuclei
are more effective at transferring kinetic energy compared to collisions with heavy
nuclei. This conclusion can be easily understood by considering an analogous elastic
“billiard ball type” collision between a low mass object, like a marble, colliding with a
large massive object, like a bowling ball. A marble traveling at considerable speed would
simply glance off or bound directly backwards following a collision with a large bowling
ball, without transferring much energy from the marble to the bowling ball. But an
incident marble colliding elastically with another marble of similar mass will have a
much different result. The incident marble would transfer a significant amount of kinetic
energy to the marble at rest, sending the marble at rest in motion. Following the collision
the kinetic energy of the incident marble would have decreased by an amount equal to
that was transferred to the marble at rest. This same process governs the behavior of
collision events between small subatomic particles, like a neutron, colliding with the
nucleus of more massive heavy atoms. To achieve efficient transfer of kinetic energy
from a neutron to a nucleus of an atom in the moderator, the target nucleus should be
similar in mass to a neutron.

Therefore neutron moderators in fission reactors are

composed of low atomic number nuclei that preferably do not absorb a significant
number of neutrons, like hydrogen or carbon, which is usually in the form of water or
graphite, respectively. Since a hydrogen nucleus is simply a proton, with a mass almost
identical to a neutron (~0.1% difference in mass), hydrogen containing materials are very
efficient neutron moderators and are used in numerous reactor systems to thermalize
neutrons. But utilizing “normal” water for a moderator has a significant drawback, in
that 11 H in ordinary water absorbs neutrons to form 12 H . The propensity for neutron
absorption in the reactor moderator and coolant plays an important role in reactor design
and is reviewed in greater detail in the following discussion.
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There are numerous types of thermal fission reactors that have been developed
and utilized for power production throughout the world, but they may be divided into
three general categories based on the medium used for neutron moderation: light-water
reactors (LWRs), heavy-water reactors (HWRs), and graphite reactors. LWRs use “light”
water for both neutron moderation and heat removal; light water is what would be
considered “normal” water that has predominantly 11H isotopes bonded with oxygen. In
contrast, HWRs use water with a high concentration of 12 H hydrogen isotopes called
deuterium. HWRs have a significant advantage over LWR systems with respect to fissile
fuel requirements. Natural uranium contains only ~0.7 at% of the fissile isotope
(the remaining 99.3 at% is fertile

235
92

U

238
92

U ) and must be enriched to maintain a fission chain

reaction for most reactor applications. The fuel for reactors moderated and cooled with
heavy water do not need enrichment of

235
92

U because 12 H has a very low thermal neutron

absorption cross-section and does not absorb neutrons as readily as 11H . The thermal
neutron capture cross-section of 12 H is ~0.5 x 10-3 barn (1 barn [b] = 1 x 10-24 cm2),
which is about three orders of magnitude lower than the ~0.3 b capture cross-section for
1
1

H [Parrington, et al. – 1996]. Since neutrons are not being absorbed by the 12 H in the

heavy water used in HWRs, the uranium fuel in HWRs does not need to be enriched to
maintain a nuclear chain reaction.

The ability of HWRs to be powered by natural

uranium fuel is an attractive attribute, but has also lead to increased scrutiny of HWR
systems because fissile plutonium for nuclear weapons can be easily produced in these
reactors without the need for expensive and complex uranium enrichment capabilities.
A prime example of international scrutiny of HWRs is illustrated by the ongoing
debate over the Arak reactor complex currently being constructed in Iran. In addition to
building a heavy water production facility, Iran is also constructing a 40 MW(th) heavy
water moderated “research” reactor, designated IR-40, capable of producing ~10 kg of
fissile

239
94

Pu a year at the Arak complex [IAEA – June 2003]. Though the stated purpose
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of the reactor and support facilities is to produce radioisotopes for medical applications
and to support research and development programs for peaceful nuclear energy, great
skepticism exists in the international community because of the plutonium production
capability of this heavy water reactor system [IAEA – May 2007] [IAEA – August 2007].
The only widely constructed HWR for electrical power generation is the Canadian
CANDU (CANada Deuterium Uranium) reactor design. CANDU reactors consist of a
large cylindrical tank full of heavy water called a calandria at essentially atmospheric
pressure, which is penetrated by individual pressurized tubes containing natural uranium
fuel bundles. The individual pressure tubes in CANDU reactors may be isolated from the
reactor coolant flow while the reactor is still online and producing power. The online
refueling ability of CANDU systems allows the reactor to continue power production
during refueling procedures, translating to an impressive operational availability of about
90%. Though the high availability of CANDU systems reduces reactor downtime, the
ability to perform online refueling is actually a significant proliferation vulnerability.
The proliferation concern is that fuel can be more easily removed clandestinely from the
reactor compared to other “western” style reactors, which have to be completely
shutdown to perform refueling.

Although safeguards exist on CANDU refueling

procedures, the added accessibility to plutonium makes these systems less attractive with
respect to proliferation of nuclear material, which is a major contemporary concern with
the spread of international terrorism. Therefore, the advantages of CANDU reactors, the
ability to be refueled online by natural uranium fuel, make them unattractive for
widespread use as power generation systems and are only used by a few countries
throughout the world.
LWRs are by far the most widely operated reactor types and can be grouped into
two general types of reactor systems: pressurized-water reactors (PWRs) and boilingwater reactors (BWRs). Since water at 1 atmosphere of pressure boils at 100°C, the light
water coolant flowing through PWRs must be pressurized to prevent gas nucleation and
boiling when producing high-temperature (~325°C) liquid coolant for steam production.
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Steam for power generation is produced by transferring heat from the pressurized primary
reactor core coolant loop to an isolated secondary loop using steam generators. The
steam produced in the steam generators is dried and passed through turbines connected to
generators that produce electricity for a power grid. An added advantage to the two-loop
configuration of PWR systems is isolation of the radioactive water that flows through the
reactor in the primary loop from the steam handling components such as piping, pumps,
turbines, and condensers. This reduces the need for radiation shielding throughout the
power plant and allows hands-on maintenance of equipment in the secondary loop.
PWRs are the most common reactor system used for power generation throughout the
world primarily due to the significant operational experience and development of this
reactor configuration, but also because of the inherent proliferation resistance of this
reactor type. The slightly enriched (2-5 wt%
does produce appreciable amounts of fissile

235
92

U ) uranium dioxide fuel used in PWRs

239
94

Pu (~180 kg per fuel cycle), but is not

easily used for nuclear weapons since it is run to high fuel burnup. Burnup of nuclear
fuel is the total amount of energy produced for a given amount of fuel. The high burnup
of PWR fuel causes it to become highly radioactive and contain “dirty” plutonium, due to
the presence of a significant amount of

240
94

Pu built up in the fuel. The highly radioactive

spent fuel assemblies from LWRs are also quite large (length >4 m) and can not be
handled without proper radiation shielding and complex remote handing equipment,
making this fuel very difficult to use for production of fissile material for nuclear
weapons. BWRs also use light water for coolant and neutron moderation but produce
steam by boiling water within the reactor core, which then goes directly to a steam
turbine for power production. The direct cycle used in BWR systems does not need large
steam generators or a secondary heat transfer loop, having the advantage of reduced
complexity and size relative to PWR systems. Also, in BWRs more heat is absorbed as
latent heat (heat required to vaporize water) instead of sensible heat (heat used to change
the temperature of water); requiring less water to be pumped through a BWR per unit
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time for the same power output compared to a PWR [Lamarsh and Baratta – 2001]. But
the direct cycle allows radioactive water to contaminate the components in the secondary
loop, requiring radiation shielding for the piping, pumps, turbines and other components
in the secondary loop.

BWR systems have developed considerably with respect to

efficiency and safety of operation in the last couple of decades and now compete with
PWRs for commercial power production.
Thermal reactors moderated with carbon in the form of graphite are somewhat
unique and not very common in power generation systems.

The most (in)famous

graphite moderated thermal reactor design is the RBMK developed and operated by the
former Soviet Union, which is the reactor type operated at the Chernobyl Nuclear Power
Plant in Ukraine during the 1986 disaster.

RBMK stands for reaktor bolshoy

moshchnosti kanalniy, which loosely translates to English as “reactor (of) high power (of
the) channel” or “channelized large power reactor”. RBMK reactors are cooled by light
water but moderated by graphite, and since carbon is a less efficient moderator the size of
RBMK reactor cores are much larger than typical LWRs. The large graphite moderator
is penetrated by channels containing pressure tubes, which contain fuel bundles of lowenriched (~2 wt%

235
92

U ) uranium fuel rods and coolant. Since the coolant pressure is

contained in each pressurized tube RBMK reactors do not have a pressure vessel, but
rather the graphite moderator blocks and pressurized fuel channels are all contained in a
large metal vessel called a biological shield. The pressurized tubes containing the fuel
assemblies are isolated from one another, allowing refueling during reactor operation.
This online refueling capability poses a major proliferation risk and is one of the reasons
RBMK reactors were only operated by the former Soviet Union and are no longer being
constructed. But RBMK reactors have several design flaws with respect to reactivity
control during normal operation and power transients, dramatically exposed by the
Chernobyl accident, and are no longer being constructed.
Several other graphite-moderated reactors worth mentioning have been designed
and constructed. Perhaps the most important reactor ever constructed was a gas-cooled
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graphite-moderated thermal reactor built to prove the validity of the concept of a nuclear
fission chain reaction. The first man-made nuclear chain reaction was accomplished on
December 2, 1942 using a graphite-moderated gas-cooled reactor called the Chicago
Pile-1 (CP-1), which was built on a racket court under the west stands of Alonzo Stagg
Field Stadium at the University of Chicago.

The “pile” was constructed of natural

uranium and graphite blocks stacked together using bricks and lumber, and was
controlled by cadmium-coated “control rods”. An interesting side note with respect to
the cadmium control rods used in the CP-1 was the coining of the phrase SCRAM, which
today means to immediately shut down a nuclear reactor by rapidly inserting neutron
absorbing control rods. The control rods in the CP-1 were inserted from above the pile
and were connected to ropes used to slowly withdraw the control rods during startup, and
were “tied-off” to a handrail on a walkway surrounding the pile once the chain reaction
was started. A person on the walkway was given an ax and assigned to cut the ropes
attached to the control rods in the case of a power excursion, which would allow the
control rods to fall into the reactor and shutdown the nuclear chain reaction. The worker
was given the name Safety Control Rod Ax Man, which was later adopted to represent
the action of quickly shutting down a fission chain reaction in an emergency situation – a
“scram”. The reactor was cooled by natural circulation of air around the uranium blocks
and did not produce appreciable amounts of power. The CP-1 was primarily used to
prove a nuclear fission chain reaction could be achieved, and though it did not produce
usable power or isotopes it was arguably the most important fission reactor ever
constructed.
Two other important graphite-moderated gas-cooled reactor systems were the
British Advanced Gas Reactor (AGR) and the American High-Temperature Gas-Cooled
Reactor (HTGR).

Both were moderated by large graphite blocks and fueled with

uranium fuel, but AGRs were cooled with CO2 while the HTGRs were cooled with
helium. Also, the fuel for HTGRs contained a mixture of highly enriched uranium and
thorium, while AGRs used only slightly enriched (~2 wt%
18

235
92

U ) uranium fuel. The

thorium in the HTGR fuel was used to breed fissile

233
92

U to replace some of the

235
92

U

burned during operation, and as a result HTGR reactors were smaller is size compared to
AGRs. An advantage of these gas-cooled reactors was the very high reactor coolant
outlet temperature; about 650°C for the AGR, and 850°C for the HTGR. This extremely
high reactor coolant outlet temperature allowed these systems to reach an overall plant
efficiency of about 40% compared to about 33% for a modern PWR power plant
[Lamarsh and Baratta – 2001]. There are currently seven AGR equipped power plants
operating in the United Kingdom and the last HTGR was decommissioned in 1989 in the
United States.

The ability to produce very high-temperature coolant (>900°C) and

remarkable high efficiency capability gas cooled reactor system has made it an attractive
design concept for the Generation IV reactor development program (discussed later), and
research is currently underway to investigate the feasibility a gas-cooled graphitemoderated reactor, designated the Very-High-Temperature Reactor (VHTR) [U.S. DOE –
2002].
The other common fission reactor type is called a fast reactor, because fission
reactions are induced by high-energy (fast) neutrons that are not moderated. Fast reactors
do not rely on moderators to decrease neutron energy and may use a coolant made-up of
relatively large atoms that have very high heat transfer capability, such as liquid metal or
gas. Fast reactors are not commonly used for power generation but rather production, or
breeding, of fissile material for nuclear reactor fuel and nuclear weapons; though, an
interesting fast reactor oddity were the small lead/bismuth-cooled fast reactors used by
the former Soviet Union for propulsion of the Alfa-class attack submarines, which is
discussed later. Nuclear reactors powered by fast fission reactions have the unique ability
to produce more fissile material than they consume due to the high neutron population
produced by fast fission reactions, these reactor systems are called fast breeder reactors.
There are currently no fast reactors operating in the United States, but industrialized
countries without indigenous uranium ore deposits like France, Great Britain, Japan, and
Germany research and operate fast breeder reactor systems to produce fissile plutonium
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for nuclear fuel. The ability of fast reactors to produce fissile material and convert longlived radioactive isotopes has generated renewed interest in fast reactor systems for the
Generation IV reactor development program.

Two of the design goals for future

Generation IV reactor systems are the efficient use and production of fissile material and
the conversion of long-lived radioactive isotopes from both its’ own high-level fuel waste
and legacy spent fuel waste built up from LWRs [U.S. DOE – 2002]. Three of the six
reactor systems were chosen for concept feasibility investigation and development are
fast reactors, due to their ability to ability to breed reactor fuel and convert long-lived
radioisotopes to short-lived species.
Fast breeder reactors exploit the fact that the number of neutrons produced per
neutron absorbed in a fuel atom, denoted by η, increases with increasing incident neutron
energy. Therefore great efforts are made in fast reactor systems to prevent neutron
moderation by limiting the number of reactor components composed of light nuclei.
Since hydrogen in water is a strong neutron moderator and absorber (for light water) the
coolant in fast reactor systems is usually a liquid metal or gas. The neutrons in fast
breeder reactor systems serve two purposes, to maintain the nuclear fission chain reaction
239
94

and to produce fissile nuclei through nuclear transmutation of fertile nuclei.

Pu is the

main fissile isotope produced in fast breeder reactors, which is created through a neutron
absorption reaction in

U followed by two radioactive β − decays. The

238
92

238
92

U targets in

fast breeder reactors are contained in modules surrounding the reactor core called
blankets, which are usually composed of natural or depleted uranium. The conversion
begins with the absorption of a neutron by a

238
92

U atom to form

239
92

U , which undergoes

radioactive β − decay with a ~23.5 minute half-life by emitting a β − particle and an antineutrino ( υ ) to become
239
94

239
93

Np that then β − decays with a ~2.4 day half-life to produce

Pu :
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238
92

U + 01n →

239
92

U

23.5 minute half − life
U ~
  
→

239
92

239
93

The

239
94

2.4 day half − life
Np ~

→

239
93

239
94

Np + β − + υ

Pu + β − + υ .

Pu produced in the target blankets is then chemically extracted and can be used to

produce fuel to burn in nuclear reactors or material for nuclear weapons. Fast reactors
used to produce

239
94

Pu are operated to low fuel burnup to limit the production of

through neutron absorption in

239
94

Pu .

240
94

240
94

Pu

Pu has a fairly high neutron capture cross-

section of about 290 b and is considered a poison in nuclear fuel since it rarely fissions
upon absorption of a neutron [Parrington, et al. – 1996].
The ability to breed nuclear weapons grade plutonium from fast reactors has lead
to shunning of this reactor system, but the increasing worldwide demand for energy and
limited supply of

235
92

U has lead to renewed interest in fast reactor systems for both power

and fissile material production. In addition to the ability to produce fissile fuel, the
various design benefits and inherent safety features of fast reactors make them attractive
systems for future nuclear power generation plants. As previously mentioned the coolant
for fast reactor systems is usually a gas or liquid metal composed of relatively large
atoms to prevent neutron moderation. Cooling reactors with liquid metal has many
advantages over cooling with water from both a safety and engineering standpoint.
Metals have very high boiling points at atmospheric pressure so liquid metal reactor
coolant loops do not need to be pressurized and can be operated at essentially
atmospheric pressure.

The absence of high pressure in the coolant loop means no

massive reactor pressure vessel is required. Also, since the coolant loop pressures are
maintained near atmospheric pressure no violent explosion of the coolant loop is
possible, and any leaking liquid metal would quickly solidify at ambient temperatures.
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Liquid metals also have very high thermal conductivity and excellent heat transfer
characteristics; as a result liquid metal cooled reactor cores can be operated at very high
power density, which allows the physical size of the reactor assembly to be quite small
compared to light water cooled thermal reactor systems. High-temperature operation also
greatly increases the thermal efficiency (~40%) of power plants using liquid metal fast
reactors. These inherent benefits of liquid metal fast reactor systems has renewed interest
in liquid metal cooled fast reactor systems for the Generation IV reactor systems, and
currently two of the six concepts are liquid metal cooled fast reactor systems.
The ability to efficiently produce a significant amount of power from a small
reactor were the main motivating factors for the development of liquid metal cooled fast
reactors by the former Soviet Union for propulsion of the NATO designated Alfa-class
(Soviet designation: “Project 705”) attack submarines. A review of the liquid metal fast
reactors used in the Alfa submarines illustrates some of the advantages and disadvantages
of liquid metal cooled fast reactor systems. Two reactor designs were designed and
produced for the Alfa-class submarines, BM-40A by Hydropress and OK-550 by OKBM;
both reactors were cooled with an eutectic lead-bismuth metal alloy and produced 155
MW(th) of power. The small size and high power density of these reactors, coupled with
their lightweight titanium hulls, gave the Alfa submarines very impressive
maneuverability. The low operating pressure and ability of coolant to solidify upon
leaking greatly increased crew safety, which had been a major problem with the Soviet
Navy submarine fleet. However, these advantages also came with significant drawbacks
inherent to liquid metal cooled systems. The lead-bismuth liquid coolant used in the Alfa
reactors solidifies at ~125°C and if solidification occurred the reactor was rendered
useless, since the fuel and control rods were “frozen” in solid metal. To overcome this
problem specialized support facilities were built at submarine docking ports to produce
superheated steam that was supplied to the docked submarines to maintain the
temperature of the molten coolant when the reactors were not operating.

The

solidification problem also greatly complicated maintenance of the reactor system and
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refueling was impossible, since the coolant would solidify during the refueling process.
As a result most Alfa reactors were operated at power continuously and were single-use
reactors; that is, they were operated continuously until maintenance problems arose or the
fuel was depleted, at which point they were removed and replaced with a new reactor.
Despite their impressive maneuverability the Alfa submarines were noisy, expensive to
maintain (due to the unique requirements of the lead-bismuth reactors), and outperformed
by the more capable Akula-class submarine, as a result decommissioning of the Alfas
began in the late 1980s and was completed in 1995.
Though lead and lead-bismuth alloys good reactor cooling properties, the most
widely used liquid metal for fast reactors throughout the world is liquid sodium, which
has been used as a coolant for all fast reactors previously operated in the United States,
including the Experimental Breeder Reactors I and II (EBR-I and EBR-II) at Idaho
National Laboratory outside of Idaho Falls, Idaho; Fermi Unit 1 at the Enrico Fermi
Nuclear Generating Station in Lagoona Beach, Michigan; and the Fast Flux Test Reactor
at the Hanford Site in Washington state. Compared to lead and lead-alloy coolants
sodium has superior thermal hydraulic and corrosion properties; some thermal properties
are presented for sodium, lead, and lead-bismuth are listed in [Tuček, et al. – 2006].
Sodium has a much higher thermal conductivity and specific heat compared to both
liquid lead and lead-bismuth eutectic alloy, which allows much closer spacing of fuel
pins and higher coolant flow velocities. The melting point of sodium is lower than leadbismuth alloy, but the relatively low boiling point of sodium narrows the operational
temperature window for liquid sodium cooled systems. To protect reactor piping and
reactors components in lead-bismuth cooled systems from corrosion a protective layer of
lead-oxides is purposely built-up by controlling the excess oxygen in the coolant loop,
while components immersed in liquid sodium for years appear like new when sodium is
removed [Lamarsh and Baratta – 2001]. Erosion of the protective oxide layer formed on
piping material limits the maximum coolant velocity of lead-bismuth eutectic alloy to
about 2.5-3 m/s, while sodium does not have an flow limitation imposed by erosion
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concerns and may be flowed up to ~10 m/s [Novikova, et al. – 1999]. However the main
drawback to lead-bismuth alloys is the induced radioactivity caused primarily by the
build-up of

210
84

Po , which is produced by a

β − decay. The half-life of

210
84

209
83

Bi (n, γ) 210
83 Bi reaction followed by a

Po is ~138 days, causing the primary coolant to remain

highly radioactive following reactor shutdown and requiring radiation shielding on the
primary coolant loop. On the other hand, the main drawback for liquid sodium as a
reactor coolant is its violent chemical reaction when exposed to water, water vapor, or
air; burning at several hundred degrees Celsius in air to form a toxic white cloud of
sodium peroxide (Na2O2).

Perhaps the most severe accident involving sodium fast

reactors occurred at the Japanese Monju reactor on Dec. 8, 1995. After less than four
months of commercial power operation a leak of sodium coolant in the secondary coolant
loop caused a significant fire and damage to plant infrastructure, causing shutdown of
plant operations lasting to date.
The increasing global demand for energy, energy security, and concerns of
possible climate change caused by CO2 emissions from fossil fueled power plants has
lead to renewed interest in nuclear energy for power production. Early prototype nuclear
fission reactors, designated Generation I reactors, were primarily designed and
constructed to demonstrate the feasibility of electrical power production using nuclear
energy. These early reactors like the 60 MW(e) PWR at the Shippingport Atomic Power
Station and the 50 MW(e) CO2-cooled Magnox at Calder Hall (U.K.) were low powered,
compared to today’s 1,000+ MW(e) PWRs, pilot plants built for dual use – the
Shippingport reactor to produce electricity and serve as pilot for an aircraft carrier reactor
design, and the Magnox reactors to produce electricity and plutonium for nuclear
weapons. The knowledge gained in these first generation reactors was used to design and
construct scaled-up reactors for commercial power generation. The vast majority of
nuclear power plants currently operating throughout the world today are design variants
of these Generation II reactors, which were first constructed in the 1970s. The first
widespread use of nuclear energy for power generation was initiated by the Generation II
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series of reactor concepts, including PWR, BWR, AGR, and CANDU designs. The
Generation III reactors nuclear reactors designed in the 1990s were basically
modifications to Generation II reactor designs and were aimed at reducing operating costs
and improving safety.

Examples of certified Generation III reactor designs are the

General Electric Advanced Boiling Water Reactor (ABWR), Westinghouse Electrical
Company’s AP-600 and AP-1000 PWRs, and the Combustion Engineering’s (now part of
Westinghouse) Super 80+.

The Generation III reactor designs are currently being

redesigned for near-term certification and construction, these modified designs have been
given the label Generation III+ reactor systems.

But the increasing demand for

multipurpose advanced reactor systems that can accomplish a number of energy
production and waste disposal tasks while remaining safe and proliferation resistant have
lead to an effort to develop revolutionary reactor designs called the Generation IV reactor
systems.
Development of Generation IV reactor designs is being conducted by an
international consortium of ten countries called the Generation IV International Forum
(GIF), with the stated objective of producing reactor designs for deployment by 2030
when decommissioning many of the reactors currently operating at nuclear power plants
throughout the world will begin [U.S. DOE – 2002]. The Generation IV reactor designs
are being developed with the flexibility to support numerous industrial tasks in addition
to electrical power generation, including hydrogen production and desalination of salt
water for areas where fresh water is in short supply. In addition to supplying heat for
these high-temperature processes Generation IV reactor designs are being developed to
be proliferation resistant and manage high-level radioactive waste. All of these design
tasks for the Generation IV reactor concepts are encompassed by four major mission
goals assigned by the GIF and the U.S. Department of Energy: 1) economical production
of electricity, 2) use of process heat to produce alternative energy products (hydrogen), 3)
transmutation of long-lived radioactive isotopes from spent nuclear fuel, and 4) actinide
management (fissile nuclear material proliferation resistance) [U.S. DOE – 2007].
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Currently reprocessing spent nuclear fuel is not economically or politically (in the
United States) practical because of the widespread availability and low cost of fissile
uranium. But the world’s supply of uranium is limited and will become more expensive
in the future as stockpiles and known ore deposits are diminished. The solution to the
decline of uranium supply is to develop a self-sufficient nuclear fuel cycle. The fuel
cycle for Generation IV systems are envisioned to be a closed cycle, that is, the spent fuel
will be reprocessed to recover fissile fuel nuclides that were not burned during operation
239
( 235
92 U ) and those breed during reactor operation ( 94 Pu ) to produce fresh reactor fuel.

Another goal for Generation IV reactor systems is disposal of the high-level nuclear
waste produced during reactor operation and subsequent reprocessing of fuel from the
Generation IV reactors and legacy spent fuel from contemporary PWRs and BWRs. The
conversion of long-lived radioisotopes for nuclear waste management is achieved by
exposing the long-lived isotopes to intense neutron radiation to transmute them to shortlived species. The desire to support high-temperature industrial processes and convert
long-lived isotopes from reactor fuel has steered the Generation IV reactor designs to
reactors capable of producing extremely high temperature (>900°C) coolant and high
neutron fluxes.

As a result of initial investigations six reactor designs, three fast-

spectrum and three thermal-spectrum reactors, were chosen for further research and
development; these designs are described in detail in a technological roadmap prepared
by the GIF and U.S. Department of Energy [U.S. DOE – 2002] and are briefly outlined
here.
The fast-neutron spectrum reactor systems were chosen primarily because of the
desire to create closed-fuel cycles that do not require fresh uranium fuel, and can be selfsufficiently fueled with proper fuel reprocessing support facilities.

All three fast-

spectrum concepts would have the ability to transmute long-lived radioisotopes to shortlived species and eliminate the need for long-term storage of high-level radioactive
waste.

The three fast-spectrum designs chosen for Generation IV development are the

Gas-Cooled Fast Reactor (GFR), Lead-Cooled Fast Reactor (LFR), and Sodium-Cooled
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Fast Reactor (SFR) systems. The GFR concept is a helium-cooled design with a direct
Brayton gas cycle operating with a reactor outlet temperature around 850°C, which
would increase efficiency and support parallel hydrogen production processes. The direct
cycle reduces the size of the plant and simplifies plant operation, but cause the
components in the power conversion loop to become radioactive and require radiation
shielding. The LFR concept is comprised of a reactor vessel containing both the liquid
lead or lead-bismuth eutectic coolant and U-tube heat exchangers to support a
supercritical Brayton or Rankine cycle and hydrogen production process. The liquid
metal reactor coolant would be operated at near-atmospheric pressure, improving safety
and eliminating the need for a large/thick reactor pressure vessel. The LFR concept has
numerous design variables that permit remarkable flexibility and adaptation to the
prescribed application, such as fuel type (metal alloy or nitride), coolant type (Pb or
Pb/Bi), coolant outlet temperature (550-800°C), and power rating [125-3600 MW(th)].
This flexibility allows the LFR concept to be custom designed for specific operational
needs; for example, a large high-power [3,000+ MW(th)] version for electricity
generation to sustain large metropolitan populations, or a small high-temperature coolant
version to support desalination processes to provide fresh water to a coastal population.
The potential benefits of the LFR design are numerous including the possibility of
efficient modular designs with very long (15-20 year) refueling intervals, hightemperature coolant for hydrogen and fresh water production, a closed fuel cycle, and
radioactive waste transmutation capability. But the LFR concept requires development of
advanced materials for reactor components and fuel cladding capable of withstanding the
corrosive lead or lead-bismuth coolant and high temperature environment present in the
reactor core. Management and radiation shielding of the radioactive Pb or Pb/Bi coolant
(due to the presence of

210
84

Po , discussed earlier) also poses a significant drawback to the

LFR design concept. The SFR concept has many of the benefits found in the LFR
design, like low pressure reactor coolant, high coolant outlet temperature, design
flexibility, and passive safety features. The main drawback to the SFR design is the
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violent chemical reactivity of sodium when exposed to water, water vapor, or air
(discussed earlier). But the vast body of knowledge/experience obtained from previous
operation of liquid-sodium-cooled fast reactor systems throughout the world and the
ability to produce very high coolant temperatures makes the SFR an attractive design for
further development.
The thermal reactor systems initially chosen for further development were the
Molten Salt Reactor (MSR), Supercritical-Water-Cooled Reactor (SCWR), and VeryHigh-Temperature Reactor (VHTR).

The MSR system consists of a low pressure

primary coolant loop containing a mixture of sodium, zirconium, and uranium fluorides
that serve as the rector fuel and coolant. The primary coolant loop is connected to a
secondary loop by an intermediate heat exchanger that is connected by another heat
exchanger to the power conversion loop. The MSR system is quite unique in that the fuel
is a liquid suspended in the coolant and there is no need for fuel fabrication. Benefits
envisioned in this system are high availability (no need to shutdown for refueling), high
coolant outlet temperature (translating to improved efficiency), and good proliferation
resistance. But a three-loop energy transfer system is a significant drawback to the MSR
design due to added equipment cost and susceptibility to failure of such a complex
system. The SCWR concept utilizes supercritical water for the working fluid in a direct
(one-loop) cycle and is envisioned with two fuel cycle options, an once-through open
uranium cycle operated with a thermal neutron spectrum and a closed fuel cycle with a
fast neutron spectrum. The fast-spectrum reactor design could be fueled by uranium and
plutonium taken from decommissioned nuclear weapons or reprocessed spent fuel,
allowing full actinide recycling. Since the working fluid is supercritical water only one
phase is present in the primary loop, similar to a PWR, and the direct cycle would greatly
reduce the size and complexity of the energy conversion components. The very high
designed power output of about 1700 MW(e) and the high temperatures obtainable in this
concept (outlet temperature ~550°C) would result in an overall plant efficiency of ~45%.
A drawback to the SCWR fast-spectrum design is the availability of materials capable of
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withstanding the supercritical water and high-energy neutron radiation environment. The
last thermal system was initially called the Very High Temperature Reactor (VHTR), but
was later changed to the more politically palatable Next Generation Nuclear Plant
(NGNP) – because of the term “Very High Temperature”. The NGNP concept has been
identified as the most likely Generation IV reactor concept to be constructed in the nearterm (~2020) and will be discussed in further detail.
The NGNP design concept is a graphite moderated thermal reactor cooled by
helium gas that is capable of producing extremely high (>1,000°C) reactor outlet coolant
temperatures to efficiently produce electricity (~50%) and support high-temperature
industrial processes (hydrogen production, coal gasification, etc.). There are two basic
forms being investigated for the NGNP concept: 1) a prismatic graphite block penetrated
by channels for fuel, control rods, and cooling, or 2) a pebble-bed type core fueled with
TRISO-coated fuel particles. The prismatic block moderator design is very similar to the
Japanese HTTR and British HTGR type reactors, while the pebble-bed reactor concept is
similar to the Chinese HTR-10 and the South African Pebble-Bed Modular Reactor
(PBMR) designs. For both reactor types the helium gas coolant in the primary loop
would flow in a direct Brayton cycle through a turbine to produce power or through a
heat exchanger as industrial process heat. The most attractive attribute of the NGNP
design is the extremely high-temperature coolant available for use in industrial processes,
with a core-outlet temperature envisioned at 1,000°C, or greater. The TRISO-coated fuel
particles would also be used for both reactor designs in the form of pins, blocks, or
pebbles. TRISO-coated fuel particles consist of a small inter fuel kernel composed of a
ceramic uranium fuel ( UOx or UC ) or a mixed-oxide fuel containing

239
94

Pu and

235
92

U

surrounded by three multi-deposited layers of ceramic materials: four layers of a porous
carbon to absorb fission product gases, four layers of pyrolytic carbon for neutron
moderation, and four layers of SiC or ZrC to contain the fission products inside the fuel
particle. This fuel design has been used in HTGRs and has proven to be an effective
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design for containing radioactive fission products following high burn-up irradiations
[Hunn – 2008].
The pebble-bed reactor concept is quite different from all rector types discussed
so far, since it is not constructed of a fuel separated from the moderator. Fuel pebbles
contain the small TRISO-coated fuel particles, which contain the fuel (the small UOx or
UC kernel) and the moderator (the layers of pyrolytic carbon). A pebble-bed reactor is

large vessel that holds fuel pebbles composed of TRISO-coated fuel particles, the fuel
pebbles are added to the vessel until enough are present to sustain a fission chain
reaction. The fuel cycle for pebble-bed reactors is continuous, where high burn-up fuel
pebbles are extracted from the bottom of the reactor vessel and replaced with fresh fuel
pebbles at the top. The pebble-bed reactor design is very attractive because of its passive
safety feature of self power-limiting at high temperatures due to Doppler broadening
effects in the fuel. Doppler broadening is described by the following process: as the fuel
temperature increases the atomic vibration of

238
92

U causes “broadening” or spreading of

the high-energy resonance peaks for neutron absorption, increasing the absorption of
epithermal and high-energy neutrons in

238
92

U , which decreases the number of neutrons

available for thermalization and successive fission in

235
92

U . Therefore, as the temperature

of the fuel reaches a certain “set point” imposed by Doppler broadening effects the
fission rate will stabilize and remain idle until a neutron absorber is introduced. The
pebble-containment vessel in the pebble-bed reactor design is shaped so that natural
circulation on the helium coolant would remove more heat from the fuel pebbles then is
being produced at the temperature “limit” imposed by Doppler broadening effects. This
passive power-limiting design feature makes the NGNP pebble-bed design very attractive
with respect to safety and is seen as a significant evolution in nuclear reactor design. The
two NGNP design concepts are currently being pursued and research is ongoing to
develop materials capable of withstanding the high-temperature radiation environment
found in-core and near the reactor vessel. Some of the materials tested during this project
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are intended to support this material development and provide data for material selection
for further investigation.
In both thermal and fast reactors the high energy prompt neutrons emitted from
fission reactions are usually the main source of radiation-induced changes in structural
materials.

The high-energy neutrons that are not absorbed in fuel or breeder blankets

interact with the materials of the surrounding reactor structures and components. These
neutrons that are absorbed in the structural materials induce changes in the atomic
arrangement of atoms and alter material properties through processes that will be
described in a later section. The main between the radiation environments found in
thermal and fast reactor systems is the neutron energy spectrum, with significantly more
high-energy neutrons present in fast reactors and compared to thermal reactors. Since
fast reactors have a “hard” (high-energy) neutron energy spectrum, on average the
neutrons entering the structural materials of fast reactors have more kinetic energy and
produce more primary damage compared to those in thermal reactors.

Neutron

moderation in thermal reactors shifts the neutron energy spectrum to lower energies; as a
result the kinetic energy of neutrons entering the structural materials is generally less for
thermal reactors. The relatively low-energy neutrons produce fewer point defects in the
microstructure from primary damage mechanisms compared to high energy neutrons, as
described later. Since point defects are responsible for radiation-induced damage of
structural materials, the moderation of neutrons in thermal reactors decreases the amount
of primary radiation damage experienced in thermal reactors compared to fast fission
reactors. But although the point defect production from primary radiation damage is
lower in thermal reactors, neutron moderation also increases the cross-section neutron
absorption reactions, which may: 1) generate primary damage from nuclear recoil of the
absorbing atom following reactions such as an (n, γ) or (n, α), and 2) produce H and He
transmutation gases throughout the microstructure. These transmutation gases produced
in the microstructure can greatly affect the properties of structural materials, including
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decrease of fracture toughness from grain boundary embrittlement and enhanced stress
corrosion cracking.
Due to the complex relationship between neutron energy, primary point defect
production, and transmutation gas production one can not say definitively which fission
system (thermal vs. fast) will produce more radiation-induced damage in structural
materials without considering the details of the system. That is, the effect of neutron
energy spectrum on the production of point defects from primary damage must be
considered along with transmutation gas and point defect production from neutron
absorption reactions, which will be unique for each neutron spectrum and structural alloy.
But in general, fast fission reactor systems present a more challenging radiation damage
environment for metallic structural materials because of the large population of highenergy neutrons causing radiation-induced microstructural damage.

Though this

generalization dose not always hold true and it should be emphasized that each reactor
design is unique, and changes to material properties of structural components from
radiation damage is also unique.

An example was the perceived “accelerated”

embrittlement of the High Flux Isotope Rector (HFIR) at Oak Ridge National Laboratory
in the late 1980s, which was caused by a radiation damage mechanism that was not seen
as significant when initial embrittlement rate predictions were performed [Nanstad, et al.
– 1988]. This case will be discussed later to emphasize the importance of considering all
radiation damage mechanisms that may be contributing to radiation-induced changes in
materials properties.
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2.1.2 Fusion Reactor Environment

The most important nuclear reactor for Earth and the human race is the Sun,
which is powered by nuclear fusion of light atoms. Nuclear fusion reactions occur when
two light nuclei overcome the repulsive nuclear force to form a larger nucleus that is
sometimes accompanied by the release of radiation and energy. To induce a nuclear
fusion reaction light nuclei must be forced together with enough kinetic energy to
overcome the repulsive positive electrostatic force of each nucleus. This kinetic energy is
produced by increasing the thermal energy, atomic vibration, of the nuclei until the
collisions between nuclei result in a nuclear fusion reaction. The light atomic number
fuel becomes plasma at the temperatures (~100,000,000 °C) required to initiate nuclear
fusion and must be isolated from any reactor materials, as any material would vaporize
immediately upon contact with the plasma. Currently the most promising method of
plasma isolation is magnetic confinement of the plasma in a toroidal (donut-shaped)
reactor vessel called a tokamak, which has been successfully demonstrated by the Joint
European Torus (JET) built at the Culham Science Center in Oxfordshire, United
Kingdom, seen in Figure 2 [www.jet.efda.org].

The JET was constructed to gain

fundamental knowledge of nuclear fusion physics and serve as an experimental platform
for pilot fusion reactors like the International Thermonuclear Experimental Reactor
(ITER).
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Figure 2: Artist drawing of the Joint European Torus (JET) experimental fusion reactor
device [www.jet.efda.org].

Several nuclear fusion reactions between various light atoms are possible but the
joining of hydrogen isotopes deuterium (D) and tritium (T), called DT fusion, has
received the most attention because it is relatively easy to initiate and produces a
significant amount of energy. The DT fusion reaction is initiated by the bonding of
deuterium ( 12 H ) and tritium ( 13 H ), which is followed by the emission of a helium nucleus
( 24 He ) and a neutron with 14.1 MeV of kinetic energy:
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2
1

H + 13H → 23He (3.5 MeV) + 01n (14.1 MeV ) .

In addition to favorable physics of the DT fusion reaction, another advantage is that the
fuel and its precursors are naturally abundant.

Deuterium is a naturally occurring

hydrogen isotope and is readily available in water, while tritium is produced by two
neutron absorption reactions in the plentiful element lithium. Tritium may be produced
from lithium by two neutron initiated (n, α) reactions, an exothermic reaction with 36 Li
and a neutron of any energy, and an endothermic reaction with 37 Li and neutrons above a
threshold energy of ~2.47 MeV:
6
3

Li + 01n → 24He + 13H

7
3

Li + 01n (E > 2.47 MeV ) → 24He + 13H + 01n .

Though the DT reaction is one of the easier fusion reactions to initiate the amount of
energy required to start a fusion reaction is quite immense and the quality of the plasma
confinement, to prevent unnecessary energy loss, is paramount when considering fusion
reactor designs. A useful measurement of the effectiveness of plasma confinement in a
nuclear fusion reactor system is a term called the “triple product”, originally developed in
1955 by John D. Lawson [Lawson – 1957] [Lawson – 1955]. The triple product is a
measure of efficiency for a fusion reactor confinement scheme and is calculated by the
product of the density of the ionized electrons (ne), the length of their thermal
confinement (τ), and the plasma ion temperature (Ti).

The triple product gives an

evaluation of the ability of a particular fusion reactor design to maintain favorable
conditions for sustained power production from fusion reactions. Over the past three
decades the doubling time for the triple product has been about 3 years and dropping to
about 5 years over the past decade; while this is an impressive rate of progress, the triple
35

factor must increase by a factor 10 before reaching a regime where commercial energy
production would operate [Zinkle – 1998]. Another measure of fusion reactor design
performance is called the fusion energy gain factor (Q) and is the ratio of power
produced by the fusion reaction in the system to the power required to maintain steady
state fuel plasma. A Q-value of 1 is what is called the breakeven point, where the amount
of energy produced by nuclear fusion equals the amount of energy begin injected into the
system to sustain the reaction. The breakeven point has recently been achieved by
modern experimental fusion systems and now the attention is being directed to
developing pilot fusion reactor systems to gain operational knowledge and demonstrate
the feasibility for commercial power production.

A Q-value of about 20 is required to

make commercial power production with nuclear fusion feasible, one of the design goals
of the ITER is to maintain steady-state plasma burning with a Q-value above 5 [Aymar,
et al. – 2002].
The experimental ITER reactor project began 1985 as a collaborative effort
between the former Soviet Union, the United States, Europe (ERATOM), and Japan with
the stated goal to demonstrate the scientific and technical feasibility of fusion energy for
power production [ITER EDA Agreement – 1994].

The ITER project is now an

international collaboration between seven participating parties (the European Union,
India, Japan, the People’s Republic of China, the Republic of Korea, the Russian
Federation, and the United States of America) with a goal to design and construct an
experimental magnetic confinement fusion reactor system [Barabash, et al. – 2007]. The
ITER fusion reactor design uses magnetic fields produced by large charge-carrying coils
surrounding a toroidal shaped pressure vessel to confine the plasma during fusion, as seen
in the artist drawing in Figure 3 [www.iter.org]. Another method to initiate nuclear
fusion reactions is inertial plasma confinement, where power is produced by using pluses
of energy to rapidly heat and compress a small amount of dense plasma that is held
together by its own inertia. It is worth noting that both magnetic and inertial confinement
techniques have been investigated [Goldston, et al. – 2002], but magnetic confinement
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appears to be the most promising design for near-future construction of a viable
commercial power generation facility. It was announced on June 28, 2005 that the
construction site for the ITER facility would be Cadarache, France and that an
international body called the International Fusion Energy Organization (oddly also
named ITER, which is Latin for “the way”) would be responsible for construction and
operation of the ITER reactor. Part of preparation and research for construction of the
ITER reactor has been in the field of material science. The general strategy for materials
selection for the ITER reactor components was to use materials that were commercially
available, but some materials required modification because no materials existed that
could withstand some of the initial design requirements. Another difficulty is materials
selection is that no data exist for candidate materials at fusion relevant temperatures and
neutron doses. A research facility called the International Fusion Materials Irradiation
Facility (IFMIF) is being designed that will utilize linear accelerators to produce fusion
relevant conditions [Jameson, et al. – 2004]. But until irradiation experiments can begin
at IFMIF researchers must rely on previous data and results generated from fission
reactor irradiation experiments, such as the work presented in this dissertation.
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Figure 3: Schematic drawing of the proposed International Thermonuclear Experimental
Reactor (ITER) design [www.iter.org].

Research specifically for fusion reactor environments has been ongoing for over
three decades, with the first call for papers for the First Topical Meeting on Fusion
Reactor Materials in 1978 [JONM Call for Papers – 1978] producing the first organized
set of fusion materials research publications [JONM – 1979].

It should be noted that

materials research and development for fusion power systems have produced numerous
scientific and technological advances in different fields of material science, including (1)
fundamental studies of radiation-induced defects and their effect on properties, (2)
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development of novel experimental techniques for radiation studies, and (3) development
of improved materials [Zinkle, et al. – 2002]. Despite the significant advances made by
fusion materials research, there are several material systems that must be developed
before fusion power generation can become technically feasible, including materials for:
high heat-flux components for the plasma-facing first wall, plasma diagnostic materials
and insulators, tritium breeding systems, blanket coolant systems, superconducting
magnets, pressure vessel, and reduced-activation structural materials [Bloom, et al. –
2004]. The inner plasma-facing first wall and structural components, seen in Figure 4,
are two possible applications for high-chromium ferritic alloys similar to those
investigated in this project.

Structural components
First wall and
blanket components

Figure 4: First wall and structural components in a toroidal fusion reactor section
[www.jet.efda.org].

First wall applications will not require high strength but rather materials must
shield the structural materials from the plasma and withstand very high temperature loads
up to 5 MW/m2 [Matera, et al. – 1996]. Numerous material systems have been evaluated
39

for first wall applications including copper alloys [Fabritsiev, et al. – 1996], austenitic
stainless steels, [Rowcliffe, et al. – 1998], high-chromium ferritic alloy substrate coated
with tungsten [Bolt, et al. – 2004], and 9-12% chromium steels [Iotukhovsky, et al. –
1996]. For structural applications in fusion systems research has been focused on three
general classes of reduced-activation materials: V-Cr-Ti alloys, SiC/SiC composites, and
advanced high-chromium ferritic alloys.

Vanadium alloys are considered good

candidates for structural applications because they have good high-temperature strength,
high thermal conductivity, and good resistance to radiation induced swelling [Chung, et
al. – 1996] [Kurtz, et al. – 2004]. But vanadium alloys are susceptible to degradation
from even minimal exposure to oxygen and are only being considered for application in
self-cooled liquid metal tritium breeding blanket components [Bloom, et al. – 2004]
[Mattas and Billone – 1996]. SiC/SiC fiber reinforced ceramic matrix composites are
attractive for structural applications due to their low-activation properties and ability to
endure very high-temperature operation (>1,000°C), but critical issues such as radiationinduced degradation of mechanical properties and high fabrication cost need to be
resolved before SiC/SiC materials can be utilized [Riccardi, et al. – 2004]. Reduced
activation high-chromium ferritic/martensitic steels have shown to be radiation resistant
and are currently being investigated for structural applications in fusion reactor systems
[Klueh (IMR) – 2005] [Baluc, et al. – 2007]. Though reduced activation ferritic alloys
have numerous benefits two key issues to resolve are high-temperature strength and
radiation-induced decrease in fracture toughness [Jitsukawa, et al. – 2004]. The 14YWT
nanocluster strengthened alloy tested during this project was developed to address both of
these shortcomings. The work contained in this dissertation is a continuation of research
into advanced high-chromium ferritic alloys for nuclear applications and a beneficiary of
the developments made from previous irradiation projects and alloy development
research.
Though each candidate material for structural applications have various
advantages and issues to resolve they must all be able to withstand the damage caused by
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high-energy neutron radiation and resist detrimental radiation-induced changes in
properties. High-energy neutrons emitted by D-T fusion are the main source of radiationinduced damage in structural materials, which cause changes in mechanical properties
through coalescence of point defects produced by primary damage and transmutation gas
generation. The extremely high-energy 14.1 MeV neutrons emitted from D-T fusion
distinguish fusion reactor environments from conventional fission systems, and produce a
much harsher operational environment for materials in fusion systems. Similarly to the
increased primary damage produced by the relatively high energy neutrons present in fast
spectrum reactors verses thermal spectrum systems, the high-energy neutrons emitted by
D-T fusion cause significantly more primary damage and produce far more point defects
compared to relatively low-energy fission neutrons (fast and thermal). In addition to the
increased primary damage, high-energy fusion neutrons produce considerably more H
and He transmutation gases compared to fission systems from (n, p) and (n, α) threshold
neutron absorption reactions, respectively. Figure 5 shows the (n, α) cross-section for
Type 316 stainless steel and various other materials reproduced from [Kulcinski, et al. –
1974]. All materials exhibit a threshold reaction behavior for helium production, which
for stainless steel begins at neutron energy around 6 MeV and greatly increases to about
80 mb around 14 MeV. It is noted by Kulcinski et al. – 1974 that the (n, p) reaction
cross-sections have the same threshold behavior and qualitative shape of the cross-section
vs. neutron-energy curve [Kulcinski, et al. – 1974]. Fission neutron spectrums do not
have significant neutron populations above these threshold energies and transmutation
gas
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Ni (n, α )2655Fe reactions, which dominate in Ni-containing alloys. Therefore,

generally speaking fusion neutron environments will produce significantly more
transmutation gases in the microstructures of metallic structural materials. But again,
caution must be used when generalizing radiation damage mechanisms, as each reactor
system has a unique neutron-energy spectrum and the neutron energy distribution will
vary for structural materials depending on the location of the component. Also, alloying
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elements for structural materials will greatly effect the amount of transmutation gas
production (Ni-containing alloys for example) and must be considered on a case-by-case
basis when selecting materials for nuclear applications.

Figure 5: (n, α) cross section energy dependence for various materials. Reproduced from
[Kulcinski, et al. – 1974].

The previous discussion of fission and fusion reactor systems is not intended to be
a complete account of all reactor designs, but rather the system overviews were presented
to illustrate the range of operational environments present in the different applications.
Each nuclear system poses unique material requirements with respect to operational
temperature, neutron energy spectrum, and total radiation damage dose incurred by
structural and in-core components. While each unique operation environment poses
different challenges for structural materials, the material-design strategy to prevent
debilitating radiation-induced changes in mechanical properties and bulk swelling are
similar.

The evolutionary processes that occur in metallic microstructures during
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radiation exposure are described in the following sections to outline the material aspects
and microstructural features that are important in preventing negative radiation-induced
changes in material properties. Alloy design strategies that have been developed to
mitigate radiation-induced damage will also be discussed, including several examples
where alloy modification was successfully implemented to increase the resistance to
radiation-induced changes in properties.

2.2

Radiation Damage in Metallic Materials

Radiation damage in metallic materials is generally defined as any change in the
structure and/or composition of a material resulting from interactions between energetic
radiation and atoms in the material. These interactions can cause metallic materials to
experience numerous changes in both material properties and bulk dimensions through
rearrangement of the material on the atomic scale. Alteration of material properties from
radiation is a significant consideration for designers of nuclear systems, since safe
operation of nuclear reactors is dependent on the ability of materials to perform within
their design requirements.

The challenge for developers of materials for nuclear

applications is to understand the changes occurring in a material on the atomic scale and
design materials that counteract performance debilitating radiation-induced changes.
All radiation has the potential to cause changes in materials on the atomic level
that alter bulk material properties and/or structure, including neutrons, heavy ions, light
ions, electrons, and gamma-rays.

Particle radiation causes damage in materials by

producing point defects in the microstructure through ballistic displacement of matrix
atoms and generation of nuclear transmutation gases. As neutrons and other particle
radiation traverse a material energy is transferred to atoms in the material through
ballistic displacement of the atoms from their original lattice sites and through electronic
excitation and ionization of matrix atoms. Ballistic displacement of matrix atoms is
initiated by an elastic collision between a high-energy particle radiation and a matrix
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atom called the primary knock-on atom (pka). Energy transferred to the pka is dissipated
through subsequent elastic collisions with neighboring atoms that causes a chain reaction
of further displacements of matrix atoms from their original lattice positions called a
displacement cascade.

During the displacement cascade self-interstitial atoms and

vacancies are created in the microstructure, which then recombine to “heal” the majority
of the crystalline damage caused by the cascade on the picosecond time scale (<10-12 s).
After the majority of microstructural point defects undergo thermal recombination some
vacancies or self-interstitial atoms may remain in the microstructure, vacancies may then
combine and form clusters of voids in the microstructure. High-temperature diffusion
can enhance this vacancy coalescence and after an incubation period vacancies reach a
size called the critical radius and accelerated void swelling can occur, which is mainly
prevalent in fcc metals [Mansur – 1987]. After the critical radius is achieved the swelling
of the bulk material can occur quite rapidly and lead to swelling on the order of 10-50%
increase in volume. To counter this void swelling phenomenon small particle dispersions
can increase the incubation period before accelerated swelling occurs, but currently it is
thought that all fcc materials will eventually experience void swelling on the order of
1%/dpa after the incubation period [Garner – 2008].
As neutrons and other particle radiation traverse a metallic material energy is
transferred to the matrix atoms through ballistic displacement and electronic excitation
and ionization of matrix atoms, and neutrons are generally responsible for the majority of
damage to metallic microstructures. But gamma-ray radiation can also cause atomic
displacement reactions through displacement cascades initiated by the high-energy recoil
of gamma-ray emitting atoms.

The significance of radiation-induced changes in

mechanical properties from the recoil of gamma-ray emitting atoms was dramatically
illustrated with “early embrittlement” of the HFIR at ORNL [Nanstad, et al. – 1988].
Therefore when examining the application of materials for nuclear applications all
radiation damage mechanisms, including damage from recoil atoms, must be taken into
account.
44

Early experiments showed alloys containing a fine distribution of second-phase
precipitates were more radiation resistant compared to unmodified alloys without
precipitates, including titanium-modified type 316 stainless steel containing TiC
precipitates and phosphorous-modified Fe-Ni-Cr alloys produced with a fine distribution
of Fe2P type phosphide precipitates [Grossbeck and Maziasz – 1981] [Lee and Mansur –
1986] [Lee and Mansur – 1990]. But precipitate strengthened radiation resistant steels
are limited to operation at relatively low temperatures due to accelerated growth of
precipitates at high temperatures. ODS ferritic alloys contain a high number density (1023
m-3) of oxide particles distributed throughout the microstructure and are known to be
much more stable than second-phase precipitates at elevated temperatures [Huet – 1967].
The first commercial ODS ferritic alloy, MA957, was developed by The International
Nickel Company (INCO) for use as fuel cladding in the liquid metal fast breeder reactors
and has been investigated for nuclear applications since the late 1970s [Fischer – 1978].
Early irradiation experiments demonstrated the ability of ODS ferritic alloys to resistance
radiation induced changes, while maintaining high-temperature strength and good creep
resistance [Huet and Leroy – 1974].
Void formation from radiation damage in structural materials was first observed
by Cawthorne and Fulton in 1967 in the microstructure of the AISI type 316 stainless
steel specimens irradiated in the Dounreay Fast Reactor [Cawthorne and Fulton – 1967].
Since the fast reactor neutron-energy spectrum could not produce the amount of He
required to fully account for the volume of voids, Cawthorne and Fulton deduced that the
void cavities were not solely composed of He transmutation gas but rather an
accumulation of both He gas and excess vacancies produced by primary radiation
damage. Radiation damage theory research was initiated during the 1970’s concerning
void swelling of metallic structural materials with the goals to develop an understanding
the mechanisms of radiation induced swelling and to design swelling resistant structural
alloys [Brialsford, et al. – 1976]. Structural alloys were developed from these programs
that demonstrated significant resistance to previous conventional materials, the
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production of fine precipitates and particles in the microstructure of metallic materials
was shown to be a key factor in reducing radiation-induced void swelling.

2.3

History and Applications of Oxide Dispersion Strengthened Ferritic Alloys

Traditionally second-phase strengthened materials are those materials that obtain
their strength from a relatively small volume fraction of a dispersed inert oxide particles
with an incoherent boundary with the surrounding crystal lattice or a coherent/semicoherent phase precipitated from the bulk microstructure. The 14YWT alloy examined in
this project does not derived its unique properties from traditional oxide particle
dispersions, but rather this new nanocluster dispersion strengthened material class is a
evolutionary development of traditional oxide dispersion strengthened alloys.

To

appreciate the importance of this new alloy class it is essential to understand the historical
discovery and development of second-phase strengthened metallic materials. The first
metallic materials that were strengthened with a fine dispersion of a hard second-phase
particles in the microstructure were initially produced by accident, but early alloy
investigators quickly realized the importance of these unique materials. The following
sections discuss the mechanisms of dispersion strengthening and review the discovery
and development of dispersion strengthened metallic alloys, followed by the subsequent
discovery and development of the NC alloy 14YWT.

2.3.1 Mechanisms of Oxide Dispersion Strengthening

There are many methods known to strengthen metals, including reduction of
grains size, formation of a solid-solution, precipitate- or particle-strengthening, but all
mechanisms strengthen the bulk material by restricting the motion of crystalline line
defects called dislocations [Cahn and Haasen – 1983]. The concept of dislocations in
crystalline solids was almost simultaneously developed in 1934 by Orowan, Taylor, and
Polanyi [Orowan, Taylor, and Polanyi – 1934-1935]. Dislocations are crystalline defects
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in the form extra half planes of atoms inserted in the periodic crystal lattice, which can be
classified as edge or screw. Dislocations are found in every “real” crystalline material
and are produced in materials at defect sources in the microstructure such as grain
boundaries, free surfaces, and other irregularities in the periodic crystal lattice. When a
crystalline metal is initially is undergoes elastic strain where the bonds between atoms are
stretched, similar to pulling on a spring, and any elongation is recoverable upon
unloading.

After some initial elastic elongation a crystalline material will begin to

plastically deform such that any further elongation will not be recovered upon unloading,
this point is called the yield strength and is a material specific property.

Plastic

deformation of crystalline materials occurs through the motion of dislocations through
the crystal lattice and results in permanent non-recoverable elongation of the bulk
material.

The motion of dislocations through a crystal lattice allows a material to

geometrically deform in response to an externally applied stress, and if dislocation
motion can be inhibited the yield strength of a material will increase and require more
stress (externally applied force) to cause a material to plastically deform. This inhibition
of dislocation motion is the basis for oxide-dispersion strengthening in metals.
In metals the restraint of dislocation motion is achieved by numerous barriers in
the microstructure, including grain boundaries, phase boundaries, solute-atom lattice
strains, or any other structure that disturbs the periodic arrangement of atoms in the
crystalline lattice. But one of the most potent inhibitors of dislocation motion is a particle
obstacle or so called second-phase. A second-phase can be a precipitate phase that has
nucleated and grown from a supersaturated solid solution through a thermal heat
treatment or an oxide particle embedded in the bulk microstructure. Precipitated phases
can have a coherent, semi-coherent, or incoherent matching of lattice parameter with the
bulk crystal lattice.

Coherent precipitates have equivalent or vary similar lattice

parameters and are usually a result of precipitates formed from a solid solution, such as
Ni3(Al, Ti) γ’ precipitates found in nickel-based superalloys [Law and Giamei – 1976].
Semi-coherent precipitates have slight matching lattice parameters and directions, while
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incoherent precipitates have completely different lattice parameters and crystallographic
directional matching from the bulk lattice structure. The misfit between precipitates and
the bulk lattice structure forms coherency strains between atoms in the particle lattice and
those in the surrounding bulk crystal lattice. These strains in the particle lattice and the
particles themselves form barriers for dislocation motion. When a dislocation encounters
a second-phase particle it may either continue into and shear through the particle lattice,
climb over the particle by diffusion transport of atoms to the tension stress zone under the
extra half plane of atoms, or bow between particles until reconnecting with itself and
leaving a dislocation loop around the obstacle. Oxide particles generally do not have
coherency with the bulk matrix lattice parameters, but alloys containing a high number
density of small oxide particles can impart dramatic strengthening of a metal alloy
through obstruction of dislocation motion. Alloys that utilize a high number density of
small oxides for strengthening are called oxide-dispersion strengthened (ODS) alloys.

2.3.2 Historical Development of Oxide Dispersion Strengthened Materials

One of the first documented applications of dispersion strengthening in metals
was unwittingly utilized by William D. Coolidge during the early 20th century. Coolidge
was a gifted scientist that graduated with an electrical engineering degree from the
Massachusetts Institute of Technology (MIT) in 1896 and went on to earn a PhD in
physics from the University of Leipzig (Germany) in 1899 [Brittain – 2004]. After
graduating with his PhD Coolidge worked as a research associate in laboratory of
physical chemistry at MIT, until he was lured by a salary twice his MIT researcher pay to
a research position at the General Electric (GE) Research Laboratory. During this time in
history scientific “research” was more of a trial and error experimental process guided by
scientifically based observations and measurements, commonly referred to as industrial
research. The position at GE was a classic example of industrial research, where an
educated research scientist was placed in charge of a large research staff with the goal of
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solving a technical challenge for a corporation to produce a commercially viable product.
At GE Coolidge was tasked with producing a method or material to solve the “ductile
tungsten” problem, to produce a ductile tungsten material that could be drawn into a fine
wire for incandescent lamp bulb filaments. In his famous 1910 paper published in
Transactions of the American Institute of Electrical Engineers Coolidge described the
experimental effort to develop ductile tungsten, which was solved through reduction of
impurities in the tungsten powder, controlling the processing atmosphere, and careful
control of the mechanical working rate [Coolidge – 1910]. The application of dispersion
strengthening was implemented during the quest to solve another problem with tungsten
lamp filaments. When ductile-tungsten wire filaments were placed in a vacuum and
heated with an alternating current they quickly sagged under their own weight and broke.
After painstaking experimentation with various additives Coolidge discovered that an
addition of powdered thoria (Th2O) to the tungsten powder prior to sintering and
mechanical reduction produced a tungsten wire that had enough strength at white heat to
eliminate sagging and failure [Reich – 1987]. The thoria particles dispersed throughout
the tungsten microstructure were thermally stable and acted as barriers to dislocation
motion, greatly increasing the strength of the material at elevated temperatures. Coolidge
certainly did not know the role thoria was playing in the tungsten microstructure, as
crystalline plasticity theory had not yet been introduced by Orowan et al., but his
experimentalist method resulted in an effective resolution to a contemporary problem and
was the first (albeit unknowingly) to utilize oxide dispersion strengthening in metals.
The first dispersion strengthened material system to receive traditional material
science research and development were aluminum alloys produced using powder
metallurgy techniques. Franz Sauerwald was one of the first researchers to describe
experiments with aluminum alloys produced from sintered aluminum powders, while
working at the Metallurgical Institute at the Technical University of Breslau, in Wrocław,
Poland (Metallhüttenmännischen Institut der Technische Hochschule Breslau, now the
Wrocław University of Technology). Sauerwald experimented with various aluminum
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powders and concluded that oxide films on aluminum powder surfaces interfered with
pressing and sintering such that a coherent body could not be produced [Sauerwald –
1922] [Ellis – 1964]. Sauerwald thought the oxide films prevented the consolidation of a
continuous solid metal alloy, and viewed the oxide dispersions in the microstructure as
unwanted impurities. This outlook was unchallenged for 20 years until metallurgist Max
Stern described the strengthening effect of oxide dispersions in aluminum alloys, and is
credited with being the first person to realize the potential strengthening benefit of a fine
dispersion of oxide particles in a metallic microstructure.
In the late 1930s, while working as manager of the Metals Recovery Division in
the Loma Machine Manufacturing Company, Max Stern began cleaning and processing
experiments with magnesium and aluminum scrap grindings/turnings produced by
milling machine operations. Stern’s goal was to create a methodology for producing a
high-quality direct use material from metal scraps and turnings, which he called
mechanical ingoting [Stern – 1943]. The incentive was to decrease the cost of recycling
the scrap metal waste and produce a product that could be used directly after processing.
The method Stern developed and patented describes the basic process for making ODS
materials, which was to de-oil and clean the metal scraps followed by high-temperature
consolidation with hot pressing and extrusion. In a 1942 U.S. Patent he describes the
consolidation and high-temperature extrusion process used to “disrupt” the oxide layer on
the aluminum metal particles and form a coherent solid metal alloy [Stern – U.S. Patent
1942]. After the scrap turnings were cleaned they were initially pressed with relatively
low pressure into cubic ingots at temperatures between 500 and 850°F, which produced
material with 50 to 60% theoretical density. The ingots were then reheated and either
pressed in compression or extruded through a reduction die to produce a solid ingot with
practically 100% density. The mechanical ingoting process was attractive because it
produced a useable product without expensive remelting or replacement of lost alloying
elements. Stern went on to obtain three more patents concerning mechanical ingoting: a
1943 patent describing a process for producing magnesium metal alloy ingots from
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turning scraps [Stern – U.S. Patent 1943], a 1944 patent for a method of producing direct
use items, like tubes and rods, directly from magnesium scraps [Stern – U.S. Patent
1944], and a 1945 patent detailing a method for treating aluminum prior to ingoting to
produced a solid body of aluminum material with equal or superior mechanical properties
compared to virgin cast or wrought aluminum [Stern – U.S. Patent 1945].
During his experiments Stern noticed that the initial pressing process produced
what he called chip layers in the microstructure, which were the prior oxide surfaces of
the aluminum chips and turnings that were compressed to form the ingot. The chip layer
oxides were broken up and dispersed in the ingot material by the first pressing but were
outlined by voids, which were clearly present in optical micrographs of the
microstructure, seen in Figure 6 (a). But after the second high-temperature extrusion,
Figure 6 (b), Stern could find no evidence of the chip layers and deemed they had “been
completely obliterated” [Stern –1943].

Stern theorized that heating to 300°C was

necessary to soften the metal particles encased in the outer “oxide skin” (oxide layer) and
weaken the support of the skin.

Pressure from compression or extrusion was then

required to disrupt the oxide skins of the individual scrap particles, and bond the inner
metal to form a homogeneous metal with, as Stern described it, “oxide skins of the
individual scrap particles uniformly distributed in the form of discrete particles
throughout the homogeneous body of metal” [Stern – U.S. Patent 1942].

Stern

recognized that the discrete particles in the microstructure were produced from the oxide
film surrounding the particle prior to extrusion, and that the oxide particles were
responsible for the improvement in strength of the extruded aluminum. Though he did
not describe, and most likely did not understand, the strengthening mechanism, Stern was
the first to produce a material with oxide particle dispersions for strengthening purposes,
albeit by accident.
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(a)
(b)
Figure 6: 100X optical micrographs of aluminum alloy mechanical ingot (a) before
extrusion, showing former chip layers, and (b) after extrusion. Reproduced from [Stern –
1943].
Swiss metallurgists Alfred von Zeerleder and Roland Irmann first recognized and
described the dispersion strengthening phenomenon in aluminum alloys produced from
sintering and extrusion of milled aluminum-flake powders [Zeerleder – 1950] [Irmann –
1952] [Zeerleder – 1955]. Irmann called this new group of material “Sinter-AluminiumPulver” (SAP, sintered aluminum powder), which was produced and developed in
Switzerland by Aluminium Industrie Aktien-Gesellschaft (A.I.A.G.) [Ellis – 1964].
Irmann’s 1952 paper in Metallurgia showed that room-temperature ultimate tensile
strength, yield strength, and hardness all increased with increasing oxide content of the
extruded alloy, while percent elongation decreased, shown in Figure 7 [Irmann – 1952].
Irmann recognized the importance of particle size with regard to oxide content of the
final alloy; that as the powder particle size decreases the surface area-to-volume ratio of
particle increases, and as a result oxide content of the final extruded alloy increases. He
also noted that the “oxide skins” surrounding the powder particles are broken down
during stamping or ball milling, and are subsequently distributed throughout the
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microstructure of the powder flakes from further milling deformation. It was also stated
that these oxide skins would then prevent grain growth and recrystallization of the
aluminum grains in the final sintered alloy. Irmann understood that the oxide particle
content affected the mechanical properties of the final consolidated alloy, and though he
attributed the improved mechanical properties to the dispersion of oxide inclusions, he
also did not describe the microstructural strengthening mechanism that the oxide particle
inclusions were providing.

Figure 7: Effect of oxide content on mechanical properties of aluminum alloy SAP.
Reproduced from [Irmann – 1952].

A summary of the early experimental work performed by Irmann and his colleges
was published in English in the August 22, 1952 issue of Metal Industry. The paper
presented results for SAP and two other commercial aluminum alloys including,
mechanical characterization of tensile, creep, fatigue, and hardness properties; thermal
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and electrical properties; and thermal aging experiments.

It was shown that SAP

maintained far superior high-temperature tensile strength after being held at 500°C for
over a month, while the commercial alloys rapidly loss strength after 4 to 6 hours at 350400°C. Also it was stated that X-ray examination of the extruded material that the flakelike particles had been broken up into equiaxed grains and that the small grain size (~0.30.5 µm) was responsible for the high tensile strengths observed in SAP. While, the
smaller grain size was certainly a factor in increasing the tensile strength the contribution
oxide particles was somewhat dismissed, stating: “the grain size effect exceeds the
impurities hardening effect”. The 1952 Metal Industry article, by an unnamed author,
concludes with a rather interesting criticism of researchers investigating these aluminum
alloys produced from powder metallurgy techniques. Laying criticism at the feet of
researchers whom dismissed the need for further research and development of alloys
produced from extruded aluminum powders. Whether or not this criticism (which your
humble author hypothesizes was Irmann trying to stimulate more research) was the
catalyst, quickly after the early 1950s a myriad of research papers were published
concerning alloys produced from extruded powders and interest in ODS materials
flourished.
Following Irmann’s early work with SAP, extruded aluminum powder alloys
were the most well studied and developed class of dispersion strengthened materials, and
to date is still one of the most thoroughly investigated class of dispersion strengthened
material. At the same time Irmann was working with SAP, John P. Lyle, Jr. began
experimenting with a dispersion strengthened aluminum alloy produced from aluminum
powder by the Aluminum Company of America (Alcoa). Lyle was investigating tensile,
creep, and fatigue properties of these relatively new material class and discovered
excellent high-temperature mechanical properties. He conducted high-temperature (up to
1,000°F) mechanical testing of two aluminum alloys produced by Alcoa using powder
metallurgy and extrusion, designated “Aluminum Powder Metallurgy Product” (APMP)
alloys [Lyle – 1952]. High-temperature tensile testing was performed on two APMP
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alloys containing different oxide contents; M-257 and M-276 containing 7.6 and 16.5
wt% oxide, respectively. Its was discovered that the APMP alloys had dramatically
higher tensile strengths at elevated temperatures compared to two commercial wrought
aluminum alloys designed for high-temperature/strength applications, seen in Figure 8.
Short term creep tests (<1,000 hr) showed the oxide containing M-257 had superior hightemperature resistance to creep compared to a commercial creep-resistant wrought
aluminum alloy. As with Irmann no microstructural mechanism for oxide dispersion
strengthening was suggested in Lyle’s report, but it did indisputably illustrate the
strengthening effect and increased creep resistance from oxide-particle dispersions in a
metallic alloy.

Figure 8: Tensile properties of Alcoa extruded aluminum alloys M-257 and 276
compared to conventional aluminum alloys XF18S-T61 (forged) and 32S-T6 (cast piston
alloy). Reproduced from [Lyle – 1952].

During this time Eric Gregory and Nicholas J. Grant also performed creep rupture
tests on Alcoa APMP alloys M-255 and M-257; SAP, supplied by the Societe Anonyme
pour l’Industrie de l’Aluminium through Roland Irmann; and the most advanced cast and
forged aluminum alloys available in 1952 [Gregory and Grant – 1952]. All three powder
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metallurgy alloys were produced by extrusion, but M-255 was produced from atomized
aluminum powder while M-257 and SAP were produced from stamp milled powder.
Stamp milled powder alloys SAP and M-257 were found to have the greatest creep
resistance of group and flat slopes on a log stress vs. log rupture time plot, suggesting a
stable microstructure over the temperatures tested (up to 900°F); whereas the cast and
forged alloys rapidly loss strength at 600°F from overaging, as seen in Figure 9. The
creep rupture curve for M-255 was found to be discontinuous similar to the conventional
cast and forged alloys, indicating a change in deformation mode from an unstable
microstructure. Gregory and Grant’s 1952 paper presented electron micrographs of this
alloys class illustrating the difference in microstructure between alloys produced with asreceived atomized powders and the alloys produced with milled powders [Gregory and
Grant – 1952]. They used the relatively high magnifications (20,000X) available at the
time to point out that the dispersed phase in M-255, produced directly from atomized
powder, had “more globular oxide particles” compared to the fine uniform dispersions
found in M-257 and SAP, which were produced from flake stamp milled powders. This
study provided the first evidence of the important role mechanical alloying, using ball or
stamp milling, plays in producing fine dispersions of oxide particles in a metallic
microstructure. The fine distribution of very small oxide particles in the M-257 and SAP
was produced by milling the powders, where the oxide layer on particles is broken up and
distributed throughout the microstructure by repeated high-energy collisions that occur
during milling.
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Figure 9: Creep rupture plots for M-255, M-257, and SAP. Reproduced from [Gregory
and Grant – 1952].

In relation to the study outlined in this dissertation, it will be shown later that ball
milling is a crucial step during 14YWT production and essential to the formation of Y-TiO enriched nanoclusters. Though Irmann discussed the role of stamp milling in breaking
apart the oxide layers and decreasing powder particle size, the early work by Gregory and
Grant provided the first indications of the importance of milling powders to ODS
material production. Gregory and Grant published another paper describing creep rupture
tests results for SAP; the previously examined Alcoa alloys M-255 and M-257; and two
other Alcoa alloys designated M-293 and M-276 [Gregory and Grant – 1954]. M-293
was produced from a “fine” atomized non-milled powder while M-276 was produced
from fine milled “flake” powders with a relatively high oxide content (15-17 wt%).
Again, it was shown that the non-milled powder alloys, M-255 and M-293, have
discontinuities in their creep rupture plots indicative of an unstable microstructure. The
fine oxide dispersions with small interparticle spacing found in the milled-powder
metallurgy aluminum alloys provide much greater strengthening compared to the larger
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dispersions found in the atomized (non-milled) powder alloy. Also, the fine dispersions
found throughout the microstructure in the milled-powder extruded alloys provided
effective pinning sites for grain boundaries, which in turn inhibits grain growth and
provided a more stable microstructure compared to conventional aluminum alloys. The
steep slope and discontinuity observed in the creep curve for M-255 indicates the large
dispersions are not as effective as the fine dispersions in M-257 and SAP at stabilizing
the microstructure and preventing grain growth.
The key process used to produce a uniform distribution of homogeneous particles
throughout a metallic microstructure was introduced by John S. Benjamin in 1970, called
mechanical alloying [Benjamin – 1970].

Mechanical alloying consists of the

fragmentation and mixing of the powder particles oxide layers, or a separate oxide
powder addition, through high energy impacts from ball milling or stamp milling. Prior
to Benjamin’s introduction of mechanical alloying the techniques available to produce
metallic materials with oxide dispersions could only be performed on a laboratory scale,
were cumbersome, and did not produced a uniform distribution of particles. These early
techniques included simple mechanical mixing (without extensive milling) [Tracey and
Worn – 1962], ignition surface coating [Murphy and Grant – 1962], internal oxidation
[Smithells – 1946] and selective reduction [Alexander – 1961]. The key features that
made mechanical alloying attractive are high-energy milling and the omission of any
surface active agent such as liquids of surfactants. These attributes promote particle
“welding”, particle breakdown and formation of solid solution, as opposed to previous
ball milling techniques that could not form metallic solid solutions due to the presence of
reactive liquids that contaminated the fine powder particle surfaces.
Benjamin was initially focused on producing dispersion strengthened nickel-based
super alloys that could be age hardened by γ’ precipitation and later went on to apply the
mechanical alloying technique to aluminum alloys. It was shown that aluminum alloys
produced through extrusion of mechanical alloying aluminum powders had superior
electrical conductivity and strength compared to SAP alloys produced by “conventional”
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ball milling [Benjamin – 1977].

Benjamin credited the superior properties to a finer,

more equiaxed dispersoid that was more uniformly distributed throughout the
microstructure compared to previous SAP alloys. Later, Benjamin and Schelleng showed
that mechanical alloying could be used to produce Al-Mg alloys with a fine grain
structure, caused by pinning of grain boundaries with the fine dispersoids produced
during mechanical alloying [Benjamin and Schelleng – 1981]. Grain boundary pinning
during powder consolidation is responsible for the extremely fine grain size produced in
dispersion strengthened materials, and is interaction is credited for producing the fine
grain structure found in the 14YWT extrusion produced and tested during this project.
Though Benjamin did not experiment with dispersion strengthened ferritic alloys, his
technique revolutionized the production of oxide dispersion strengthened alloys for all
alloy systems and is still the most attractive method to produce alloys with fine particle
dispersions.
The following discussion is a brief history of the origin of oxide dispersion
strengthening of metallic alloys. After the introduction and development of SAP alloys
the technique of oxide dispersion strengthening was applied to various other alloy
systems with varying degree of success. Significant improvement in high temperature
creep resistance was obtained in nickel superalloys strengthened with thoria dispersions,
the so-called T-D Nichrome alloys.

But for nuclear applications the ferritic-based

dispersion strengthened alloys have been the most thoroughly researched ODS alloy for
structural applications in high-temperature radiation environments.

2.3.3 Development of Oxide Dispersion Strengthened Ferritic Alloys

Research and development of oxide dispersion strengthened ferritic alloys was
initiated to develop materials for nuclear applications that could withstand operation high
temperature neutron radiation environments. Initial investigations showed that irradiation
embrittlement was a problem with austenitic steels and nickel alloys, therefore another
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alloy system was sought to overcome these short comings unique to applications in
neutron radiation environments. Early work showed ferritic alloys had a good resistance
to high-temperature irradiation embrittlement and appeared to be a good candidate for
further development [Marten – 1966]. Ferritic alloys are attractive for high-temperature
structural applications because they have low thermal expansion, high thermal
conductivity, and good corrosion resistance when alloyed with chromium. The main
drawback to ferritic alloys was a loss of strength and creep resistance at high
temperatures, and since oxide dispersion strengthening had been shown to increase hightemperature properties of aluminum and nickel alloys it was a natural progression to
investigate application of this material strengthening technique to ferritic alloys.
Research of ODS ferritic alloys was initiated in the late 1960s by J.J. Huet in Mol,
Belgium to develop a fuel canning material (fuel cladding) for liquid metal fast breeder
reactors [Huet – 1967]. The first issue Huet confronted when developing ODS ferritic
alloys was how to produce an alloy with a uniform dispersion of fine oxide particles.
This early development was initiated before the introduction of mechanical alloying by
Benjamin and the two techniques initially investigated by Huet for producing oxide
dispersions were directly mixed powders and internal oxidation. Direct mixing using
relatively low-energy ball milling produced an alloy with segregated chromium and large
dispersoids, therefore chromium was omitted from the early alloys to alleviate the
chromium segregation issue and prove the feasibility of producing fine dispersoids in the
microstructure. Internal oxidation showed chromium affected the diffusion of oxygen
and inhibited oxide particle formation; also only thin strips of material could be produced
using this method. Though numerous problems were identified with both production
methods, this early work indicated that powder metallurgy would be the most promising
technique to produce ferritic alloys with oxide dispersions and guided future alloy
development.
Research into production techniques and mechanical properties of ODS ferritic
alloys were also investigated in the late 1960’s by Japanese researchers lead by Teishiro
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Oda of the Nagasaki Technical Institute [Oda and Daikoku – 1971].

Initially dry

compaction of 13 wt% Cr produced an undesirable alloy (though it was not explained),
and Oda determined that a more desirable microstructure could be obtained through
liquid phase sintering and subsequent hot working. This early work by the Belgians and
Japanese paved the way for groundbreaking development of an ODS ferritic alloy for the
fast-breeder reactor program in the 1970s by John Fischer while working with the
International Nickel Company, Inc. (INCO). The premier ODS ferritic alloy developed
and patented by Fischer was designated MA957 (MA – mechanical alloyed), which is a
high-chromium ferritic alloy that is mechanically alloyed with Y2O3 [Fischer – 1978].
Though this alloy is no longer produced by INCO it has been the focus of intense
research by the nuclear materials community and was used as a model alloy for the first
12YWT nanocluster strengthened alloy. Some of the initial research showed that the
oxide dispersions in MA957 were extremely stable at high temperatures, with no
significant change in the dispersion strengthened microstructure after exposure to 723
and 923 K for 30 hr [Asano, et al. – 1988]. A variant of MA957, designated MA956,
was produced with aluminum addition (~4.5 wt%) to increase the corrosion resistance,
and was found to also have very high tensile strengths and creep resistance [Daeubler and
Froschhammer – 1990]. More recent work has shown that MA957 is extremely resistant
to irradiation creep and swelling [Toloczko, et al. – 2004], and Alamo et al. showed that
MA957 was extremely resistant to radiation-induced hardening and exhibited good
ductility after irradiation at 325°C to ~6 dpa [Alamo, et al. – 2004]. These early results
lead to atom probe tomography examinations of MA957, which revealed the presence of
Y-Ti-O nanoclusters similar to those found in 12YWT and 14YWT [Miller, et al. –
2004]. These Y-Ti-O nanoclusters were deemed responsible for the excellent hightemperature mechanical properties and resistance to radiation damage and though Fischer
certainly never intended to produced nanoclusters, the invention of MA957 has been a
significant contributor the development of current nanocluster strengthened ferritic
alloys.
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2.4

Comparison Materials Examined

As previously mentioned the nanocluster alloy 14YWT is being investigated by
the United States Department of Energy Fusion Materials Program for structural
applications in future fusion reactor systems and other neutron radiation environments.
Several other alloys are currently being investigated for structural applications in nuclear
environments, including the Generation IV fission reactor concepts. In addition to the
14YWT and 14WT project six other structural alloys were irradiated and tested during
this project, and will provide useful performance comparisons to the nanocluster 14YWT
alloy. The materials tested fall into two general groups: ferritic and nickel alloys.

2.4.1 High-Chromium Ferritic Alloys

The physical metallurgy of high-chromium steels is complex and it is essential to
review a few basics of materials science before discussing the processes involved in
obtaining a desired microstructure and physical properties. A lattice is defined as an
infinite array of discrete points with an arrangement and orientation that appears exactly
the same when viewed from any point of the array.

In 1848 Auguste Bravais

demonstrated that in a three-dimensional system there are seven crystal systems with
fourteen possible lattices and no more [Callister – 1997]. Atoms in metals are arranged
in a three-dimensional periodically repeating lattice pattern called a crystal structure.
There are three crystal structures that are important to our discussion of highchromium steels: face-centered-cubic (fcc), body-centered-cubic (bcc), and bodycentered-tetragonal (bct). The fcc crystal structure consist of a cubic arrangement with
atoms positioned on the corners of the unit cell, with side length a, and at the center of
each face as seen in Figure 10 (a). Austenite or the γ-phase of high-chromium steels has
an fcc crystal structure. The bcc crystal structure also has atoms at each corner of the unit
cell but has one atom in the center of the unit cell instead of on the faces, Figure 10 (b).
Both the δ-ferrite and α-ferrite phase of high-chromium steels have a bcc crystal
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structure. The bct crystal structure is similar to the bcc structure in that atoms are
arranged at the corners and one in the center but one of the lattice parameters, c, is longer
than the others, Figure 10 (c). The bct crystal structure found in high-chromium steels is
referred to as martensite and is formed upon controlled cooling of the fcc austenite phase.

c

a

a
(a)

a
(b)

(c)

Figure 10: (a) fcc, (b) bcc, and (c) bct crystal structures.

The fcc crystal structure is considered a close-packed crystal structure because of
the relatively close arrangement of the atoms, whereas the bcc and bct crystal structures
are more relatively open arrangements of atoms. The close-packed nature of the fcc
crystal structure promotes radiation-induced void swelling during and after exposure to
particle radiation. Extensive data on swelling behavior have demonstrated that bodycentered-cubic materials have considerably greater resistance to irradiation-induced void
swelling that the face-centered-cubic austenitic steels [Klueh and Harris – 2001] [Harris –
1984].
The open nature of the bcc crystal structure allows atoms that are displaced during
radiation to rearrange back into lattice positions, essentially “healing” the damage to the
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crystalline structure caused during atomic displacement events. Therefore much of the
effort in alloy element selection and material processing is focused on developing alloys
with a bcc crystal structure. It should be noted that the δ-ferrite phase should be avoided
because, though it has a bcc crystal structure, it does not have the ability to retain the
martensite lath structure discussed later, and therefore does not have the strength of αferrite with a retained martensitic lath structure.
Martensite is a microstructural phase formed through a “military” transformation
reaction. That is, when austenite is cooled by either air-cooling or quenching the atoms
in the fcc structure are collectively sheared together (similar to the movement of a
military troop formation – hence the term military transformation) to form a bct crystal
structure resulting in laths of martensite.

Therefore, to form martensite the entire

microstructure of the steel must first be completely austenitic before cooling, which is the
reason high-chromium steels are alloyed with austenite-stabilizing elements.
Martensite is formed by first holding the temperature of the steel within the γphase field of the Fe-Cr phase diagram above the AC3 temperature (the temperature at
which the α→γ transformation is complete) to completely convert the all of the α-ferrite
to austenite. Upon cooling the austenite is converted to martensite as dictated by a
continuous cooling transformation (CCT) curve. A CCT curve for the low-carbon highchromium steel alloy F82H is presented in Figure 11. As long as the cooling rate is great
enough to miss the ferrite + austenite loop all the austenite will be transformed into
martensite.

The alloying elements used to balance the constitution or increase the

tempering resistance of the steels also lower the martensite start (Ms) and finish (Mf)
temperatures, resulting in a tendency for retained austenite to be present if the M s
temperature is close to or below room temperature [Klueh and Harris – 2001]. The
retained austenite is undesirable for nuclear applications; therefore the composition of
alloying additions must be adjusted to control the constitution and the Ms-Mf
temperatures.
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Figure 11: CCT curve for ferritic alloy F82H. Reproduced from [Orr, et al. – 1999].

Alloying elements are also added to high-chromium steels so that fine precipitates
of M2X will form, where M is a metal atom and X is a non-metal (usually C or N). After
the microstructure is converted to martensite tempering is performed to precipitate out the
fine carbides and nitrides throughout the microstructure. These precipitates are formed
when ferrite-forming elements react with carbon or nitrogen present in the
microstructure. The precipitates produced during austenitizing strengthen ferritic alloys
mainly by restricting grain growth and coarsening of the austenite grains. Carbide and
nitride precipitates are also purposely produced during tempering to strengthen ferritic
alloys through precipitation strengthening by acting as barriers to dislocation motion,
which is the reason great effort is made to produce them in high-chromium steels during
tempering.
The hardness of a steel alloy provides an indication of the microstructural changes
occurring during tempering.

A plot of the hardness verses the Hollomon-Jaffee

parameter, which attempts to account for the effect of both temperature and time used
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during a tempering treatment, for a 12Cr-0.14C steel is presented in Figure 12. The plot
clearly shows that there are distinctive changes that occur during tempering.

Figure 12: Tempering curve for a 12Cr-0.14C Alloy. Reproduced from [Klueh and
Harris – 2001].

Generally during tempering high-chromium steels will begin with an original
hardness level followed by a drastic transition to a lower hardness level that gradually
decreases with time. The change in hardness at different tempering temperatures is
associated with microstructural changes as follows [Pickering – 1997] [Pickering – 1958]
[Vitek and Klueh – 1983] [Klueh – 2003]:
<350°°C – A fine dispersion of M3C (Fe3C) precipitates forms and grows to a

dendritic morphology and then to a plate-like Widmanstätten distribution. The chromium
content of the Fe3C increases to about 20% with the possibility of M7C3 being formed in
situ from the Cr-enriched Fe3C [Pickering – 1958]. Both of these effects slow the growth
rate of the Fe3C and thereby retard softening.
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≈450-500°°C – Fine needles of M2X [predominantly Cr2(CN)] nucleate primarily

on the dislocations within the martensite laths and retard the softening, but the
precipitation is not sufficiently intense to produce secondary hardening.
500-550°°C – The M7C3 and M2X phases coarsen, with a resulting rapid decrease

in hardness.
>550°°C – The M7C3 and M2X are replaced by Cr-rich M23C6 precipitates, which

nucleate on the martensite lath and prior austenite grain boundaries, and the rate of
hardness decrease slows down. The dislocation density decreases relative to that of the
“as-quenched” martensite and sub-structures consisting of low-angle boundaries and
dislocation arrays begin to form.
≥650°°C – The M23C6 precipitates at the tempered lath martensite boundaries

grow, leading to a further reduction in dislocation density and pronounced sub-grain
formation across the martensite laths.
≥750°°C – The sub-cells within the martensite laths grow into fairly equiaxed sub-

grains with little or no trace of the original lath martensite structure. Growth of the
M23C6 precipitates continues, but clearly defined dislocation networks may still be
present. Virtually all the carbon in solution in the steels is precipitated as M23C6 on
tempering for ≥1 hr at 700 to 780°C [Vitek and Klueh – 1983].
The tempering temperature and time must be chosen such that a desirable
microstructure will form. As the precipitates form in the microstructure the bct crystal
structure essentially becomes a bcc crystal structure with a retained martensite lath
structure [Klueh – 2003]. Though during tempering special care must be taken to ensure
overaging does not occur. Overaging in high-chromium steels is associated with the
removal of M2X from within the martensite laths and the growth of M23C6 at the grain
boundaries; these processes allow the dislocations to form polygonal networks that allow
subgrain boundaries to become unpinned and thereby reduce the strength of the steel.
Relatively large M23C6 precipitates are undesirable as they grow at the expense of fine
precipitates, which are much more effective at blocking dislocation motion. To avoid the
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excess growth of M23C6 precipitates high-chromium steels are usually tempered from 600
to 750°C for 1-4 hr, depending on the particular alloy composition.
High-chromium ferritic alloys are composed of 7-12% Cr, various microstructure
stabilizing alloying elements, and balance of iron.

The alloying elements in high-

chromium steels may be broken up into two basic categories: austenite stabilizers and
ferrite stabilizers. The austenite stabilizers (C, N, Ni, Mn, Cu, V, Co) open the γ-phase
field of the Fe-Cr phase diagram, seen in Figure 13, while ferrite stabilizing elements (Cr,
Mo, Nb, B, W, Si, Ti, Al) contract it.

α
γ

Figure 13: Fe-Cr phase diagram. Reproduced from [Klueh and Harris – 2001].

The ferritic alloys tested during this project, designated 9Cr-2WVTa, EUROFER
97 and EUROFER 97 ODS, are reduced activation ferritic/martensitic (RAFM) alloys
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that were developed during the 1990s for use in structural components of nuclear fission
and fusion systems. During the mid-1980’s an intense effort was initiated to develop
high-chromium ferritic/martensitic alloyed with elements that do not readily activate, or
have a short half-life. An intense effort to develop materials that become less activated
has lead to an entire class of structural alloys specifically designed for nuclear
environments that substitute low-activation elements that are normally alloyed into
conventional structural steels. Below is a listing of the low-activation alloying elements
used in high-chromium RAFM steels and their purpose in the microstructure [Klueh –
2003]:
Chromium (Cr) – Chromium is added (~7-12%) mainly to increase the corrosion

resistance of high-chromium steels at elevated temperatures and to stabilize the BCC
crystal structure after tempering.

Also, fine precipitates of chromium distributed

throughout the matrix strengthen the steels by acting as barriers to dislocation motion.
Tungsten (W) – Tungsten is alloyed into reduced-activation high-chromium

steels as a replacement for molybdenum in conventional high-chromium steels. Both
tungsten and molybdenum are ferrite-forming elements and help stabilize the BCC
crystal structure after tempering. Tungsten also acts to strengthen and increase creep
resistance of high-chromium steels through solid-solution strengthening and carbide
precipitate formation. The tungsten containing intermetallic compounds that form from
the precipitates at elevated temperatures coarsen at a slower rate than the molybdenum
variant, resulting in higher strength, ductility, and toughness.
Tantalum (Ta) – Tantalum is alloyed into reduced-activation steels as a

replacement for niobium in conventional high-chromium steels. The main reason highchromium steels are alloyed with tantalum is to promote the formation of fine particles of
TaC, that are insoluble at the austenitizing temperature, and fine precipitates of TaC that
form during aging at 950°C; each act to suppress grain growth during austenitizing
[Klueh and Harris – 2001].

Though TaC particles do contribute to precipitation

strengthening, the main purpose of alloying with tantalum is to restrict austenite grain
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growth and reduce grain size in the martensitic microstructure, which increases the
tensile strength. Tantalum also provides solid-solution strengthening at high tempering
temperatures retarding growth of sub-grains.
Manganese (Mn) – Manganese is a low-activation replacement for nickel in

conventional high-chromium steel. High-chromium ferritic alloys are alloyed with Mn
and Ni to prevent the formation of the δ-ferrite phase during austenitizing and tempering.
Mn and Ni are austenite-stabilizing elements and act to open the γ-ferrite loop on the FeCr phase diagram. But special consideration for nuclear applications limits the amount of
Mn used in high-chromium steels. High-chromium steels alloyed with large amounts of
Mn (~6%) had been shown to undergo embrittlement during thermal cycling and
irradiation, possibly because of a chi (χ)-phase formation [Klueh – 2003]. More research
is currently underway to understand the processes involved with post-irradiation behavior
of high-chromium steel alloyed with Mn.
Vanadium (V) – Vanadium is a very effective ferrite-stabilizer and conventional

commercially available high-chromium steels are alloyed with vanadium to help stabilize
the bcc crystal structure after tempering. VN is formed during austenitizing and is very
soluble compared to other nitrides [AlN, Nb(CN)], and therefore it is not very effective at
limiting grain growth during austenitizing when compared to other nitrides and carbides.
Though soluble vanadium provides solid-solution strengthening that retards recovery and
growth of the sub-grains at the highest tempering temperatures.
Silicon (Si) – During formation of a high-chromium alloy in the molten state Si is

commonly used to refine the chemical makeup and deoxidize steel before casting,
therefore it inherently shows up in small amounts as an impurity in most steels. Though
Si is an impurity it does have some benefits.

Si can retard the formation of M3C

precipitates (especially Fe3C), which can weaken the steel.

Si contributes to the

hardenability (ability of a steel to form martensite) of high-chromium steel and prevents
the retention of δ-ferrite during quenching.
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Also Si provides some solid solution

strengthening and corrosion resistance through the formation of SiO, though these
benefits are not very pronounced.
Carbon (C) – Carbon is added to high-chromium to form the basic steel matrix

and increase the strength; without carbon martensite would not form. Also carbon is
needed to form fine carbide precipitates, which provide a significant contribution to the
strength of high-chromium steels. Carbon must be used sparingly because it also impairs
the weldability and promotes corrosion of high-chromium steels.
Nitrogen (N) – The main reason minute amounts (~0.05%) of nitrogen are added

to high-chromium steel is to promote the formation of fine particles of VN, Nb(CN),
AlN, and other stable nitrides that strengthen the steel by acting as dislocation barriers
and restricting grain growth during austenitizing. Nitrogen is also added because it is an
austenite-stabilizer that prevents retention of δ-ferrite after quenching. But similar to
carbon, nitrogen can cause problems with welding because nitrogen bubbles may form
within the weld that weaken the microstructure and decrease the strength of the steel at
the weld.
Boron (B) – Boron is added to some high-chromium steel alloys in very small

amounts (~0.001%) to increase the hardenability. Boron is also used to stabilize the
martensite dislocation structure and the M23C6 type precipitates. Researchers also believe
boron may also help stabilize vanadium precipitates, but this is still being researched.
The RAFM alloy 9Cr-2WVTa was developed at ORNL by Ronald Klueh, who is
a senior staff scientist responsible for the defining literary work on ferritic/martensitic
alloys for nuclear applications [Klueh – 2003].

The 9Cr-2WVTa alloy is a

ferritic/martensitic alloy that is alloyed for reduced activation consideration and has been
shown to have superior impact properties before and after irradiation compared to
contemporary ferritic alloys; attributed to the low carbon content and Ta addition [Klueh
(IMR) – 2005]. The ORNL 9Cr-2WVTa alloy irradiated and tested in this project was
provided by Dr. Klueh in the as produced plate condition and therefore was heat treated
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before specimens were produced. Heat treatment was conducted at ORNL by Cecil
Carmichael of the MST Division using the following heat treatment: 1) heat in air furnace
at 1,050°C for 0.5 hr, 2) rapid air-cool by following room temperature argon over the
plate, 3) heat in furnace at 750°C for 1 hr, and 4) another rapid cool with flowing argon
gas. This heat treatment is designed to produce a tempered martensitic microstructure
with ferrite grains structured on prior martensite lath boundaries, which produces a
material with an optimal combination of high tensile strength and good ductility.
Recent research efforts in Europe to produce an optimized reference ferritic alloy
for high-temperature structural applications in nuclear environments have been focused
on a 9CrW reduced activation ferritic/martensitic (RAFM) alloy, designated EUROFER
97 [van der Schaaf, et al. – 2003]. ODS variants of EUROFER 97 were developed to
increase the service temperature from 550 to 650°C and improve high-temperature
strength and creep resistance. EUROFER 97 ODS was produced by mechanical alloying
small amounts (0.2–0.3 wt%) of Y2O3 powder with gas atomized EUROFER 97 powder
followed by consolidation using hot isostatic pressing (HIPing). Though tensile and
creep properties of EUROFER 97 ODS were impressive, early results showed oxide
dispersion strengthening reduced fracture toughness and produced a relatively high
ductile-to-brittle transition temperature (DBTT) compared to other conventional ferritic
alloys [Lindau, et al. – 2002]. Optimization of EUROFER 97 ODS processing and heat
treatment parameters has produced an alloy with improved fracture toughness properties
by controlling the morphology and size of M23C6 type precipitates. A recent study of an
experimental heat of EUROFER 97 ODS produced using modified heat treatment
parameters has shown the size, composition and spatial distribution of M23C6 precipitates
can be controlled by thermal and thermo-mechanical treatments [Klimiankou, et al. –
2007]. These parameters have been optimized for EUROFER 97 ODS to decrease DBTT
and increase upper-shelf impact values through dissolution of M23C6 precipitates
covering the grain boundaries, the formation of ferritic/martensitic structures, and grain
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refinement [Klimiankou, et al. – 2007]. An example of the latest generation EUROFER
97 ODS alloy was tested during this project and discussed in this paper.
The experimental EUROFER 97 ODS alloy tested in this project was provided by
Rainer Lindau (Forschungszentrum Karlsruhe, Germany) in a final processed plate form.
The EUROFER 97 ODS plate was produced by PLANSEE, with parameters defined by
Lindau, using an industrial attritor type ball mill for mechanical alloying and HIPing for
powder consolidation. The consolidated alloy was normalized in an argon atmosphere at
1,100°C for 30 min then water-cooled to produced an ODS ferritic alloy with a
ferritic/martensitic microstructure; this alloy contained a relatively low carbon content
(~0.8 wt%) and as a result water-cooling was required to induce martensite formation.
The plate was then normalized in an argon atmosphere at 750°C for 2 hours and finally
allowed to air-cool. Tensile and fracture toughness specimens were machined from the
final processed plate using wire EDM. To serve as a comparison material for this heat of
EUROFER 97 ODS, specimens were also produced from conventional non-ODS
EUROFER 97 and tested in the unirradiated and irradiated condition. Similar to 14WT
and 14YWT, EUROFER 97 would serve as a model alloy for EUROFER 97 ODS
without oxide dispersions and allow quantification of the effect of oxide particles on
mechanical properties and radiation resistance.

2.4.2 Nickel Alloys

The nickel alloys tested during this project were commercial alloys Incoloy 800H
and Inconel 617, which are being investigated for applications in the Generation IV
reactor concepts. Though no final system has been selected for design and construction,
the Next Generation Nuclear Plant (NGNP) [previously called Very High Temperature
Reactor (VHTR)] concept is currently the principal reactor design being pursued to fulfill
economic production of electricity and hydrogen mission goals using nuclear energy.
The NGNP concept is a thermal neutron spectrum fission reactor fueled by a once73

through uranium fuel cycle, cooled by helium gas, and moderated by a prismatic graphite
block. The reactor core coolant outlet temperature is envisioned to be above 1,000°C to
provide the high temperatures required for hydrogen production and increase the Carnot
efficiency of the power generation loop of the electrical energy plant.

Therefore,

research is being conducted by to develop “high-temperature” structural alloys for in-core
and near-core components that have adequate high-temperature strength and are resistant
to radiation induced changes in mechanical properties. The Incoloy 800H and Incoloy
617 tensile specimens tested during this project were irradiated at target irradiation
temperatures of 600 and 750°C, which were the two highest irradiation temperatures that
could be achieved with currently available rabbit capsule designs. These relatively high
temperature irradiations not only provided useful performance comparison with the
ferritic nanocluster alloy 14YWT, but produced useful information for material selection
of components for future GEN IV reactor systems.
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3

Chapter Three: Experimental Procedures

This study consisted of four major undertakings: 1) production of a next
generation nanocluster strengthened high-chromium ferritic alloy and an oxide dispersion
strengthened ferritic alloy utilizing mechanical alloying and extrusion forming; 2) design,
production, and irradiation of “rabbit” capsules containing microstructure and mechanical
characterization

specimen;

3)

unirradiated

mechanical

and

microstructural

characterization; and 4) irradiated mechanical properties characterization.

In

collaboration with the University of Texas at Austin, these tasks were performed at Oak
Ridge National Laboratory (ORNL) utilizing internal material production, irradiation,
and characterization facilities.

Since this particular alloy had not been previously

irradiated at ORNL using the rabbit capsule target irradiation facilities, most of the work
undertaken was original and had not been performed in the past. Innovations include
design and implementation of a new dual-notch three-point bend fracture toughness
specimen for capsule irradiations, design and deployment of a new rabbit capsule design
for the new fracture toughness specimen, improved temperature monitoring capability
during irradiated tensile testing, and a ground-breaking discovery of the unique fracture
toughness behavior of the innovative nanocluster strengthened ferritic alloy.

3.1

14YWT and 14WT Material Production

The first task of the project was production of the two experimental highchromium ferritic alloys; the Y-Ti-O nanocluster (NC) strengthened alloy 14YWT and an
ODS ferritic alloy identical to 14YWT but produced without the Y2O3 addition during
ball milling, designated 14WT. One of the main goals of this project was to quantify the
effect

of

nanoclusters

embrittlement/hardening

on

mechanical

resistance

properties

following

and

neutron

their

contribution

irradiation,

which

to
was

accomplished by comparing the behavior of 14YWT to 14WT. It has been shown that
the dissolution of the Y2O3 particles into solid solution in the ferritic microstructure
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during ball milling is necessary for nanocluster formation [Alinger, et al. – 2004];
therefore ball milling the base high-chromium ferritic powder without the Y2O3 addition
would produce an alloy similar to the NC strengthened 14YWT, but without nanoclusters
in the microstructure. Though 14WT would not contain nanoclusters it would have
conventional Ti-rich oxides dispersed throughout the microstructure, which contribute to
second phase strengthening through inhibition of dislocation motion. The presence of
nanoclusters in 14YWT was confirmed using atom probe tomography (APT) and oxidedispersions in 14WT were characterized using transmission electron microscopy (TEM).

3.1.1 Alloy Powder Preparation

The first step of material production was to prepare the gas atomized highchromium ferritic powder for ball milling by sieving the 14Cr-3W-0.4Ti (nominal wt%)
ferritic alloy powder used to for both 14YWT and 14WT production, which was supplied
by Special Metals Corporation (Princeton, KY, USA). The powder was sieved with
ASTM sizes +325 to -100 to obtain a powder particle size distribution of 45 to 150 µm.
This size distribution was chosen to ensure large particles that would inhibit full
mechanical alloying were removed and to avoid corrosion contamination, which becomes
a problem with very small powder particles that have a high surface area-to-volume ratio.
The Y2O3 powder was provided by Nanophase Technologies Corporation (Romeoville,
IL, USA) with a particle size distribution of 17 to 31 nm. An independent chemical
analysis was performed by Dirats Laboratories (Westfield, MA, USA) on as-extruded
samples from previous 14YWT and 14WT extrusions (ORNL ID: OE14YWT-SM4 and
OE14WT-SM1) using the same powder batches utilized for this project; the results are
presented in Table 1. These as-extruded specimens were alloyed and ball milled using
the same specifications as those used for the extrusions in this project (ORNL ID:
OE14YWT-SM6 and OE14WT-SM4). Though the chemical analysis of the previous
extrusions should theoretically match the compositions for the extrusions produced in this
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project, various factors such as milling chamber vacuum quality, equipment cleanliness,
and human error could introduce slight compositional differences.

Therefore, these

measured chemical compositions should be viewed as a general guide to actual
composition of the specimens produced and tested in this project.

Fe
Cr
14YWT 85.41 13.13
14WT 84.80 13.57

14WT and 14YWT Measured Composition
weight %
W
Y
Ti
Si
Ni
Al
O
0.54 0.219 0.19 0.08 0.03 0.02 1140
0.76 0.017 0.19 0.04 0.04 0.02
NA

ppm
C
530
670

N
385
NA

Table 1: Measured chemical composition of as-extruded samples of previous 14YWT
and 14WT extrusions.

3.1.2 Mechanical Alloying

Mechanical alloying of the powders for 14YWT and 14WT was accomplished
using a horizontal attritor type ball mill. An attritor ball mill consists of a stationary
drum that contains the alloy powders, milling balls, and a rotor blade, which rotates to
transfer kinetic energy to the milling balls. The kinetic energy of the milling balls drives
mechanical alloying of the powders through repeated high-energy impact collisions
between the balls and powder particles [Benjamin – 1970]. The impacts deform the
powder particles and atomically mix the alloying elements by breaking down the Y2O3
particles and forcing yttrium and oxygen atoms into solid solution [Alinger, et al. –
2004].

The evolution of the powder particles during the ball milling process are

illustrated in micrographs shown in Figure 14 [Hoelzer, et al. – 2002].
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Figure 14: Evolution of powder particle structure during ball milling [Hoelzer, et al. –
2002].

The alloy powder particles begin as spherical shaped particles but begin to flatten
into flakes during the early stages of mechanical alloying (~5 hr).

The extended

deformation of the flakes and cold work stresses introduced to the microstructure cause
the flakes to break up and fold onto one another, which promotes implantation and
dissolution of the Y2O3 particles into the alloy microstructure. Further milling breaks up
the Y2O3 particles and dissolves the yttrium and oxygen into a solid solution in the
ferritic alloy microstructure. The solid solution of yttrium, titanium, and oxygen formed
during mechanical alloying has been shown to be essential for nanocluster formation
during extrusion [Alinger, et al. – 2004]. After ball milling the powders for ~80 hr the
flake particles take a lamellar structure containing the remnants of the ferritic alloy and
Y2O3 particles, as seen in Figure 15 [Hoelzer, et al. – 2002].
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Figure 15: Lamellar structure formed in powder particles during mechanical alloying
[Hoelzer, et al. – 2002].

The attritor mill used for this project, seen in Figure 16, was a Simoloyer CM01
produced by Zoz GmbH (Wenden, Germany).

The Simoloyer CM01 is computer

controlled/automated so once milling parameters are programmed the control computer
will operate the ball mill without any further human attention. Prior to milling the
atmosphere inside the drum was evacuated and backfilled with ultra-high purity argon
gas to prevent corrosion contamination in the powders during mechanical alloying. A
10:1 powder-to-milling ball weight ratio was implemented during milling, using
hardened 100Cr6 ball bearing steel balls (ASTM 52100) with a 5 mm (0.197 in) nominal
diameter.

The powders were milled in 200 g (powder weight) batches for 40 hr,

alternating the rotor blade speed between 900 and 250 RPM to ensure thorough mixing of
the milling balls and powder. Four 200 g milling runs were performed for each alloy to
produce a total of 800 g of powder for each extrusion.
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Figure 16: Zoz Simoloyer® CM01 horizontal attritor type ball mill.

3.1.3 Powder Canning

The next step of material production was canning and extrusion of the milled
powders. Though extrusions have been performed at ORNL in the past to produce
14YWT, there was no “standardized” extrusion can design for nanocluster alloy
production. Therefore a new extrusion can was created by modifying a design that had
been utilized for previous extrusions at ORNL. The design chosen for modification was
a “2 in” extrusion can seen in Figure 17, the “2 in” length designation refers to the outer
diameter of the can body, which is actually 1.9 in for a “2 in” extrusion can. The
extrusion can assembly consists of three components: the extrusion can body, insert plug,
and sealing cap. The can body is a hollowed metal cylinder with a solid metal nose and
an open cavity that contains the milled alloy powder during extrusion. The insert plug is
a solid metal cylinder used to fill space in the body cavity that is not occupied by powder
and ensure uniform extrusion. The can sealing cap is a thick metal disk with a hole
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drilled in the axial orientation, which is inserted into the open body cavity and welded to
the can body to seal the powder and plug inside the body. The hole in the can cap allows
evacuation of gas from the extrusion can body cavity prior to extrusion.

Figure 17: Schematic of extrusion can design previously used for extrusions at ORNL.

The previous extrusion can design had been used for relatively small extrusions
and in order to accommodate 800 g of powder for the extrusions in this project the length
of the can would need to be increased. Calculations were performed using the powder
mass and estimated powder density to determine the volume, and resulting length,
required to contain the powder in the extrusion can body cavity. A theoretical powder
density of 60% was assumed for simple packing (by hand without aid of press) of the
milled powders inside the can cavity, which correlates to a volume of about 10.4 in3 for
800 g of powder. Therefore, a cavity length of about 7 in would be required for an
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extrusion can body with an inner diameter of 1.5 in to fully contain powder and insert
plug; and as a result the previous extrusion can design was lengthened by 4 in. After the
extrusion can design was finalized the drawings were provided to a machine shop and
two extrusion can assemblies were produced from mild steel for 14YWT and 14WT alloy
production. The final extrusion can assembly used for this project is seen in Figure 18
and a detailed engineering drawing of the design is provided in Appendix 1.

Figure 18: Extrusion cans used in this project to produce the 14YWT and 14WT alloys.

The insert plugs were purposely made longer than the body volume they would be
required to fill so that the length could be cut to exactly and completely fill the remaining
void inside the can body cavity. The length of plug required was determined by first
loading the milled 14YWT and 14WT powders into the body cavity of their respective
extrusion can, then the plugs were inserted into the cavities and a mark was made at the
edge of the can cap relief on the can body. Subsequently the insert plugs were cut on a
machine lathe and inserted into the can body to completely fill the empty cavity space.
Steel tubing was inserted into the sealing cap holes and welded to completely seal the
steel tube lines to the sealing caps and allow evacuation of the gas from the extrusion
cans. The sealing caps were then welded to the can bodies to produce a leak proof seal
and completely enclose the powder and plug in the extrusion can cavities. After welding
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the end caps the cavities were degassed by attaching vacuum lines to the steel tubing and
pulling a rough vacuum (~500 mTorr) on the extrusion can cavities with the cans heated
to 400°C for 24 hr. While the body cavities were under vacuum, the cans were sealed by
mechanically crimping the steel tubing vacuum attachment lines.

3.1.4 Extrusion

The extrusion press used for this project was manufactured by The WatsonStillman Co. (Roselle, NJ) and has a total capacity of 1,250 tons (2.5 x 106 lbf), seen in
Figure 19. The reduction die used for extrusion had a 7 to 1 reduction-in-area ratio and
was made from Extendo® alloy, which has a hardness of 50 Rc, was preheated to 800°C
prior to each extrusion. Necrolene® lubricant was applied to the die and exterior of the
extrusion can prior to extrusion in an effort to prevent unnecessary wear of the die and
reduce the extrusion load. After the extrusion cans were plugged, degassed, and sealed
they were preheated to 850°C for 1 hr and extruded through the die to produce a 7 to 1
reduction in cross-sectional area. The extrusion load was about 250 tons (5.0 x 105 lbf)
and total extrusion time was less than one minute for each extrusion in this project.

Figure 19: 1,250 ton Watson-Stillman horizontal extrusion press used to produce the
14YWT and 14WT alloys, (a) picture facing extrusion die and (b) picture facing ram.
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3.1.5 Thermo-Mechanical Treatment

Figure 20 shows the elongated 14YWT and 14WT bars produced from the
extruded cans containing the milled powder, which were elongated from 8.2 in (20.8 cm)
to about 3 ft (91 cm) in length. The elongated bars consist of the extruded ferritic alloy
material in the center encased by the mild steel extrusion can, except for the ends of each
extruded bar, which contain co-extrusion of the extrusion can nose on one end and the
can plug on the other, shown in Figure 21. Therefore the extruded bars were cut into 2.0
in (5.08 cm) sections, Figure 22, so that the co-extrusion distance from each end could be
determined. Sections containing co-extrusion were discarded and sections containing
solid extruded 14YWT and 14WT alloy were set aside for further thermo-mechanical
processing and specimen production. The bar sections containing alloy material were cut
using wire electrical discharge machining (EDM) along the length on the top and bottom
of the bars to produce flat rolling surfaces for warm rolling, seen in Figure 23.

Figure 20: 14YWT and 14WT extruded bars.
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Figure 21: Cross-section of extruded bar showing the 14YWT alloy encased by the mild
steel extrusion can material and co-extrusion of canning material.

Figure 22: 2 in extruded bar sections.
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(Discard)

Mild steel can

14YWT
(or 14WT)
alloy

EDM cut

(Discard)

Figure 23: Diagram of wire EDM cut on extruded bar section.

The rolling mill used during this project, seen in Figure 24, was produced by H.J.
Ruesch Company (now Progressive Ruesch Machine Co., Inc. – Ringwood, NJ) and
powered by a Reliance Gearmotor® gear assembly produced by Philadelphia Gear
Corporation (King of Prussia, PA). Prior to rolling operations the 14YWT and 14WT bar
sections were annealed in a box furnace at 1,000°C for 1 hr to relieve some of the internal
stress produced during extrusion. The bar sections were initially preheated for 1 hr and
warm rolled parallel to the extrusion direction using a 5% reduction per pass.
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Figure 24: Ruesch rolling mill used to warm roll the extruded bar sections.

The first 14YWT bar section was rolled using a 700°C preheat and cracked in the
center alloy material as seen in Figure 25. To prevent cracking the rolling preheat
temperature was increased to 850°C and subsequently no bar sections cracked during
rolling. All bar sections were rolled to a total reduction-in-thickness of 40%, using a 5%
reduction per pass. After rolling the bars had a curvature typical of rolled stock, therefore
after the last rolling pass the bars were heated to the 850°C and flattened in a hydraulic
parallel plate press. At this point the nanocluster alloy 14YWT and ferritic alloy 14WT
were in their final form, seen in Figure 26, and no further thermo-mechanical treatments
were performed.
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Figure 25: Cracked 14YWT extruded bar section warm rolled at 700°C.

Figure 26: Extruded bar section prior to specimen production.
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3.2

Specimen Design and Production

The next project task was to produce mechanical and microstructure
characterization specimens from the 14YWT and 14WT alloy material in the center of
the rolled bar sections. The dimensional inconsistencies created during extrusion and
thermo-mechanical processing produced flattened bars of slightly varied length, width,
and thickness. Since producing these experimental alloys is expensive there was a great
interest in getting as many specimens as possible from the usable alloy material in each
bar section. To maximize the number of specimens produced from the extruded alloys
the amount of usable alloy available for specimen production was measured for each
flattened bar and an engineering drawing of a detailed template for machining specimens
was produced for each extruded bar section.

The amount of alloy available was

measured by cutting the end of each bar with an abrasive saw and then etching the
exposed bar end with nitric acid to reveal the amount of mild steel canning material on
each side extruded alloy. After the available material was measured an engineering
drawing was produced for each flattened bar section, which detailed the layout of
specimens to wire EDM that would most efficiently use the 14YWT and 14WT alloys; an
example is seen in Figure 27. The template drawings were provided to a machine shop
along with the flattened bar sections and specimens were wire EDM to within a tolerance
of ±0.001 in (±0.0254 mm).
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Figure 27: CAD drawing of machining template for 14YWT and 14WT specimen
production.

Since the space available for specimen irradiation inside nuclear reactor facilities
is limited there is a constant drive to reduce specimen size and use small miniaturized
specimens for irradiation effects studies. This has lead to use of “rabbit” capsules for
specimen irradiation, which utilize small tube shaped capsules to contain the specimens
during neutron irradiation in reactor target facilities. The tensile specimen design chosen
for this study has been used for rabbit capsule irradiations in the past and has been
established as a proven reliable design, but no proven fracture toughness specimen had
been used for previous rabbit capsule studies. Therefore, a dual notch three-point bend
bar was designed during this project specifically for use in rabbit capsule irradiations and
used for fracture toughness characterization in this study.

The new bend bar was

designed to comply with ASTM E 1820 testing standard guidelines for dimensions of
metallic fracture toughness three-point bend specimens.
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3.2.1 Tensile Specimen

The tensile specimen design chosen for this experiment is a flat sheet-type “dog
bone” tensile specimen designated SS-3 (“Sheet-type Specimen - 0.030 in thick”), which
was developed at ORNL and has been used extensively for irradiation effects
experiments.

Figure 28 shows the relative small size of a SS-3 tensile specimen

compared next to an American dime; a detailed engineering drawling for the SS-3 design
is provided in Appendix 2. The SS-3 design is used in rabbit capsule irradiations because
of its low volume and ability to be efficiently stacked in a capsule to ensure effective heat
transfer from the capsule during irradiation to maintain the desired irradiation
temperature, which will be discussed later.

Figure 28: SS-3 tensile specimen used for irradiated and unirradiated mechanical
characterization.

The SS-3 design with holes in the head allow for the specimen to be either loaded
using small pins inserted through the holes or on the shoulder near the gauge section
using a specially designed specimen holder seen in Figure 29. The shoulder-loading
holder is relatively easy to load compared to pin loading, allowing rapid insertion into a
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temperature controlled zone. The shoulder-loading holder also allows for very accurate
reading of specimen temperature by monitoring the readout from a thermocouple junction
spot welded to the holder. Previous tests by ORNL technicians using an instrumented
specimen, with a thermocouple junction spot welded to the specimen gauge section, have
shown the temperature indicated by the thermocouple on the SS-3 specimen holder (for
unirradiated testing) was within ±1°C of the true specimen temperature measured at the
gauge length. The SS-3 specimens for this project were tested using the shoulder-loading
holder and were therefore produced without holes in the heads to promote more uniform
heating during irradiation.

(a)
(b)
Figure 29: SS-3 specimen holder used for unirradiated mechanical characterization, (a)
before insertion into load train and (b) during 700°C test.
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3.2.2 Fracture Toughness Specimen

As previously mentioned, at the start of this project there was no standardized
fracture toughness bend bar design for rabbit capsule irradiations in use at ORNL. Larger
fracture toughness specimens had been irradiated in relatively large “conventional”
capsules (which can hold >100 specimens), but no miniaturized fracture toughness
specimen had been developed specifically for use in rabbit capsule irradiations. Since
rabbit capsules are small elongated tubes typical disk compact and “T” series fracture
toughness specimens could not be used and only an elongated three-point bend specimen
would fit inside the available rabbit capsule housings. A previous bend bar design called
the KAPL bend bar, seen in Figure 30, had been utilized in the past for other irradiation
studies and was used as a starting point for the design of a bend bar for irradiation in
rabbit capsules. That is, a dual-notch bend bar design could be altered so that two bars
could be enclosed inside the rabbit tube housing designs available and the inherent
benefits of testing bend bar specimens remotely in a hotcell environment.

Figure 30: Drawing of KAPL fracture toughness bend bar.

The relative dimensions of a three-point bend specimen (ASTM SE(B) single
edge bend type specimen) design described in ASTM E 1820-06 were used to determine
93

the limiting dimension inside the rabbit capsules, while satisfying the ASTM
requirements.

After analyzing the available rabbit capsule housing designs it was

determined that the length of the bend bar would be the limiting dimension for the
specimen design, with a maximum allowable specimen length of 2.031 in (51.59 mm).
Therefore, with respect to the model ASTM bend bar design, the thickness and width
were scaled with the restrictive length dimension and a final dual notch design was
produced. A picture of the final design bend bar specimen is seen in Figure 31 and a
detailed engineering drawling is provided in Appendix 3.

Figure 31: Dual-notch fracture toughness bend bar used for unirradiated and irradiated
mechanical characterization.

The dual-notch design allows two data points to be obtained from each specimen,
and since two bars would fit into each capsule a total of four fracture toughness tests
could be performed from one capsule of specimens.

Again, when developing the

specimen design careful attention was paid to ensure all appropriate ASTM testing
guidelines were obeyed and all tests results would be valid under relevant ASTM
standards requirements. The dual-notch bend bar design was also the least difficult
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fracture toughness specimen type to load into a test fixture inside a hotcell using remote
manipulators. A bend bar specimen only has to be dropped into the specimen holder and
aligned with the rollers and an axial connecting rod that is attached to a linear variable
differential transformer (LVDT), and does not required attachment of an outboard strain
gauge like typical “compact” fracture toughness specimens.

3.2.3 Microstructure Characterization Specimen

In addition to the tensile and fracture toughness specimens, microstructure
characterization specimens were designed, produced, and included inside the rabbit
capsules.

There was a desire to have the ability to perform microstructure

characterization after irradiation, including characterization utilizing transmission
electron microscopy (TEM) and atom probe tomography (APT). TEM disk specimens
are produced from 3 mm disks that are mechanically and electrochemically thinned to
electron transparency, and ATP specimens are produced from needles of specimen
material that are atomically sharpened using focused ion beam (FIB) milling.

The

thinnest specimen possible is needed for TEM specimen production and the largest
desirable ATP specimen diameter is 0.5 mm, therefore a microstructure characterization
specimen blank was designed to be 0.254 mm (0.010 in) thick and large enough that
several TEM and ATP specimens could be produced from each blank, seen in Figure 32;
a detailed engineering drawing is provided in Appendix 4. The width and length were
designed to equal the area produced by a SS-3 specimen and stack flat against the SS-3s
in the rabbit capsule to ensure efficient heat transfer from the capsule during irradiation;
this heat transfer controls irradiation temperature and will be discussed in greater detail
later in this report. The reduced thickness also produces minimal heat generation during
irradiation and would allow for reduced material removal during specimen production,
reducing specimen production time and radioactive waste generation.
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Figure 32: Microstructure characterization blank inserted into rabbit capsules during
irradiation in rabbit capsules.

3.3

Rabbit Capsule Design and Production

The irradiation of the tensile, fracture toughness, and microstructure
characterization specimens took place in the High Flux Isotope Reactor (HFIR) at ORNL.
HFIR is an 85 MW (thermal) light-water cooled and moderated fission research reactor
powered by a custom designed highly enriched (93.1 at%

235

U) fuel element, which is

composed of two concentric fuel regions containing involute fuel plates, seen in Figure
33; the inner and outer fuel regions contain 171 and 369 fuel plates, respectively [Xoubi
and Primm – 2005]. The U3O8-Al cermet fuel is non-uniformly distributed along each
fuel arc to reduce radial neutron flux peaking and minimize the radial peak-to-average
power density. The in the center of the fuel element is a 12.3 cm (4.84 in) diameter
cylindrical hole, or “flux trap”, that usually contains transuranium isotope targets for
production of 252Cf and other isotopes for medical, industrial, and research applications.
In the center of the flux trap there are thirty isotope production target positions and two
hydraulic tube irradiation positions, which allow insertion and removal of specimens
during reactor operation. Six “peripheral” target positions surround the central positions
on the outer edge of the flux trap. The peripheral target positions hold aluminum tubes
that usually contain “rabbit” capsules or other specimens for irradiation studies. The fuel
96

element is surrounded by a 30.0 cm (11.8 in) thick beryllium reflector assembly, which
contains numerous target positions for irradiation studies. Four beam tubes originate at
the beryllium reflector and support instruments for the ORNL Center for Neutron
Scattering, which is composed of 15 neutron contingent instruments.

Inner fuel
element

Outer fuel
element

Flux trap
irradiation
positions

Figure 33: Center of HFIR core, showing the inner and outer fuel elements and flux trap
specimen irradiation region. Reproduced from [Xoubi and Primm – 2005].

The specimens in this study were irradiated in the peripheral target irradiation
area, identified in Figure 34. The specimens are loaded and sealed inside rabbit capsules
that are stacked on top of one another inside a larger peripheral specimen tube, which is
perforated to allow coolant flow over the outside of the rabbit capsules. The larger
peripheral specimen tube is inserted into the reactor grid before reactor start up and the
specimens contained inside are irradiated for the duration of the reactor operation cycle.
The length of the cycle is dependant on the operational demands of the reactor, which are
usually determined by the most imperative scientific project associated with the reactor.
During this project installation of the Advanced Cold Neutron Source on BH-4 beam port
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was ongoing, and when the capsules were ready for irradiation the operational
requirement for the reactor was to operate for one cycle which a little over one month.

Figure 34: Schematic of the HFIR core region and irradiation facility positions.
Reproduced from [Xoubi and Primm – 2005].

During irradiation the specimens were contained in small sealed aluminum tubes
called “rabbit capsules”. A rabbit capsule consists of two main components: the inner
and outer housings. The inner housing contains the specimens, space “fillers”, springs,
spacers, and temperature/flux monitors.

The outer housing has a larger diameter

compared to the inner housing assembly and the two are separated by concentric spacers
to ensure the inner tube remains centered in the outer tube. Between the inner and outer
housing a gas gap is created by the spacers that is backfilled with an inert gas during
rabbit capsule construction. Heat is generated in specimen and rabbit capsule materials
as a result of the absorption of neutron and γ-ray radiations, though γ radiation is usually
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the main contributor to heating. As radiation is absorbed by a material the kinetic energy
of energetic γ radiation is converted into heat by a process called gamma-heating. Heat is
produced by scattering and absorption reactions (Compton scattering, photoelectric
absorption, pair production) between gamma rays and electrons in the capsule materials
generate heat in the bulk material [El-Wakil – 1993]. During irradiation all materials in
the rabbit capsules produce heat form interactions with γ-ray radiation that must be
transferred from the capsule materials to the reactor coolant to prevent overheating or
melting of specimens or capsule materials. The size of the gas gap created between the
two capsule housings determines the rate of heat transfer from the inner housing
materials to the coolant following over the outer housing, which establishes the
irradiation temperature of the inner housing internals and specimens. The amount of heat
transfer from the capsule is controlled by a gas gap between the outer and inner rabbit
housings. A smaller gas gap will increase heat transfer and decrease specimen irradiation
temperature, while a larger gas gap will inhibit heat transfer and increase the specimen
irradiation temperature.
The target specimen irradiation temperatures for the rabbit capsules in this study
were 300°C for fracture toughness bend bars and 300, 600, and 750°C for SS-3 tensile
specimens. The rabbit capsules used in this project were designed by engineer Joel
McDuffee of the Nuclear Science and Technology (NST) Division at ORNL using a
computer modeling program called ANSYS Multiphysics®. ANSYS Multiphysics® is a
computer simulation software package capable of coupling various physical phenomena
simultaneously acting on a system. For this project ANSYS Multiphysics was used to
model the rabbit capsule heat generation produced in the specimen and capsule materials
by radiation and the subsequent heat transfer through the capsule to the reactor coolant.
The heat transfer simulation allows the design parameters of the capsule to be modified in
order to achieve the desired specimen irradiation temperature. To produce a specified
capsule design a computer model is generated of the inner housing, spacers, resulting gas
gap, and outer housing. This model is then placed in a simulation where heat is generated
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inside the capsule and transferred through the capsule materials, gas gap, and outer
housing to the coolant flowing over the outer housing, as it would during irradiation. The
simulation models the heat transfer rate through each capsule material and indicates the
resulting temperature distribution inside the capsule, which produces an accurate estimate
of the specimen irradiation temperature.

This temperature distribution allows the

engineer to modify the capsule design parameters to match the specified irradiation
temperature for a particular capsule design. For example, if the specimen irradiation
temperatures are too high the gas gap is decreased to promote greater heat transfer from
the capsule to the coolant, if they are too low the gap is increased. The capsule housing
and internal components material may also be substituted (usually aluminum or
vanadium) to alter the heat generation rate. The simulation is then repeated and changes
made until the desired specimen irradiation temperature is achieved. This process is
performed for each capsule configuration until the specimens maintain the target
irradiation temperature during a steady-state irradiation simulation.

The capsule

configuration is a variable of the specimen and capsule materials’ thermal properties,
specimen mass, capsule components mass, gas gap size, and the target irradiation
temperature. For these calculations the following thermal property coefficients for the
specimen materials were provided the target irradiation temperatures of the requested
capsule designs: thermal conductivity, thermal expansion, and specific heat.
Computer simulation provides a reliable estimate of irradiation temperature, but
the actual irradiation temperature experienced by specimens in rabbit capsules was
measured post-irradiation using SiC temperature monitors. SiC temperature monitors
inserted into rabbit capsules during irradiation were examined after irradiation using
annealing/resistivity measurement techniques to produce an accurate estimate of
specimen irradiation temperature.

During neutron irradiation the atoms of SiC

temperature monitors are displaced from their original crystal lattice position, which in
turn causes the bulk material electrical resistance to decrease. Some of the displaced SiC
atoms will recombine with lattice vacancies from the thermal motion during irradiation.
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But during irradiation the population of displaced atoms and lattice vacancies will reach
an equilibrium level, which is dependent on the bulk material’s thermal energy
(temperature). After irradiation these atomic displacements and vacancies remain in the
SiC lattice altering the electrical resistance compared to unirradiated SiC material.
The specimen irradiation temperature is obtained by first measuring the electrical
resistance for each SiC temperature monitor and unirradiated SiC monitor standards at
room temperature.

The unirradiated SiC temperature monitors are used to offset

variations in the laboratory room temperature between resistance readings, since very
small variations (±1 °C) of room temperature can completely alter the electrical
resistance of SiC monitors [Snead, et al. – 2003]. Resistance readings for the irradiated
temperature monitors are normalized with the readings from the unirradiated standards
and influence of the laboratory room temperature variation is kept to a minimum. The
irradiated SiC temperature monitors are then annealed at 20°C above room temperature
for 1 hr and another resistivity measurement is performed and recorded. The irradiated
temperature monitors are then annealed at 20° above the previous anneal temperature for
1 hr and another resistivity measurement is recorded. This process is continued for each
irradiated temperature monitor until the resistivity measurements being to increase. The
increase in resistivity is caused by the recombination of displaced interstitials and
vacancies, or “healing” of the lattice damage, which is initiated by the thermal energy
provided during annealing.

The anneal/resistivity measurements continue at 20°C

increments until the resistivity has significantly increased, usually about a 50% increase,
over the average baseline pre-anneal resistivity level. The resistivity versus annealing
temperature is then plotted along with a line representing a 1σ increase in the averaged
baseline resistivity measurements, as seen in Figure 35. The temperature where the
resistivity curve and the 1σ offset intersect is recorded as the irradiation temperature.
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Figure 35: Example of resistivity versus annealing temperature plot for a SiC
temperature monitor inserted into rabbit capsules during irradiation.

This technique has been proven to estimate the actual irradiation temperature to
an accuracy of ±20°C [Snead, et al. – 2003]. But anneal/resistivity measurements are
extremely time consuming and expensive perform; as a result temperature monitors were
not measured for all capsules. The temperature monitors chosen for examination were
the 14YWT and 14WT SS-3 rabbit capsules designed for 600 and 750°C irradiation
temperatures.

The SS-3 rabbit capsule design for the 300°C target irradiation

temperature has been used extensively at ORNL and previous experience with this design
has shown the actual irradiation temperature to be 300 ±20°C [Snead, et al. – 2006].
Therefore, though the temperature monitors from these capsules were not measured there
is a high degree of confidence that the SS-3 specimens from these capsules were
irradiated actually at 300 ± 20°C. The results obtained by the temperature monitors in the
high-temperature capsules will be discussed later in Results section within Irradiated
Mechanical Properties (4.3).
The amount of radiation damage in metallic or other solid crystalline materials is
measured by a unit called displacements per atom (dpa) and is a measure of the number
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of times each atom in the material is displaced from its crystal lattice position. A 1 dpa
dose to a material corresponds to every atom in the material being displaced from its
atomic crystalline lattice site exactly one time during the irradiation.

The dpa

characterization methodology for radiation damage dose in crystalline materials was
originally proposed by Norgett, Robinson, and Torrens in their famous 1975 paper in
Nuclear Engineering and Design, and the NRT method is now the basis for all dose
calculation methodologies [Norgett, et al. – 1975]. The theory of displacement damage
in crystalline materials and derivation of dose values is quite complicated and will not be
discussed in detail here.

Readers desiring a more through description of damage

calculation procedures are referred to ASTM E 693-01, which outlines radiation damage
dose calculation for iron and low alloys steels.
The accumulated radiation damage dose to metallic specimens from neutron
radiation is a function of neutron energy spectrum and total neutron fluence experience
during irradiation. The neutron energy spectrum is unique, similar to a finger print, for
each particular reactor irradiation environment. If the energy spectrum is known as a
function of reactor power a conversion ratio can be produced to convert the neutron
fluence to displacement dose. The neutron flux energy profile as a function of reactor
power is well characterized for the ORNL HFIR and total neutron fluence can be
calculated for each capsule from operational information such as capsule position in the
reactor, reactor power, and the total irradiation time. The operational information for the
run cycle (ORNL HFIR cycle 407) used to irradiate specimens in this project was
compiled and provided by the NST engineers and the total dose for each capsule was
calculated. The total radiation damage dose was calculated using a damage cross-section
conversion factor that converts total neutron fluence to dpa dose for the HFIR:
1.5 dpa
(for E > 0.1 MeV)
2.1x10 21 n cm 2
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Though the average dose for capsules irradiated in this project was about 1.5 dpa, a small
difference was observed between the various capsules and a listing of the calculated dose
for each rabbit capsule is presented later in the Results and Discussion section for
irradiated mechanical properties (section 4.3).

3.4

Microstructural Characterization

The microstructure of nanocluster strengthened 14YWT has been well
characterized in previous studies.

Therefore the main focus on the microstructure

characterization in this study was confirmation of previous observations and obligatory
verification of microstructural parameters as grain size, aspect ratio, and dislocation
structure for the alloys produced during this project such. Several techniques were
utilized during this investigation for microstructural characterization including optical
microscopy, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and atom probe tomography (APT). Fracture surface characterization of the
fracture toughness specimens was conducted with a SEM on both irradiated and
unirradiated specimens to gain insight into fracture mode and identify any potential
cleavage initiation sites.

3.4.1 Optical Microscopy

The microstructures of all materials examined during this project were imaged
using optical microscopy. Optical micrographs were used to characterize grain structure
for materials with relatively large grains and identify any “stringers” in the microstructure
of the extruded alloys (14YWT and 14WT). Stingers are embedded lines of relatively
large oxide particles produced during extrusion that lie between grains and are elongated
parallel to the extrusion direction. Stringers are undesirable artifacts of the extrusion
process and are known to be detrimental to mechanical properties by acting as crack
initiation sites and macroscopic sinks for transmutation gases produced during
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irradiation. Specimens for optical microscopy imaging were mounted in standard 1.25 in
(31.75 mm) clear epoxy mounts. The mounted specimens were then ground and polished
using various magnetic disk (MD) platens on a Struers RotoPol-25 base outfitted with an
automated Struers RotoForce-4 head unit, seen in Figure 36; the grinding/polishing
routine used in this project is outlined in Table 2.

Figure 36: Struers RotoPol-25 base outfitted with an automated Struers RotoForce-4
head unit used for optical microscopy specimen production.
Grinding
Step
Base
Abrasive
Grain Size

1

2

MD-Piano MD-Piano
SiC

SiC

# 400 grit # 600 grit

Polishing
1

2

3

4

MD-Allegro

MD-Largo

MD-Mol

MD-Nap

diamond solution diamond solution diamond solution diamond solution
6 µm

6 µm

3 µm

1 µm

Rotation
Lubricant

water

water

alcohol-based

alcohol-based

alcohol-based

alcohol-based

Speed [RPM]

300

300

150

150

150

150

Force [N]

30

30

30

15

30

30

1

6

6

6

5

Time [min] until plane

Table 2: Grinding/polishing routine used for optical microstructure characterization
specimens.
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After the epoxy mounts were cured the first step was to grind the viewing surface
of the specimen completely flat and no “high spots” were present so finer abrasives used
later in the polishing process acted on the entire specimen surface. The first stage of
grinding was continued until the surface was completely flat with a Struers MD-Piano
#220 grit SiC abrasive platen on the Struers unit operating at ~300 RPM with 30 N of
force. The specimens were lubricated with water during grinding to wash away grinding
debris, clean the abrasive platen, and cool the epoxy mount to prevent melting. The
second grinding step was performed using a #600 grit MD-Piano platen for about one
minute.
Polishing of the specimens started with a 6 µm grain size suspended diamond
abrasive solution on a MD-Allegro platen rotating at 150 RMP using 30 N of force for 6
min. During polishing the specimen mounts were cooled using. Struers DP-Purple
alcohol-based lubricant was used during polishing to wash away debris produced during
polishing and to cool the specimen and epoxy mount. The second polish was performed
again using 6 µm grain size diamond abrasive solution but on a MD-Largo cloth platen
rotating at 150 RPM with 15 N of force for 6 min. The third polish step was performed
using a 3 µm grain size diamond abrasive solution on a MD-Mol cloth platen rotating at
150 RPM with 30 N of force for 6 min. The final polish was performed using a 1 µm
grain size diamond abrasive solution on a MD-Nap cloth platen rotating at 150 RPM with
30 N of force for 5 min. After final polishing the specimens were chemically etched
using a solution of 50 part distilled water, 1 part nitric acid (HNO3), and 1 part
hydrofluoric acid (HF) to attack grain boundaries to allow imaging of grains and other
microstructural features of interest.

Micrographs were produced at numerous

magnifications using a Reichert-Jung model MeF3 optical microscope equipped with a
Sony model DKC-5000 digital camera. Optical microscopy for this project was only
conducted for material in the unirradiated condition.
Optical microscopy was also utilized during fracture toughness testing to measure
crack extension caused during testing. In the temperature regime were ductile fracture
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toughness behavior was observed some materials exhibited stable crack growth. For
specimens with stable crack growth the final JIc value was calculated by a fracture
toughness data analysis computer algorithm using the crack extension measured from the
initial precrack front. For each tested specimen the initial precrack distance and final
crack extension was measured using a

Nikon “tool makers” optical measurescope

equipped with a Boeckeler Instruments Model 9598 X-Y micrometer table attached to a
Boeckeler Instruments Microcode II (2-MR) digital position readout, seen in Figure 37.
The Microcode II digital readout has a resolution of ±0.00005 in (±0.00127 mm)
allowing very precise measurement of crack extension distance across the crack front.
For the final calculations in the fracture toughness data analysis program nine evenly
spaced measurements were made across the crack front for each specimen and
subsequently entered into the analysis algorithm for calculation of the final Jc and JIc
fracture toughness values.
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Figure 37: Nikon “tool makers” optical measurescope equipped with a micrometer table
and digital position readout; used for precrack and crack extension measurements of
unirradiated fracture toughness specimens.

3.4.2 Scanning Electron Microscopy

Characterization of the fracture toughness bend bar fracture surfaces was
performed using a scanning electron microscope (SEM) for both the unirradiated and
irradiated condition. Unirradiated fracture surfaces were imaged using a JEOL 6500F
SEM seen in Figure 38, which was available through the Shared Research Equipment
(SHaRE) User Facility at ORNL. The JEOL 6500F at ORNL is equipped with a high
current 30 kV field-emission electron gun and the following detectors: 1) secondary
electron detector, 2) backscattered electron detector, 3) Si drift EDS X-ray detector, and
4) microcalorimeter EDS X-ray detector.

Fracture surfaces were imaged using the

secondary electron detector with the microscope operating at various accelerating
voltages and working distances depending on the desired field-of-view and
magnification.
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Figure 38: JEOL 6500F scanning electron microscope used for fracture surface imaging
of unirradiated fracture toughness specimens.

Fracture surfaces of irradiated fracture toughness specimens were imaged using a
FEI (formally Phillips) XL-30 SEM located at the Irradiated Materials Examination and
Testing (IMET) hotcell facility at ORNL. The XL-30 SEM at the IMET facility is a
custom modified system for hotcell operation; that is, that the SEM specimen chamber
assembly is remotely located inside the cell, while the microscope operation station and
controls are remotely located outside the cell in the operator area, seen in Figure 39. The
specimen chamber assembly located inside cell #5 is mounted on a custom built wheeled
cart structure so the entire assembly can be completely withdrawn to the maintenance bay
behind the cell for routine maintenance and repair. SEM specimens are mounted on a
stage specimen holder in cell #4 by operators using remote manipulators and then moved
to cell #5 through a lead lined carrier connecting cells #4 and #5. Finally, the specimen
holder is loaded into the XL-30 specimen chamber, again using remote manipulators,
which is then closed and evacuated using the external instrument control station.
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(a)
(b)
Figure 39: Modified FEI (formerly Phillips) XL-30 scanning electron microscope used
for fracture surface imaging of irradiated fracture toughness specimens; (a) microscope in
hotcell and (b) control panel in operation area.
Prior to this project the hotcell XL-30 SEM had a severe vacuum leak in the
column and specimen chambers due to an extended period of nonuse. During the early
stages of this project the vacuum leaks were located and repaired by an FEI technician to
achieve a vacuum level sufficient for microscope operation. Due to the relatively poor
vacuum condition it was decided that the electron gun in the hotcell XL-30 would be
equipped with a tungsten filament until a better vacuum could be reliably achieved in the
newly repaired system. The tungsten filament would limit the magnification limit to
about 50,000X but required a lower quality vacuum compared to a LaB6 filament, which
requires a high quality vacuum during operation. The main goal during the initial repair
was to get the microscope in an operational condition and prove the system was
recoverable. Therefore, not much attention was focused on precise alignment of column
apertures or magnetic lenses, as a result the gun column apertures were misaligned and
only low magnification (<1,500X) images were obtainable during this project. But since
low magnification images were adequate for fracture surface examination, the low
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magnification limitation was tolerable and provided useful images for fracture surface
characterization. Following the experiences gained with this project the electron gun in
the hotcell XL-30 was equipped with a new tungsten filament and the column apertures
were realigned.

3.4.3 Transmission Electron Microscopy

Transmission electron microscopy was conducted on unirradiated 14YWT and
14WT specimens using a 200kV FEI (formally Phillips) Tecnai 20 TEM, seen in Figure
40. TEM was performed to characterize the microstructures of the extruded alloys
including grain size, aspect ratio, and presence (or lack) of conventional oxide particles.
The Tecnai 20 used in this project was not equipped with an electron energy loss (EEL)
spectrometer or Gatan Imaging Filter (GIF) for energy-filtered transmission electron
microscopy (EFTEM). Since nanoclusters in 14YWT can not be reliably imaged without
EFTEM techniques the presence of nanoclusters in 14YWT would be confirmed using
atom probe tomography (APT). The grain boundaries and conventional Ti-rich oxides in
14WT were easily imaged using conventional diffraction contrast bright field TEM.
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Figure 40: 200kV FEI (formally Phillips) Tecnai 20 TEM used to characterize
microstructures of unirradiated 14YWT and 14WT.

Standard 3 mm disk TEM specimens were produced from the heads of SS-3
tensile specimens tested at room temperature (26°C).

Only one of the 14YWT

microstructure characterization blanks produced from the extruded bars was not inserted
into rabbit capsules and was used to produce atom probe needles, necessitating the use of
material from tensile specimens for TEM specimen production. The 3 mm disks were
wire electrical discharge machined (EDM) from the SS-3 heads using a plunge EDM
electrode, which resulted in a microstructure orientation parallel to the extrusion
direction. The disks were then hand grinded to a thickness of ~0.005 in (~127 µm) using
#220 then #600 grit SiC grinding sheets on a water-cooled rotating Buehler grinding base
using a handheld specimen holder designed for 3 mm TEM disk. The disks were finally
thinned to electron transparency with a Struers Tenupol-5 twin-jet electro-polisher using
an electrolyte solution of 75% methanol (CH3OH) and 25% nitric acid (HNO3).
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3.4.4 Atom Probe Tomography

Atom probe tomography was performed on several 14YWT specimens to verify
the presence of Y-Ti-O nanoclusters and quantify their size, number density, and spatial
distribution in the microstructure.

The atom probe needles were cut from the

microstructure characterization blanks using a low-speed diamond wheel saw parallel to
the extrusion direction, producing a specimen with approximate dimensions of 0.010 x
0.010 x 1.0 in (0.25 x 0.25 x 25.4 mm). The rough atom probe specimen blanks were
then atomically sharpened using a focus ion beam (FIB) system installed in an FEI SEM.
The atom probe characterization was performed using a prototype Imago Scientific
Instruments local electrode atom probe (LEAP) located at ORNL, seen in Figure 41.
Examinations were performed with a specimen temperature of 60K, at pulse repetition
rate of 200 kHz, and a pulse fraction of 20 % of the standing voltage. The Guinier radius,
rG, and the composition of the nanoclusters were determined from the positions of the
solute atoms associated with them (Y-Ti-O) using the maximum separation method
[Miller – 2000]. The parameters used for the maximum separation analysis were a
maximum solute separation distance, dmax, of 0.6 nm and a grid spacing of 0.1 nm.
Nanoclusters containing less than 20 of the target solute atoms were not used in the
analysis.
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Figure 41: Imago Scientific Instruments local electrode atom probe (LEAP) used for
characterization of nanoclusters in 14YWT.

3.5

Mechanical Characterization

Characterization of mechanical properties for unirradiated specimens was
performed at the Fracture Mechanics Laboratory at ORNL, while mechanical properties
characterization of irradiated specimens was conducted at the Irradiated Materials
Examination Technologies (IMET) hotcell facility at ORNL. Both tensile and fracture
toughness characterization was performed for irradiated and unirradiated 14YWT, 14WT,
EUROFER 97 and EUROFER 97 ODS alloys. While only tensile characterization was
performed on the ORNL reduced activation ferritic/martensitic alloy 9Cr-2WVTa, and
nickel alloys Inconel 617 and Incoloy 800H in the irradiated and unirradiated condition.
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3.5.1 Unirradiated Tensile Testing

Tensile testing of the unirradiated specimens was performed using a servohydraulic actuated 20 kip capacity MTS load frame equipped with a 5 kip MTS load cell,
seen in Figure 42. As previously mentioned, the SS-3 tensile specimens were shoulder
loaded in a custom specimen holder equipped with a K-type (chromel-alumel)
thermocouple junction, as seen in Figure 29 (a). The specimen temperature was indicated
by an Omega Engineering Inc. digital readout with an accuracy of ±1°C. Specimen
temperature was allowed to stabilize for ~5 min prior to testing and maintained within
±2°C of the target temperature during testing. Specimens tested above room temperature
were heated during testing by an Applied Test Systems, Inc. (ATS) Series 3210 oven that
wraps around the load train to produce a heated zone surrounding the specimen holder,
seen Figure 43. The ATS Series 3210 is a 3,450 watt clamshell-style heating oven
capable of heating the specimen holder to a maximum test temperature of 1,200°C. The
clamshell-style oven design allows quick opening and closing of the test chamber to
reduce the amount of heat loss during specimen loading/unloading. Rapid heat loss
becomes a concern when performing high-temperature tests (Ttest ≥ 500°C) because of the
amplified load train expansion/contraction and resulting difficultly maintaining specimen
preload prior to performing a test. The ability to slightly open the front of the oven
enclosure allows quick loading of tensile specimen while at temperature, preventing
significant heat loss and resulting contraction of the load train.
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(a)
(b)
Figure 42: (a) 20 kip MTS load frame and (b) SS-3 shoulder loading specimen holder
used for unirradiated tensile testing.

(a)
(b)
Figure 43: (a) ATS Series 3210 clamshell-style heating clam-style oven used during
unirradiated tensile testing, (b) shown during an 850°C test.
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Liquid nitrogen was used to cool specimens for low-temperature tensile testing (196°C to room temperature), which flowed in either gas or liquid form through a rubber
line to an insulated test chamber surrounding the specimen holder. The previous cooling
system used for unirradiated tensile testing delivered nitrogen through a perforated plastic
line lying on the bottom of a polystyrene ice chest. This configuration did not effectively
control the flow of liquid nitrogen nor did it adequately shield the specimen and load
train from direct liquid-nitrogen spray. Temperature control with the previous setup
proved difficult and unreliable; therefore an improved cooling chamber setup was
designed and constructed for this project.
All tensile tests performed below room temperature were cooled using a custommade cooling chamber, which consists of a spiral-shaped perforated copper line inside a
two-piece polystyrene enclosure (formally a shipping container for laboratory chemicals)
seen in Figure 44. To replace the plastic line used in the old setup a new nitrogen
delivery outlet was devised for the chamber using a length of cooper tubing coiled in a
spiral-shape to surround the specimen holder and allow greater control of the liquid
nitrogen flow. The copper spiral outlet was produced by drilling 1/32 in diameter holes
along a length (~12 in) of 3/8 in diameter copper tubing. The tubing was then spiraled by
hand around a steel aerosol can to form a spiral shape and then mechanically crimped on
one end to seal one side of the copper tube, as seen in Figure 45. During tensile tests
using the old setup liquid nitrogen would occasionally surge through the line and spray
directly onto the specimen holder and load train components, which resulted in rapid
contraction of the load train and possibly damage the specimen. To prevent the liquid
nitrogen from spraying directly on the specimen holder during gas-to-liquid surges, a
section of 0.005 in brass shimming material was rolled into a cylindrical shape and
inserted into the copper spiral to act as a shield for direct liquid nitrogen spray. A natural
rubber hose attached to a liquid nitrogen tank was connected to the open end of the
spiraled copper tubing and the entire spiral assembly was inserted into the polystyrene
enclosure, as seen in Figure 46. The open space around the copper spiral was then filled
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with thermal insulation cloth to further inhibit heat transfer into the cooling chamber,
which helped specimen temperature stability during testing.

Figure 44: Revised cooling chamber for low-temperature unirradiated tensile testing.

Figure 45: Copper tubing spiral for cooling specimens for low-temperature tensile
testing.
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(a)
(b)
Figure 46: Specimen holder in place for low-temperature tensile testing (a) before test
without brass shielding and (b) after a -150°C test.
The procedure for testing using the revised cooling chamber was to first “zero”
the load cell offset to remove the weight of the lower chamber from the load signal, then
insert a specimen into the holder attached to the load train and apply a ~10 lb preload.
The lower cooling chamber section was then slid along the lower pull-rod until the
copper spiral completely surrounded the specimen holder and was then held into position
by tightening a clamp located under the lower cooling chamber section, to prevent the
chamber section from sliding down the lower pull-rod. After checking to ensure the
lower chamber was centered on the pull-rod and there was no binding or contact between
specimen holder and the cooper cooling coil, insulation cloth was placed around the top
of the specimen holder and the upper polystyrene chamber was lowered to seal the
chamber sections.

The value of the liquid nitrogen tank was then opened and the

chamber cooled to the target test temperature, while adjusting the displacement to
maintain a specimen preload of ~15lb. After holding at the target test temperature for ~5
min the test was performed.
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Due to the extraordinary low-temperature fracture toughness results observed
during this project, tensile tests were performed on some materials at the cryogenic
boiling temperature of liquid nitrogen, -196°C (-321°F). The tests were conducted while
the specimen and holder were completely submerged in liquid nitrogen.

A large

polystyrene cup was used to contain the liquid nitrogen, which was made leak-proof by
sealing the cup to lower pull-rod using RTV silicone sealant. To perform a test the
specimen holder was loaded with a specimen and the copper coil was inserted into the
polystyrene cup.

The tank flow control valve was opened and liquid nitrogen was

allowed to flow into the cup until the specimen holder was completely submerged. Tests
were initiated after the thermal contraction effects in the load train stabilized, indicated
by a steady specimen load reading for ~5 min.
Unirradiated tensile tests performed at the ORNL Fracture Mechanics Laboratory
were controlled by a LabVIEW® computer program written by Donald Erdman III of the
Materials Science and Technology Division at the beginning of this project. Unirradiated
tensile tests were performed at a quasi-static strain rate of 10-3 s-1 for all materials.
14WT, 14YWT, EUROFER 97, and EUROFER 97 ODS were also tested at a dynamic
strain rate of 10-1 s-1 and a static strain-rate of 10-5 s-1 to investigate strain-rate sensitivity.
Data acquisition of load and displacement was also performed by the tensile testing
program, which was analyzed using another LabVIEW® based program written at
ORNL.

3.5.2 Unirradiated Fracture Toughness Testing

As discussed earlier the specimen used for fracture toughness characterization
was designed and developed during this project for rabbit capsule irradiation. The dualnotch three-point bend fracture toughness specimens were machined and notched for
testing in the L-T orientation, seen in Figure 47, as described in ASTM E 399-06. The
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45° notches in the specimen were cut into the specimen to a depth of 0.038 in (0.965 mm)
using an EDM with a 0.010 in (0.254 mm) diameter wire.

Figure 47: Schematic of orientation designations for specimens produced from extruded
material. Reproduced from ASTM E 399-06.

The bend bars were fatigue precracked to a crack length-to-specimen width
(ao/W) ratio of 0.5 on a 10 kip MTS load frame operated in stroke control, seen in Figure
48. But before precracking the specimens were smeared with white lithium grease just
below the notch where the precrack will grow and a mark representing a 0.5 ao/W ratio
crack length was made on each side of the specimen; grease magnifies the precrack and
allows the crack extension length to be visually monitored during precracking. After
smearing with grease the specimens were positioned on hardened steel rollers in a threepoint bend configuration and visually aligned so that the notch is centered with the
middle roller. As load was applied to the specimen careful attention was paid to the
alignment to ensure the specimen did not “walk” or move from a non-symmetric bending
configuration. If the specimen did move one of the rollers was shimmed with brass sheet
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shimming material until the specimen no longer moves under load and the precracking
cycles would begin.

(a)
(b)
Figure 48: 10 kip MTS load frame used for precracking fracture toughness specimens.
Fatigue precracking was performed using a frequency of 30 Hz with starting
maximum and minimum loads of 175 and 50 lb, respectively, which decreased to final
max/min loads around 100 and 50 lb for most specimens upon reaching the 0.5 ao/W
ratio. During precracking the number of cycles and load data was recorded for each
specimen to ensure repeatability. The total number of cycles required to reach an ao/W
ratio of 0.5 varied between 50,000 and 150,000, but most specimens required about
100,000 cycles to reach the 0.5 ao/W ratio. The optimal max/min load and total cycle
data are saved for each material in a precracking records archive to help determine
precracking parameters for future testing campaigns. When the precrack reaches the 0.5
ao/W mark on each side of the specimen the crack has theoretically extended across half
the specimen and the precracking process is stopped. But actual precrack fronts are not
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straight and the actual precrack length is an average of nine measurements taken across
the precrack front on the fracture surface of each specimen after fracture toughness
testing has been performed. Crack extension length is also recorded during precrack
front measurement for specimens that exhibited crack growth during testing, which is
used later during test analysis to calculate Jc and JIc fracture toughness values.
Fracture toughness testing on unirradiated materials was performed on a servohydraulic actuated 50 kip capacity MTS load frame equipped with a 1 kip MTS load cell,
seen in Figure 49. As previously mentioned the specimens were a dual-notch three-point
bend design tested using a 1 in (25.4 mm) span. Since this was an original specimen
design and had not been previously been tested, a custom three-point bend test fixture,
seen in Figure 50, was designed and machined in-house at ORNL for this project. In the
fixture the specimen lies with the notch facing downward on the two lower rollers and
force is applied by the upper roller, which is centered in-line with the notch and precrack.
The downward displacement of the specimen is measured by an LVDT attached to a
connecting rod in contact with the specimen notch, as shown by the schematic in Figure
51.

As the specimen deflects downward the connecting rod transmits the resulting

displacement to the LVDT, which relays the signal to the test control computer. During
the test the LVDT and load cell signals are used by the computer testing program to
control the test and are recorded for later data analysis.
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(a)
(b)
Figure 49: (a) 50 kip MTS load frame and (b) three-point bend specimen holder used for
unirradiated fracture toughness testing.

Figure 50: Custom three-point bend fixture used for unirradiated fracture toughness
testing.
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Figure 51: Schematic of three-point bend specimen configuration.

The specimen temperature was monitored during unirradiated fracture toughness
testing by an exposed thermocouple junction that was spot welded to the end of the bend
bar specimen, as seen in Figure 52. A T-type (copper-constantan) thermocouple junction
was spot welded to attached the end of each specimen using a resistance spot welder set
to a power level to just “tack weld” the junction to the specimen. The thermocouple lead
was reinforced using spot welded strips of steel tape along the thermocouple lead wires.
The T-type thermocouple has a temperature range of -250 to 350°C that completely
encompasses the test temperature range for this project. The Omega Engineering Inc.
digital readout used to monitor specimen temperature during testing had a resolution of
0.1°C and was used to maintain the specimen temperature within ±5°C of the target test
temperature.
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Figure 52: Thermocouple junction spot welded onto a fracture toughness specimen for
temperature monitoring during testing.

Special attention was paid during this project to ensure all fracture toughness tests
were performed in accordance to ASTM E 1820-06 and that all validity requirements
were satisfied. The fracture toughness tests were controlled and recorded by a computer
testing algorithm written by J. Thomas Hutton, previously a member of the ORNL
Fracture Mechanics Group.

The “Hutton” program performs tests using procedures

specified in ASTM E 1820-06 and E 399-06, and since the testing procedural details are
quite complicated only a brief description will be given here.
Before a fracture toughness test can begin numerous test control parameters and
specimen material properties information must be entering into the fracture toughness
testing program.

First, test condition inputs are required such as: specimen

type/configuration (three-point bend, “1-T” compact tension, disk compact, etc.),
specimen identification number, test temperature, and test method (basic test method,
resistance-curve test method, etc.).

Specimen details are also required, including

specimen dimensions, specimen orientation, side-groove ratio (if present), estimated
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initial crack length-to-specimen width ratio (ao/W), and precrack parameters (max/min
precrack loads, loading frequency, etc.). After the specimen parameters are entered, the
mechanical properties for the specimen material are entered including yield strength,
ultimate strength, Poisson’s ratio and Young’s modulus. The program also requires
numerous test control parameters such as: unload percentage for each load/unload cycle,
displacement between cycles, percent increase of displacement between cycles, etc.
After the all the required inputs are entered into the test control program specimens are
brought to the target test temperature and the test in started.
The resistance-curve test method was used during this project for fracture
toughness characterization, which is performed by a series of load/unload cycles and uses
load-line compliance to calculate crack extension, as described by ASTM E 1820-06. A
fracture toughness test begins by with the testing program putting the specimen through
an “excer” (exercise) routine, by loading and unloading the specimen. The upper and
lower load range is just under the maximum load used during precracking and are
determined by the computer from the initial test parameter inputs, though the user may
specify the excer range manually. After three excer load/unload cycles the program
calculates the estimated initial crack length from the elastic loading line slope. The
program then notifies the technician if the discrepancy between the estimated and
calculated initial crack length exceeds 0.2%, if there a discrepancy the program will ask
to perform the calculation again or proceed with the test.
Following excer and the initial crack length estimation the load is increased until
the load-displacement trace crosses a “95% secant line”, which begins at the origin and
has a slope 95% of the elastic loading line. After crossing the 95% secant line the
specimen is loaded until one of two limits is achieved, either a maximum load (PQ) or a
maximum displacement (DQ). After reaching either the PQ or DQ limit a load/unload
cycle begins by decreasing the upper roller extension until a predetermined lower load
value is reached and the specimen is reloaded to complete the cycle.

After the

unload/load cycle is complete the specimen is strained again until the upper roller
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achieves a preset displacement, when another unload/load cycle is executed. During each
load/unload cycle the program uses the change in load/unload slope between each cycle
to calculate the estimated crack extension length.

For each load/unload cycle the

program also calculates the J-integral up to that point of the test and plots the J-integral
and estimated crack extension, so construction of the J-R curve can be monitored by the
technician during the test. The test continues with the unload/load cycles until the
specimen breaks by cleavage failure or enough cycles are completed to compute a valid
JIc value. If a specimen is being tested in the transition region and fails by cleavage
failure the program recognizes the failure and halts the test program. Examples of the
two types of behavior are presented in Figure 53. Cleavage failure usually occurs before
maximum load, where a test exhibiting stable crack growth or blunting will experience
numerous cycles before either specimen failure occurs or the test is stopped by the
technician.

Fracture Toughness Behavior Comparison
stable crack
growth behavior

Load

cleavage failure
behavior

Displacement
Figure 53: Test records of specimens exhibiting cleavage fracture and stable crack
growth behavior.
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After each test the fracture surface is analyzed with the Nikon Measurescope to
check for crack extension, and if found the amount of crack growth is measured and
recorded. Specimens that fail by cleavage usually do not experience crack growth and
only the precrack front will appear on the fracture surface, as seen in Figure 54 (a). If
stable crack growth occurs during the test another crack front will be apparent on the
fracture surface similar to Figure 54 (b). The true precrack length, ao, was measured for
all specimens and the crack growth distance was measured for specimens that
experienced crack extension during testing. The analysis program uses the precrack
length to calculate the Jc value for test that experience cleavage failure, which is the
critical J-integral value at fracture. The crack extension length measurements were used
for tests that experience crack growth to create an accurate J-R curve and calculate a JIc
value. Similar to the test process, the analysis of fracture toughness test results is also
quite complicated therefore a general description of the analysis performed by the test
analysis program will be presented in the results section.

(a)
(b)
Figure 54: (a) Fracture surface of a specimen that failed by cleavage fracture, and (b)
fracture surface showing stable crack growth.
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The fracture toughness stress intensity factors, KJc, for brittle cleavage failure
behavior were calculated from the critical J-integral values at fracture, Jc, and then sizeadjusted to results for a 1-T reference specimen, KJc(1T), as specified by ASTM E 192105. The size adjustment of fracture toughness values in the ductile to brittle transition
region to that for a 1-T reference specimen was utilized to compensate for effects caused
by a relatively small fracture toughness specimen size and allow for comparative analysis
to be performed with other ferritic alloys tested in the transition region using small
specimens.

Small fracture toughness specimens will generate a greater fracture

toughness values compared to relatively large specimens. The ASTM sized-adjustment
method decreases KJc stress intensity results for small specimens and increases results for
large specimens to reflect what would be obtained if the material was tested using a
standard 1-T specimen, KJc(1T). The size adjustment normalization is also required for
analysis to calculate a master curve reference temperature, To, as described in ASTM E
1921-05. The master curve analysis method for ferritic alloys allows comparison of the
transition behavior of different alloys using the To reference temperature, which is
defined as the temperature at which an alloy has a KJc(1T) value of 100 MPa√m.
The stress intensity factors for ductile deformation behavior, KJIc, were calculated
from the critical J-integral, JIc, at the onset of stable crack growth. The test program
computes the specimen compliance between each test by measuring slope of each loadunload cycle and comparing the change in slope as the test continues each cycle. The
crack extension is calculated from the specimen compliance and plotted during the test on
a J-integral verses crack extension curve (J-R curve). After the test in complete a final JR curve is produced and a regression line is fitted to the data. The J-integral at the onset
of stable crack growth is calculated according to the methodology described in ASTM E
1820-06 and converted to the equivalent stress intensity factor. The KJIc values are used
to compare results for specimens experiencing ductile deformation behavior in the form
of stable crack growth. During this project some of the alloys did not experience stable
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crack growth but rather ductile deformation in the form of crack blunting. Materials that
demonstrate this behavior are too tough or do not have sufficient tensile strength to be
tested with the relatively small specimen. The tests that experience blunting are marked
on the results plots with upward pointing arrows, signifying the fracture toughness is
greater than what could be tested with this size specimen. A more detailed discussion of
the method used to calculate KJIc values is presented later in the results and discussion
section (4.2.2).

3.5.3 Irradiated Tensile Testing

Before tensile testing of irradiated specimens could begin the specimens had to be
removed from the rabbit capsules, cataloged, and placed in storage. After irradiation in
the HFIR at ORNL the rabbit capsules containing tensile, fracture toughness, and
microstructural characterization specimens were transported by ORNL personnel using
radiation shielded casks to the IMET hotcell facility. Upon arrival to the IMET facility
the rabbit capsules were separated by specimen type in preparation for capsule opening.
Capsules were then cut open by hotcell operators using a slow speed saw that had been
modified to hold rabbit capsules, seen in Figure 55. To unsure the saw blade would not
cut into the specimens inside the capsules, a circumferential mark was placed on the end
of each capsule prior to irradiation during capsule construction. The mark represented
the end of the insert plug that was electron beam welded on each end of the capsule to
produce a leak-proof seal. Cuts were first made on one end of each capsule and an
attempt was made to remove the specimens, spacers, springs, and temperature monitors
from the capsule.
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Rabbit capsule

Figure 55: Slow speed saw used to cut open rabbit capsules at the IMET hotcell facility.

Specimens were removed from several capsules with only one end of the capsule
cut off, but because of the tight tolerances of components inside the capsules some
specimens could not be retrieved with only one end removed. Since opening rabbit
capsules had not been extensively performed at the IMET facility in the past, a procedure
was developed during this project to remove specimens from “stubborn” capsules as
follows: both ends were cut off the capsule at the plug marks, the capsule was securely
placed in a vise, and specimens were pushed from one end of the capsule out the other
end using a tool produced specifically for removing capsule specimens seen in Figure 56.
The removal tool was machined to match the inner square-shape of the rabbit capsule
design used during this project. To remove components from a capsule the removal tool
was inserted in one end of the capsule and the capsule innards were simply pushed out of
the other open end, using a modified hammer to force the specimens out if necessary. As
specimens were removed from capsules they were cataloged on a specimen inventory
listing and placed in individual aluminum specimen holder tubes for later testing.
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(a)
(b)
Figure 56: Extraction tool used to remove specimens from rabbit capsules, (a) clamped
in vise and (b) during use.
Irradiated tensile characterization was performed in hotcell #2 at the IMET
facility using a screw-driven 20 kip capacity Instron load frame equipped with a custom
specimen vacuum chamber and a 5 kip Instron load cell, seen in Figure 57. The vacuum
chamber contains tungsten heating elements and is capable of testing specimens under a
vacuum up to about 1,200°C. Prior to this project all SS-3 specimens tested in the IMET
hotcell #2 Instron setup were pin-loaded through the heads of the tensile specimens, and
no shoulder loading holder was available. Therefore as a part of this project a specimen
holder was designed and produced that would allow tests to be performed by shoulderloading SS-3 specimens on the hotcell #2 tensile testing setup. The final design produced
was similar to the unirradiated configuration, except the hotcell specimen holder is a twopiece design made of TZM (titanium-zirconium-molybdenum) molybdenum alloy, seen
in Figure 58.

After final dimensions were established, engineering drawings were

produced and the holder was produced by Shular Tool Company of Oak Ridge, TN.
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(a)
(b)
Figure 57: 20 kip Instron load frame with custom specimen chamber, (a) open and (b)
closed, used for irradiated tensile testing at IMET facility.

Figure 58: Two-piece TZM alloy specimen holder used for irradiated tensile testing.
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All SS-3 tensile specimens are loaded into the specimen holder by operators using
manipulators inside the hotcell and the first attempts to pick up the specimen holder with
the specimen in both halves caused several early unirradiated “control” specimens to
bend during loading. The heavy two-piece TZM alloy specimen holder necessitated the
development of a new methodology for specimen loading into the test chamber. After
several trial-and-error attempts, a specimen loading process was developed by hotcell
operator Wayne Bolinger that would not bend ductile specimens during loading. In the
new loading process, the specimen was dropped into the specimen cutout in one half of
the specimen holder and shaken down securely into the specimen slot.

The other

specimen holder half is then place on its end so that the specimen slot is facing upward
from the hotcell floor. With the tensile specimen still hanging from first specimen holder
half, the second half is picked up by hooking the tensile specimen into the specimen slot
and pulling up vertically. With the other half hanging from the SS-3 specimen the entire
holder assembly is loading into the specimen chamber by placing the cup-shaped
attachment points of the specimen holder halves on the ball-shaped yokes attached to the
load frame pull-arms. This new loading process ensures that only tensile forces are
applied to the specimen throughout the loading process and no bending of the specimen
occurs.
Previously specimen temperature in the hotcell #2 setup was monitored by a
thermocouple junction located behind the specimen holder near a thermal shield in the
vacuum chamber, but just before the testing campaign for this project began the
thermocouple lead developed a break and no longer provided a signal to the temperature
readout. After evaluating the repair options for the thermocouple lead, it was concluded
that the previous thermocouple configuration would be modified to better reflect actual
specimen temperature and that a thermocouple connector feed-through would be
produced for the specimen vacuum chamber. The previous thermocouple lead wire
penetrated the rear of the specimen vacuum chamber behind several of the tungsten
heating elements and thermal shields. These heating elements have been used in this
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setup for almost 20 years and there was concern they would too brittle to survive an
inadvertent impact during thermocouple replacement in the previous location. Also, in
the previous setup the vacuum chamber penetration point for the thermocouple the
limited the number of thermocouples inside the specimen chamber to two. Therefore, a
new thermocouple system was designed and produced for the hotcell #2 Instron tensile
setup, in which a feed-though attached a side port on the vacuum chamber would connect
multiple thermocouple leads inside the specimen chamber to extension wires on the
outside the chamber. The feed-through assembly constructed for the hotcell #2 setup
contains four large high-temperature ceramic thermocouple extension plugs on inside of
the specimen chamber and four large conventional composite plugs on the outside, as
seen in Figure 59. This new configuration would allow quick repair of any disabled
thermocouple lead inside the chamber and reduce the risk of damaging the fragile
tungsten heating elements during repair.

After the feed-through was installed an

experiment was conducted to determine the best location for the thermocouple junction,
such that the indicated temperature would most closely reflect the actual specimen
temperature.

Figure 59: Thermocouple connector feed-through assembly produced to connect
extensions to thermocouples inside the hotcell #2 Instron tensile setup.
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In the previous setup the thermocouple junction hung behind the behind the
specimen holder near the heating element shields about 1.5 in away from the specimen.
All tests above room temperature were performed under a vacuum where thermal
radiation is the dominate heat transfer mechanism, and since heating in not uniform
throughout the chamber large temperature variations can exist between different locations
inside the heated zone.

An experiment was conducted during thermocouple repair

operations to compare the readings from the previous thermocouple configuration to a
new setup with a thermocouple in a different location. To measure the true specimen
temperature a thermocouple junction was spot welded directly onto the gauge section of
an unirradiated tensile specimen, which was then loaded into the specimen holder and
placed under a preload, just as it would during testing. A thermocouple junction was
placed in the location used for the previous setup behind the specimen holder near a set of
thermal shields.

Another thermocouple was installed in the chamber in a new

configuration; the lead wire was threaded into the test zone from the top so that the
thermocouple junction would align with the specimen gauge section. Operators then
placed the thermocouple junction directly on the specimen gauge section with forceps
controlled by remote manipulators. All three thermocouple leads were connected to the
newly installed feed-through and extensions were connected to digital readouts in the
operator area. After a signal was obtained for each thermocouple the chamber door was
sealed, a vacuum was pumped, and the chamber oven was turned on to low power. At
temperatures below 300°C all three thermocouple readouts were within about ±2°C, but
as oven power was increased and temperatures began to rise a clear trend emerged. The
difference between the specimen-mounted thermocouple and the thermocouple placed in
the new location near the specimen gauge section was within about ±6°C up to 650°C.
But the difference between the reading indicated by the specimen-mounted thermocouple
and the thermocouple in the previous location was about ±25°C.

Therefore the

thermocouple was removed from the previous location and a thermocouple in the new
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location, near the specimen gauge section, was used for temperature monitoring during
subsequent testing in the hotcell #2 system.
A new S-type (platinum-rhodium) thermocouple lead, capable of operation from 0
to 1,200°C, was insulated with ceramic beads and placed inserted into the specimen
chamber in the new location. The thermocouple lead wire was threaded through the
upper section of the specimen chamber so that the thermocouple junction would hang
down near the centerline of the pull-arms and reside adjacent to the specimen gauge
section during testing. For each test the specimen was first inserted into the holder and a
preload was applied, hotcell operators would then position the thermocouple junction to
either rest very near or in contact with the specimen gauge section, as seen in Figure 60.
The door on the vacuum chamber would then be closed and reopened to verify the
thermal shields on the door did not shift the thermocouple position. After verifying the
thermocouple was still in position the chamber door was locked and a vacuum was pulled
on the chamber, after the chamber achieved a vacuum of about 1x10-5 torr the oven was
powered up and the specimen was brought up to the target test temperature.
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Figure 60: Thermocouple connector feed-through installed on the hotcell #2 Instron load
frame.

All irradiated tensile tests performed during this project were conducted using a
strain rate of 1x10-3 1/s. The 20 kip Instron load frame was controlled by Instron Merlin
test control software while data acquisition was performed by a LabVIEW® based
program; and because of the great cost associated with producing irradiated specimens, a
paper chart record was acquired for each test as a data backup. After the specimen had
achieved the target test temperature, as indicated by the thermocouple placed near the
specimen gauge section, as seen in Figure 61, the specimens were allowed to thermally
“soak” for at least 10 minutes before tests were conducted. All specimens were tested
from room temperature up to the irradiation temperature. Those specimens that were
tested at the target irradiation temperature were only allowed to soak for ~5 min to avoid
annealing effects in the irradiated microstructure. Following each test the specimen was
allowed to cool to at least 100°C before the vacuum chamber was purged with nitrogen
gas to prevent contamination of the tungsten heating elements. The specimen holder and
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tested specimen were then removed from the load train by operators, and specimens were
placed in small aluminum tubes for short-term storage and possible subsequent
examination using a SEM.

Figure 61: Thermocouple placement near SS-3 specimen gauge section during irradiated
tensile testing in vacuum chamber of the IMET hotcell #2 test system.

3.5.4 Irradiated Fracture Toughness Testing

Irradiated fracture toughness specimens were tested using a servo-hydraulic
actuated 100 kip capacity MTS load frame located equipped with a 5 kip MTS load cell
located in hotcell #3 at the IMET facility. During testing the 100 kip load frame in
hotcell #3 was equipped with a custom designed temperature control chamber that was
cooled with liquid nitrogen, seen in Figure 62. Specimens were tested in the same
fashion as unirradiated tests, in a three-point bend configuration using a specimen fixture
with a 1 in span between the lower rollers. As with the unirradiated fracture toughness
tests, irradiated testing was controlled by the ORNL-Hutton fracture toughness testing
program using the same test control parameters as unirradiated specimens.
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Figure 62: 100 kip MTS load frame with custom specimen cooling chamber used for
irradiated fracture toughness testing in hotcell #3 at the IMET facility.

The procedure for fracture toughness testing in the hotcell is similar to
unirradiated testing except for the additional difficulty imposed by remote handling of
specimens by operators using manipulators. The process for loading a specimen into the
three-point bend fixture is greatly complicated by the necessity of remote handling, and a
coordinated procedure between testing technicians and hotcell operators was developed
during this testing campaign. The first step to loading a specimen was to identify the
correct specimen from the group of bend bars that were removed from rabbit capsules.
When specimens were extracted from rabbit capsules they were stored in small aluminum
tubes that are marked on the outside with the specimen numbers. But because post-test
fracture surface examination is crucial for fracture toughness analysis, the specimen
numbers were double checked using the Kollmorgen wall periscope installed in hotcell
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#3. After verification of the specimen number the specimen was placed on the testing
fixture by a hotcell operator using forceps, seen in Figure 63.

Figure 63: Hotcell manipulator equipped with forceps loading a fracture toughness
specimen in the hotcell #3 load frame.

The connecting rod attached to the LVDT that is used to measure specimen
displacement during testing protrudes slightly above the lower rollers on the testing
fixture; therefore the specimen was placed on the LVDT connecting rod during the first
stage of specimen loading. Next, the actuator was raised to bring the upper roller incontact with the specimen and slightly press down on the LVDT connecting rod to
depress the spring supporting the connecting rod. Once a slight load is applied to the
connecting rod, the notch on the specimen is aligned with the centerline of the upper
(center) roller. Alignment is accomplished by visually inspecting the location of the
notch in relation to the upper roller, if the specimen is not centered it is slightly
“bumped” by a hotcell operator using forceps held by a manipulator inside the hotcell.
Proper alignment of the specimen is crucial to ensure the loading stresses are in uniform
142

three-point bend on the notch and precrack. But precise remote handling of specimens
using manipulators while looking through 4 ft of mineral oil (used for radiation shielding
in the hotcell window) is quite difficult. To assist with visual inspection of specimen
alignment binoculars and a magnification scope was utilized to magnify the notch and
upper roller. After the specimen was aligned the load was increased until a preload of
about 20 lb is indicated by the load cell and the lower cooling chamber section was raised
up the lower actuator column over the specimen holder to seal the upper and lower
chamber sections.
During testing the temperature was monitored by two thermocouples mounted on
two spring loaded extensions attached to the upper pull-rod near the upper roller, seen in
Figure 64. As a specimen is in the fixture was loaded the extensions would press the
thermocouples directly onto the specimen.

All irradiated fracture toughness tests

conducted during this project were below room temperature. The chamber was cooled
with liquid nitrogen that flowed from the operator area into the chamber and was
controlled with a series of gate valves.
Another liquid nitrogen line with a separate control valve enters from the front of
hotcell #3 to supply a specimen breaker. After a test was complete the specimen was still
attached by a ligament of material and to view the fracture surface for precrack length
and crack growth measurements the specimen had to be broken into two pieces. A
custom specimen breaker was designed during this project by Eric Manneschmidt of
ORNL and was produced by an in-house machine shop specifically for the fracture
toughness specimen design used in this project, seen in Figure 65.
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(a)
(b)
Figure 64: Spring-loaded thermocouples used to monitor temperature during irradiated
fracture toughness testing, (a) before installation in hotcell and (b) installed in hotcell #3.

Figure 65: Fracture toughness specimen breaker used to break specimen ligaments and
expose the fracture surface.
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After testing the specimens were loaded into the breaker and the entire breaker
was placed in an insulated box, which contained a perforated copper tube connected to a
liquid nitrogen line, seen in Figure 66. The valve was completely opened for the line and
the box was filled with liquid nitrogen until the breaker was completely submerged.
After about 2 min the breaker was removed from the insulated box and placed on the
hotcell floor by an operator, and the handle was then pulled back against the specimen to
break it into two pieces.

Despite the added difficulty associated with hotcell

manipulators the specimen breaker worked flawlessly for every irradiated bend bar tested
during this project.

(a)
(b)
Figure 66: Fracture toughness specimen breaker, insulated box, and lid: (a) before a
specimen is loaded and (b) during cooling in insulated box.
The next step for fracture toughness characterization was to measure the precrack
and crack growth (if present) length(s). Previously the fracture surfaces were imaged
through the Kollmorgen optical scope in hotcell #3. But for this project an attempt was
made to image specimen fracture surfaces using the video camera located in hotcell #1
connected to a monitor in the operator area, which is normal used for specimen sorting.
The specimens were placed on the viewing area with the fracture surface up and the
operator would focus the camera for the sharpest image using manipulators inside the
145

hotcell. A length of yellow tape was placed on the side of the monitor screen and nine
equally spaced intervals were marked on the tape, seen in Figure 67. Measurements for
precrack and crack extension lengths were taken from the monitor at each mark on the
tape using a finely graduated machinist ruler and recorded. The measurements recorded
from the enlarged image on the monitor screen were then converted to true lengths by
multiplying the measurement valued from the monitor by a conversion factor. The
conversion factor used to calculate true lengths was the ratio of known specimen width to
specimen width measured from image on the monitor.

(a)
(b)
Figure 67: Precrack and crack extension length measurement in IMET hotcell #1 using a
video camera (a) to produce an image each specimen fracture surface and measure
directly from monitor (b).
The video monitor method produced mixed results with some specimens
producing well focused images on the monitor while others would not, which produced
images similar to the previous method. Therefore, the fracture surfaces of the last series
of irradiated fracture toughness tests conducted during this project, the EUROFER 97 and
EUROFER 97 ODS specimens, were imaged using pictures taken through the
Kollmorgen optical scope, seen in Figure 68. Images taken through the Kollmorgen were
enlarged and processed, by modifying brightness and contrast, to better resolve fracture
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surface features. Measurements taken from the Kollmorgen images were converted to
true lengths using the same method described for the images on the video monitor. After
the precrack and crack growth measurements were made the results were analyzed using
the Hutton program and final KJIc and KJc values were calculated similar to the
unirradiated fracture toughness results.

(a)
(b)
Figure 68: Fracture surface images taken through the Kollmorgen wall periscope used to
measure precrack and crack extension lengths of irradiated fracture toughness specimens,
(a) before and (b) after image processing.
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4
4.1

Chapter Four: Results and Discussion

Microstructure Characterization

During this project microstructure characterization was performed using four
main techniques: optical microscopy, scanning electron microscopy, transmission
electron microscopy, and atom probe tomography.

The various methods provide

different information about the material and were used to construct an understanding of
the microstructures and failure mechanisms of the various alloys examined. Optical
microscopy was utilized to characterize the grain size and structure between the different
types of alloys (extruded, ferritic/martensitic, and nickel). Scanning electron microscopy
was used mainly to image the fracture surface of tested fracture toughness specimens,
though backscattered electron images were produced for 14YWT to measure grain size
and aspect ratio.

14WT and 14YWT specimens were examined using transmission

electron microscopy to obtain clear images of grain size/structure, conventional oxide
particles, and dislocation structure. The only technique used during this project that can
detect nanoclusters is atom probe tomography, which was performed on 14YWT
specimens to characterize the structure, distribution, and composition of the Y-Ti-O
nanoclusters. Solute atom maps were constructed from atom probe results to illustrate
the solute-atom distribution in both the microstructure and nanoclusters.

4.1.1 Optical Microscopy

Optical images of the microstructure for each alloy examined during this project
were recorded at various magnifications to characterize the grain size, grain texture, and
inclusion stringers (for extruded alloys) for the different materials. The diversity of
alloys tested during this project can be seen in the 100X magnification micrographs
presented in Figure 69. The most noticeable difference in the microstructures is the grain
size of the ferritic alloys compared to the nickel alloys. Individual grains in the nickel
alloys are easily resolved at 100X while the fine grain structures of the ferritic alloys
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remain unresolved and individual grains are indiscernible. The significant amount of
ductility and strain hardening observed in tensile tests of nickel alloys, which will be
presented later, can be partially attributed to the large grain size. Conversely the fine
grain structure of the ferritic alloys is a main contributor to the large tensile strengths
measured during tensile testing.

Figure 69: Optical micrographs of the alloys tested during this project at 100X
magnification.
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Figure 69 (continued): Optical micrographs of the alloys tested during this project at
100X magnification.

Higher magnification optical images are required to resolve the differences
between the fine microstructures of the extruded ferritic alloys and the ferritic/martensitic
alloys. Optical micrographs of the microstructures for the five ferritic alloys examined
during this project are presented in Figure 70 at 500X. The dispersion strengthened
alloys EUROFER 97 ODS and 14YWT have noticeably finer microstructures compared
to EUROFER 97, 14WT, and 9Cr-2WVTa. The macroscopic anisotropy texture of the
extruded alloys 14YWT and 14WT are also apparent, with stringers introduced during
extrusion embedded between grains in the microstructure along the extrusion direction.
In contrast, alloys EUROFER 97, EUROFER 97 ODS, and 9Cr-2WVTa have a heat
treated ferritic/martensitic microstructure with 5–10 µm diameter equiax grains.
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Figure 70: Optical micrographs of the ferritic alloys tested during this project at 500X
magnification.

High magnification (1,000X) optical micrographs in Figure 71 show the
difference in grain size and structure of the extruded alloys 14WT and 14YWT. The
grains for 14WT are barely resolved at 1,000X but the large amount of anisotropy for this
extruded material is apparent, with a grain size aspect ratio of about 5–20 measured from
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TEM specimens. The grains in the 14YWT are not resolvable in the 1,000X optical
micrographs, but the macroscopic anisotropy is outlined by fine dark inclusions
(stringers). These stringers are oxide surface impurities on the alloyed powders that are
introduced into the alloy microstructure during extrusion to form lines of impurities in the
microstructure. Stringers are known to decrease fracture toughness of extruded alloys by
acting as a path of decrease resistance to crack propagation and is normally observed in
extruded alloys tested in an orientation such that the crack propagates in the L-direction,
parallel to the stringer axis. The previous 12YWT fracture toughness data was for the
toughest L-T orientation and since a direct comparison to the previous results was desired
for this project the 14YWT and 14WT fracture toughness specimens were also tested in
the L-T orientation.

Figure 71: Optical micrographs of extruded ferritic alloys 14WT and 14YWT at 1,000X
magnification.

Optical images of the ferritic/martensitic alloys microstructures at 1,000X are
presented in Figure 72. The grain size of the EUROFER 97 ODS is bi-modal with a fine
grin size region of 1–5 µm diameter grains inter-dispersed between larger slightly
elongated grains with a diameter about 5–25 µm. The bimodal grain structure observed
in EUROFER 97 ODS is commonly found in ferritic ODS alloys produced through
HIPing and is generally unfavorable. The tempered microstructures of EUROFER 97
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ODS, EUROFER 97 and 9Cr-2WVTa have a mixed ferritic/martensitic microstructure
with ferrite and tempered martensite grains. The small black spots distributed throughout
the microstructure of all ferritic/martensitic alloys are M23C6 type carbide particles, which
are usually in the form of (Cr,Fe)23C6 phases. These 50-400 nm precipitates reside on
former martensite laths inside the tempered grains and along grain boundaries, as seen in
Figure 72.

Figure 72: Optical micrographs of ferritic/martensitic alloys EUROFER 97, EUROFER
97 ODS and ORNL 9Cr-2WVTa at 1,000X magnification.

Previous experiments with EUROFER alloys have shown that the formation of
M23C6 precipitates and resulting depletion of Cr along grain boundaries contribute to a
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significant degradation of tensile ductility [Lindau, et al. – 2005]. Another recent study
was conducted on a heat of EUROFER 97 ODS that produced by PLANSEE using
HIPing and identical parameters that were used to produce the EUROFER 97 ODS alloy
examined in this project [Klimiankou, et al. – 2007]. The results of the study performed
by Klimiankou et. Al. showed dissolution of M23C6 precipitates covering the grain
boundaries, the formation of ferritic/martensitic structures, and grain refinement are key
factors to improving high temperature ductility and impact properties.

4.1.2 Scanning Electron Microscopy

The JEOL 6500F scanning electron microscope (SEM) was mainly used for
fracture surface examination of tested unirradiated fracture toughness specimens, but
some microstructure images were recorded for 14YWT using a backscattered electron
detector. Backscattered electron images provide contrast of grain orientation and were
used to characterize the grain size and anisotropy of the microstructure for the extruded
alloy. Backscattered electron SEM images of the 14YWT microstructure are shown in
Figure 73. In these two images the extrusion direction is parallel with the sides of the
image, which is made evident by elongated grains and stringers running from top to
bottom in the image. The grain size varies from about 100 to 500 nm with varied grain
length-to-width aspect ratio from 1 to 5. The large black line feature in the backscattered
electron images is an impurity stringer, which is a line of 10 to 100 nm oxide particle
impurities that are introduced into the microstructure during extrusion.
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Figure 73: Backscattered electron SEM images of the 14YWT microstructure.

The main use of the SEM for this project was fracture surface characterization of
fracture toughness specimens. Unirradiated specimens were characterized at the ORNL
High Temperature Materials Laboratory with the JEOL 6500F and irradiated specimens
were imaged at the IMET hotcell facility with the modified FEI XL-30. All alloys were
imaged for the unirradiated tests, but due to an outage of the XL-30 during the course of
this project the fracture surface of only one irradiated 14YWT fracture toughness
specimen was imaged. The SEM fracture surface images will be presented and discussed
during the fracture toughness result section, an example of the fracture surface of an
unirradiated14YWT specimen tested at -196°C is shown in Figure 74.
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Figure 74: SEM images of fracture surface for 14YWT specimen tested at -196°C.

SEM images of the irradiated 14YWT specimen were much lower in quality
compared to the images taken by the JOEL 6500F, as seen in Figure 75. The bight white
lines and “trash” are particles and fibers that have attached to the fracture surface during
specimen handling prior to introduction into the SEM chamber. Though the SEM images
of the irradiated specimen fracture surfaces are not “clean” they do provide insight into
the fracture mode of the extruded 14YWT alloy. SEM imaging was also taken of the
failure area of tensile specimens tested at -196°C to visually demonstrate the ductility of
the nanocluster strengthened 14YWT, and will be discussed during the tensile results
section.
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Figure 75: SEM fracture surface image of an irradiated 14YWT fracture toughness
specimen.

4.1.3 Transmission Electron Microscopy

TEM examination was performed on unirradiated specimens produced from the
14YWT and 14WT alloy material produced during this project to characterize the grain
size and structure. Low magnification bright-field diffraction contrast images of the
14WT and 14YWT microstructures are shown in Figure 76. The first obvious difference
between the two microstructures is the grain size scale; the 14WT grains were about 1-10
µm in length and 1 µm thick, while the 14YWT grains are 100-500 nm in length and

nearly equiax. The low magnification images also show the extrusion direction of the
two alloys; the extrusion direction for 14WT images (a) is lower-left to upper-right and
extrusion direction for the 14YWT images (b) is lower-right to upper-left.

Low

magnification images also provide a sense of the different grain length-to-width ratios for
the two alloys. 14WT has a relatively high aspect ratio range varying from about 2 to 10
compared to 14YWT, which has an aspect ratio from about 1 to 5.
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(a)
(b)
Figure 76: Low magnification bright-field TEM images of (a) 14WT and (b) 14YWT
microstructures.
It was previously mentioned that though 14WT does not have nanocluster
dispersions its does contain Ti-rich oxide particles dispersed throughout the
microstructure. High magnification TEM examination was used to image the oxide
particle dispersions in the 14WT, which can be seen as spots uniformly dispersed through
the 14WT grains in Figure 77.

These particles act as dislocation barriers and are

responsible for the relatively good tensile strength measured for this alloy.

The

differences between the 14WT and 14YWT microstructures become more apparent at
higher magnification. The grains in the 14YWT microstructure are smaller and do not
contain the ~10-20 nm diameter conventional oxide particles uniformly distributed
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throughout the 14WT microstructure. Several dislocations can be seen in the 14WT
microstructures as small squiggly black lines, whereas the 14YWT microstructure
appears to have a lower dislocation density. Though these images suggest that the
dislocation density is greater in 14WT compared to 14YWT, only a very small region
was examined on each specimen and no definitive conclusion can be reached on the
dislocation density of these two alloys.

(a)
(b)
Figure 77: High magnification bright-field TEM images of (a) 14WT and (b) 14YWT.
It was also mentioned earlier that the current understanding of nanocluster
structure is that Y-Ti-O atoms reside on the bcc crystal lattice sites and do not have a
separate crystal structure. Diffraction patterns were obtained for both 14YWT and 14WT
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TEM specimens to provide qualitative evidence to support this understanding.
Diffraction patterns were taken from grain interiors to provide a general sense of the
crystal structures present in the grains, as seen in Figure 78 along with images of the
specimen sample area.

(a)
(b)
Figure 78: High magnification bright-field TEM images of (a) 14WT and (b) 14YWT.
These images were not taken on zone axis but do represent the relative number of
reflections produced from the grain of each material. It is clear that the there are more
reflections present in the 14WT diffraction pattern compared to the 14YWT.

The

diffraction pattern for 14WT also has several faint rings within the dominate ferritic
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reflections, which imply several crystal structures with a d-spacing greater than ferritic
lattice parameter are being excited. These reflections provide evidence of several crystal
structures distinct from the ferritic bcc structure and are most likely produced by the Tirich oxides distributed throughout the 14WT microstructure. Whereas the diffraction
pattern for the 14YWT contains dominate ferritic reflections and is free of diffuse rings
and extraneous reflections compared to the 14WT pattern. The single diffraction pattern
produced by the 14YWT grain suggests a single crystal structure is present and no oxideparticle crystal structures exist within the 14YWT microstructure. This is not definitive
evidence of nanocluster structure and is not intended to completely characterize the
crystal structures present in 14YWT.

But the diffraction patterns do support the

understanding of a uniform bcc crystal structure containing a high number density of YTi-O nanoclusters, and not conventional oxide particle dispersions.

4.1.4 Atom Probe Tomography

Atom probe tomography (APT) examination was performed on 14YWT
specimens to characterize the distribution and character of Y-Ti-O nanoclusters in the
microstructure of the alloy produced during this project. ATP tomography produces two
main products: 1) atom probe maps that graphically illustrate the spatial distribution of
atoms in a sample volume and 2) numerical data characterizing the character of very
small features in a sample volume, such as cluster/particle size, separation distance,
number density in matrix, solute-atom composition, and so on. Atom probe maps can be
used to illustrate the variability of solute atoms composition in a sample volume,
including: segregation of solute atoms in the matrix, enrichment of solute atoms in
clusters/particles/precipitates, and depletion/enrichment of solute atoms near grain
boundaries.

But the analysis volume of an atom probe examination is very small

compared to features like grains in the bulk matrix and a certain amount of “luck” is
required to sample a volume of materials containing a grain boundary.
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During this project an atom probe run did indeed sample a grain boundary and
produced some interesting insight into the solute-atom distribution in the bulk matrix.
The atom maps for various solute atoms are shown in Figure 79 for a 30 x 10 x 150 nm
specimen analysis volume that contains two grain boundaries segments.

The most

abundant solute atom present in the bulk matrix is Cr (14 wt%), which is uniformly
distributed in the interior of grains and enriched along the two grain boundaries. W is
another abundant solute element (3 wt%) that is uniformly distributed throughout the
bulk grain interiors and concentrated at the grain boundaries. Y, Ti, and O solute atoms
are associated with nanoclusters, of these atoms only Y appears to be concentrated at the
grain boundaries.

Cr

W

Y

Ti

O

C

Figure 79: Atom probe solute-atom maps of a 14YWT specimen containing two grain
boundaries. The width x thickness x length dimensions of the sample volume are 30 x 10
x 150 nm, respectively.
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The small groups of Ti and O atoms that correlate between the Ti and O
concentration maps identify the positions of Y-Ti-O nanoclusters in the sample volume.
Though the nanoclusters are present in the grain interiors they appear to be more
concentrated along the grain boundaries. The remarkable high-temperature stability of
the 14YWT microstructure is attributed to this decoration of nanoclusters on grain
boundaries. The nanoclusters are thought to pin the grain boundaries and prevent grain
growth or coalesce. Another interesting finding by the atom probe examination is the
concentration and distribution of C in the 14YWT microstructure, which is present in the
bulk matrix but concentrated at grain boundaries. Carbon is undesirable and considered
an impurity atom in 14YWT, which originates from the hardened 100Cr6 ball bearing
steel balls used during mechanical alloying and the high-strength steel of the attritor mill
rotor and chamber walls. Carbon contamination is unavoidable when using the ball
milling equipment used during this project, but if a lower C concentration could be
achieved the fracture toughness and impact properties of 14YWT would likely improve.
The amount of solute atom segregation to the upper grain boundary in Figure 79
was investigated by plotting the solute atom concentration across the grain boundary,
shown in Figure 80. The grain boundary occurs at the Cr and W enrichment spikes at
about the 13 nm mark on the x-axis. The baseline composition for appears to be 14-15
at% for Cr and 1 at% for W, while the Cr and W concentrations reach a maximum of
about 25 and 6 at%, respectively, at the grain boundary. Therefore the Cr enrichment
between the uniform grain interior and the grain boundary is about 10 at%, whereas the
W enrichment is about 5%. At the grain boundary there is also a slight enrichment of Y
and C as well, though very minimal (~1%).
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Figure 80: Solute atom concentrations across the upper grain boundary in Figure 79.

Atom probe solute-atom maps are show in Figure 81 of 14YWT for a 20 x 5 x 50
nm sample volume inside a grain that contain several (~12) Y-Ti-O nanoclusters. The
positions of the nanoclusters are most clearly illustrated by the regions of concentrated
atoms on the O and Ti solute-atom maps. The spacing between the nanoclusters in this
sample volume is 5-10 nm. The analysis volume of this sample and apparent number of
nanoclusters correspond to a rough nanocluster number density (Nv) estimate of 2.4x1024
m-3, which is agreement with number density estimates (Nv ~2x1024 m-3) from previous
atom probe examinations of 12YWT and 14YWT [Miller, et al. – 2005].

164

Cr

W

Y

Ti

O

C

Figure 81: Atom probe solute-atom maps of a 14YWT specimen containing several YTi-O nanoclusters. The width x thickness x length dimensions of the sample volume are
20 x 5 x 50 nm, respectively.

Nanoclusters were identified and characterized using the maximum separation
method, which is based on the premise that the distance between solute atoms in a soluteenriched cluster is much smaller than that in the surrounding matrix, as seen in the
isolated nanoclusters in Figure 82 [Miller – 2000]. The maximum separation method
distinguishes the atoms associated with solute-enriched clusters from those distributed
throughout the bulk matrix based on a maximum separation distance dmax. Computer
simulations of random solid solution materials with a bcc α-Fe crystal structure and a
detection efficiency of 60% have been performed to define dmax and the minimal number
of solute atoms associated with each cluster, nmin, which were found to be dmax = 0.6 nm
and nmin = 20 [Miller, et al. – 2006].
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Figure 82: Y-Ti-O nanoclusters in ferritic alloy 14YWT.

The size of microstructural features revealed in an atom probe data set can be
estimated from positions of solute atoms in the feature, which are determined using the
maximum separation method. The radius of gyration, lg, is a common parameter used to
estimate the size of features in atom probe data sets and is defined as the radius of a
hypothetical body having all of its mass concentrated at a single distance from the body’s
center of mass, while maintaining the same mass and moment of inertia as the feature.
The radius of gyration is calculated from the special coordinates (xi, yi, and zi) of each
atom in a feature containing n atoms by

n

∑ (x − x ) + ( y
2

i

lg =

− y ) + ( zi − z )
2

i

i =1

n
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where x , y , and z are the center of mass, which is calculated for each dimension by
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Previous work has shown good agreement between the radius of gyration as-measured by
small angle neutron scattering and atom probe tomography for copper-enriched
precipitates in neutron-irradiated Fe-Cu and Fe-Cu-Mn pressure vessel steels [Miller,
Wirth, and Odette – 2003]. The radius of gyration calculation produces a particle size
estimate that is slightly smaller than the true particle size and a more accurate estimation
particle size is produced by the Guinier radius, rG, which is calculated from the radius of
gyration by

rG = lG

5
.
3

The compositions of the Y-Ti-O nanoclusters were determined from the positions
of the solute atoms using the envelope method with a spacing of 0.1 nm [Miller – 2000].
This method consist of construction of a three dimensional grid of volume elements
within this analysis volume of an atom probe data set and the solute concentrations are
determined by counting the number of solute atoms within each envelope.

The

calculation of composition for clusters in the <5 nm size range is very sensitive to
numerous variables that must be considered when performing data analysis. For instance
the composition depends strongly on the definition of the nanocluster/matrix interface,
the “roughness” of the interface, and the gradient of solute-atom from the cluster to the
bulk matrix. Composition analysis was performed on the nanoclusters in two separate
analyses, which were performed by Michael Miller of ORNL. The Guinier radius (rG),
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number density (Nv), and composition of the nanoclusters in 14YWT calculated during
these two analyses set are shown in Table 3. The analysis results show that the Y-Ti-O
nanoclusters in the 14YWT produced during this project are between 2-4 nm in diameter,
which is in agreement with previous examinations of 12YWT [Miller, et al. – 2005]. The
nanocluster number densities measured for 14YWT show a slightly higher number
density, 2-3x1024 m-3, than previous atom probe results for 12YWT (~1-2x1024 m-3).
Though caution must be exercised when interpreting number density calculations because
the small statistical data (from small analysis volume) and human error can effect the
final calculation, but the data presented here does show this 14YWT extrusion to have a
very high number density of Y-Ti-O nanoclusters. The composition calculated from the
envelope method show that these nanoclusters are enriched in Ti, O, and Y; while they
are extremely depleted of Fe and Cr.

Analysis #1
r G = 0.99 ±0.32 nm
24

-3

Analysis #2
r G = 1.16 ±0.63 nm
24

-3

N v ≈ 3 x 10 m
N v ≈ 2 x 10 m
Composition:
Composition:
–Ti: 46.0 ± 4.7 at%
–Ti: 41.9 ± 5.7 at%
–O: 39.8 ± 5.6
–O: 39.0 ± 5.4
–Y: 9.2 ± 5.6
–Y: 13.0 ± 7.0
–Fe: 4.0 ± 4.0
–Fe: 4.8 ± 6.0
–Cr: 1.0 ± 1.0
–Cr: 1.1 ± 2.0

Table 3: Atom probe analysis results for two 14YWT examinations.

4.2

Unirradiated Mechanical Properties

Mechanical testing of unirradiated specimens was performed in the Fracture
Mechanics Laboratory at ORNL, and was the first testing campaign performed for this
investigation. One of the main goals of this project was to investigate the effect of new
extrusion parameters on the fracture toughness properties of 14YWT and there was a
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strong desire to conduct fracture toughness testing early. But, accurate tensile data is
required for fracture toughness testing and analysis, therefore tensile testing of
unirradiated specimens was the first task of mechanical properties characterization. Both
tensile and fracture toughness test results from the unirradiated testing campaign were
used as a guide during irradiated testing to estimate the transition temperature of each
material and choose test temperatures for irradiated fracture toughness testing. Trends
and features of mechanical properties will be discussed in a general sense for the different
alloys in the unirradiated condition; while the discussion on irradiation-induced changes
in mechanical properties will be presented in detail for each individual alloy.

4.2.1 Unirradiated Tensile Results

Tensile testing was performed for all materials examined during this project with
the SS-3 tensile specimen, for both unirradiated and irradiated testing. The unirradiated
tensile results were necessary for fracture toughness testing and were the first material
characterizations performed at the beginning of this project. The yield strength is plotted
in Figure 83 as a function of temperature for all the materials examined in this project,
where the difference in tensile strength and response to temperature between the ferritic
and nickel alloys is apparent. The ferritic alloys are far stronger than the nickel alloys
under about 750°C; at room temperature the lowest yield strength, 550 MPa, observed for
the ferritic alloys (EUROFER 97) was about twice as large as the yield strengths, 260330 MPa, observed for the nickel alloys. The yield strength data in Figure 83 is grouped
by the four general alloy classes tested in this investigation: ferritic/martensitic, nickel,
ferritic ODS, and ferritic nanocluster strengthened alloys.
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Figure 83: Yield strength for the all alloys tested in the unirradiated condition.

The nanocluster strengthened 14YWT displayed the highest yield strength values
of all alloys tested over the temperature range examined; with a measured yield strength
of about 2,100 MPa at -196°C decreasing to ~1,450 MPa at room temperature, and finally
~550 MPa at 700°C. Yield strengths measured for EUROFER 97 ODS were slightly
below the 14YWT values, with about 1,500 MPa at -196°C decreasing to ~960MPa at
room temperature and ~180MPa at 700°C. The strengthening effect of the Ti-rich oxide
particles in 14WT can be seen in the yield strength data, the 14WT values lie above those
for the conventional non-dispersion strengthened ferritic/martensitic alloys, EUROFER
97 and 9Cr-2WVTa, which do not contain Ti-oxide dispersions. But since the number
density of Ti-rich oxide particles is much lower than that of EUROFER 97 ODS, the
strengthening effect is correspondingly lower and as a result tensile properties for 14WT
lies between a conventional ferritic alloy and a ferritic ODS alloy.

The two true

ferritic/martensitic alloys, EUROFER 97 and 9Cr-2WVTa, have almost identical yield
strengths for the temperatures tested; with yield strengths decreasing from about 600MPa
at room temperature to ~200MPa at 700°C. The two nickel alloys also have very similar
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yield strengths, but Inconel 617 has slightly higher yield strengths across the entire
temperature range tested compared to Incoloy 800H. Yield strength data for Inconel 617
decreased from about 300MPa at room temperature to ~210 MPa at 700°C, while
measured values for Incoloy 800H decreased from about 260 MPa at room temperature to
~115 MPa at 700°C.
The ultimate tensile strengths measured for unirradiated specimens are presented
in Figure 84. Ultimate tensile data does not group together by material class as well as
the yield strength results, though there is some correlation. As with the yield strength,
ultimate tensile test results for 14YWT were the greatest of the alloys examined;
decreasing from about 2,200 MPa at -196°C to ~500MPa at 700°C. Ultimate tensile
strengths measured for EUROFER 97 ODS lie between those for 14YWT and the
conventional ferritic/martensitic alloys; decreasing from about 1,500 MPa at -185°C to
~325 MPa at 700°C. The ultimate tensile strengths for the 14WT reside between the
EUROFER 97 ODS and the other alloys examined up to about 500°C, where the ultimate
tensile strength for Inconel 617 overcomes the 14WT data to the maximum test
temperature of 900°C. The two nickel alloys have ultimate tensile strengths on par with
the conventional ferritic/martensitic alloys, but ultimate tensile data for the nickel alloys
appears to be more sensitive to temperature compared to the yield strength data.
Ultimate tensile strengths data for Inconel 617 and Incoloy decrease from about 750 and
535 MPa at room temperature, respectively, to about 230 and 125 MPa at 900°C. Also,
similar to the yield strength results, EUROFER 97 and 9Cr-2WVTa have comparable
ultimate tensile strengths, though results for 9Cr-2WVTa are slightly greater than those
observed for EUROFER 97 at all test temperatures.
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Figure 84: Ultimate tensile strength for the all alloys tested in the unirradiated condition.

Engineering failure strength of all alloys is shown in Figure 85, where again
14YWT is the strongest alloy of the group followed by EUROFER 97 ODS. Failure
strength for 14YWT steadily decreased from 1,725 MPa at -196°C to about 350 MPa at
700°C, while EUROFER 97 ODS decreased sharply from about 1,500 MPa at -196°C to
about 950 MPa at 0°C and remained constant until decreasing again at 400°C to ~250
MPa at 700°C. Failure strengths measured for EUROFER 97 and 9Cr-2WVTa gradually
decrease from 380 and 430 MPa, respectively, at room temperature to essentially zero (21
and 23 MPa) at 700°C. The failure strength measured for the two nickel alloys appeared
to be more temperature dependent than the yield and ultimate tensile strengths. Failure
strengths for Incoloy 617 were within 530-425 MPa from room temperature to about
500°C, where the measured values decreased sharply to between 100 and 25 MPa from
600 to 900°C. The failure data for Incoloy 800H had considerable scatter but followed
the general decreasing trend on Inconel 617. The scatter in the failure data was a
consequence of the small specimen size relative to the grain size, which will be discussed
in greater detail when examining the irradiated data for Incoloy 800H.
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Figure 85: Engineering failure strength for the all alloys tested in the unirradiated
condition.

Tensile strengths of the ferritic alloys exhibit a strong temperature dependence
compared to the nickel alloys, which have essentially constant yield strengths for the
temperatures tested.

Both yield and ultimate tensile strengths of ferritic alloys are

strongly dependent on temperature, and the three distinct regions on the tensile strength
vs. temperature plots. At low temperatures the strength drops decreases sharply with
increasing temperature from cryogenic temperatures to about 0°C, where the yield
strength remains fairly unchanged for several hundred degrees Celsius. In this middle
section, from ~0°C to about 500-600°C, the yield strength decreases very little until about
500° where the yield strength of the ferritic alloys begin to drop with increasing
temperature High-temperature tensile properties of 14YWT were found to be superior to
the other ferritic/martensitic alloys and the nickel alloys. Between 600-700°C the yield
and ultimate tensile strengths of the other ferritic/martensitic alloys converge to similar
values while those measured for 14YWT remain roughly 250 MPa larger. The yield
strength of the nanocluster alloy 14YWT decreases to about 435 MPa at 700°C, while the
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other ferritic/martensitic alloys converge to about 200 MPa at 700°C. Ultimate tensile
strength of 14YWT at 700°C was found to equal Inconel 617 at around 510 MPa, which
is 250 MPa greater than the other ferritic/martensitic alloys and Incoloy 800H. The
superior high-temperature tensile properties of 14YWT are attributed to the high number
density of thermal stability Y-Ti-O nanoclusters, which remain effective strengtheners at
higher temperatures than the precipitated phases and oxide particles in the other
ferritic/martensitic alloys.
Uniform elongation data in Figure 86 clearly differentiated the nickel and
ferritic/martensitic alloys. The uniform elongation data for the ferritic alloys was fairly
constant with temperature, whereas the nickel alloys experience a sharp decrease at 500600°C. Incoloy 617 had the largest uniform elongation data of the alloys tested, with a
constant value around 68% from room temperature to 600°C followed by a sharp
decrease to ~3% at 900°C. Uniform elongation values for Incoloy 800H were 40-45%
from room temperature to about 500°C and decreased gradually to ~3% at 900°C. 14WT
had the largest uniform elongation of the ferritic alloys, decreasing gradually from about
10% at room temperature to about 3% at 700°C. Uniform elongation measured for
EUROFER 97 decreased gradually from about 10% at -150°C to about 3% at 700°C.
The two dispersion strengthened alloys had the lowest uniform elongation values of all
alloys examined, though the values for 14YWT and EUROFER 97 ODS slightly
increased above 500°C. Uniform elongation values for 14YWT was about 1% from -196
to 500°C then increased gradually to around 5% at 700°C, while values for EUROFER
97 ODS was between 3 and 6% from -196 to 500°C followed by an increase to ~7% at
700°C.
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Figure 86: Uniform elongation for the all alloys tested in the unirradiated condition.

The nickel alloys also had superior total elongation compared to the
ferritic/martensitic alloys, as seen in Figure 87, though the discrepancy was smaller than
the difference in uniform elongation. Again, values measured for Incoloy 617 were the
largest of the group, with a fairly constant value around 70% from room temperature to
600°C followed by a slight decrease to about 60% at 900°C. Total elongation data for
Incoloy 800H had a significant amount of scatter but about 50% for temperatures up to
~500°C where a dip in the elongation at minimum of ~35% persist between 500-800°C,
which is followed by an increase to about 60% at 900°C. EUROFER 97 and 14WT
gradually decrease from about 20% at room temperature to ~15% at 400°C after which
values increased rapidly increased to 30 and 50% at 700°C, respectively. Similar to the
uniform elongation data, the total elongation values measured for 14YWT and
EUROFER 97 ODS were nearly constant between -196 and 500°C.

Total elongation

values recorded for EUROFER 97 ODS remained between 10 and 14% from -196 to
~500°C, and increased to 30% at 700°C. As with the uniform elongation data 14YWT
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had the lowest measure values, with 7-12% observed between -196 and 500°C followed
by an increase to ~20% at 600 and 700°C.
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Figure 87: Total elongation for the all alloys tested in the unirradiated condition.

The effect of strain rate on tensile strength was investigated for 14YWT, 14WT,
EUROFER 97, and EUROFER 97 ODS by testing unirradiated tensile specimens at 10-5,
10-3, and 10-1 s-1 from room temperature to 700°C. The yield strength for each material is
plotted for the different test temperatures as a function of logarithm strain rate in Figure
88. Though there is a good amount of scatter in the data all alloys show a general trend
of increasing yield strength with increasing test strain rate. The amount of increase was
quantitatively compared between the different alloys by fitting the data with a line
function and comparing the log slope. The two non-dispersion strengthened ferritic
alloys, 14WT and EUROFER 97, have relatively low log slope values for room
temperature tests at about 1 and 5, respectively. Also, the log slope values increase for
14WT and EUROFER 97 as test temperature increases to about 20 for both materials at
700°C. The dispersion strengthened alloys, 14YWT and EUROFER 97 ODS, have high
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log slope values at room temperature compared to the other two alloys at about 23 and
15, respectively. But as test temperature increases the log slope values for the dispersion
strengthened alloys dose not increase to the extent of the values increase for the nondispersion strengthened alloys. The log slope values calculated for EUROFER 97 ODS
at 700°C test temperature are about 25, which is a 40% increase from room temperature
slope. The slope for 14YWT actually decreased with increasing test temperature with a
value of about 16 calculated for the 700°C test results, a 30% decrease from the log slope
of the room temperature results. These results indicate that the dispersion strengthened
alloys maintain a more stable microstructure at elevated temperatures and are more
resistant to plastic material deformation at high temperature.
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Figure 88: Yield strength – logarithm strain rate curves for the all alloys tested in the
unirradiated condition.

4.2.2 Unirradiated Fracture Toughness Results

Fracture toughness testing was performed in a three-point bend configuration
using the load-unload compliance test method as described in ASTM E 1820-06.
Specimen deflection was measured during testing using load-line displacement, which
was acquired from an LVDT attached to a connecting rod that was in contact with the
specimen below the notch.

Specimen displacement and load were recorded during

fracture toughness testing and used by the Hutton testing program to control the test and
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calculate fracture toughness parameters such as crack extension and J-integral between
each load-unload cycle. After each test precrack and crack extension (if present) lengths
were measured and entered into an analysis algorithm in the Hutton program. The
analysis program converting the relevant J-integral values to their equivalent stress
intensity factors for either cleavage fracture or stable crack extension. These fracture
toughness stress intensity values were calculated by the analysis program using the
methodology described in ASTM E 1820-06, which is be briefly outlined in the following
discussion.
Fracture toughness for both cleavage fracture and stable crack growth were
characterized by stress intensity factors KJc and KJIc, respectively. KJc values reported for
specimens that failed by cleavage (fast-brittle) fracture were calculated by:

K Jc =

Jc E
1 −υ 2

(

)

where:
Jc = critical J-integral at cleavage failure
E = Young’s modulus of the material at the test temperature
υ = Poisson’s ratio

Following failure the critical J-integral at cleavage, Jc, was calculated by the Hutton test
program using the final load and displacement data for the test at the point of failure. The
J-integral is a mathematical expression in the form of a line or surface integral that
encloses the crack front from one crack surface to the other and is used to characterize the
local stress-strain field around at the crack front. Jc values characterize the fracture
toughness of a material at the point of fracture instability without stable crack growth,
which occurs for ferritic alloys below the transition temperature for ductile to brittle
failure behavior. As discussed earlier, these values must be size adjusted to compensate
for the effect of specimen size on brittle failure fracture toughness values. The KJc values
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were size adjusted to the results that would be expected from a standard 1-T fracture
toughness specimen as described in ASTM E 1921-05 to produce size normalized stress
intensity values, KJc(1T), by:

K Jc (1T ) = K min

 B 
+ [K Jc − K min ] o 
B 
 (1T) 

1

4

where:

Kmin = 20 MPa√m
Bo = thickness of specimen tested [m]
B(1T )= thickness of specimen size normalization = 1 in (0.0254 m) [m]
Brittle cleavage fracture occurs in ferritic alloys at low temperatures and
throughout the transition region until the material begins to deform in a ductile manner at
higher temperatures. Specimens that deform in a ductile mode will either experience
stable crack extension or blunting of the crack tip. Stable crack extension occurs when a
uniform plane-strain stress configuration is present, whereas crack blunting occurs when
crack front constraint is not present and approaches a plane-stress configuration. Test
specimens that undergo crack blunting are indicative of a specimen size that is too small
to measure the fracture toughness of the material being tested. This behavior generally
occurs with materials that have high ductility and low tensile strengths. Conversely high
strength materials are conducive to small specimen size and will undergo stable crack
growth compared to low tensile strength materials.
Ductile deformation fracture toughness was characterized for the materials tested
using the stress intensity factor at the onset of stable crack growth, KJIc. The stress
intensity factor at the onset of stable crack growth was calculated using the J-integral and
crack extension values present when the crack begins to propagate through the specimen
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in a stable manner. The J-integral at the onset of stable crack growth is obtained from a

J-R curve constructed from the test data, as described in the following discussion.
For three-point bend fracture toughness specimen that exhibit stable crack
extension the J-integral values are a combination of elastic and plastic deformation
components:
J = J el + J pl

where:

J el = elastic component of J , and
J pl = plastic component of J

For each load/unload cycle the J-integral is calculated for three-point bend specimens at a
corresponding a(i), v(i) and P(i) on the force versus load-line displacement record as
follows:

J (i) =

(

( K (i ) ) 2 1 − υ 2

E

)+ J

pl ( i )

where:



Pi S
K (i ) = 
f (ai / W )
1/ 2
3/ 2 
(
BB
)
W
N



where:
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f (ai / W ) =

a 
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2

 ai  ai 
 ai 
 ai   
1.99 −  1 −  2.15 − 3.93  + 2.7   
 W  W 
W 
 W   

3/ 2
ai 
ai 

21 + 2 1 − 
W  W 


where:
Pi = force [N]

S = specimen span [m]
B = specimen t hickness [m]
BN = nominal specimen th ickness [m]
( BN = B if no side grooves are present)
W = specimen w idth [m]
ai = crack length [m]
The plastic component of the J-integral, Jpl(i), for each cycle is calculated by:

 1.9  Apl (i ) − Apl (i −1)   a(i ) − a(i −1) 

 1 −
J pl (i ) =  J pl ( i −1) + 



b
BN
b(i −1) 
 
 ( i −1) 


where:
b(i-1) = remaining specimen ligament [m]
b(i −1) = W − a(i −1)

BN = net thickness = distance between the roots of the side-grooves in sidegrooved specimens [m]
The quantity Apl(i)-Apl(i-1) is the increment of plastic area under the force versus load-line
displacement record between lines of constant displacement at points i-1 and i. The
quantity Apl(i) can be calculated from the following equation:
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Apl (i ) = Apl (i −1) +

[P

(i )

][

+ P(i −1) v pl (i ) − v pl (i −1)

]

2

where:
vpl(i) = plastic part of the load-line displacement
v pl (i ) = v(i) − (P(i)C LL(i) )

CLL(i) = experimental compliance, (∆v/∆P)(i), corresponding to the current
crack size, ai
Experimental elastic compliance, CLL(i), is determined from:
2

CLL (i )

1  S  
a

 × 1.193 − 1.98 i
=
EBe  W − ai  
W

2
3
4

 ai 
 ai 
 ai  
+
4
.
478
−
4
.
443
+
1
.
739

 
 
  

W 
W 
 W  

where:
Be = effective thickness for side-grooved specimens [m]
Be

2
(
B − BN )
= B−

B

The crack length for each cycle, ai, is calculated by:

[

ai
= 0.999748 − 3.9504u + 2.9821u 2 − 3.21408u 3 + 51.51564u 4 − 113.031u 5
W

where:
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]

u=

1
 B WEC 
i 
 e
S



4 

1

2

+1

where:
Ci = (∆vm/∆P) on an unloading/reloading sequence
vm = crack opening displacement at notch edge
Be = B – (B – BN)2/B [m]
E = Young’s modulus of material at test temperature
The previous calculations were used by the Hutton test program to construct the J-R
curve for specimens experiencing stable crack growth. The J-R curve was then used to
calculate the J-integral at the onset of stable crack growth, JIc, which was converted to an
equivalent stress intensity factor, KJIc, according to the procedure described in the
following discussion.
The methodology used to define the onset of stable crack extension is prescribed
in ASTM E 1820-06, which contains validity requirements for test data that must be
satisfied for the results to be considered valid. The onset of stable crack growth was
calculated from the final J-R curve for specimens that show stable crack growth by
identification of a qualified J-integral for the onset of stable crack growth, JQ. The
qualified JQ value is calculated from a regression line that is fitted to the test results on
the J-R curve, as seen in Figure 89 (a). The data used for the regression line must lies
between the 0.15 mm and 1.5 mm exclusion lines, all data outside exclusion lines are
included in the regression line construction, shown as the shaded area in Figure 89 (b).
The critical J-integral value at the onset of stable crack growth is defined as the
intersection between the regression line and the 0.2 mm offset line. This value represents
the J-integral value where a material will being to support stable crack growth, and if JQ
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satisfies all validity requirements it is used to calculate the stress intensity factor at the
onset of stable crack growth, KJIc.

(a)
(b)
Figure 89: (a) J-R curve for fracture toughness specimen exhibiting stable crack growth
and (b) region of valid data on a J-R curve used to calculate the J-integral at the onset of
stable crack growth, JIc, from JQ. Reproduced from ASTM E 1820-06.
The accuracy of the Hutton program KJIc calculation algorithm was verified by
performing this calculation manually for the test results of a 14YWT specimen that
exhibited stable crack growth during testing, designated 7-12A. This calculation was
performed by manually measuring the slope for each load-unload cycle (specimen
compliance, CLL) using recorded load and displacement data from the test. Special
attention was paid to the function used to calculate the crack length for the three-point
bend specimen of the dimensions used for fracture toughness characterization. A fifth
order polynomial equation was derived from the experimental data by plotting dummy
ai/W values as a function of the u variable used for the crack length calculation, the result
is seen in Figure 90.

The ai/W was then used to calculate the J-integral and

corresponding KJIc values for the test, which were compared to the results calculated by
the Hutton test/analysis program. The values calculated from the Hutton program were
found to be in close agreement with the manually calculated results, with only about 2%
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different between the two calculations.

This result provided confidence in the

competency of the equations used by the Hutton analysis program and the results it
produced.

Calculation of (a i/W ) Function

1

y = -1987.09958x5 + 654.49449x4 - 94.11776x3 + 3.49392x2
- 4.07618x + 1.00071

0.9
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0.7
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Figure 90: Fitted data used to calculate ai/W equation for three-point bend specimen used
during fracture toughness characterization.

Master curve To reference temperatures were used to compare the ductile to brittle
facture toughness behavior for materials tested in the unirradiated and irradiated
conditions. The temperature at which a ferritic alloy begins the transition from ductile to
brittle deformation behavior is an important material property, but is not well defined by
simple visual inspection of stress intensity results. The master curve concept assumes the
shape of the stress intensity versus temperature curve in the transition region is universal
for all ferritic alloys and that the position of the curve on the temperature coordinate is
established from the experimental determination of the temperature at which the median
KJc value for a 1-T specimen will equal 100 MPa√m, designated To. The To reference
temperature allows objective comparison of the transition temperature for brittle to
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ductile behavior between each material and the change of transition temperature for each
material after irradiation. The To reference temperature was calculated for each material
tested using the methodology described in ASTM E 1921-05, where the KJIc and
normalized KJc(1T) values calculated by the Hutton program were used to solve the
following mathematical equality:
N (K
− 20 ) exp[0.019(Ti − To )]
exp[0.019(Ti − To )]
δi
− ∑ Jc ( i )
=0
∑
11 + 77 exp[0.019(Ti − To )] i =1 {11 + 77 exp[0.019(Ti − To )]}5
i =1
4

N

where:
N = the number of specimens tested
Ti = test temperature corresponding to KJc(1T)i
KJc(i) = either KJc(1T) or KJIc
δi = 1.0 (if KJc(i)=KJc(1T)), or = 0 (if KJc(i)=KJIc)

Any mathematical computation program can be used to solve this inequality; the To
results for the materials tested in this project were produced with the solver function in
Microsoft Excel®.
The unirradiated fracture toughness results for EUROFER 97 and EUROFER 97
ODS are presented in Figure 91. Both alloys show relatively low temperature transition
in fracture toughness behavior, with a fracture toughness transition temperature (FTTT)
around -100 to -125°C for both alloys. The master curve To reference temperatures
calculated for EUROFER 97 and EUROFER 97 ODS were also quite low at -120 and 115°C, respectively.

Stable crack growth was observed for EUROFER 97 ODS

specimens tested in the upper-shelf region and KJIc values were measured around 150
MPa√m. EUROFER 97 specimens tested in the upper-shelf region did not exhibit stable
crack growth but rather blunting of the crack tip. The high tensile strength of EUROFER
97 ODS maintained a plane-strain stress configuration and permitted stable crack growth

187

for the relatively small specimen size that was tested. Whereas the lower tensile strength
of EUROFER 97 could not maintain a plane-strain testing condition, preventing stable
crack growth and causing crack tip blunting.

Fracture Toughness - Unirradiated
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Figure 91: Fracture toughness results for EUROFER 97 and EUROFER 97 ODS in the
unirradiated condition.

The difference in deformation behavior for EUROFER 97 ODS between
specimens tested in the upper- and lower-shelf is seen in Figure 92, where SEM fracture
surface images are presented for specimens (unirradiated) tested at -165 and -100°C. The
specimen tested at -165°C failed by cleavage fracture and did not experience any stable
crack extension, which is evident by the relatively flat fracture surface and lack of a
second crack front. Though the specimen tested at -165°C failed by cleavage fracture,
the high magnification (2,500X) fracture surface image shows a mixed deformation mode
with narrow regions of ductile tearing texture surrounded by regions of brittle cleavage.
The specimen tested at -100°C exhibited stable crack growth and only ductile
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deformation texture was observed throughout the fracture surface. Also, apparent in the
image of the specimen tested at -100°C are secondary cracks that formed parallel to the
direction of crack growth, which were found in the extruded and dispersion strengthened
alloys.

(a)
(b)
Figure 92: Low and high magnification SEM fracture surface images of EUROFER 97
ODS specimens (unirradiated) tested at (a) -165°C and (b) -100°C.
SEM fracture surface images of EUROFER 97 fracture toughness specimens
tested at -150 and -50°C are shown in Figure 93. In contrast to the EUROFER 97 ODS
specimen that failed by a mix of ductile tearing and cleavage fracture in the lower-shelf
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region, the EUROFER 97 specimen tested at -150°C showed only transgranular cleavage
fracture and no ductile tearing regions were observed.

It is apparent in the low

magnification image of the EUROFER 97 specimen tested at -50°C that plane-strain
stress conditions were not present during testing. The relatively low tensile strength of
EUROFER 97 could not maintain a plane-strain stress condition, which allowed the
edges of the specimen to contract during testing, distorting the shape of the specimen
cross section. It is also clear from the high-magnification image that the EUROFER 97
specimen tested at -50°C deformed in a fully ductile manor, with ductile “dimple” texture
present throughout the fracture surface. The results for EUROFER 97 indicate a larger
specimen size is required to accurately measure the true upper-shelf fracture toughness
stress intensity values. But the results for EUROFER 97 are useful for characterizing the
general temperature of transition from ductile to brittle deformation behavior, which
occurs between -120 and -100°C.
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(a)
(b)
Figure 93: Low and high magnification SEM fracture surface images of EUROFER 97
specimens (unirradiated) tested at (a) -150°C and (b) -50°C.
The deficiency of the first generation of nanocluster strengthened alloy, 12YWT,
was the poor fracture toughness properties; including relatively low upper-shelf stress
intensity values and high transition temperature for ductile to brittle behavior [Sokolov, et
al. – 2007]. The fracture toughness results for latest generation nanocluster strengthened
alloy 14YWT are presented in Figure 94 along side the previous results for 12YWT. The
data for 14YWT show the significant improvement in both upper-shelf fracture toughness
values and transition temperature. Upper-shelf KJIc values for 12YWT were found to be
around 100 MPa√m, while KJIc values for 14YWT were between 150 and 175 MPa√m.
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The transition from ductile to brittle fracture behavior was much lower for 14YWT;
FTTT values for the two alloys are about 75°C for 12YWT and -150°C for 14YWT,
which is over a -200°C difference.
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Figure 94: Fracture toughness results for first generation nanocluster strengthened ferritic
alloy, 12YWT, alongside results for the latest nanocluster strengthened alloy, 14YWT,
produced during this project.

The improvements in fracture toughness from the first generation nanocluster
strengthened alloy 12YWT and the 14YWT alloy tested in this project are attributed to
the more refined grain structure of 14YWT.

Bright-field diffraction contrast TEM

images of the microstructures for 12YWT and 14YWT are presented in Figure 95
[McClintock, et al. – 2008], where the differences in grain size and anisotropy between
these alloys are apparent.

A grain length-to-width aspect ratio of about 10:1 was

observed for 12YWT with grains roughly 5-20 µm in length and 1 µm thick, while
14YWT has a lower aspect ratio of ~1-5 and grains with sub-micron dimensions.
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(a)
(b)
Figure 95: Bright-field diffraction contrast TEM images of (a) 12YWT and (b) 14YWT.
Reproduced from [McClintock, et al. – 2008].
Fracture surface images for a 14YWT specimen tested at -196°C are presented in
Figure 96 at various magnifications. The low magnification image of the entire fracture
surface shows the tortured fracture surface and out-of-plane crack propagation. Upon the
initiation of cleavage fracture the crack did not remain in the plane of the precrack, but
rather the crack propagated erratically in different planes of the L-direction while
extending in the T-direction. This behavior is contributed to the unique elongated grains
and stringer inclusions in the microstructure of 14YWT formed during extrusion.
Stringers in the microstructure constitute a path of least resistance for crack growth and
cause erratic crack extension.

Previous work on extruded nanocluster strengthened

ferritic alloys has shown testing in the L-T orientation (as in this project) produces the
largest fracture toughness stress intensity values compared to the C-R and C-L
orientations [Alinger, et al. – 2002]. Although only the L-T orientation was tested for
14YWT in this project, the decreased and more equiaxed grains produced in 14YWT
might decrease the orientation dependence on fracture toughness. But further testing is
needed to quantify the orientation dependence of fracture toughness for 14YWT.
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Figure 96: Fracture surface of 14YWT specimen tested at -196°C, shown at (clockwise
from top left) 13X, 2,000X, 4,500X, and 8,000X magnifications.

The high magnification images in Figure 96 show the presence of both brittle and
ductile deformation modes along the secondary cracks, similar to that observed for
EUROFER 97 ODS. The raised ridges between the secondary cracks have a dimpled
ductile tearing deformation surface, which transitions to a faceted transgranular brittle
cleavage fracture surface on the interior of the secondary cracks.

The mechanisms

controlling the dual fracture mode behavior observed in 14YWT and EUROFER 97 ODS
is not well understood. But the presence of ductile deformation in 14YWT specimens
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tested at -196°C is encouraging for further alloy development and is unprecedented for
ferritic alloys with such high tensile strength.
Fracture surface images for a 14YWT specimen tested at room temperature
(23°C) are shown in Figure 97. Stable crack growth was observed in this specimen and
the extended crack front is apparent near the upper edge of the fracture surface at the top
of the image. Similar to the 14YWT specimen tested at -196°C large secondary cracks
and mixed brittle and ductile deformation behavior are present on the fracture surface of
the specimen tested at room temperature. But the stable crack growth appears to remain
in the precrack plane and did not meander to other planes in the T-orientation.

Figure 97: Fracture surface of 14YWT specimen (unirradiated) tested at 23°C.

The fracture toughness results for 14WT in the unirradiated condition are
presented along with the 14YWT results in Figure 98.

Similar to the results for

EUROFER 97, the 14WT specimens tested in the upper-shelf region displayed crack tip
blunting and did not have stable crack extension. The 14WT specimens tested in the
upper-shelf indicate 14WT has relatively high fracture toughness, but larger specimens
are required to accurately measure valid KJIc values. Two 14WT specimens tested at 150°C failed by brittle cleavage fracture with KJc values around 45 MPa√m, while
another 14WT specimen tested at -150°C experienced crack blunting. The two different
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fracture modes observed for specimens tested at -150°C indicate these tests were
performed in the transition temperature region and that the FTTT for unirradiated 14WT
is around -150°C.
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Figure 98: Fracture toughness results for 14WT and 14YWT in the unirradiated
condition.

SEM fracture surface images for the -150°C specimen that experienced crack tip
blunting is presenting in Figure 99. The sides of the specimen contracted and distorted
during testing, similar to the EUROFER 97 specimens tested in the upper-shelf region,
which is indicative of plane-stress testing configuration. Large secondary cracks are
present on the 14WT fracture surface, with a largely ductile deformation surface texture.
Though the fracture surface did have a predominately ductile tearing texture there were
some regions on the specimen that showed brittle cleavage fracture, seen in Figure 99 (b),
further reinforcing that this specimen was tested at a temperature in the ductile to brittle
transition region.
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(a)
(b)
Figure 99: Fracture surface of 14WT specimen (unirradiated) tested at -150°C.

4.3

Irradiated Mechanical Properties

The target irradiation dose and temperatures were specified for the tensile and
fracture toughness specimens during the design and development of the rabbit capsule by
NST engineers at ORNL. The maximum dose obtainable from one cycle run of HFIR
was requested, which corresponds to about a 1.5 dpa dose in central flux trap target
positions. The flux distribution in HFIR at ORNL is very well characterized and each
rabbit capsule was strategically located in the reactor irradiation facilities to obtain a
common dose of 1.5 dpa for all test specimens.

Though the dose variation was

minimized the actual dose was calculated from known flux distribution inside the reactor
core from the power level history of the reactor. The calculated actual dose values for
each rabbit capsule are presented in Table 4. The amount of variability in dose between
the different capsules was relatively small and all values were within 1.5 ±0.28 dpa, with
the high-temperature (600-750°C) capsules showing the greatest variability with doses
between 1.22-1.61 dpa. Though the dose experienced by each capsule was slightly
different, very little disparity would be expected in the amount of radiation-induced
effects of on mechanical properties from the small difference in dose between the
capsules irradiated during this project. But ~1.5 dpa is a large enough dose to produce
197

noticeable changes in high-strength ferritic and nickel alloys, which will be shown in the
tensile results.
Rabbit Capsule Specimen Dose Summary
Capsule
Specimen Tirradiation Fluence (E > 1 MeV)
Material
Dose [dpa]*
[n/cm2]
ID#
Type
[°C]
N6A1
14YWT
1.96E+21
1.40
N6A2
14WT
2.13E+21
1.52
1.96E+21
Tensile
N6A3
Eurofer 97
1.40
2.08E+21
N6A4 Eurofer 97 ODS
1.48
N6A5
9Cr-2WVTa
2.10E+21
1.50
N6B1
2.13E+21
1.52
14YWT
2.13E+21
N6B2
300
1.52
Fracture
N6B3
1.96E+21
1.40
14WT
Toughnes
N6B4
2.10E+21
1.50
s Bend
2.13E+21
N6B5
1.52
Eurofer 97
Bar
1.73E+21
N6B6
1.23
N6B7
1.96E+21
1.40
Eurofer 97 ODS
2.08E+21
N6B8
1.48
1.79E+21
N6C1
600
1.28
14YWT & 14WT
N6D1
750
1.71E+21
1.22
N6G1
600
1.79E+21
1.28
Incoloy 800H
Tensile
2.26E+21
N6H1
750
1.61
N6I1
600
1.79E+21
1.28
Inconel 617
N6J1
750
2.18E+21
1.56

*dpa calculation assumes 1.5 dpa per 2.1E+21 n/cm2 (E > 0.1 MeV)

Table 4: Total dose for each rabbit capsule after irradiation in the High Flux Isotope
Reactor (HFIR).

The target irradiation temperatures specified during rabbit capsule design were
different for some alloys, and was dependent on the research program.

Capsules

containing tensile and fracture toughness specimens produced from alloys being
developed by the Fusion Materials Program (14WT, 14YWT, EUROFER 97, and
EUROFER 97 ODS) were designed for a target irradiation temperature of 300°C. The
capsules containing tensile specimens of alloys being investigated by the Generation IV
Materials Program (14WT, 14YWT, Incoloy 800H, and Inconel 617) were designed to
achieve irradiation temperatures of 600 and 750°C.

Following irradiation the SiC

temperature monitors were analyzed for the 600 and 750°C capsules; the results are
summarized in Table 5, the results for the capsules containing a 9Cr-1MoV alloy were
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for specimens that were tested during this project but not reported here. The two 600°C
target temperature capsules containing 14WT/14YWT and Incoloy 800H tensile
specimens (ID# N6C1 and N6G1) had a measured irradiation temperature of ~580°C and
were the closest to the target temperature. While the 750°C target irradiation temperature
capsule for 14WT/14YWT (ID# N6D1) was off by -80°C, with a measured irradiation
temperature of 670°C. The 750°C target irradiation temperature capsule for Incoloy
800H (ID# N6H1) had a measured irradiation temperature of 660°C and the largest
discrepancy, -90°C, of the capsules examined.

It should be noted that these

anneal/resistively measurements do have some uncertainty, and results from previous SiC
temperature characterization experiments with instrumented capsules have shown the
uncertainty in irradiation temperature from measured SiC temperature monitors to be
~±20°C. The target positions used for the other capsules of similar test temperature were
adjacent to these capsules and should have very similar irradiation temperature, and are
reported as such in the following sections.

Capsule ID
N6C1
N6D1

Results Summary: SiC Temperature Monitors
Material
Target Tirr [°C]
∆Tirr measured [°C]
14YWT
14WT
14YWT
14WT

Tirr [°C]

600

560−600

580

750

650-690

670

N6E1

9Cr-1MoV

550

540-590

N6F1

9Cr-1MoV
800H (UW)
800H (UW)
800H
800H (UW)
800H (UW)
800H

650

570-670

550
650

600

550-600

580

750

580-680

660

N6G1

N6H1

Table 5: Irradiation temperatures for select rabbit capsules measured by SiC temperature
monitors.

The number of specimens irradiated and available for testing was limited and
most testing was performed using one specimen per test temperature, but some
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temperatures were tested with more than one irradiated specimen. Significantly more
specimens were available for unirradiated testing and most materials in the unirradiated
condition had two specimens tested per test temperature.

For test temperatures

characterized with more than one specimen the numerically averaged data is presented
with ±1σ error bars on the following plots. It should be mentioned that the error of the
test results for ferritic alloys in the unirradiated condition was very low, and though the
error bars are plotted with the averaged data the extremely small error bars associated
with these tests are hidden by the data symbols. The error in measured tensile properties
data for the nickel alloys was much larger compared to the ferritic alloys; the source of
this increased error will be discussed in greater detail in the following sections.

4.3.1 Irradiated Tensile Results

The irradiation dose and temperature exposures experienced by specimens during
this investigation were sufficient to cause radiation-induced changes in mechanical
properties of the alloys tested, though some alloys were more resistant to radiation
effects. The effect of radiation on yield strength for EUROFER 97 and EUROFER 97
ODS after irradiation is seen in Figure 100, where uniform radiation hardening was
observed at all test temperatures. Over the temperature ranged tested an increase in yield
strength of 230–275 MPa (~25–29%) was measured for EUROFER 97 ODS, while an
increase of 185–225 MPa (~25–36%) was observed for EUROFER 97.

Similar

hardening was observed for the ultimate tensile strength of these two alloys, as seen in
Figure 100. The ultimate tensile strength increased for EUROFER 97 ODS by 170-210
MPa (~16-20%) and the measured values for EUROFER 97 showed an increase of 115165 MPa (~10-30%). These results suggest that the oxide dispersions in EUROFER 97
ODS help reduce the amount of radiation-induced shift in tensile strengths caused by
neutron irradiation relative to conventional EUROFER 97. The high number density of
oxide dispersions in EUROFER 97 ODS provide recombination sites for self-interstitial
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atoms and vacancies produced during irradiation and help mitigate microstructural
damage.
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Figure 100: Yield and ultimate tensile strengths for EUROFER 97 and EUROFER 97
ODS irradiated to 1.5 dpa at 300°C.

Both uniform and total elongation values measured for the EUROFER 97 and
EUROFER 97 ODS decreased following irradiation, as seen in Figure 101. Prior to
irradiation both alloys had uniform elongation values between 3-6% over the temperature
range that irradiated specimens were tested, room temperature to 300°C.

But after

irradiation the uniform elongation decreased for both alloys to about 0.5-2%, which is a
percent decrease in unirradiated uniform elongation of about 90% following irradiation
for both alloys. Total elongation values for EUROFER 97 and EUROFER 97 ODS also
decreased after irradiation to around 10 and 7%, respectively, which correspond to a
percent decrease in unirradiated total elongation values of about 40-45% for EUROFER
97 and 25-40% for EUROFER 97 ODS. Similar to the tensile strength results, the oxide
dispersions appear to be beneficial in preventing loss of ductility compared to an identical
alloy without fine dispersions in the microstructure.
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Figure 101: Uniform and total elongations for EUROFER 97 and EUROFER 97 ODS
irradiated to 1.5 dpa at 300°C.

Mechanical properties for 9Cr-2WVTa before and after irradiation are presented
in Figure 102.

The yield and ultimate tensile strength both increased following

irradiation to almost identical values, indicating a loss of strain hardening for this
material after irradiation. Yield strength increased by about 260 and 290 MPa at test
temperatures of 23 and 300°C, respectively. The increase in ultimate tensile strength was
less pronounced, with measured increases of about 145 and 195 MPa at test temperatures
of 23 and 300°C, respectively. A loss of ductility was also observed for 9Cr-2WVTa,
though the decrease in uniform and total elongation values were less than those measured
for the EUROFER alloys.

Room temperature uniform elongation for 9Cr-2WVTa

decreased from about 8% before neutron exposure to ~4% after irradiation,
corresponding to a percent decrease of about 50% following irradiation. Total elongation
values measured for 9Cr-2WVTa decreased from ~15-20% before irradiation to ~10-12%
after irradiation, corresponding to a percent decrease in total elongation of ~20-50% for
the temperatures tested. These results show 9Cr-2WVTa to be more resistant to radiation
induced changes in mechanical properties compared to the EUROFER alloys; and while
hardening is observed in 9Cr-2WVTa some amount of ductility is maintained following
irradiation.
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Figure 102: Tensile results for 9Cr-2WVTa irradiated to 1.5 dpa at 300°C.

The effect of radiation on mechanical properties for the extruded alloys 14WT
and 14YWT produced during this project was noticeably different from the
ferritic/martensitic alloys. The yield strengths for 14YWT and 14WT is seen in Figure
103, where unirradiated data is compared to yield strengths following irradiation at 300,
580, and 670°C for both alloys. Though some slight radiation-induced hardening was
observed for all irradiated 14YWT specimens, 14YWT was by far the most resistant alloy
to radiation-induced hardening.

The largest increase in yield strength measured for

14YWT specimens was only about 200 MPa for specimens irradiated at 580°C, which
corresponds to about an 8% increase in yield strength relative to unirradiated values. All
other 14YWT specimens showed radiation-induced hardening from ~10 to 125 MPa,
which is a percent increase of about 1-8%; the lowest shifts in yield strength of all alloys
tested in this project. No appreciable hardening was observed for 14WT specimens
irradiated at 580 and 670°C, but there was significant uniform hardening, ~250 MPa
increase (~35%) at all temperatures examined, for the relatively low-temperature 300°C
irradiated specimens. The noticeably larger increase in yield strengths for the specimens
irradiated at 300°C suggests this relatively low temperature does not provide adequate
thermal energy for point defect mobility in the microstructure, which is required for
recombination of point defects produced by irradiation. Conversely the higher irradiation
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temperatures experienced by the high-temperature capsules (580 and 670°C) appear to
allow sufficient defect mobility and drastically reduce the amount of radiation-induced
hardening.
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Figure 103: Yield strength for 14WT and 14YWT irradiated to 1.5 dpa at 300°C.

Ultimate tensile strength results for irradiated 14WT and 14YWT specimens show
radiation-induced hardening behavior similar to that observed for yield strength, as seen
in Figure 104. The results for 14YWT show a slight increase in ultimate tensile strength
following irradiation for all irradiation temperatures examined, with values increasing
between 25 and 200 MPa corresponding to a percent increase of only 2-17%. Similar to
the results for yield strengths, 14WT specimens irradiated at 580 and 670°C did not show
significant hardening while the specimens irradiated at 300°C experienced an appreciable
increase in ultimate tensile strength at all test temperatures ranging from 125 to 225 MPa.
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Figure 104: Ultimate tensile strength for 14WT and 14YWT irradiated to 1.5 dpa at
300°C.

Elongation values measured for 14WT and 14YWT following irradiation showed
a mixed response to irradiation as seen in Figure 105, which plots uniform elongation for
each material before and after irradiation. The uniform elongation measured for 14YWT
in the irradiation condition appears to lie directly on top of the unirradiated values up to
about 550°C, where a slight decrease (<1%) from unirradiated values persist up to 700°C.
Conversely the uniform elongation measured for irradiated 14WT specimens appears to
be larger than the unirradiated values from about 100 to 600°C.

Only irradiated

specimens tested at room temperature and above 600°C appear to experience a loss of
ductility, and specimens irradiated at 300°C show an appreciable increase in uniform
elongation of about 3% from ~100 to 300°C.

This increase in uniform elongation

measured for 14WT was unexpected and the softening mechanism occurring in the
microstructure is currently unknown. It is possible the ~1 month exposure to both high
temperatures and neutron radiation in the HFIR may have decreased the dislocation
density of this extruded and rolled material, allowing more elongation before specimen
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necking. More work, specifically with unirradiated and irradiated TEM specimens, is
required to fully investigate and understand this abnormal behavior.
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Figure 105: Uniform elongation for 14WT and 14YWT irradiated to 1.5 dpa at 300°C.

Total elongation measured for 14WT and 14YWT before and after irradiation are
shown in Figure 106, which show the same general behavior observed for uniform
elongation. The results for 14YWT show a fairly uniform decrease in total elongation for
all irradiation conditions at all test temperatures, though the decrease following
irradiation becomes more pronounced at test temperatures above ~500°C. Irradiated
uniform elongation results for 14WT show a slight increase (~1-5%) in measured values
for test temperatures between about 100 and 300°C following irradiation at 300°C.
14WT specimens tested above about 400°C showed experienced much more loss of
ductility with values decreasing by 5 to 30% as the test temperature increases. The
decrease in total elongation at test temperatures greater than about 500°C observed for
14WT and 14YWT may have been caused by stable point defects in the microstructure
following irradiation, though TEM examination of irradiated specimens are required to
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substantiate this claim and should be further investigated in future irradiation studies of
these two materials.
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Figure 106: Total elongation for 14WT and 14YWT irradiated to 1.5 dpa at 300°C.

The mechanical properties of the two nickel alloys irradiated and tested were
found to be much more sensitive to radiation-induced changes in microstructure
compared to the ferritic alloys. The yield and ultimate tensile strength results measured
for Incoloy 800H before and after irradiation at 580 and 660°C are shown in Figure 107.
The amount of radiation-induced hardening for Incoloy 800H specimens appears to be
strongly affected by the irradiation temperature, with specimens irradiated at 580°C
showing much more hardening following irradiation compared to the higher temperature
660°C irradiation exposure. Incoloy 800H specimens irradiated at 580°C showed a
measured increase in yield and ultimate tensile strengths at room temperature of ~300
and 280 MPa, respectively, which correspond to a percent increase of about 110 and
50%. In comparison Incoloy 800H specimens irradiated at 660°C and tested at room
temperature had no measurable increase in yield strength and an increase in ultimate
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tensile strength of about 25 MPa, which is only about a 4% increase. The different
hardening behavior observed between the two irradiation temperatures is most likely a
consequence of increased point defect mobility at the higher irradiation temperature. The
discrepancy between the hardening of the two irradiation temperatures decreases as the
test temperature increases. This decrease in discrepancy with increasing test temperature
may be a result of a greater number of activated slip systems in the fcc crystal structure at
higher temperatures, which may help circumvent radiation induced defects in the
microstructure.
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Figure 107: Yield and ultimate tensile strengths for Incoloy 800H irradiated to 1.5 dpa at
580 and 660°C.

The effect of irradiation on elongation of Incoloy 800H is shown in Figure 108,
where plots of uniform and total elongation before and after irradiation are presented. As
with the tensile strength results, the irradiation temperature appears to have a large effect
on the amount of radiation induced change in elongation values for room temperature
tests. But as test temperature increases the difference in elongation between the two
irradiation temperatures becomes indistinguishable.

Room temperature uniform

elongation for Incoloy 800H specimens irradiated at 580 and 660°C was found to
decrease by 25 and 14%, respectively, which corresponds to a percent change of -55 and
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-30% from unirradiated values. Irradiated uniform elongation values for both irradiation
temperatures from ~400 to 700°C were almost identical and uniformly decreased from
unirradiated values by about -25%.

Room temperature total elongation values for

Incoloy 800H specimens irradiated at 580 and 660°C were about 30 and 15%,
respectively. Similar to uniform elongation results, the total elongation measured for test
temperatures between about 400 and 700°C were indistinguishable and uniformly
decreased from unirradiated results by about -30%, which is about a -70% percent change
from unirradiated uniform elongation values.

Incoloy 800H - Uniform Elongation

60
50

60
50

Tirr= 660°C

40

Elongation [%]

Elongation [%]

Incoloy 800H - Total Elongation

Unirradiated
Tirr= 580°C

30
20
10
0
0

100 200 300 400 500 600 700 800 900

Temperature [°C]

40
30

Unirradiated
Tirr= 580°C

20

Tirr= 660°C

10
0
0

100 200 300 400 500 600 700 800 900

Temperature [°C]

Figure 108: Uniform and total elongations for Incoloy 800H irradiated to 1.5 dpa at 580
and 660°C.

Uniform elongation results for specimens irradiated at both 580 and 660°C
decreased to almost zero at 700°C and almost no ductility remained in the irradiated
specimens. Whereas the unirradiated Incoloy 800H specimens had a uniform elongation
around 28% at 700°C that decreased to about 5% at 900°C. Total elongation values for
the irradiated specimens also decrease to virtually zero at 700°C, while unirradiated
values remained near 50% well above 700°C. This drastic loss of ductility for both
uniform and total elongation is an indication that an embrittlement mechanism was
introduced into the Incoloy 800H microstructure during irradiation.
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He and H

transmutation gases produced in the microstructure during irradiation by neutron
absorption reactions could be diffusing to grain boundaries when exposed to high
temperatures during the relatively high-temperature tests. These gases could severely
weaken grain boundary cohesion and result in almost no elongation prior to failure, but
TEM examinations of irradiated 800H specimens are required to verify the source of the
embrittlement and loss of ductility at elevated temperatures.
Yield and ultimate tensile strengths measured for Inconel 617 in the unirradiated
condition and after irradiation at 580 and 660°C are shown in Figure 109. A uniform
increase in yield strength was observed for both irradiation temperatures at all test
temperatures, and yield strengths did not converge to common values at elevated test
temperatures like those measured for Incoloy 800H.

Tests performed at room

temperature showed an increase in yield strength of 270 and 150 MPa for specimens
irradiated at 580 and 660°C, respectively, which is about an 80 and 45% percent increase
from unirradiated values. The increase in yield strength for both irradiation temperatures
was uniform for all test temperatures and decreased at about the same rate as the
unirradiated values with increasing test temperature. The increase in ultimate tensile
strength following irradiation were similar for the two irradiation temperatures, with an
increase of about 180 and 150 MPa for specimens irradiated at 580 and 660°C,
respectively. The radiation-induced increase in ultimate tensile strength for specimens
irradiated at 660°C decreased with increasing test temperature to about 80 MPa above
unirradiated values at 700°C.
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Figure 109: Yield and ultimate tensile strengths for Inconel 617 irradiated to 1.5 dpa at
580 and 660°C.

Elongation values for Inconel 617 before and after irradiation are shown in Figure
110. The decrease in uniform and total elongation for Inconel following irradiation were
similar to those measured for Incoloy 800H, though the little difference in the magnitude
of decrease was similar for the two irradiation temperatures. The decrease in uniform
elongation values for Inconel 617 tested at room temperature were about -30 and -35%
for specimens irradiated at 580 and 660°C, respectively. Irradiated uniform elongation
values remain unchanged with increasing test temperature until about 600°C, where the
values for specimens irradiated at 660°C begin to decrease to a final value of ~10% at
700°C.
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Figure 110: Uniform and total elongations for Inconel 617 irradiated to 1.5 dpa at 580
and 660°C.

The large amount of scatter in the tensile strength and elongation values measured
form Incoloy 800H is a result of the specimen size relative to the grain size of the
material. The Incoloy 800H alloy examined during this project was found to have a grain
size ranging from 50 to 300 µm, while the cross-sectional dimensions of the SS-3
specimens used for tensile properties characterization are 0.76 x 1.52 mm. This means
that for area of the gauge section containing large grains it is possible only 2-3 grains are
being sampled during testing. Orientation and size of the individual grains, which varies
from specimens to specimen, greatly effects the stress configuration present in each grain.
The dissimilar loading orientation present between different specimens, caused by the
large grains relative to the specimen dimensions, is the cause of the large scatter in the
tensile data. Optical micrographs of SS-3 specimens near the fracture surface of the
gauge section for unirradiated Incoloy 800H and Inconel 617 specimens are shown in
Figure 111, along side an optical micrograph a 9Cr-1MoV SS-3 specimen for
comparison. A high-magnification (1,000X) optical micrograph of Inconel 617 grains
near the fracture surface is also presented, which shows the deformation bands produced
in the individual grains during testing. The large amount of scatter from the relatively
small SS-3 specimens is unavoidable when testing materials with such large grains, and
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results from these small specimens should be used with caution. Currently there are no
rabbit capsule designs available for irradiation of larger tensile specimens, and only SS-3
specimens could be used for the irradiations conducted during this project. But future
irradiation studies of Incoloy 800H and Inconel 617 should be conducted with larger
tensile specimens to eliminate the data scatter and small specimen size effect observed
here.

(a)

(b)

(c)
(d)
Figure 111: Optical micrographs near fracture surface of SS-3 tensile specimens of (a)
Inconel 617, (b) Inconel 617 at 1,000X, (c) Incoloy 800H, and (d) 9Cr-1MoV.
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The effect of irradiation on tensile properties for the alloys tested during this
project is summarized in Table 6, which contains the percent change in unirradiated
tensile properties following irradiation.

From the table it is apparent 14YWT was

overall the most resistant to radiation-induced changes in tensile properties, while the
nickel alloys were the most susceptible to hardening and loss of ductility. It should be
mentioned that the failure strength values listed in Table 6 are engineering failure
strengths, not true failure strengths. Also, the extremely large change in engineering
failure strength values measured for the nickel alloys, for example the 721% change
observed for the Inconel 617 specimen irradiated and tested at 580°C, was a result of the
combined effects of radiation-induced hardening and decreased ductility.

That is,

unirradiated specimens had sufficient ductility to neck down to very small cross sectional
area, whereas the irradiated specimens experienced prompt failure after reaching the
ultimate tensile strength.
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Percent Change in Tensile Properties Following Irradiation
Test Temperature ∆Yield Strength
Material/Condition
[°C]
[%]
EUROFER 97
25
25
Tirr = 300°C
300
36
EUROFER 97 ODS
25
29
Tirr = 300°C
300
25
9Cr-2WVTa
25
44
Tirr = 300°C
300
56
14WT
20
35
Tirr = 300°C
300
37
14WT
24
-12
Tirr = 580°C
580
15
14WT
24
-2
Tirr = 670°C
670
60
14YWT
20
7
Tirr = 300°C
300
2
14YWT
24
1
Tirr = 580°C
580
8
14YWT
24
-1
Tirr = 670°C
670
22
Incoloy 800H
24
111
Tirr = 580°C
580
52
Incoloy 800H
24
0
Tirr = 660°C
660
25
Inconel 617
24
81
Tirr = 580°C
580
146
Inconel 617
24
47
Tirr = 660°C
660
102

∆UTS
[%]

∆Failure Strength
[%]

∆Uniform
Elongation [%]

∆Total
Elongation [%]

11
30
16
18
19
31
13
31
-6
17
-1
24
2
3
3
9
-9
17
52
24
4
0
24
40
20
25

9
26
12
9
23
26
21
29
2
48
8
-68
5
6
11
22
3
23
113
-43
4
77
60
721
55
460

-60
-99
-89
-87
-52
-88
-12
49
-9
22
-10
-45
-30
-5
19
-24
-37
-68
-57
-78
-32
-79
-46
-58
-50
-75

-38
-46
-39
-26
-34
-18
-13
38
-11
-57
-11
-62
-38
4
-39
-43
-37
-42
-56
-76
-31
-78
-47
-60
-51
-74

Table 6: Percent change in tensile properties following irradiation for all alloys tested.

4.3.2 Irradiated Fracture Toughness Results

During irradiation transmutation gases and point defects are introduced into the
microstructure, which coalesce at defect sinks such as grain boundaries, precipitates,
matrix/oxide particle interfaces, and dislocations. These microstructural defects act as
crack initiation sites and reduce the fracture toughness of materials. The reduction in
fracture toughness is observed in testing as a reduction in upper-shelf stress intensity
factors and an increase in brittle to ductile transition temperature. These effects on
fracture toughness were observed in test results for irradiated EUROFER 97 specimens,
as seen in Figure 112. The open symbols represent the stress intensity factors converted
from the critical J-integral at cleavage fracture, KJc; circles for unirradiated specimens
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and triangles for irradiated. It is clear the results for irradiated specimens that failed by
brittle fracture have shifted to higher temperatures, which indicate a FTTT of about 125°C for unirradiated specimens and about -100°C for irradiated specimens. The closed
symbols for EUROFER 97 have upward pointing arrows indicating no stable crack
growth was observed, only crack blunting. But the results are useful for investigating the
effect of irradiation on ductile tearing deformation, with the unirradiated results showing
higher toughness compared to the result from the irradiated specimen. Though caution
must be used when interpreting the a result from only one irradiated specimen, and only
qualitative conclusions should be reached without more irradiated test results in the
upper-shelf temperature region.
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Figure 112: Fracture toughness stress intensity factors for unirradiated and irradiated
EUROFER 97.

Results from irradiated fracture toughness testing of EUROFER 97 ODS also
show a decrease in fracture toughness following irradiation, as seen in Figure 113. The
radiation-induced shift in cleavage fracture results were found to be more pronounced in
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EUROFER 97 ODS compared to EUROFER 97.

KJc values for unirradiated and

irradiated specimens indicate a FTTT around -150°C and -100°C, respectively. However
specimens tested in the upper-shelf region do not show a significant change following
irradiation, with irradiated and unirradiated data clustered together between 130 and 180
MPa√m. Specimens tested in the upper-shelf region for both unirradiated and irradiated
condition showed stable crack growth were found to produce valid KJIc values. The large
amount of scatter in the results necessitate caution when interpreting effect of irradiation,
but the results show the upper-shelf values remain relatively high after irradiation and no
drastic decrease in values were observed following the relatively low temperature
(300°C) irradiation exposure.
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Figure 113: Fracture toughness stress intensity factors for unirradiated and irradiated
EUROFER 97 ODS.

Similar to the results for EUROFER 97 and EUROFER 97 ODS, some radiationinduced shift in cleavage fracture results were observed for 14WT, seen in Figure 114.
KJc values for unirradiated specimens indicate a FTTT around -150°C before irradiation,
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which shifts to between -75 and -50°C after irradiation.

The shift in transition

temperature observed for 14WT was the largest of all alloys tested and suggests the
extruded microstructure of 14WT is less susceptible to radiation-induced changes in
fracture toughness. The specimens tested in the upper-shelf region did not experience
stable crack growth, only crack blunting, and like the results for EUROFER 97 larger
specimens are required to induce stable crack growth and accurately calculated KJIc
values at the onset of stable crack growth.
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Figure 114: Fracture toughness stress intensity factors for unirradiated and irradiated
14WT.

The fracture toughness results for the nanocluster strengthened 14YWT show a
markedly different response to irradiation compared to the other alloys tested, shown in
Figure 115. Both unirradiated and irradiated KJc values lie on top of one another and no
shift in FTTT is apparent. In addition to the lack of radiation-induced shift in transition
temperature, the upper-shelf KJIc values appear to actually be greater for irradiation
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specimens than those for unirradiated specimens.

The unirradiated upper-shelf KJIc

values were between 150 and 175 MPa√m while irradiated values are between 180 and
225 MPa√m. These fracture toughness results for 14YWT before and after irradiation
were clearly different from those observed for the alloys, with radiation having no
apparent detrimental effect on fracture toughness.

The increased upper-shelf values

could have been caused by annealing effects in the microstructure during the ~1 month
irradiation at 300°C, but this was not observed in the other alloys which were also
exposed to this elevated temperature during irradiation.
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Figure 115: Fracture toughness stress intensity factors for unirradiated and irradiated
14YWT.

Unfortunately, the SEM at the IMET hotcell facility experienced an extended
outage during the course of this project and therefore fracture surfaces of irradiated
fracture toughness specimens could not be examined for all alloys tested. But before the
SEM went down the fracture surfaces of two 14YWT specimens were examined for each
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fracture behavior, a specimen tested at -100°C that experienced stable crack growth and a
specimen tested at -175°C that failure by cleavage fracture. SEM fracture surfaces
images at are shown in Figure 116 for the specimen tested at -100°C. Similar to the
fracture surface images of unirradiated 14YWT, large secondary cracks and a mixture of
ductile and brittle fracture textures are present on the fracture surface of the irradiated
specimen. The lower section of the specimen where the crack propagated out of the
precrack plane was produced when the specimen was broken open after testing to
measure crack extension. Features on the fracture surface of this specimen were very
similar to those fracture surfaces of unirradiated specimens that experienced stable crack
growth.

Figure 116: Fracture surface of irradiated 14YWT specimen tested at -100°C, which
experienced stable crack growth.

SEM fracture surface images of the irradiated 14YWT specimen that failed by
cleavage fracture are shown in Figure 117. As observed on almost all 14YWT fracture
surfaces, a mixture of brittle and ductile tearing texture was present on the fracture
surface of this irradiated specimen.

Though unlike the other SEM fracture surface

images a series of fine lines were present on this cleavage fracture surface, which are
oriented in the direction of crack propagation. It is unclear what caused these linear
features from the images obtained before the hotcell SEM became unavailable, but they
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are appear to be quite different from features observed on all other 14YWT fracture
surfaces. It is possible point defects and transmutation gases produced during irradiation
coalesced at the elongated grain boundaries and caused a fine secondary crack structure
to develop as the crack propagated through the material. But further examination is
required to fully identify the fine linear features observed on this irradiated fracture
surface before any definitive conclusion can be reached.

Figure 117: Fracture surface of irradiated 14YWT specimen tested at -175°C, which
failed by cleavage fracture.

The four ferritic alloys that were irradiated and tested for fracture toughness
characterization have several differences in composition and microstructure. Namely the
two EUROFER alloys have a ferritic/martensitic microstructure, while 14WT and
14YWT are extruded alloys with ferritic microstructures. A significant difference in
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fracture toughness behavior would be expected between the ferritic/martensitic alloy and
the ferritic alloys, but the vastly difference fracture toughness behavior observed between
14WT and 14YWT was unexpected.

It was found through TEM examination that

14YWT has a much finer grain structure compared to 14WT, but the main difference
between these to materials is the high number density of Y-Ti-O nanoclusters distributed
throughout the 14YWT microstructure. It is likely the fine grain size is beneficial to
fracture toughness for 14YWT, but it is also possible that the nanoclusters are interacting
directly with the stress field created by the crack tip and acting to inhibit crack growth.
The one conclusion that can be reached from these fracture toughness tests is that
14YWT clearly behaves differently than previous high-strength dispersion strengthened
ferritic alloys. No dispersion strengthened ferritic alloy has been reported in previous
literature with the combination of very high tensile strength (~1,500 MPa room
temperature yield strength) and cryogenic transition temperature (around -175°C) that
was measured for 14YWT during this project. In addition to these favorable properties
irradiation appears to have very little effect on the tensile and fracture toughness
properties of this new material, which is reinforced by the master curve analysis results
discussed below.
The master curve fracture toughness analysis procedure was used to calculate a
master curve To reference temperature for each material before and after irradiation.
Master curve To reference temperature allows the ductile to brittle deformation behavior
for each material to be objectively quantified and compared between different materials.
This methodology also provides a quantitative measurement of radiation-induced changes
of fracture toughness behavior for each material. The procedure for calculation of To was
described earlier (section 4.2.2), but several important points need to be emphasized
about the data analysis performed on the fracture toughness test results of this project.
The master curve method assumes that a universal curve shape exists for the KJc behavior
of ferritic and ferritic/martensitic alloys when normalized by the To reference
temperature. ASTM E 1921-05 states that the master curve methodology is for ferritic
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alloys with yield strengths between 275 and 825 MPa, though oddly it does not state at
which temperature this requirement is intended. Regardless of the temperature for the
intended yield strength guideline, the extremely high tensile strength (~1,500 MPa at
room temperature) of the nanocluster strengthened 14YWT is much larger than the
prescribed guideline.

Also, while 14YWT is indeed a ferritic alloy it is not a

conventional ferritic alloy in the sense that its mechanical properties are determined by
the high number density of Y-Ti-O nanoclusters. The fracture toughness behavior of this
material has already been shown to be quite different from conventional ferritic alloys
and may not follow the universal master curve behavior. On the other hand, 14YWT
does appear to undergo the typical ductile to brittle transition in fracture behavior
common to all bcc ferritic alloys, also the KJc and KJIc values calculated for 14YWT are
similar to those for other high-strength ferritic alloys. In spite of these discrepancies the
master curve analysis method does provide a useful objective analytical tool for transition
temperature characterization and quantification of the effect of radiation on fracture
toughness properties.
The iterative process for calculating the To reference temperature uses KJc values
at the point of cleavage fracture and KJIc values at the onset of stable crack growth. Since
the EUROFER 97 and 14WT specimens tested in the upper-shelf region did not
experience stable crack growth, only crack blunting, these results were not applicable for
master curve analysis and were not used to calculate To for these materials.

But

fortunately for these two materials, a sufficient number of tests were performed in the
lower-shelf temperature region for use in the master curve analysis. The results of the To
calculations for the unirradiated and irradiated condition are shown in Table 7 for all
materials examined, as well as the shift in To caused by irradiation.

223

Master Curve T o Reference Temperature
Material
14YWT
14WT
EUROFER 97
EUROFER 97 ODS

T o - Unirradiated T o - Irradiated
[°C]
[°C]
-188
-112
-120
-115

-176
-31
-81
-30

∆T o
[°C]
12
81
39
85

Table 7: Master curve To reference temperature for all alloys before and after irradiation.

The lowest To value in the unirradiated condition of the materials tested was
calculated for 14YWT at -188°C and is much lower than those calculated for the other
alloys, which range from -120°C for EUROFER 97 to -112°C for 14WT. The shift in To
following irradiation for 14YWT was also the lowest observed for this group of
materials, at only 12°C. The largest shift in To was calculated for EUROFER 97 ODS at
85°C, followed closely by the 81°C shift calculated for 14WT. EUROFER 97 had a
modest shift in To around 39°C and the To for the irradiated condition was a respectable 81°C. But the extremely low cryogenic To value of -176°C calculated for 14YWT is
unprecedented for high-strength ferritic alloys and no other high-strength ferritic has been
reported with such impressive fracture toughness properties in the available scientific
literature.
The shift in transition temperature was graphically illustrated by plotting the
median KJc values for the To calculation results, KJ(med), which corresponds to 50%
cumulative probability for fracture. The KJ(med) is plotted for KJc values normalized to
results for a 1-T specimen as described in ASTM E 1921-05 using the following formula:
K Jc ( med ) = 30 + 70 exp[0.019(T − To )]

KJc(med) curves, or transition temperature curves, are plotted for all alloys examined in the
unirradiated and irradiated condition in Figure 118 where the closed symbols represent
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curves for unirradiated test results and open symbols represent the KJc(med) values after
irradiation.
Fracture Toughness - Master Curve Analysis
14YWT (unirr.)
14YWT (irrad.)
14WT (unirr.)
14WT (irrad.)
EUROFER97(unirr.)
EUROFER97(irrad.)
EUROFER97ODS(unirr.)
EUROFER97ODS(irrad.)

KJc(med) [MPa√ m]
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300
250
200
150
100
50
-225
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Figure 118: KJc(med) curves for all alloys in unirradiated and irradiated conditions.

It is apparent that the results for 14YWT have the lowest radiation-induced shift
in To reference temperature, and therefore is the most resistant to radiation-induced
changes in fracture toughness properties. As mentioned above EUROFER 97 had the
second lowest shift in To and appears to be relatively resistant to major changes in
fracture toughness properties following irradiation. On the other hand both EUROFER
97 ODS and 14WT experience almost identical shift in To following irradiation and are
not as resistant to alteration of fracture toughness properties. Since the oxide particles in
EUROFER 97 ODS can act as both sinks for radiation produced point defects and crack
initiation sites, the decrease in fracture toughness following irradiation may be caused by
these particles in the microstructure. 14WT also has Ti-rich oxide particles dispersed
throughout the microstructure in addition to elongated stringers produced during
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extrusion. It is possible that these Ti-oxide particles and stringer inclusions gathered
transmutation gases and point defects produced during irradiation, which weakened the
local bonding between these features and the surrounding matrix.

The decreased

coherency of the particle/matrix interface could have provided a more potent crack
initiation site in these materials, which was manifested as an increase in transition
temperature and decrease in upper-shelf KJIc values. Detailed TEM examination of these
materials would help determine the change in microstructural features after irradiation;
whether or not the interfaces between the particle inclusions were altered by point defects
and transmutation gases produced during irradiation.
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Chapter Five: Conclusions

This project had several research goals upon its inception, but the main tasks were
to produce an extrusion of the latest generation of the Y-Ti-O nanocluster strengthened
ferritic alloy 14YWT using modified extrusion parameters and characterize its
mechanical properties before and after irradiation. The extrusion parameters used for the
14YWT extrusion in this project were modified from previous extrusions to produce a
more refined grain structure, smaller grain size and low grain anisotropy, and improve
fracture toughness properties.

Specifically the goal was to decrease transition

temperature and increase the upper-shelf KJIc values. Before this project began there was
significant uncertainty regarding the ability of this class of material to exhibit decent
fracture toughness properties, given the initial results with the first generation nanocluster
strengthened alloy 12YWT [Sokolov, et al. – 2007]. In addition to the poor results from
the first generation 12YWT, previous studies on other ferritic alloys containing
nanocluster and oxide dispersions (MA957 for example) showed extremely poor fracture
toughness properties and did not provide much encouragement for further development
of this class of ferritic material [Alinger, et al. – 2002]. But the favorable tensile and
creep properties of the early nanocluster strengthened ferritic alloys, along with their
unique microstructure that are considered ideal for mitigation of detrimental radiationinduced changes in mechanical properties, motivated the study outlined in this
dissertation.
In addition to the 14YWT nanocluster strengthened alloy produced and tested
during this project, another alloy was produced using identical base ferritic powder and
production parameters but without the Y2O3 addition during mechanical alloying, which
has been shown to be essential for nanocluster formation [Alinger, et al. – 2004]. The
14WT alloy would allow the contribution of nanocluster to be characterized within a
significant limitation; namely, the grain size of 14WT (1-10 µm) was found to be much
larger than that of 14YWT (~100-500 nm) by TEM examination performed during this
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project. Despite the difference in grain size and structure, the comparison of mechanical
properties between 14WT and 14YWT illustrate the drastic effect Y-Ti-O nanoclusters
have on both tensile and fracture toughness properties. The different radiation-induced
changes in mechanical properties observed between 14WT and 14YWT, especially for
specimens irradiated at 300°C, suggests nanoclusters do indeed act as sinks for point
defects produced during irradiation and help mitigate the effect of radiation on
mechanical properties.
Another task of this project was to irradiate several other structural alloys being
examined for applications in nuclear environments to serve as comparison materials for
14YWT and to produce irradiated mechanical properties data for the Generation IV
reactor

materials

scoping

investigation

being

conducted

at

ORNL.

The

ferritic/martensitic alloys that were irradiated and tested are beginning developed for
structural applications in future nuclear applications and represent the state of the art in
low-activation ferritic/martensitic alloys. EUROFER 97 and EUROFER 97 ODS have
been in development for over two decades in Europe and are considered benchmarks for
ferritic/martensitic alloys. The 9Cr-2WVTa ferritic/martensitic alloy is a relatively new
material that has been under development by Ronald Klueh at ORNL for over a decade
and is currently considered the pinnacle of conventional ferritic/martensitic alloys. These
alloys were found to be susceptible to radiation-induced changes in mechanical
properties, with all three ferritic/martensitic alloys experiencing an increase in tensile
strength and a loss of ductility following irradiation as previously described.

The

irradiated data generated for these materials by this project will certainly guide further
alloy development and provide performance benchmarks to produce more radiation
resistant materials.
Microstructure characterization showed that the modified extrusion parameters,
most importantly lower extrusion temperature (850°C), used to produce 14YWT created
a much more refined grain structure with smaller more equiax grains compared to the
first generation nanocluster strengthened alloy 12YWT.
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Transmission electron

microscopy showed that the grains in 14WT were about 1-10 µm in length and 1 µm
thick, while the grains in 14YWT are 100-500 nm in length and nearly equiax. The grain
length to width aspect ratio for 14YWT was found to be about 1-5, which is much
improved from ~10 observed previously for 12YWT. Scanning electron microscopy was
used to verify the grain size and aspect ratio for 14YWT, in addition to fracture surface
characterization. Fracture surface SEM images of 14YWT fracture toughness specimens
tested at -196°C showed a mixed deformation texture, with both brittle fracture facets and
ductile tearing observed. The SEM images fracture surface images showed that 14YWT
remains relatively ductile at cryogenic temperatures (<-150°C) and that fracture behavior
is a combination of brittle cleavage along favorable microstructural pathways and ductile
tearing between the cleavage fracture paths. Optical microscopy revealed the presence of
elongated stringers in both 14WT and 14YWT, which may serve as cleavage pathways
and may be partially responsible for the mixed deformation mode observed in SEM
fracture surface images.

Atom probe tomography results showed that the 14YWT

produced by the extrusion conducted in this project had one of the highest number
densities of Y-Ti-O nanoclusters observed for this alloy class to date, with measured
number density varying between 2-3x1024 m-3. Atom maps of a grain boundary in
14YWT also characterized the solute segregation from the bulk matrix to the grain
boundary as well as the nanoclusters; with significant enrichment of Cr and W (with
slight enrichment of C) at both the grain boundary, while the nanoclusters were found to
be enriched in Y, Ti, and O; and depleted in Fr and Cr.
The unirradiated tensile characterization showed 14YWT has far superior tensile
strengths compared to the other materials tested, with yield strength decreasing from over
2,100 MPa at -196°C, to ~1,500 MPa at room temperature, and finally ~550 MPa at
700°C. Of the alloys examined, 14YWT was also shown to be the most resistant to
radiation-induced changes in both tensile and fracture toughness properties, with very
little hardening of tensile strengths and no noticeable degradation of fracture toughness
properties.

The cryogenic temperatures for ductile to brittle transition in fracture
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behavior observed for 14YWT before and after irradiation are unprecedented for highstrength dispersion strengthened ferritic alloys.

Also, To master curve reference

temperatures for 14YWT before and after irradiation of -188 and -176, respectively,
demonstrate the fracture behavior of 14YWT is dramatically different from that observed
in conventional ferritic alloys. These results also suggest Y-Ti-O nanoclusters play a
significant role in mitigating radiation-induced degradation of fracture toughness and
may even interact directly with cracks to improve fracture toughness. The extremely
small 2-3 nm diameter Y-Ti-O nanoclusters are on the same order in size of crack tip
stress fields; these clusters may directly interact with the stress field produced by the
crack tip and inhibit crack propagation through the microstructure.

But these

speculations need to be verified with further fracture toughness testing, possibly coupled
with high-definition confocal microscopy, to better understand the interaction between
crack propagation and nanoclusters.
The work conducted in this project is a PhD dissertation for the author, and since
one of the tenets of a PhD degree is to further the relevant field of study a mention of the
significance of this work to the study of materials for nuclear applications is prudent.
The ultimate goal for alloy development of structural materials for nuclear applications is
to produce a material that can withstand the microstructural changes caused by exposure
to radiation.

One main requirement for structural materials is to resist detrimental

radiation-induced changes in microstructure and maintain adequate fracture toughness
after irradiation.

The work conducted during this project and presented in this

dissertation produced the first irradiated mechanical properties data for the latest Y-Ti-O
nanocluster strengthened 14YWT alloy and showed that this material does indeed resist
radiation-induced changes in mechanical properties. Also, the extremely low temperature
for ductile to brittle transition in fracture behavior observed in the latest 14YWT
extrusion is nothing short of extraordinary, and no other dispersion strengthened ferritic
alloy with such high tensile strength has demonstrated such favorable low-temperature
fracture toughness behavior.
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In addition to the “novel” results obtained for 14YWT, the data produced for the
other alloys irradiated and tested during this study help further the understanding and
body of knowledge of radiation-induced changes in mechanical properties for these
alloys. The amount of radiation-induced changes observed in the nickel alloys being
examined for the Generation IV materials program showed an significant dependence on
irradiation temperature, which decreased with increasing test temperature.

To the

author’s knowledge, this behavior had not been previously reported for these alloys after
irradiation and though the microstructural mechanisms responsible for this behavior were
not deciphered in this project the body of data has been expanded for future
investigations. One result of the irradiated testing of Inconel 617 that is undeniable is the
extremely high amount of induced radioactively in this material after exposure to neutron
radiation. Natural cobalt (Co59) that is alloyed in Inconel 617 becomes radioactive Co60
upon exposure the neutron radiation, which happens to be one of the most undesirable
radioisotopes from radiation protection standpoint due to it’s willingness to activate (high
neutron absorption cross section) and the high energy gamma rays (1.17 and 1.33 MeV) it
emits upon radioactive decay. While testing the first series of irradiated Inconel 617
specimens a health physicist at the IMET facility that walked by the testing area noticed a
signal coming from the front of the hotcell #2, which was detectable in the lunchroom
several feet from the operating area. It was discovered that significant radiation “shine”
was penetrating the panel on the hotcell wall that houses the electronics and valves that
control equipment inside the cell. Even though the panel was heavily shielded with lead,
radiation was penetrating the panel materials and dosing the author and hotcell operator
at a rate of ~15-50 mR/hr in the operator area outside the cell. The specimens were
subsequently placed in thick lead drawers between the hotcells and the signal diminished
to background levels. Nevertheless this experience took Inconel 617 off the list of
materials being investigated for in-core applications and now it is only being considered
for high-temperature applications outside of reactor cores in future Generation IV
systems, such as steam generators and heat exchangers.
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Another contribution to the field of irradiated materials research is the improved
temperature monitoring capabilities designed and implemented by the author for the
ORNL IMET hotcell facility. An experiment was conceived and performed by the author
to determine the actual specimen temperature of a specimen gauge section during testing
compared to the indicated specimen temperature by the previous thermocouple design. It
was discovered that the true irradiation temperature was “off” by as much as 25°C from
the true specimen temperature, as measured by a thermocouple welded to the gauge
section of a specimen inserted in the testing position inside the vacuum chamber. After it
was revealed that the thermocouple setup used previously in the hotcell #2 Instron setup
was erroneous the author designed a new thermocouple system for the vacuum chamber
to more closely reflect the true irradiation temperature. Subsequent experiments with the
instrumented specimen showed that the new thermocouple setup measured the specimen
temperature within about ±5°C of the true specimen temperature.

It also became

apparent to the author during these modifications that the previous method of connecting
thermocouples through the rear of the vacuum chamber was extremely complicated and
required numerous entries into the hotcell by operators, which is extremely expensive
(~$5,000 per entry). Therefore the author designed and constructed a new thermocouple
feed-through for the vacuum chamber that contained large ceramic thermocouple
connectors that could easily be plugged and unplugged remotely with hotcell
manipulators. This new feed-through eliminated the need to make costly hotcell entries
when replacing thermocouples inside the test vacuum chamber, hopefully making future
thermocouple repairs in the hotcell #2 chamber less expensive and less time consuming.
Another improvement contributed by the author to the irradiated tensile testing
system at the IMET hotcell facility was the design of a new TZM specimen holder to
shoulder load SS-3 tensile specimens during testing. Previously SS-3 and the smaller SSJ3 tensile specimens were tested by pin loading the specimen heads with small steel pins.
During testing these pins would deform the holes of the specimen causing significant
plastic deformation in the specimen head region, leaving elongated “football” shaped
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holes in the SS-3 specimen head sections after testing. The extensive deformation of the
pin holes certainly affected elongation measurements since the strain and plastic
deformation being recorded by the data acquisition system was not only occurring in the
gauge section but in the head region as well. Therefore a new TZM specimen holder was
design by the author that could be inserted into the hotcell #2 Instron test setup and load
specimens on the shoulder near the gauge section. The specimen holder was produced by
Schular Tool Company of Oak Ridge, TN and used by the author for all irradiated tensile
tests reported in this dissertation.
Finally, a major contribution to the field of radiation effects research at ORNL
was the design and implementation of the dual-notch three-point bend bar used to
characterize fracture toughness during this project. Previously no fracture toughness
specimen design existed that could be irradiated in HFIR rabbit capsules, and therefore
out of necessity the author designed a completely new specimen with guidance from
Mikhail Sokolov of ORNL. The design that was conceived by the author contain two
notches, one on each side of the bend bar, that provided two test data points per
specimen; and since two bars fit inside a capsule four data points were obtained for each
irradiated capsule.

The design of the specimen was driven by the rabbit capsule

dimensions, namely the length restrictions, but the design was closely scrutinized to
follow specimen dimension guidelines outlined in ASTM E 1820-06.

Since the

completion of this project numerous rabbit capsules have been outfitted with this
specimen design and it has become the “work horse” of irradiated fracture toughness
characterization studies at ORNL.
Several other less mentionable contributions were made by the author throughout
the course of this project, including installation of new MTS Flextest® controllers for the
hydraulic driven load frames in the hotcell and fracture mechanics laboratory at ORNL.
The previous controllers used to control the hydraulic load frames were MTS 442
controllers that had become extremely unstable and unreliable from decades of use.
Outfitting the controllers in the fracture mechanics laboratory was not trivial but was not
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near as difficult as the install at the hotcell, where every wire and connection to the load
frame inside the cell had to be extended and spliced into the new system. Though the
install was difficult is was long over due and produced significantly more controllable
testing systems that were much more stable during testing compared to the old 442
controllers. Another more minor contribution was the design and construction of the
revised cooling chamber for unirradiated testing. Temperature stability during testing
with the previous cooling chamber was inadequate and less controllable. Therefore the
author designed a new cooling chamber with materials readily available around the
laboratory, including a length of surplus cooper tubing, a polystyrene cup from the
ORNL cafeteria, and a large polystyrene container used to ship strong acids that was
found in the hallway outside the fracture mechanics laboratory. These contributions were
not revolutionary to the field of irradiated materials testing but they did make testing
faster, cheaper, and produced more reliable test results.
Of all the test results and achievements presented in this dissertation the
unirradiated and irradiated fracture toughness values obtained for 14YWT were the most
significant. As mentioned the poor fracture toughness properties measured for the first
generation of Y-Ti-O nanocluster strengthened alloy were extremely disappointing and
could have potentially halted further development of this class of alloy. The results of the
tests performed on the 14YWT produced at the beginning of this project in both the
unirradiated and irradiated condition were unexpected but welcomed. In addition to
encouraging further development of Y-Ti-O nanocluster strengthened ferritic alloys,
spurned by the work described in this dissertation, the concept of mechanical alloying
and extrusion to produce nanoclusters is now being extended to other material systems.
Most notably, great efforts are currently being undertaken at ORNL to develop
nanoclusters in nickel alloys to increase the creep and radiation resistance of these hightemperature materials [Hoelzer – 2008]. The work outlined here is not solely responsible
for the interest in nanocluster strengthened alloys, but the favorable mechanical
properties observed after irradiation help encourage further development of this material
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class. If indeed nanoclusters can be produced readily in other alloy systems a new
material class of highly specialized dispersion strengthened materials may be developed
in the coming years.

This project therefore can be credited with producing the

encouraging results for further development of nanocluster strengthened ferritic alloys,
which may indeed one day be the best candidate for structural applications in future
nuclear systems of the coming “nuclear renaissance”.
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Appendix

Appendix 1: Engineering drawing of extrusion can design used to produce 14YWT and
14WT.
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Appendix 2: Engineering drawing of SS-3 tensile specimen.
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Appendix 3: Engineering drawing of dual-notch fracture toughness bend bar.
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Appendix 4: Engineering drawing of microstructure characterization blank.
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