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Kurzfassung

Charakterisierung von ferritisch /martensitischen Stihlen nach der Bestrahlung

mit niedrig energetischen Ionen fiir den Einsatz im nuklearen Bereich

Fiir leistungsfihigere Reaktoren werden von Konstrukteuren hohere Betriebstempera-
turen gefordert, wobei ein Werkstoff neben der hohen Temperatur auch der vorherrschen-
den Strahlung standhalten muss. Die Bestrahlung mit niedrig energetischen H oder He
[onen kann dazu verwendet werden eine Schiddigung in Werkstoffen zu erzeugen, die mit
der Werkstoffschidigung in Reaktoren und Spallationsquellen verglichen werden kann.
Dabei wird nur ein sehr geringes Probenvolumen bestrahlt, das Material wird nicht ak-
tiviert und es ermoglicht sowohl eine schnelle als auch kostengiinstige Evaluierung von
Werkstoffen.

In dieser Arbeit wurden zwei konventionelle Materialien (HT-9 im ferritischen und marten-
sitischen Zustand) und zwei moderne Materialien (ODS-Legierungen: MA956 und MA957)
unter verschiedenen Bedingungen bestrahlt und anschliessend mit Hilfe von Rasterkraft-
mikroskopie, Transmissionselektronenmikroskopie und Nanohérte analysiert.

Nach der Bestrahlung mit Helium bei Raumtemperatur, mit Protonen bei Raumtemper-
atur, 300°C und 550°C konnte bei den konventionellen Materialien eindeutig eine Anderung
der Hirte festgestellt werden wihrend bei den modernen Materialen keine Anderung der
Harte ermittelt werden konnte. Bei HT-9 im martensitischen Zustand wurde eine gerin-
gere Hartesteigerung festgetellt als beim HT-9 im ferritischen Zustand. Da Grenzflichen
den durch Strahlung erzeugten Defekten als Rekombinationsstellen dienen, ist die geringer
Hirtesteigerung in der martensitischen Mikrostruktur auf eine wesentlich hohere Gren-
zflachendichte zuriickzufiihren.

Die bisher ermittelten Ergebnisse der modernen Materialien lassen auf eine ausgezeichnete
Strahlungsresistenz schliessen, da selbst bei erhohten Temperaturen keine Hartesteigerung
festgestellt werden konnte. Es miissen jedoch erst neuartige Produktions- und Verar-
beitungstechniken fiir diese ODS-Legierungen entwickelt werden, um einen zukiinftigen

Einsatz gewahrleisten zu konnen.



Abstract

Characterization of ion irradiated ferritic/martensitic materials for nuclear

application

In order to increase the efficiency of a next generation reactor, designers require higher
reactor operation temperatures and higher fuel burn-up which leads to a higher dose on
the material. Ion beam accelerator experiments using low ion energy, have the advantage
of allowing relatively fast and inexpensive irradiations of materials without activating the
sample but do not irradiate a large sample volume. In order to mimic reactor and spal-
lation source environment on materials typical ions used are helium and hydrogen.

In this study, four different ferritic/martensitic steels (conventional materials e.g HT-9
with different micro structures) and Oxide Dispersion Strengthened (ODS) allovs (ad-
vanced materials: MA956 and MA957) were exposed to an ion beam and irradiated at
different conditions. After ion irradiation these materials were characterized in detail us-
ing Atomic Force Microscopy, nanoindentation and Transmission Electron Microscopy.
The implantation with Helium at RT, the irradiation with protons at RT, 300°C and 550°C
showed a clear change in hardness due to the ion irradiation for the conventional materials
but did not show any change in hardness for the advanced materials. An important result
of the present study is that a clear difference can be seen in the HT-9 ferritic and tempered
martensitic material. It appears that the fine tempered martensitic microstructure has a
significant smaller effect in irradiation hardening. Therefore it should be a more radiation
tolerant material. This can be explained by the fact that the martensitic microstructure
has a high density of interfaces which act as recombination sites for radiation induced
defects.

The advanced materials did not show an increase in nanohardness compared to the conven-
tional materials under any of those conditions. Therefore, a need to develop techniques to
produce these ODS allovs with conventional steel processing technologies as the previous

results indicate superior radiation resistance at elevated temperature, exists.
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1 Background and motivation of the diploma thesis

Renaissance of nuclear energy?

The challenges for the world’s future will be to achieve a reduction of greenhouse gases like
COy while ensuring the availability of energy at the same time. In 2030, the International
Energy Agency (IEA) expects an increase of COy to around 42 billion tones per vear
instead of today’s 27 billion tones, led by China with 11 billion tones and in long term
we would face a rise in temperatures up to 6 degrees |1]. A nuclear power plant allows
producing energy while emitting nearly no COjy to the atmosphere during operation. The
greenhouse gas emission of a nuclear power plant is comparable with renewable energies

such as wind, solar and hyvdro as shown in Fig. 1.
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Fig. 1: Mlustration of the greenhouse gas emission from electricity production [2].

Currently 443 nuclear power plants are operating worldwide supplving 16 % of the
electricity consumed worldwide |3]. Additional 24 nuclear power plants to ensure a reliable
energy supply are under construction mostly in China, India, Russia, Ukraine, Finland,
Korea and Japan |3|. It appears that the growing demand of energy will be satisfied with
a renaissance of nuclear power. While Nuclear power can provide the energy needed, it
also has other problems attached including the production of toxic and radioactive waste
and their unsolved disposal problem. Overall, nuclear power is not considered the perfect
solution for a cleaner environment, but it is the only ready to use non COy producing,

large scale electricity producing alternative.



1 Background and motivation of the diploma thesis

Fuel cycle options
Currently most countries do not have long-term storage capabilities for securely storing
their nuclear waste. Therefore, new nuclear concepts need to be developed and applied.

Fig. 2 shows the possible fuel cvele options. Every fuel cyvele starts with mining and
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Fig. 2: Depiction of the proposed GNEP fuel cycle, showing the use of the Advanced Burner
Reactor in consuming light water reactor waste and playing a major role in reducing the burden

of long-term storage [4].

milling of uranium ore which contains the three uranium isotopes as found in nature
(0.7 % of uranium-235, 99.3 % of uranium-238 |3|). An isotope of an element is an atom
which has the same number of protons but a different number of neutrons. Their chemical
properties are identically but the different isotopes have different mass numbers because
the total number of nucleons is different. For example the element 92 is uranium (92
protons in its nucleus) and has several isotopes U-235 for example has 92 protons and
143 neutron reaching 235 nucleons. The raw uranium ore is refined into what is called
"vellow cake" the uranium oxide (U3Og) |5]. The vellow cake is then converted into
uranium hexafluoride gas (UFg). The UFg can now be used to enrich the U-235 to about
3-5 % using either centrifuges or diffusion cascades |3]. The so enriched Uranium is then
fabricated into uranium oxide (UOy)fuel pellets |5]. The pellets are filled into long tubes
(fuel rods) which, typically made of zircalloy (zirconium based metal). Hundred of these

fuel rods are bundled together in a fuel assembly which is then installed in a nuclear



1 Background and motivation of the diploma thesis

reactor. In a typical pressure water reactor (PWR) a fuel assembly will be replaced every
18 months |5|. The spend fuel is only partially consumed, it contains a high content of
uranium and transuranic elements and waste fission products.

There are two main strategies to dispose used fuel:

e 1. “open fuel cyvele™ In the “throw away”, “once through,”, or “open fuel cvele™ the
spend fuel will be stored in a deep geological repository until it is decayved below the
natural uranium radio toxicity level |6]. This takes in general from a few million to
a few billion vears. This is currently the most widely used approached (including
the U.S.).

e 2. “closed fuel cvele™ In the “closed fuel cvele”, the spend fuel is recyeled into new

fuel used for fast reactors allowing to reuse most of the fissionable material |6].

To go from an open fuel cvele to a closed fuel cyele, a fast reactor is needed in order to
transmute transuranics into more stable isotopes. Transuranics are those elements with
a higher atomic number than uranium (neptunium (93), plutonium (94), americium (95),
and curium (96)) |7|. These elements containing more energy (per mass), are long-lived,
more toxic and could potentially also be used in nuclear weapons. Remaining U-235 may
be used again in thermal reactors and the transuranics can be used in fast reactors or
advanced burner reactors. Current reactor designs use zirconium allovs as fuel cladding
as zirconium has a lower neutron absorption cross section than iron the main alloving
component in steel. The neutron absorption cross section is a measure of the ability of
a nucleus to absorb neutrons. Fast reactors however, accumulate high dose in a much
shorter period of time. Therefore new materials are needed to withstand this harsh envi-
ronment, of higher dose, higher dose rate, higher temperature and corrosive environment.
Therefore zirconium alloys are not feasible because of their low creep strength and high
corrosion rate, which leads to the choice of various steel alloys (conventional and advanced
materials).

The aim of this thesis is to compare and evaluate irradiation damage in advanced materi-
als for nuclear application. For this purpose the response of ODS allovs and conventional

materials were evaluated using ion beam irradiation at various temperature.
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2 Introduction and literature review

2.1 Radiation effects in materials

Depending on the material, temperature, energy and type of irradiation various radiation
effects can have a large impact on the integrity of structural parts in nuclear reactor or
spallation source environments. Tvpes of concern are mainly alpha, neutron and proton
radiation. Effects of beta- and gamma- radiation as well as X-ray radiation especially in
nuclear environments are relatively small compared to radiation of alpha-, neutron- or
proton particles. In this chapter, the effects causing by radiation are described in the

following.

2.1.1 Spallation and transmutation

Spallation is the removal of particles, when a high energyv proton is accelerated and hits
a target, which is made of a heavy metal like tungsten (W) or lead (Pb) as shown in
Fig. 3. When a high energetic proton hits the target, the atoms of this material capture
the hitting particles as well as their high energy. Then the atomic nuclei is starting to
oscillate and will be disruptor. The knocked-out particles or fragments are including a
number of neutrons, protons and some alpha particles. Some of these fragments are fast
enough to cause further spallation so that for every proton that hits a nucleus, 20 to 30

neutrons are ejected in the end |[8].

@ Neutron
®Proton

Fig. 3: Principle of spallation:a lead atom is hit by an incoming proton [9].

The spallation process can be compared to nuclear fission but spallation needs more
energy than it delivers, and therefore no chain reaction takes place. In a nuclear reactor,
neutrons are always needed to keep the chain reaction going. The neutron- spectrum emit-
ted by spallation is similar to a fission spectrum as in a thermal reactor, so a moderator

like water can be used to slow down the neutrons to thermal energy to obtain a neutron

11



2 Introduction and literature review

source and apply it through surrounding beam lines to various materials and interfaces.
Transmutation is the conversion of one isotope to another. Thereby the structure, com-
position, chemical properties and nuclear properties are changed |7]. It occurs through
various forms of nuclear reactions. These reactions can be generated from natural inter-
stellar radiation sources, normal decay of unstable isotopes, or svnthetic production of
new isotopes by irradiation of stable and unstable isotopes using high energy accelerators.

These possible transmutation reactions are for example:

e Beta plus/minus (37/7)- decay
— In Bt- decay [5,7], energy is used to convert a proton into a neutron because

of repulsive Coulomb forces between the protons in the nucleus it will lead to

this conversion to a new stable nucleus.
energy + pt —n+ gt +o (1)

Where p is a proton, 87 is a positive electron or positron and v is a neutrino.

— In 7- decay [7], a neutron converts into a proton while emitting an electron
(67) and an antineutrino because of a too low mass for the nuclear charge. For
example:

n—ptf ot (2)
Where p is a proton, (- is an electron and v’ is an antineutrino.

— Alpha («a)- decay In a- decay [5,7], a nucleus emits an alpha particle ()

identical to a helium nucleus (?He) and decays into an atom a mass number

4 less and an atomic number 2 less as shown in the following reaction of the

isotope uranium 238 into thorium 234.
WU BATh 4 YHe* or U — *MTh + o« (3)

The generated nucleus itself is not stable and decays further. #**U/ decays in
14 steps to become the stable isotope lead 206 (2°°Pb). This kind of reaction

is a form of radioactive decay.
During a- or (- decay the nucleus is emitting gamma () radiation as well.

e Spontaneous fission Spontaneous fission |7| follows the same process as nuclear fis-
sion, except that it occurs without the atom having been struck by a neutron or
other particle. It is only energetically possible for atomic masses above 230 so it is

a form of radioactive decay characteristic of very heavy isotopes.

12



2 Introduction and literature review

Transmutation can be used to destroyv long-term hazardous elements such as transuranic
elements while creating energy. Therefore the total amounts of mass of the products are
less than the mass of the original atom and the missing mass has been changed into energy.
In a nuclear reactor transmutation is causing neutron capture and/or fission by neutron
bombardment. As the experiments presented here are performed in an ion accelerator
the primary event caused by protons is discussed. In steel a very common transmutation
from one element to another after hit by a high energetic proton is the 5*- decay of iron
(*°Fe):

“Fe + pt — ®Co+n (4)
The so produced *°Co isotope is radioactive and its half live is 77.3 days while emitting
(- and ~v- radiation during its decay back to *°Fe [10]. The nuclear cross section, the
amount of isotopes produced by an incoming particle in the unit barns which is defined as
being 1072 m?, and corresponds approximately to the cross sectional area of a uranium
nucleus |7|. At a proton energy range of 10-15 MeV a relatively high cross sectional
area occurs for steels in accelerators for this important nuclear reaction. To prevent
major activation of steel, it is important to know the cross sections and reactions for all
major alloving elements, therefore low-activating elements as composition parts in steel
are preferred for nuclear applications. These low-activating elements are: Fe, Cr, V, Ti,
W, C. That indicates that the typical steel alloving elements Mo, Nb, Ni, Cu and N must
be eliminated or minimized to obtain reduced activation [11]|. It is known that high Si
contents will have a negative effect on its mechanical properties under irradiation (lower
ductility) and will not be used in nuclear facilities where the material would be exposed
to high radiation. Also a high Ni content in reactor steel can activate the steel as it can
cause the building of radioactive isotopes like 5°Fe, 5 Ni or %Co and others at higher

energy, therefore only a low amount of Ni is alloved |11].

2.1.2 Structural defects and swelling

A type of crystal where every single atom is in the correct position, a so called “perfect”

crystal, does not exist. Defects can be divided into the following classes:

Point defects
These are lattice locations where an atom is missing or is in an irregular place in the
crystal lattice structure. Point defects |12| include self interstitial atoms, substitutional

atoms, interstitial impurity atoms and vacancies (see Fig. 4):

e A self interstitial atom is an extra atom located in between regular lattice sites in
the crystal structure. In general self interstitial occur only in low concentrations in

metals because theyv destroy and stress the lattice structure.

13



2 Introduction and literature review

e A substitutional atom is a different element than the matrix atoms, which has
replaced one of the matirx atoms in the lattice. These impurity atoms are usually

close in size to the bulk atom.

e Interstitial impurity atoms are much smaller than the atoms in the bulk matrix so
theyv fit into the open space between the bulk atoms of the lattice structure (e.g.
carbon atoms in iron). Interstitial diffusion occurs mainly at elevated tempera-
ture because the interstitial impurity atoms must overcome the bond energy due to

nearby atoms.

e Vacancies are empty spaces in the cryvstal lattice where an atom is missing. At
elevated temperature the vacancy density is increased. Diffusion of atoms occurs
mainly because of motion of the bulk or substitutional atoms to vacancy sites or

interstitial impurities to different interstitial positions.

Fig. 4: The image shows the different point defects which can take place in crystals [12]

Linear defects
Commonly theyv are called dislocations. There are two basic types of dislocations, the
edge dislocation and the screw dislocation. Plastic deformation in a material occurs in
most cases due to the movement of dislocations and their movement produces additional
dislocations. When dislocations cross each other it hinders their movement. This increases

the force needed to move the dislocation and result in strengthen of the material |12].

e An edge dislocation is illustrated in Fig. 5(a) and can be explained as an extra

half-plane of atoms inserted in a lattice.

e A screw dislocation is visualized in Fig. 5(b) as a block of metal with a shear stress

applied across one end so that the metal begins to rip.

14
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Fig. 5: A shear stress is applied to the dislocation shown in (a), atomic bonds break and reform
to allow the dislocation to move through the crystal [13].Image (b) shows a srew dislocation

moving through the crystal [14].

Planar defect
Planar defects |12] include grain boundaries, stacking faults and external surfaces but only
grain boundaries will be explained a little bit more as the other planar defects have an
inferior relevance to this work. Grain boundaries are known as the boundary surface area
where one grain stops and another begins. Theyv are limiting the lengths and motions of
dislocations. Having smaller grains results in more grain boundaries what strengthens a
material. Grains can range in size from nanometers to millimeters across and their orien-
tations are usually rotated with respect to the neighbor grains. The size of the grains can
be controlled by the cooling rate when the material cast or heat treated. Rapid cooling

produces smaller grains whereas slow cooling result in larger grains.
3 dimensional defects

Three dimensional defects |12| are primarily closed phase boundaries which are a surface

where two samples of matter with different properties are in contact like gas bubbles in

15



2 Introduction and literature review

water for example. But this tvpe of defect is of inferior relevance to this work as well, so

they are listed to complete the overview of crvstal defects.

Radiation induced crystal defects
An incoming ion or high energy radiation cause knock on ions in the material by displace
lattice atoms. The knock on atom itself becomes a projectile in the solid, and can cause
further collision events. The collision of two atoms can cause the atom to be displaced
to interstitial sites while leaving a vacancy at its original position. A pair of a vacancy
and an interstitial is often called a Frenkel pair [12|. Depending on irradiation tempera-
ture and /or cascade properties (ion energy, ion species) the interstitial and vacancies can
recombine so the lattice is in its original shape. Some of the created defects can also mi-
grate and form vacancy clusters (voids), or dislocation loops. In steels, loops form below
400- 450 °C |15]. Loop size increases and loop number density decreases with increasing
irradiation temperature. The amount of crystallographic damage can become so large to
completely amorphize the surface of the target that it can become a glass. The progressive
change in microstructure with irradiation dose and temperature induce the agglomeration

of vacancies and interstitials into voids and dislocation loops that cause swelling.

Swelling
Swelling [15] is a phenomenon induced through intense radiation and results in an increase
of volume of the material as shown in Fig. 6. It occurs when vacancies collect into cluster or
voids which grow and cause the material to expand. Materials show significant differences
in their swelling resistance behavior. Swelling generally occurs between 30 and 50% of

the absolute melting point. Face centered cubic (FCC) materials are more vulnerable to

Iradiated

Fig. 6: Shows swelling of 316L stainless steel rods, before (left) and after (right) irradiation in
the EBR-11 reactor [16].

swelling than a body centered cubic (BCC) material because the FCC crystal structure
is closer packed. Together with the resulting strength reduction and embrittlement, it is

a major concern for materials for nuclear applications.
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2 Introduction and literature review

Displacement per atom (dpa)

The unit which radiation damage in material is measured is displacement per atom (dpa)
[17]. Dpa is the number of times that an atom in the material is initially displaced by the
incoming ion for a given fluence. For example, 10 dpa means each atom in the material
has been displaced from its site within the structural lattice of the material an average
of 10 times (due to interactions between the atoms and the energetic ions irradiating
the material). It considers only the initiated displaced atoms and not the recombination

mechanism.

2.1.3 Strengthening mechanism

As discussed in section 2.1.2 the ability of a crystalline material to plastically deform de-
pends on the ability for dislocation to move within a material. Restrickting the movement
of dislocations will result in a strengthening of the material. There are a number of ways

also called hardening mechanism [12| to avoid dislocation movement:

e Controlling the grain size: Within a material the size of a grain has an effect on
the strength of the material. The boundary between grains acts as a barrier for
dislocations to move and the resulting slip because adjacent grains have different
orientations. The smaller the grains the shorter the distance atoms can move along

a slip plane. Therefore, smaller grains improve the strength of a material.

e Strain hardening: also called work-hardening or cold-working is the process of mak-

ing a metal harder and stronger through plastic deformation. When a metal is
plastically deformed, dislocations move and additional dislocations are generated.
The more dislocations within a material, the more they will interact and become
pinned or tangled. This will result in a decrease in the mobility of the dislocations
and a strengthening of the material. This tvpe of strengthening is called cold-
working because the plastic deformation must occur at a temperature low enough
that atoms cannot rearrange themselves. When a metal is deformed at higher tem-
peratures it is then called hot-working and the dislocations can rearrange and little

strengthening is achieved.
e Alloving: introducing point defects and more grains to pin dislocation.

e Creating point defects through irradiation for example: Cascades produce point
defects that form dislocation loops |39]. They can unifv with the existing dislocation

network.

17



2 Introduction and literature review

2.2 Investigated materials

The thermal efficiency of a nuclear reactor correlates with the temperature, as higher as
better the efficiency. The temperature window of use of structural materials is mainly
limited by their structural integrity under irradiation and activation. Candidate structural
materials have a chemical composition that is based on low-activating elements: Fe, Cr, V,
Ti, W, C to prevent major activation of the material. Since Ni, Co and Si cannot be used
as explained in more detail in the previous pages the main candidate materials for use in
radioactive environments are ferritic/ martensitic (F/M) materials. Based on these issues,
the selected materials for this study are roughly divided into two groups, conventional and

advanced materials and their chemical composition are listed in Table 1 |18|.

Table 1: Nominal composition of the tested materials in wt%

Material Fe C Cr Mo Ni  Mn Al Si others/remarks

HT-9* bal. 0.20 12.1 1.04 0.51 0.57 - 0.17 2 different heats
MA956  bal. 0.019 19.1 - 0.19 0.09 4.2 - Y 203:0.48, Ti:0.34
MA957  bal. 0.01 13.8 0.26 - - - - Y105:0.26, Ti:0.90

*HT-9 ferritic tempered to HT-9 martensitic

2.2.1 Conventional materials

HT-9 ferritic and HT-9 tempered martensitic

HT-9 ferritic steel was developed in Europe in the 1960s primarily for the nuclear indus-
try. Because of the large amount of information generated on HT-9 for the Clinch River
Breeder Reactor (CRBR) project in the US during the 1970s, it was the first choice of
material for applications for the US program on next-generation reactors |19|. Similar
steels to HT-9 with maximum operating temperature in conventional fossil-fired power
plants of 550 °C were chosen in Europe and Japan: EM-12, FV448, DIN 1.4914, and
JEMS were chosen in France, United Kingdom, Germany, and Japan |19]. For compar-
ison purposes in this thesis, HT-9 will be used as representative of these steels. HT-9
is a type of F/M stainless steel (12Cr-1MoVW) with a superior resistance to irradiation
damage, compared to austenitic stainless steels. It shows low activation, low swelling,
high resistance to Helium- bubble formation and adequate mechanical properties like low
embrittlement at elevated temperatures. To achieve a change in grain size of HT-9 ferritic
to evaluate the micro structural changes after irradiation of a ferritic to tempered marten-

sitic HT-9 steel, a 1 mm hot rolled sheet of HT-9 ferritic was normalized and tempered
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(1060 °C in Argon for 1 hour, then an air quench, followed by 730 °C for 2 hours and a
final air quench) to obtain a HT-9 tempered martensitic structure. The microstructure
of the HT-9 ferritic steel and HT-9 tempered martensitic steel are shown in Fig. 7. Both
images are taken at Mag 1000 x with an optical microscope (OM) (Olympus DP50) after
etching with a V2A solution for about 30 seconds. In Fig. 7 the ferrite matrix (a) is shown
which appears mostly white but also black and grey depending on the orientation whereas
the carbides are small black and white dots they are distributed in the ferrite matrix and
mainly located at the grain boundaries. In Fig. 8 are images of the investigated materials
shown at Mag 3000 x taken with a Gemini scanning electron microscopy (SEM) with an

InLens detector at a target voltage of 15 kV.

(a)

Fig. 7: The OM image in (a) shows the microstructure of the pre-irradiated HT-9 ferritic steel at
Mag 1000 x,and (b) shows and overview of the martensite structure of HT-9 after the tempering

process.
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Fig. 8: (a) shows a SEM image of the pre-irradiated HT-9 ferritic taken at Mag 3000 x. The

SEM image in (b) illustrates the pre-irradiated HT-9 tempered martensitic structure which is

taken at Mag 3000 x.

2.2.2 Advanced materials

Oxide dispersed strengthened (ODS) alloys (MA956, MA957)

ODS steels, which are strengthened by small oxide particles, are produced by complicated
and expensive mechanical alloving, powder metallurgy techniques (milling, pressing, sin-
tering and extrusion) instead of conventional processing techniques. The mechanical al-
loving (MA) process was invented in the middle of the 1960s by John S. Benjamin at the
Paul D. Merica Research Laboratory (PDMRL) |20|. The initial attempt was to develop
a material by combining oxide dispersion strengthening with gamma prime precipitation
hardening in a nickel- based superalloy for gas turbine applications. It is an alterna-
tive technique for producing metallic and ceramic powder particles in the solid state and
provides a means to overcome the drawback of formation of new alloys using a starting
mixture of low and high melting temperature elements. Iron based ODS allovs such as
MA956 an MA957, have a composition and microstructure to allow creep and oxidation
resistance in components operating at elevated temperatures(T = 0,9Tmelting)as these
homogenousely distributed, incoherent nano-dispersoids act as thermodynamically stable
obstacles to dislocation movement [21,22|. The microstructure of those ODS alloys are
shown in Fig. 9 taken at Mag 1000 x with an optical microscope (Olvmpus DP50) af-
ter etching with a V2A solution for about 30 seconds. In Fig. 10 SEM images of both
ODS alloys are shown taken at Mag 3000 x. Their creep resistance is achieved from a
combination of factors including the dispersion of these small oxide particles 20-50 nm in

diameter, primarily Yttrium oxide (Y,03) particles |23].
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(a) (b)

Fig. 90 The OM image in (a) shows the microstructure of the pre-irradiated MA956 at
Mag 1000 x,and (b) shows and overview of the pre-irradiated MA956 structure taken at
Mag 1000 x.

Fig. 10: (a) shows a SEM image of the pre-irradiated MA956 taken at Mag 3000 x. The SEM

image in (b),taken at Mag 3000 x illustrates the pre-irradiated structure of MA957.

A drawback of ODS steels are their anisotropy in mechanical properties caused by
the processing, low ductility at room temperature, difficult machining and virtually no
welding ability. Therefore, a need exists to develop techniques to produce these ODS
allovs with conventional steel processing techniques. Although these steels are still in
the development stage the preliminary results indicate superior radiation resistance at
elevated temperature. For increased efficiency of a next generation reactor, designers
require higher operating temperatures. ODS materials for structure application would

allow increasing the operating temperature to approximately 650 °C |21].
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Specimen preparation for the implantation/irradiation
All four main candidate materials (HT-9 ferritic, HT-9 tempered martensitic, MA956 and

MA967) were prepared for the irradiation and pre irradiation studies the same way:

e Firstly, cut the samples with a diamond metal bonded low speed cutting saw in

pieces of around 5 mm x 10 mm x 3 mm from the bulk material.

e Secondly, fixate the so cut samples using a low melting point mounting wax(crystal
bound) on a steel bloc and grinde with a 180, 320, 600, 800, 1200 and 2400 grit on

both sides to a thickness of around 1-2 mm.

e Thirdly, polishing on both sides with a polishing cloth and a 6 pm diamond paste

and end with a 1 gm polishing suspension.

Calculation of parameters for the irradiation with SRIM 2006

In material science research, ion beams are used to modify samples by injecting ions
to change the phyisical properties of the target for example a change in chemical and
electronic properties. The ion beam also causes damage to solid targets by atom displace-
ment. The incoming ion hits a target atom(Primary knock on PKA) and transfers parts
of its kinetic energy. This process knocks the target atom from its original lattice site and
causes further knock on atoms. The ion species determines the dimension of the cascades
produced |15]. The dose unit for this tvpe of defect is measured in dpa (displacement
per atom) and is calculated with Monte Carlo methods for example SRIM (The Stopping
and Range of Tons in Matter) [17|. Necessary information to perform a calculation with
SRIM 2006 are:

e the composition(stoichiometry) of the target material

the displacement energy of each element in each laver for every material

the density of each layver of material

the incident ion type and energy

the beam current

The composition of the target material and the kinetic energy of the incident ions deter-
mine the depth of penetration of the ions in the target. The incident ions are produced

in an ion source(eg.:source of negative ions by Cesium sputtering SNICS) and these ions
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are extracted out of the source and accelerated to a high energy. The amount of ions im-
planted can be determined by measuring the beam current (in Ampere or Coulomb/sec)

the charge state and the time the sample is exposed to the beam.
I=pA=C/s (5)

where [ is the beam current,
p is the sample density and
A is the area of the sample.
The SRIM code allows to calculate the vacancies produced per incoming ion in a detailed
calculation with full damage cascades as shown in Fig. 3. From the vacancy file gained
from the SRIM calculation the total vacancies from all element types has to be added
which leads to the equation:
vacancies

D = 6
tons * Angstrom ()

where D is the damage rate to the sample from SRIM calculation.
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Fig. 11: Calculated 3.5 MeV helium damage profile (generated vacancies/ion and thick-
ness(Angstrom)) using SRIM code by producing a relatively uniform damage profile over the

first 10 pm of the helium’s full range at 12 pm.

The dpa,,.,. calculated by

D¢
dparate _ W (7)
where ¢ is the fluence _
~ions
o 5 ()
q is the ion charge.
N is the defect number density y
N P
N= A 9)
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and M is the mass number of the sample which leads to the total dose in dpa.

dpa, e * total vacancies

N (10)

dpatotal —

For this study the following parameters for the implantation /irradiation were defined by

calculating a certain dose with SRIM and listed in Table 2. As shown in Table 2 the

Table 2: Irradiation experiments test matrix

Material Ion Energy Current Dose Depth Temperature Area  Time
|C/s| |keV] [nA|  |dpa| |pm] °C| [mm?|  |hours|

Conventional H* 750 2000 1-1.5 ~6  RT, 300, 550  1x1 25-30
materials He® 3500 150 3 ~ 6 RT 2x2 36

Advanced H* 750 2000 1-1.5 ~6  RT, 300, 550  1x1 25-30
materials He® 3500 150 3 ~ 6 RT 2x2 36

helium implantation was performed at a beam energy of 3500 keV and at a current of
150 nA to produce a near-uniform helium distribution from the surface 6 pym deep into
the material to reach a dose of 3 dpa at room temperature in 36 hours. For the proton
irradiation at room temperature an irradiation time of 30 hours was necessary to reach a
dose of 1.5 dpa at a beam energy of 600 keV and a current of 2 pA. The high temperature
experiments at 300 and 550 °C were performed at<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>