
Chapter 2
Materials

Abstract Structural materials must be able to operate under demanding exposure
conditions. For advanced nuclear plants these are temperature, radiation and
corrosive media. In principle there is no specific class of nuclear materials and the
materials under discussion are the same as the ones used also for other applica-
tions. In this chapter the classification of the materials will be made according to
their resistance to elevated and high temperatures. Specific nuclear aspects will
only be briefly considered here. Nuclear and corrosion aspects are covered in
Chaps. 5 and 6. Starting with carbon steels and low alloy steels ferritic-martensitic
steels, austenites and superalloys will be introduced. Intermetallics and nano-
featured alloys with different matrices are considered as candidates for advanced
applications. For very high temperatures and for some core internals and linings
also ceramics are introduced.

2.1 Introduction

Structural materials are often limiting obstacles for technical progress of large
machines. Reasons can either be missing properties (e.g. toughness, strength, creep
strength, corrosion resistance etc.), missing production technologies, missing
forming/joining techniques, or most important, high costs. For the current gener-
ation of nuclear light water reactors the structural materials have been well
developed over the last 50 years. For them the long-time performance under
service conditions (embrittlement, corrosion, fatigue) is of central interest.
However, operational conditions for advanced new types of nuclear plants like the
six generation IV reactors or fusion can no longer be accommodated only with
materials currently used in nuclear power plants. The demands for structural
materials increase because of more challenging exposure conditions (temperature,
dose, environment). Established metallic materials can be used for long-time
(about 100,000 h) in structural applications at temperatures up to about 950 �C.
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For higher temperatures, higher loads and longer exposure times a change to other
types of materials (ceramics) or significant improvements of metallic systems
(oxide dispersion strengthening, refractory metals, intermetallics) are required.
A major obstacle for the introduction of new materials for structural applications
are the different time frames of materials research and development and the need
of well established design data and component production routes necessary to
build new types of plants even on a prototype basis. Some non-nuclear examples
should highlight these problems: The use of ceramics or intermetallics in gas
turbines has been discussed since very many years but due to toughness problems
such concepts remained always in the experimental stage. Oxide dispersion
strengthened materials, claimed in the eighties of the last century to provide a real
step-forward in terms of allowable material temperatures never managed a break
through because they could not be formed, reliably joined and they were too
expensive. Supercritical steam turbines or coal gasification plants remained for
long time at temperatures below 620 �C which was the maximum temperature
which could be achieved with martensitic 9–12 % chromium steels. Higher
temperatures would require nickel-base alloys which were considered for long
time as being too expensive for these applications. But even for materials which
could be successfully implemented the time from basic research to machine is
typically 20–30 years as shown in Fig. 2.1.

The performance of materials used for current light water reactors is well
established because also a 50 years operation experience exists which led to an
ongoing improvement and optimization of the technical solutions. The introduc-
tion of new materials for nuclear applications suffers also from the stringent but
necessary demands on safety and operational limitations. So called ‘‘rainbow-
tests’’ where different prototypes of components or technical solutions are built
into a machine to study it’s in-plant behavior for short time cannot easily be
performed in a nuclear power plant. Additionally, any safety assessment, necessary
for the approval of authorities, needs a technically sound basis which can only be
provided in extended and expensive testing outside of the final application.

These different safety demands and the difficulty that changes have to undergo
lengthy permit procedures are eventually one of the reasons why the communica-
tion between the nuclear materials society and the non-nuclear materials society is
not as pronounced as it could be although the classes of materials used are more or
less the same as shown in the following Table 2.1. From this table becomes clear
that the materials considered for generation III+/IV reactors are basically the same
as for most of advanced energy applications. The main differences are chemical
environments and irradiation. Overcoming all these demands and limitations needs
a thorough understanding of the materials and its properties which are based on
elementary things like crystal structure, type and behavior of crystal defects etc.
In the following the most important classes of structural materials for nuclear
applications shall be introduced together with some basic materials properties.
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2.2 Basics

It is the aim of this section to introduce the most important features with respect to
materials behaviour and materials damage. It is not considered to provide a
thorough introduction into these subjects. For that we have to refer to the high
number of excellent textbooks on physical metallurgy, materials science and
crystallography like [3, 4]. This section here should help the reader who is not
familiar with these topics to understand the reasons for materials degradation
under conditions occurring in current and in advanced nuclear plants.

Structural materials consist of crystals which are based on regular arrangements
of atoms in a crystal lattice. Metals and alloys are usually built up by many crystals
which are called� grains�. The boundaries between grains are called� grain-
boundaries � and the average size of grains is called � grain-size �. The basic
behaviour of a crystal lattice is often studied with single crystals consisting of one
grain only. Single crystals are of importance for the study of elementary properties.
Technically, large and complex shaped components are difficult to be produced as
single crystals. One exception are single crystalline nickel-base superalloys which
are extremely temperature and stress resistant metallic materials. They are used as

Fig. 2.1 The different steps of materials implementation, adapted from [1]
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blades in gas-turbines and jet engines. Important materials properties are deter-
mined by crystal defects. It is discriminated between

• point defects (vacancies, interstitials)
• linear defects (dislocations)
• planar defects (stacking faults, antiphase boundaries)
• grain boundaries.

Point defects are of utmost importance for the understanding of irradiation
damage and thermal properties. Movement of dislocations, glide planes, slip lines
etc. describe plastic deformation and they are therefore a key to the understanding of
irradiation induced changes in mechanical properties. Planar defects can be formed
during deformation e.g. by cutting of particles and they are therefore also important
for the understanding of mechanical properties. Grain boundaries are locations to
which impurities can diffuse or where phases preferentially precipitate. They can be
preferentially attacked by corrosiove environment leading to corrosion damage.

Many properties, particularly of metals and alloys, depend on the chemical
composition. Phase diagrams tell us what phases are formed depending on tem-
perature and chemical composition. Although binary phase diagrams can only map a
portion of the microstructure of a complex alloy they give important insight into it.

2.2.1 Point Defects

Figure 2.2 illustrates different types of point defects. Point defects occur when an
atom is missing or when it is in an irregular place in the lattice structure.

Self interstitial atoms sit on inter-lattice sites and they occur usually only in low
concentrations in metals because they distort and highly stress the lattice structure.
They mostly occur in a form that two atoms share the same lattice site (Fig. 2.3).
Vacancies are empty spaces where an atom is missing. They commonly occur,
especially under irradiation conditions or at high temperatures when atoms fre-
quently and randomly change their positions leaving behind empty lattice sites.
Vacancy-interstitial pairs, so called � Frenkel Defects �, are formed during
irradiation with energetic particles like neutrons or ions. When an atom is dis-
placed from its lattice site by the particle it occupies an inter-lattice position and a
vacancy-interstitial pair remains as shown in Fig. 2.4. Vacancies and interstitials
can annihilate, the can move to sinks or they can form clusters (vacancy cluster,
interstitial cluster) which are particularly important for mechanical properties of
irradiated materials (e.g. irradiation hardening). Further reactions of point defects
created under irradiation will be discussed in Chap. 5.

An interstitial impurity is a small atom like e.g. hydrogen occupying an
interstitial lattice position. An important example of interstitial impurity atoms are
the carbon atoms in steels. Carbon atoms, with a radius of 0.071 nm, fit nicely in
the open spaces between the larger (0.124 nm) iron atoms.
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Fig. 2.2 Different point
defects

Fig. 2.3 Self-interstitial in
body centered cubic lattice in
dumbbell configuration. Left
side regular lattice, right side
lattice with interstitial

Fig. 2.4 Frenkel pair
consisting of a vacancy-
interstitial pair which are
simultaneously created
(e.g. by energy transfer from
an energetic particle like a
neutron)
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A substitutional impurity atom is an atom of a different type than the bulk atoms,
which has replaced one of the bulk atoms in the lattice. Substitutional impurity
atoms are usually close in size (within approximately 15 %) to the bulk atom.

2.2.2 Linear Defects

Already in the first half of the last century it was found that:

• The stress required to plastically deform a crystal is much less than the stress
one calculates from considering a defect-free crystal structure

and

• Deformation of a metal subsequent to a prior plastic deformation can require
more stress for further plastic deformation (work hardening).

This led to the introduction of crystal defects explaining plastic deformation
which were called ‘‘dislocations’’. A missing half of a plane in a lattice creates a
line-type defect around which the lattice is highly distorted. Such type of defect is
called ‘‘edge dislocation’’. The Burgers vector b of a dislocation is a crystal vector,
that quantifies the difference between the distorted lattice around the dislocation
and the perfect lattice. It is therefore usually a lattice vector. There are two basic
types of dislocations: The edge dislocation and the screw dislocation. The two
types are shown in Fig. 2.5. The Burgers vector is perpendicular to the dislocation
line for an edge dislocation and it is parallel to the dislocation line for a screw
dislocation. Dislocations can move under an applied load in so called slip planes as
shown in Fig. 2.5 and in more detail for an edge dislocation in Fig. 2.6. These
Figures illustrate the action of dislocations as follows:

Reaching the final stage of a sheared crystal (Fig. 2.6 right) without a dislo-
cation would require all atomic bonds in the glide-plane to be opened up at one
time which needs a very high shear stress. Reaching the same sheared final stage of
the crystal with a dislocation needs only opening the bonds adjacent to the dis-
location line leading to movement of the dislocation. Under these cirumstances a
much lower shear stress is required for plastic deformation of the crystal.

Screw- and edge dislocations are the two basic types of dislocation lines.
A dislocation line in a real lattice contains screw- and edge parts. Dislocations can also
move from one glide-plane to a parallel one by cross slip (Fig. 2.7). The whole
understanding of inelastic deformation (including creep), hardening and embrittle-
ment is based on questions concerning the interactions of dislocations with existing or
created obstacles. At elevated temperatures dislocations can climb over obstacles like
particles when diffusion can happen. This will be discussed in more detail later.

The answer to the second question asked at the beginning of this subsection: i.e.
why does deformation of a metal subsequent to a prior plastic deformation require
more stress for further plastic deformation (work hardening) needs still to be
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Fig. 2.6 Movement of an edge-dislocation through a crystal. Only the bonds adjacent to the
dislocation must be broken up to shear the material. This means that the shear stress is lower than
if several bonds in the glide plane had to be simultaneously broken. (source [5])

Fig. 2.5 Edge dislocation and screw dislocation and its movement through the crystal sources:
http://en.wikipedia.org/wiki/Dislocation and [5]
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considered. Higher dislocation density increases yield strength and causes work
hardening of metals. This requires an increase in dislocations density or disloca-
tion multiplication. The Frank-Read Source [6] (Fig. 2.8) is a mechanism to
explain this phenomenon. Consider a straight dislocation in a crystal slip plane
with its two ends, A and B, pinned (Position 0). If a shear stress s is exerted on the
slip plane then a force is exerted on the dislocation line as a result of the shear
stress. This force acts perpendicularly to the line, inducing the dislocation to
lengthen and curve into an arc. If the shear stress increases any further and the
dislocation passes the semicircular equilibrium state (Position 1), it will sponta-
neously continue to bend and grow, spiraling around the A and B pinning points
(Position 2). The two adjacent segmements of the highly bowed of dislocation
touch each other. Since the two line vectors at the point of contact have opposite
signs, the segments in contact will annihilate each other (Position 3). A dislocation
loop and again a dislocation pinned at A and B will form (Position 0). The loop
moves further trough the crystal and interacts with other dislocations or grain
boundaries. The newly formed line between A and B undergoes now the same
process as just described and so on which leads to an increase of the dislocation
density (Fig. 2.8).

2.2.3 Planar Defects

Planar defects are:

• stacking faults
• antiphase boundaries
• grain boundaries.

Fig. 2.7 Cross slip happens when an additional glide plane (cross-slip plane) can become active
(after [5])
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They are shown as sketches in Fig. 2.9.
Stacking faults are formed when the stacking sequence of crystallographic

planes is disturbed. Figure 2.9a shows a case in which the sequence CBAC-
BACBA is changed to CBACACCBA. These interruptions of the stacking
sequence carry a certain stacking fault energy. Reasons for the development of
stacking faults can be the split of dislocations into partial dislocations [7] or
formation of dislocations loops.

Besides planar stacking faults also (3-dimensional) stacking fault tetraheda
exist. They can also be created by irradiation (see e.g. [8] and Fig. 2.10). Stacking
fault tetrahedra are at a first glance a peculiar shape of defects, but they are a more
common type of vacancy clustered defects than simple planar shape dislocation

Fig. 2.8 Dislocation creation by a Frank-Read source. Under an acting shear stress s the
dislocation line AB starts to bow until a dislocation loop and again a dislocation line AB are
formed. Further information is given in the text [6]

Fig. 2.9 Different types of planar defects. At a stacking fault the stacking sequence is disturbed.
In an ordered lattice such a disturbance can create an antiphase boundary. Grain boundaries are
the areas where different crystals grow together
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loops (see e.g. [9] for more details). Such tetraheda can interact with dislocations
leading to an increase in yield stress which will be discussed in another section.

The antiphase boundary (Fig. 2.9b) has similarities with the stacking fault. It
can be considered as some stacking fault in an ordered crystal layer like an
intermetallic phase. In such a case a change in stacking sequence means also a
change in the periodic arrangement of the different atoms. The micrograph shown
in Fig. 2.11 shows planar defects in a c0 hardening nickelbase superalloy. Particles
are cut by dislocations creating antiphase boundaries and stacking faults which are
visible as fringe contrast in the micrograph.

Agglomeration of point defects leads to dislocation loops (Fig. 2.12). Dislo-
cation loops as shown in Fig. 2.12 are formed by agglomeration of interstitials
leading to an interstitial type of loops whereas an agglomeration of vacancies leads
to a vacancy type of loop. Loops are surrounded by dislocations with certain
Burgers vector. The plane of the loop is called habit plane. Dislocation loops can
impede the movement of dislocations leading to hardening and consequently often
to embrittlement. Figure 2.13 shows two transmission electron micrographs of
dislocation loops in an oxide dispersion strengthened ferritic steel after helium
implantation.

Grain boundaries which are the border between the crystals (Fig. 2.9c) are also
classified as planar defects. They play a very important role with respect to materials
degradation and also with respect to irradiation damage as we will see later.

2.2.4 Diffusion Processes

Processes in solids are governed by laws of thermodynamics and kinetics.
Thermodynamics tells if a process can occur and what is the driving force behind
it. The laws of kinetics describe how quickly reactions or processes happen. Gibbs
energy (also referred to as G) is the chemical potential that is minimized when a
system reaches equilibrium at constant pressure and temperature. The relation

Fig. 2.10 Irradiation induced
stacking fault tetraheda in
copper irradiated at room
temperature at a dose of
0.046 dpa (replotted from [8])
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between the thermodynamic state variables Enthalpy H, Entropy S, Gibbs energy
G and the temperature is given as

G ¼ H� T:S ð2:1Þ

This relationship is important for phase diagrams introduced in the following
section.

Let DG be the difference of G between two states which drives the reaction and
DGa the activation energy which must be overcome that the process can happen.

Fig. 2.12 Dislocation loops
interstitial type (a), vacancy
type (b)

Fig. 2.11 Planar defects (antiphase-boundaries/stacking faults) in a nickel-base superalloy
visible as fringe patterns in a TEM micrograph
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The reaction speed, r, giving the reacted mass per unit time can be written as a
thermally activated process:

r�ðDGÞk:e�
DGa
R:T ð2:2Þ

where:
1 B k
R Gas Constant
T Temperature (in K)

Relation 2.2 can be applied to atoms or mol leading to:

r ¼ r0:e
�DG

ðatomÞ
a
R:T or r ¼ r0:e

�DG
ðmolÞ
a

R:T ð2:3Þ

Atoms can move (diffuse) through the lattice provided that there is a space
where they can move to and that the atoms have enough energy (activation energy)
to break the bonds to move to this site. Increasing temperature or collisions of
lattice atoms with energetic particles (radiation damage) increase the energy of
atoms and therefore the probability to move to other lattice positions. Two main
types of lattice diffusion can occur:

• Interstitial diffusion (Fig. 2.14)
• Substitutional diffusion (Fig. 2.15)

In a metal the interstitial atoms can either be identical with the base metal (self
interstitials) or they can be small impurity atoms like: hydrogen, oxygen, nitrogen,
carbon, boron, sulphur. Interstitial diffusion can easily occur because the atom has to
move only to the next free interstitial site. As usually the interstitial atoms occur with
low density only the probability that a next interstitial site is already occupied is very

Fig. 2.13 Dislocation loops in an oxide dispersion strengthened ferritic steel after helium
implantation
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low. Regular diffusion needs movement of vacancies. Also this type of diffusion can
happen with base-metal atoms (lattice self diffusion) or with foreign atoms.

Diffusion is mainly governed by the jumping frequency of atoms. In case of
interstitial diffusion which needs only a vacant interstitial site to occur the jumping
frequency Ci is related to the temperature according to Eq. (2.4)

Ci� e
�DGa

S
R:T ð2:4Þ

with DGa
S activation enthalpy/mol of a jump.

Lattice diffusion can only happen when a vacancy adjacent to the atom is
available. The jumping frequency is

Ci� xve
�DGa

S
R:T ð2:5Þ

with xv equilibrum concentration of vacancies.
The jumping frequency increases when a high number of point defects (as

during irradiation with energetic particles) is present which will be discussed in the
irradiation damage section more in detail.

The movement of atoms through the lattice is equivalent to the transport of
matter. When two solid phases are in contact and the temperature is high enough
the mass transport can lead to a volume increase of one phase and consequently to
a volume decrease of the other phase. This so called Kirkendall effect [10] which
describes matter transport in solids due to diffusion is an experimental proof for the
occurrence of matter diffusion.

But also diffusion of point defects to sinks leads to mass transport. This phe-
nomenon which plays an important role for irradiation induced materials transport
like radiation induced segregation is called inverse Kirkendall effect it will also be
discussed in the irradiation damage section.

Fig. 2.15 Movement of an
regular atom through the
lattice (top) and schematic of
the free activation enthalpy of
the jump(bottom)

Fig. 2.14 Movement of an
interstitial atom through the
lattice (top) and schematic of
the free activation enthalpy of
the jump(bottom)
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The flux J (atoms/[unit area . time] or mass/[unit area . time]) of one of the
components, at a given time, and any point along the profile, may be written as:

J ¼ �D
oc

ox
ð2:6Þ

where c is the concentration D is a constant known as the diffusivity or the diffusion
coefficient (length2/time). This differential equation is referred to as Fick’s First
Law.

The evolution of concentration with both time and distance along the couple is
described by Fick’s Second Law:

oc

ot
¼ � oJ

ox
¼ D

o2c

ox2
ð2:7Þ

where the concentration is expressed as a function of distance and time, c(x, t).
Diffusion can be influenced by lattice defects like dislocations or grain boundaries.
Dislocations are linear defects and diffusion is enhanced along the core of a
dislocations (pipe diffusion). Diffusion is also enhanced along grain boundaries
(grain boundary diffusion) which is an important process for thermal creep as
discussed in Chap. 4.

2.2.5 Binary Phase Diagrams

The phase diagram shows the equilibrium states of a mixture. It allows to deter-
mine which phases will be formed at a certain temperature and composition. The
main theory behind phase diagrams is based around the latent heat that is evolved
when a mixture is cooled, and changes phase. This means that by plotting graphs
of temperature against time for a variety of different compositions, it should be
possible to see at what temperatures the different phases form. A schematic of a
typical simple binary phase diagram is shown in Fig. 2.16.

Fig. 2.16 Typical binary
phase diagram
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L stands for liquid, and A and B are the two components and a and b are two
solid phases rich in A and B respectively. The liquidus lines represent the
boundaries under which everything becomes liquid, whereas the solidus lines
represent the boundaries under where the alloy is solid when cooling down from
the melt. There are also lines for the solidified material along which phase tran-
sitions occur. A eutectic system is a mixture of chemical compounds or elements
that has a single chemical composition that solidifies at a lower temperature than
any other composition. This composition is known as the eutectic composition and
the temperature is known as the eutectic temperature. Eutectic phases can also
form in the solid state. They are called eutectoids.

It is also important to determine the amount of phases which is formed when
cooling down. The lever rule is a tool used to determine weight percentages of
each phase of a binary equilibrium phase diagram. As first step the ‘‘tie-line’’ for
the temperature of interest must be drawn. This is a line parallel to the composition
axis drawn at the temperature of interest. The percent weight of element B at the
liquidus is given by wl and the percent weight of element B at the solidus is given
by ws. The percent weight of solid and liquid can then be calculated using the
following lever rule equations:

Percent weight of the solid phase, Xs:

Xs ¼
w0 � wl

ws � wl
ð2:8Þ

Percent weight of the liquid phase, Xl:

Xl ¼
ws � w0

ws � wl
ð2:9Þ

where wo is the percent weight of element B for the given composition. The lever
rule remains also valid for determination of weight fractions of phases in the solid
state. Alloys are usually mixtures of more than two elements. Phase diagrams can
also be determined for three constituents (ternery phase diagram) as shown for an
austenitic Fe–Ni-Cr steel (Fig. 2.17). They are usually drawn at certain tempera-
tures. For a detailed introduction into phase diagrams we refer to the excellent
web-textbook of the University Cambridge [12] or to other literature [13–15].

An essential point to remember is that both, the theory and the experiments to
construct phase diagrams rely on the assumption that the system is in equilibrium,
which is rarely the case, as this only occurs properly when the system is cooled
very slowly. In order to reach full equilibrium, the solute in the solid phases must
stay completely uniform throughout the cooling. However, in most systems, if the
system is not cooled quickly, the phase diagram will give fairly accurate results.
In addition, near the eutectic, the results become even closer to the phase diagram,
as the liquid solidifies at nearly the same time. Segregations and phase formations
in alloys after long-time exposure to elevated temperatures are a result of not
reaching an equilibrium in the solid state at room temperature. The non equilib-
rium conditions can sometimes be of benefit however, as microstructures at higher
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temperatures in phase diagrams may sometimes be preserved to lower tempera-
tures by fast cooling, i.e. quenching, or unstable microstructures may occur during
fast cooling which can be useful when hardening an alloy.

2.3 Classes of Materials for Nuclear Applications

For structural nuclear applications basically the following classes of materials are
considered:

• metals and alloys
• intermetallics
• ceramics (bulk and fiber reinforced)
• Layered structures

Steels, superalloys, oxide dispersion strengthened steels/superalloys, refractory
alloys belong to the metals and alloys class, aluminides are important interme-
tallics, graphite, carbon, silicon carbide and oxides (like zirconia) are the main
ceramics discussed. Several deposited layers to prevent corrosion attack are con-
sidered for advanced nuclear reactors like the lead cooled fast reactor, the
supercritical water reactor or the molten salt reactor.

Current nuclear power plants employ mainly low alloy steels, austenitic steels
and superalloys as structural parts and zirconium based alloys as fuel cladding. The
main reason for this choice are the strength/toughness requirements for the pressure
boundaries, good liquid corrosion resistance and neutronics. The demands coming
from new nuclear plants need structural materials with better performance at higher
temperatures and higher doses in environments different from water. Finally, or

Fig. 2.17 Ternery Fe–Ni-Cr
diagram at 900 �C (with
permission of ASM [11])
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even primarily all improvements have to be made at affordable costs. These very
demanding requirements cannot be achieved with one specific material but several
classes of materials tuned to the local conditions in the plant must be considered.
However, it must be mentioned that nuclear materials development is not an iso-
lated branch of materials research. Almost all materials which we will consider now
are needed also in other, non-nuclear, energy related applications like gas-turbines,
steam-turbines, boilers, coal-gasification plants or solar thermal plants.

The main driving forces for the development of structural materials for nuclear
applications are radiation resistance (embrittlement and swelling) and the perfor-
mance at elevated to high temperatures where time dependent effects become
important. In this chapter the materials shall be developed according to its high
temperature properties. Radiation induced limitations will mainly be discussed in
the radiation damage section.

High temperature strength depends on the class of materials as illustrated with an
example shown in Fig. 2.18. Two mechanical properties are primary of concern:
yield strength and creep rupture strength (see Chap. 4). Yield strength and 104 h
creep rupture strength (see also Chap. 4) are plotted as a function of temperature.
It can be seen that systematically the high-temperature strength properties increase
from ferritic steels through austenitic steels to nickel-based superalloys.

Possibilities to improve performance of structural materials for advanced
(nuclear) applications are as follows:

• changing composition or matrix/base metal
• creating obstacles for dislocation movement by alloy composition (precipitates)

Fig. 2.18 Comparison of yield strengths and stress rupture properties of ferritic steels, austenitic
steels and nickel based superalloy [16, 17]
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• introducing obstacles for dislocation movement from outside (dispersoids)
• changing from metallic systems to ceramic systems

Drawbacks like missing toughness, missing corrosion properties, missing
forming/shaping or welding possibilities and high production costs are main reasons
why the introduction of advanced materials proceeds very slowly and is sometimes
even stopped. Figure 2.19 gives a schematic classification of the different classes of
materials with respect to its high temperature performance. Besides good high
temperature strength materials for advanced nuclear plants are also expected to have
a high radiation resistance. Figure 2.20 compares the temperature and radiation
damage conditions in different current and advanced nuclear technologies. The term
displacement damage and the unit ‘‘dpa’’ are explained in Chap. 5. Often a
discrepancy between good high temperature strength and irradiation resistance of

Fig. 2.19 Possibilities to increase high temperature strength of structural materials

Fig. 2.20 Expected radiation
damage and operation
temperatures of different
advanced nuclear plants
(source [18])
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materials exist. The current chapter will mainly deal with thermal properties of the
different classes of materials as already mentioned. The scheme shown in Fig. 2.19
shall be further explored and the different classes of materials will be discussed.
Production related aspects are deeper considered in Chap. 3.

2.3.1 Steels

Steels have been the most important structural materials since long time and they
will remain the most important structural material also for advanced nuclear
plants. The basis for steels is the iron-carbon phase diagram which is shown in
Fig. 2.21. The specific properties of the different classes of steels are a result of the
carbon content, alloying elements and heat treatment. The following short
description follows the introduction given in the literature [19].

The steel portion of the metastable Fe–C phase diagram (0–2.08 wt. % C) can
be subdivided into three regions:

• hypoeutectoid (0 \ wt. % C \ 0.68 wt. %)
• eutectoid (C = 0.68 wt. %)
• hypereutectoid (0.68 \ wt. % C \ 2.08 wt. %).

Fig. 2.21 Binary iron-carbon phase-diagram
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The cast iron portion of the Fe–C phase diagram covers the range between 2.08
and 6.67 wt. % C. Cooling down from the melting temperature of iron (1,538 �C)
d-ferrite, which is a solid solution of carbon in iron, is formed. The maximum
concentration of carbon in d-ferrite is 0.09 % (at 1493 �C). Its crystal structure is
body centered cubic (bcc).

Cooling further down the following phases are obtained (from low carbon side
to high carbon side):

• Austenite—which is an interstitial solid solution of carbon in c-iron. Austenite
has a face centered cubic crystal structure (fcc). In austenite the carbon con-
centration can reach up to 2.06 wt. % (at 1,147 �C).

• Liquid phase plus austenite
• Liquid phase plus cementite; cementite is an iron carbide with the formula Fe3C.

It has an orthorombic crystal structure. It is a hard, brittle (ceramic) material.
• At 1,147 �C the eutectic point is reached where austenite and cementite are

formed.

Below 738 �C austenite is no longer stable. At this temperature a eutectoid
(solid–solid) is formed consisting of ferrite and cementite. At very low carbon
contents (max. 0.025 wt. % at 738 �C) ferritic a-iron is obtained. The much larger
phase field of gamma-iron (austenite) compared with that of alpha-iron (ferrite)
indicates clearly the considerably grater solubility of carbon in gamma-iron
(austenite), the maximum value being 2.08 wt. % at 1,154 �C. The iron-carbon
binary system shows the following critical temperatures:

• Upper critical temperature (point) A3 is the temperature, below which ferrite
starts to form as a result of ejection from austenite in the hypo-eutectoid alloys.

• Upper critical temperature (point) ACM is the temperature, below which
cementite starts to form as a result of ejection from austenite in the hypereu-
tectoid alloys.

• Lower critical temperature (point) A1 is the temperature of the austenite-to-
pearlite eutectoid transformation. Below this temperature austenite does not exist.

• Magnetic transformation temperature A2 is the temperature below which a-
ferrite is ferromagnetic

At room temperature the following phases are found additionally to a-iron:
Cementite, pearlite and ledeburite

Ledeburite is the eutectic mixture of austenite and cementite. It contains 4.3 %
Carbon and represents the eutectic of cast iron. Ledeburite exists when the carbon
content is greater than 2 %, which represents the dividing line on the equilibrium
diagram between steel and cast iron.

Pearlite is the eutectoid mixture containing 0.83 % Carbon and is formed at
727 �C on very slow cooling. It is very fine platelike or lamellar mixture of ferrite
and cementite. The structure of pearlite (Fig. 2.22) shows the ferritic matrix which
also includes thin plates of cementite (see also [26]).

In summary can be concluded that the vast majority of steels rely on just two
allotropes of iron: (1) alpha-iron, which is body-centered cubic (bcc) ferrite, and
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(2) gamma-iron, which is face-centered cubic (fcc) austenite. At ambient pressure,
bcc ferrite is stable from all temperatures up to 912 �C (the A3 point), when it
transforms into FCC austenite.

It can be seen, that below about 740 �C no austenitic phase exists. At room
temperature ferrite and iron carbide (cementite) are expected. This brief descrip-
tion of the iron-carbon phase diagram should be sufficient for the understanding of
steels for nuclear applications. For a more detailed description of the iron-carbon
diagram we have to refer to other literature or textbooks e.g. [21].

From the binary iron-carbon phase diagram it is not possible to get information
about how austenitic steels or martensitic steels can be produced. This needs
additional alloying elements and heat treatments.

The austenitic matrix can be stabilized at room temperature by adding alloying
elements like chromium, nickel or molybdenum. A very important representation
of the conditions under which austenite is stable is the ‘‘Schaeffler Diagram’’ [22]
which is shown in Fig. 2.23. It shows the tendency for formation of austenite,
ferrite, martensite and it’s mixtures as a function of chromium equivalent and
nickel eqivalent. The chromium equivalent is the sum of ferrite forming elements;
nickel is an austenite former. The Schaeffler diagram is also very important with
respect to weldments, to obtain the required microstructure in the area of the weld.

After this brief discussion of compositions under which austenite can be
formed, we have to address the question of formation of martensite. For this
purpose phase transformation diagrams have to be visited. There are two main
types of transformation diagrams that are helpful in selecting the optimum steel
and processing route to achieve a given set of properties. These are time–tem-
perature transformation (TTT) and continuous cooling transformation (CCT)
diagrams [24]. CCT diagrams are generally more appropriate for engineering
applications as components are cooled (air cooled, furnace cooled, quenched etc.)
from a processing temperature which is more economic than transferring them to a
separate furnace for an isothermal treatment.

Fig. 2.22 Pearlitic structure
(source [20])
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A time–temperature transformation (TTT) diagram is obtained when the steel is
cooled down from the austenitization temperature to a lower temperature which is
kept constant. The rate of transformation at this temperature can now be measured
e.g. with a dilatometer. Such diagrams are important to determine what happens
during thermal treatment.

In contrast to the TTT provides the continuous cooling transformation (CCT)
the basis for determination of the extent of transformation as a function of time for
a continuously decreasing temperature. In other words a sample is austenitized and
then cooled at a predetermined rate and the degree of transformation is measured,
for example by dilatometry. These results are important to determine the local
microstructure of a component in dependence of local cooling rate (e.g. during
quenching of large components).

Figure 2.24 shows a typical CCT-diagram for steel. The cooling line refers to
intermediate cooling rate. Under the shown conditions the formation of a bainitic
structure can be expected. Quenching down from the austenitization temperature
leads to martensite, whereas slow down-cooling leads to ferritic/pearlitic micro-
structure. The CCT-diagram is very important for the assessment of microstructure
developing during heat treatment of a component. Cooling rates at the surface of a
component are faster than the ones in the center. This means that e.g. a martensitic

Fig. 2.23 Schaeffler Diagram (replotted from [23])
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microstructure can develop at the surface whereas a bainitic-pearlitic structure
develops in the center which also means that different mechanical properties exist
in such a component. This can be illustrated with results from plates of a reference
material for a reactor pressure vessel steel (JRQ) where almost 20 % higher yield
stress was measured at the surface compared with the interior of the plate [25] as
shown in Table 2.2.

Diagrams mapping the development of phases with time of thermal exposure
are also often referred to as ‘‘time–temperature-phase’’ (TTP)—diagrams. The
microstructure of pearlite has been shown already in Fig. 2.22. Microstructures of
bainite and martensite are mainly governed by the response of the carbon atoms. If
there is enough time for diffusion of carbon a pearlitic structure can be developed.
If there is not enough time for diffusion cooling down happens without the loss of
carbon atoms into cementite and ferrite. Instead, the carbon is retained in the iron
crystal structure, which is stretched slightly so that it is no longer cubic. The face
centered cubic lattice of austenite is distored into the body centered tetragonal
structure which is called martensite During a subsequent heat treatment

Fig. 2.24 Typical CCT-
diagram for steel. An
intermediate cooling rate
leads to bainitic structure.
Quenching would lead to
martensite and slow cooling
would lead to ferritic-pearlitic
structure (after [24]

Table 2.2 Dependence of tensile data from location in the forging for a typical RPV steel;t
designates the thickness of the forging

Location Yield strength
[MPa]

Tensile strength
[MPa]

Elongation[%] Reduction of
area [%]

Top 0/4t 564 688 26 82
Top 1/4t 487 635 25 77
Top 2/4 482 630 24 77
Bottom 0/4t 548 678 27 81
Bottom 1/4t 467 624 27 76
Bottom 2/4t 465 611 27 77

In the outer part (top, bottom 0/4t) the material is stronger as a result of faster cooling rates [25]
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(tempering) the distortion can be slightly released and also some carbides are
precipitated (tempered martensite) (Fig. 2.25).

Bainite shows a lamellar structure, which has from the morphology some
similarities with martensite. Bainite commonly consists of ferrite, carbide, and
retained austenite. In these cases it is similar in constitution to pearlite, but with the
ferrite forming by a displacive mechanism similar to martensite formation, usually
followed by precipitation of carbides from the supersaturated ferrite or austenite.
The fact that the different microstructures possess different properties is techni-
cally very important. Steels can be optimized for different properties by chemical
composition and heat treatment. The chemical compositions and designations of
ferritic-martensitic steels for structural applications is shown in Table 2.3. In this
table not only commercial grades were listed but also steels which are still in
development or available as experimental batches only. It can be seen that different
classes concerning chromium content exist:

• Carbon steels
• Low chromium (2–3 %) chromium steels
• 9–12 % Cr steels

Chromium contents above 12 % also exist as being discussed for dispersion
strengthened steels later.

High strength, high toughness and good weldability are requirements for reactor
pressure vessels. As the pressure vessel material temperature in light water reac-
tors remains limited to below 320 �C high temperature strength is not a require-
ment and low-alloy ferritic and bainitic steels such as A533B (nominally
Fe-1.25Mn-0.5Ni-0.5Mo-0.2C, see Table 2.3) are used for the pressure boundary
components.

For advanced reactors as proposed by GEN IV higher vessel or pressure vessel
temperatures are envisaged requiring improved high temperature strength. The
ferritic/bainitic 2 1/4 Cr 1Mo steel which has more alloying elements would be a
candidate material which is in fact used as the RPV material for the Japanese gas
cooled reactor HTTR. But also this steel could not be used without limitations for
temperatures envisaged for a hot vessel of a very high temperature reactor. This is
only possible with advanced martensitic steels like Grade 91 (see Fig. 2.26 [29]).

Fig. 2.25 Different types of
steel developing as a result of
different cooling rates.
(a) (lower)bainite (Source:
[27]). (b) martensite (Source:
[28])
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2.3.1.1 9–12 % Chromium Steels

Best high temperature strength in the class of 2–12 % chromium steels possess
the martensitic 9–12 % chromium steels. This class of steels belong due to its
superior strength, creep rupture strength and radiation properties (discussed later)
to the most important type of materials for future nuclear plants. The fact that it
is iron based and therefore not too expensive (compared with nickel based
alloys) makes it also very attractive for non-nuclear components acting at ele-
vated temperatures (e.g. coal gasification, supercritical steam turbines). As a
result of extended research and development the stress rupture properties of the
class of martensitic 9–12 % chromium steels could be significantly improved.
This class of materials has been extensively reviewed in the literature particu-
larly with respect to nuclear applications in [30, 31] High-chromium (9–12 %
Cr) ferritic/martensitic steels were first considered for elevated-temperature in-
core applications (cladding, wrappers, and ducts) for fast reactors in the 1970s,
because of their excellent thermal properties and irradiation resistance (low
swelling) relative to austenitic stainless steels. Sandvik HT9, nominally Fe-12Cr-
1Mo0.5 W-0.5Ni-0.25 V-0.2C which was developed in Europe in the 1960s for
the power-generation industry, was chosen as the material for fast reactor pro-
grams in several countries. A large amount of information was generated in the
respective nuclear programs on the properties of these steels before and after irra-
diation. When ferritic/martensitic steels were considered as structural materials for
fusion reactors in the late 1970s, Sandvik HT9 was the first one considered in the
U.S., in Europe and Japan. In the mid-1980s, the idea of low-activation materials
was introduced into the international fusion programs. The objective was to build
plants from materials that would either not become active when irradiated by
neutrons or, if activated, develop low-level radiation or the radioactivity would
decay quickly, allowing for improved safety of operation as well as hands-on
maintenance. Truly ‘‘low-activation’’ steels defined in this way are not possible,
because they are limited by the decay of the products from transmutation of iron
atoms. ‘‘Reduced-activation’’ steels, where the activity decays in a relatively short

Fig. 2.26 Design stresses for
different pressure vessel
steels: carbon steel, low alloy
steel, martensitic 9 % Cr
steel. Allowable stress means
that for these stresses the
materials can be used at the
respective temperatures for a
design life of 3 9 105 h [29].
Details about establishing
such curves are given in
Chap. 8
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time, thus allowing for shallow land burial, as opposed to deep geological storage,
were considered possible, and their development was pursued.

Due to its importance for technical applications we would like to mention the
most important development steps of this class of steels following a very sub-
stantial overview over the class of ferritic-martensitic steels [31]. Generally, the
microstructures of the 9 and 12 % Cr steels are designed by balancing austenite
and ferrite stabilizers to produce 100 % austenite during austenitization and 100 %
martensite during a normalizing (air cooling) or quenching treatment following
austenitization. In some 12 % Cr-steels a small amount of d-ferrite may be present.
Some duplex steels containing martensite and d-ferrite have been developed and
used. The steel T91 has been used most extensively in power-generation industry
throughout the world [32–34]. This grade is also considered as a candidate for
generation IV fission plants in different applications. There exist also newer grades
like Grade 92 or E911. They were developed and introduced in the 1990s for
620 �C operation with 105 h creep rupture strengths at 600 �C of 140 MPa.
Further developments like the SAVE 12 or NF 12 were intended to raise the
operating temperature up to 650 �C which can be considered as the maximum
temperature which can be reached with this class of materials due to the thermal
stability of the martensite. These developments were mainly triggered by the fossil

Fig. 2.27 Development of maximum service temperature and 105 h creep rupture strength of 9–
12 % Cr steels over the years. Grade 91 steel is currently considered as a candidate for nuclear
applications including reactor pressure vessel of a very high temperature reactor (VHTR) or gas
cooled fast reactor (GFR) (after[31])
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industry (e.g. coal gasification). Figure 2.27 shows the improvements of the creep
rupture strength at the related maximum temperatures. The left scale refers to the
stress corresponding with 105 h rupture life. The right scale refers to the related
temperature. The martensitic steel qualities available until 1960 allowed only
stresses of 40 MPa at a maximum temperature of 530 �C. Currently, at about
650 �C the 105 h can be reached with a stress of 180 MPa which is a significant
improvement. These improvements could be achieved by a careful balance of
alloying elements which have an influence on microstructure and microstructural
stability.

Effect of Carbon and Nitrogen

Carbon and nitrogen are strong austenite stabilizers with a relatively large solu-
bility in austenite. They have a very small solubility in ferrite, which gives rise to
the formation of carbides, nitrides, and carbonitrides.

Effect of Chromium

Chromium is a ferrite-stabilizing element that is generally added to steels for
oxidation and corrosion resistance. Chromium reacts with carbon to form carbides
(M7 C3 and M23 C6). In steels containing nitrogen, chromium-rich M2X (Cr2N) can
also form.

Effect of Tungsten and Molybdenum

Molybdenum and tungsten are ferrite stabilizers. They played an important role in
the development of modern martensitic steels and for the development of reduced-
activation steels for fusion applications. For further information we would like to
refer to the literature [30, 31]

Effect of Vanadium and Niobium

Vanadium and niobium are strong carbide, nitride, and carbonitride formers, and
in the 9–12 Cr steels, they are expected to form MX (M stands for metal), where V
and Nb are enriched in the M, and X is either carbon, nitrogen, or a combination of
the two, resulting in carbides (MC), nitrides (MN), or carbonitrides [M(C,N)].
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Effect of Boron and Phosphorus

Boron is a surface-active element with a low solubility in ferrite, and it is often
used to increase hardenability. In many of the 9–12 % Cr steels, about 0.005–
0.01 % B is added. It has been found to segregate to the surface of the M23C6 and
decrease the rate at which the carbide can coarsen, thus stabilizing the micro-
structure, since the M23 C6 helps pin the subgrain boundaries.

Effect of Nickel, Manganese, and Cobalt

Nickel, manganese, and cobalt are austenite stabilizers. The main reason for
adding them to 12 Cr steels is to ensure 100 % austenite formation (no d-ferrite)
during the austenitization treatment, thus ensuring 100 % martensite when cooled.
Nickel and manganese have been shown to have a strong solid-solution
strengthening effect in iron.

Effect of Copper

Copper is an austenite-stabilizing element, but it is different from Ni, Mn, and Co
in that it has a low solubility in ferrite. It can remain in solution during a
normalization or quenching treatment, but it will precipitate during tempering and
aging. Copper precipitation can strengthen the steel and can play a role in the
nucleation of other phases during thermal aging or creep.

For nuclear fission applications (hot vessel for VHTR/GFR, core support
structures, claddings etc.) grade 91 is considered as the most important martensitic
steel. However, more advanced creep resistant steels are certainly candidates for
supercritical steam turbines which can be used together with advanced nuclear
reactors. These steels are commonly used in a ‘‘normalized and tempered’’ con-
dition. This heat treatment involves a solutionizing treatment (austenitizing) that
produces austenite and dissolves the carbides, followed by an air cool that trans-
forms the austenite to martensite. The austenitization plus air cool is referred to as

Fig. 2.28 Evolution of
precipitates in martensitic
steels with tempering
temperature, M stands for
metal (after[35])
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the normalization treatment. Typical normalized microstructures consist of a
martensite lath network. In commercial practice, the normalized steels are tem-
pered by heating between 650 and 780 �C. Although the microstructures after
tempering appear similar to the normalized microstructure transmission electron
microscopy shows a variation in structure, depending on the tempering conditions.
For the high-temperature tempering treatment generally used (650–780 �C) the
‘‘tempered martensite’’ consists of a ferrite matrix with carbide precipitates. These
precipitates have a strong influence on the elevated temperature properties of such
steels. Figure 2.28 shows the precipitate evolution with tempering temperature
[35]. The X indicates that carbides, nitrides or carbo-nitirides are formed. Under
certain circumstances nano-sized carbo-nitrides can be formed in martensitic steels
which can significantly improve the high temperature strength of these materials
which will be further discussed later in this chapter.

Fig. 2.29 Calculated development of dose rate at the surface of irradiated samples. Manet II,
F82H mod and EUROFER are low activation martensitic steels, EUROFER shows the lowest
activation after irradiation. (replotted after [36, 37])
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Martensitic steels are of interest also for the blanket in a fusion reactor.
Materials in a fusion reactor are exposed to very high radiation levels which cause
activation of the materials when certain elements are present as is already
discussed briefly above, which is a problem with respect to radioactive waste.
A major activity of the fusion research is therefore reduction of the alloying
elements and impurities which can be activated and to improve strength and
helium distribution by dispersoids (discussed later in this chapter). One strategy in
this respect is replacing niobium by tantalum and molybdenum by tungsten.

This led to the development of EUROFER [38] with contents of Nb, Mo, Ni,
Cu, Al and Co restricted to ppm-values. Figure 2.29 [36] shows the development
of c-radiation dose rates of different steels after neutron radiation with a spectrum
typical for a fusion reactor first wall compared with iron. It can be seen that current
qualities (EUROFER) match the disposal requirements. Introduction of disper-
soids increases also the strength of the material to acceptable levels as summarized
in [36, 37].

2.3.1.2 Bainitic Steels

The search for low activation materials had also an influence on research for
improvement of lower chromium (2–3 %) steels. This work was primarily done at
Oak Ridge [39] in connection with research on fusion materials. When the chro-
mium concentration is reduced from 9 % to 2–3 %, the tendency to form mar-
tensite (hardenability) is reduced. For a given section size, this means that for such
a steel to form martensite, it must be cooled significantly faster from the austen-
itization temperature than a 9 % Cr steel. As a result, martensite is not expected to
form in section thickness over a few millimeters. Instead, bainite forms. However,
if the section thickness is large enough or the hardenability is small enough, the
bainite will be accompanied by ferrite. Besides improvements of the 2 � Cr 1Mo
steels the 3 % chromium steels were studied. As a result of these studies, a steel
was produced with base composition nominally Fe-3.0Cr-3.0 W-0.25 V-0.10C
(3Cr-3WV). An addition of 0.07 % Ta (3Cr-3WVTa) to this base composition was
found to further improve strength and toughness. However, they were only as
experimental batches produced. (see Table 2.3 for nominal compositions).
Preliminary tests on the steel indicate that this bainitic steel develops a combi-
nation of strength and toughness that would appear to make it a suitable candidate
for pressure vessels, piping, and other pressure boundary components of Gener-
ation IV reactors. The steel is considered as a possible replacement for 2 1/4Cr-
1Mo and modified 9Cr-1Mo steels in the petrochemical and power-generation
industries. In the section sizes investigated to date, the 3Cr-3WV steel has very
high strength. Additionally, the Charpy impact toughness of the steels is as good or
better than that of A533 grade B class 1 plate (i.e. the well known PWR/BWR
pressure vessel steel). In addition to these advantages, a 3Cr-3WV-type steel
would also offer advantages for plant operation. Present A533 grade B Class 1 and
A508 Grade 2/3 Class 1 LWR vessels are clad with stainless steel to prevent
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corrosion products from contaminating the coolant. The higher chromium level of
the 3Cr-3WV makes it more corrosion resistant, perhaps allowing it to be used
without cladding. The higher chromium means the steel is also more resistant to
hydrogen embrittlement. Based on observations on various higher-alloyed ferritic
steels (e.g., 2 1/4Cr-1Mo, modified 9Cr-1Mo, Sandvik HT9) irradiated to high
doses this 3Cr-3WV steel should be highly resistant to irradiation embrittlement
compared to the current LWR steels. This might allow a reactor to be operated to a
higher fluence with a smaller coolant gap, which means a smaller-diameter vessel,
all other conditions being equal for the two steels. Because of its better elevated-
temperature properties, components could be operated at higher temperatures than
those for current LWRs, with a concomitant increase in efficiency. Furthermore,
the composition of the 3Cr-3WV steel complies with the ‘‘reduced activation’’
criteria established in the fusion program. Current reactor pressure vessel steels
contain significant amounts of radiation-sensitive elements, such as nickel and
molybdenum, which result in significant activation of the steel, and stainless steel
cladding, which results in even higher activities. Reduced-activation materials
contain only elements that, when activated during service, rapidly decay (typical
long-decay alloying elements Ni, Nb, Cu, and Mo are eliminated from the com-
position). In the fusion program, the objective for these steels is to allow shallow
land burial of components after service. Although shallow land burial of LWR
pressure vessels is already allowed (due to lower doses than a fusion plant), this
material could provide additional safety margin in that regard. Of course, fabri-
cation and irradiation effects are issues that would need to be resolved, in addition
to inclusion within design codes [40].

2.3.1.3 Austenitic Steels

The austenitic matrix can be stabilized at room temperature by additions of spe-
cific alloying elements as shown in the Scheffler Diagram (Fig. 2.23). Austenitic
steels have a face-centered cubic crystal structure and they are not magnetic.
Because of its high chromium and nickel contents these steels have superior
corrosion resistance and are therefore used in LWR environment as reactor
internals. They show also creep properties exceeding the ones of the ferritic-
martensitic steels at high temperatures. The problem is that they have a low yield
strength compared with ferritic-martensitic steels. They are therefore often used in
the cold worked condition. Cold working increases the dislocation density in these
steels which leads to high distortion of the lattice and the existing dislocation
structure impedes further dislocation movement thus increasing the yield stress.
The austenitic stainless steels, because of their high chromium and nickel content,
are most corrosion resistant steels. For nuclear applications the types 316, 304 and
15/15 are most important. The 304/316 group contains at least 16 % chromium
and 6 % nickel (the basic grade 304 is referred to as 18/8) and range through to the
high alloy or ‘‘super austenitics’’ such as 904L and 6 % molybdenum grades.
Additional elements can be added such as molybdenum, titanium or copper,
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to modify or improve their properties, making them suitable for many critical
applications involving high temperature as well as corrosion resistance. This group
of steels is also suitable for cryogenic applications because the effect of the nickel
content in making the steel austenitic avoids the problems of brittleness at low
temperatures, which is a characteristic of other types of steel.

The relationship between the various austenitic grades is shown in Fig. 2.30.
Type 304 is the most common of austenitic grades, containing approximately 18 %
chromium and 8 % nickel. It is used for LWR reactor internals, for chemical
processing equipment, for food, dairy, and beverage industries, for heat exchangers,
and for the milder chemicals. Type 316 contains 16–18 % chromium and 11 % to
14 % nickel. It also has molybdenum added to the nickel and chrome of the 304.
The molybdenum is used to control pitting corrosion. It is used in similar
applications like 304. Different grades are used to describe additional properties.
The ‘‘L’’ grades are used to provide extra corrosion resistance after welding. The
letter ‘‘L’’ after a stainless steel type indicates low carbon (as in 304L). The carbon
is kept to 0.03 % or less to avoid chromium-carbide precipitation on the grain
boundaries. This maintains the chromium in solution and promotes corrosion
protection adjacent to the grain boundaries. Also for better weldability, the ‘‘L’’
grades are used. These grades are basically within the basic specifications but to
meet the specific properties they are usually more expensive because a tighter
chemical composition must be met. The ‘‘H’’ grades contain a minimum of 0.04 %
carbon and a maximum of 0.10 % carbon and are designated by the letter ‘‘H’’ after
the alloy. The ‘‘H’’ grades are used for high temperature application as the higher
carbon helps the material retain strength at rather high temperatures.

Austenitic steels suffer from void swelling under irradiation as shown in Chap. 5.
The austenitic material with best resistance against swelling is a titanium modified
316, also known as Alloy D9 (15 %Cr-15%Ni-0.2 %Ti), in the 20 % cold-worked
condition [42] (see also Chap. 5). Austenitic stainless steels are still favoured
(particularly in India) for fuel pin cladding and other core component applications
since they possess the required strength characteristics up to 923 K. Early studies
on creep properties [43] of alloys with titanium to carbon ratio between 4 and 6
showed that titanium content strongly influences the creep rupture life. However,
the limiting factor at moderate reactor operating temperatures of up to *600 �C is

Fig. 2.30 Development tree
of different austenitic
steels(see also [41])
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void swelling which ultimately limits life of the fuel pin leading to a reduced burn-
up of about 100 GWd/tonne (Gigawatt-days per tonne is a measure of the energy
extracted from a metric ton of nuclear fuel. 1 GWd corresponds to 86.4 9 1012 J
or 24 million kWh of electricity [42]).

Similar to ferritic martensitic steels also the austenitic steels start to precipitate
different phases when exposed to high temperatures for a certain time. Figure 2.31
gives an overview about the general behaviour of austenites [44].

Below about 1,300 �C the steel is out of the solid/liquid regime and it is in a
solid state. In the temperature interval between about 950 and 1,250 �C hot
working operations are performed. About the same temperature interval is used for
solution annealing where several carbides and other precipitates are dissolved in
the matrix. Solution annealing is an important step in the whole heat treatment
sequence to obtain optimum materials properties. At lower temperatures reversion
of alpha‘ and epsilon martensite (specific forms of martensite which are not further
discussed here) takes place [45]. Between room temperature and 100 �C

Fig. 2.31 Main transformations that occur in austenitic stainless steels between room
temperature and the liquid state. (source [44]). With permission of ‘‘key to metals’’

2.3 Classes of Materials for Nuclear Applications 99



deformation induced martensite can form which is considered as a quantitative
measure for deformation of the material (see e.g. [46]). Maintaining the material
for longer times at high temperatures can lead to recrystallization (secondary or
static) and to precipitation of different phases Carbides (MC, M23C6), Laves, Chi
and Sigma. The appearance of these phases can deteriorate long-term properties
(creep strength, ductility). Increasing yield strength and tensile strength by cold
working remains only effective until certain temperature. Figure 2.32 a shows the
influence of a 20 % cold deformation on the strength of a 316 steel [47]. A
remarkable increase in yield strength and ultimate tensile strength was found when
comparing annealed with the 20 % cold-worked conditions. This high strength is a
result of high dislocation density and dislocation arrangement produced by the
massive cold deformation. The problem is that this dislocation arrangement
recovers with increasing temperature leading to a loss of hardening as shown in
Fig. 2.32b. This implies that cold working can be used to improve the strength of
austenitic material only for temperatures occurring in light water reactors.

2.3.1.4 Duplex Stainless Steels

Duplex stainless steels carry this name because their microstructures consist of
both, austenitic and ferritic phases. They show therefore also characteristics of

Fig. 2.32 a Yield stress and
ultimate tensile stress of
SS316 in annealed (ann) and
in 20 % cold worked (CW)
condition at different test
temperatures. b Yield stress
and ultimate tensile stress of
SS316 in 20 % cold worked
condition (CW) and after
4,000 h annealing (anneal) at
test temperature
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both types of these steels which make them very attractive for different applica-
tions. The main properties of duplex steels can be summarized as follows: Duplex
steels have much better tensile properties than austenitic or ferritic steels. In most
cases they also have better toughness and ductility than ferritic steels, however, the
do not reach the excellent values of austenitic steels. Duplex stainless steels are
extremely corrosion resistant, resistant to stress corrosion cracking and work
hardenable alloys.

2.3.1.5 Precipitation Hardening Stainless Steels

These are chromium and nickel containing steels that can develop very high tensile
strengths up to elevated temperatures. The most common grade in this group is
‘‘17-4 PH’’, also known as Grade 630, with the composition of 17 % chromium,
4 % nickel, 4 % copper and 0.3 % niobium. The great advantage of these steels is
that they can be machined in the (softer) solution treated condition. Following
machining, forming etc. the steel can be hardened by a one-step ageing heat-
treatment at fairly low temperature which causes no distortion of the component.
Precipitation-hardened stainless steels possess good corrosion resistance and
excellent mechanical properties and are also amenable to conventional fabrication

Fig. 2.33 Classes of
stainless steels (copyright
Azom)
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processes. Depending on the austenite stability at ambient temperatures, they can
be classified into three classes: austenitic, semi-austenitic and martensitic steels.
Precipitation hardening is generally achieved in these steels from homogeneously
nucleated fine precipitates of intermetallic or elemental phases [48, 49]. Fig-
ure 2.33 shows as a summary chromium and nickel contents of the different
classes of steels which are also known as stainless steels. Several of them play an
important role in current and in advanced nuclear plants. Duplex and precipitation
hardened stainless steels are mainly used to provide corrosion resistance at lower
temperatures.

2.3.2 Superalloys

For higher temperatures other strengthening mechanisms must be activated.
Changing the matrix from iron to nickel or cobalt leads to a new class of alloys
which are called � superalloys �. Most important properties of superalloys are
high temperature strength and creep resistance. Other crucial material properties
are fatigue life, phase stability, as well as oxidation and corrosion resistance. High
creep resistance is used for high temperature applications like intermediate heat
exchangers (IHX) in advanced gas cooled reactors. As cobalt (easily to activate
hard gamma radiator) is not welcome in nuclear applications in this book only with
nickelbase superalloys shall be dealt with. Also nickel is not without problems in a
radiation environment because it can be converted by nuclear reactions to an alpha
emitter, which means that gaseous helium can become present in the material,
a situation which will be described more in detail in the radiation damage section.
Nickel-base superalloys are primarily nickel alloys containing substantial quanti-
ties of chromium, cobalt, refractory elements such as molybdenum and tungsten,
and titanium together with Al. Besides solid solution strengthening the way for
particle strengthening was opened by the discovery of precipitation of the gamma
prime phase (c0), Ni3Al, in an austenitic iron-nickel alloy before World War II.
Precipitation hardened superalloys are very difficult to machine and many of them
are too brittle for forging, which means that they have to be cast (precision cast).
Driving force for the development of this class of materials was the need for high
strength, high creep resistant alloys for jet engines at temperatures of about
700 �C. The alloy A-286 which is still in use was one of the first commercial
available austenites which could be strengthened by c0. Essential solutes in c0

hardening nickel based superalloys are aluminium and/or titanium, with a total
concentration which is typically less than 10 atomic percent. This generates a two-
phase equilibrium microstructure, consisting of gamma (c) and gamma-prime (c0).
The c-phase is a solid solution with fcc lattice and a random distribution of the
different species of atoms. By contrast, c0 is an ordered intermetallic phase with an
fcc lattice in which the nickel atoms are at the face-centres and the aluminium or
titanium atoms at the cube corners. The partitioning of different other elements
within the microstructure is shown schematically in Fig. 2.34. Table 2.4 lists the
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chemical compositions of superalloys important for nuclear applications. The c0

phase is mainly responsible for the elevated-temperature strength of the material
and its very high resistance to creep deformation. Although c0 is a nickel aluminide
the presence of titanium has an important influence on the development of this
phase as shown in Fig. 2.35. For a given chemical composition, the fraction of c0

decreases as the temperature is increased. This phenomenon is used to dissolve c0 at
a sufficiently high temperature (a solution treatment) followed by ageing at a lower
temperature to generate a uniform and fine dispersion of strengthening precipitates.
This atomic arrangement has the chemical formula Ni3Al, Ni3Ti or Ni3(Al,Ti).
In addition to aluminium and titanium, niobium, hafnium and tantalum partition
preferentially into c0. The high amount of alloying elements make superalloys prone
to formation of many different phases with exposure time of which some can
embrittle the material which will be discussed in context with the alloy IN-617.

In summary the following phases are present in most nickelbase superalloys
(after [50]):

• Gamma (c): The continous matrix which is a face-centered nickel-based
austenitic phase that contains a high percentage of solid solution elements as
previously mentioned.

• Gamma Prime (c0) : Is the primary strengthening phase. It is an intermetallic
(ordered) phase with typical composition Ni3(Al,Ti). It is a coherently precip-
itating phase. This means that the crystal planes of the precipitates are in registry
with the matrix. The lattice parameters of matrix and precipitates differ only
slightly which, together with the chemical compatibility, allows a homogeneous
precipitation throughout the matrix. The yield stress of the gamma prime phase
increases with temperature up to about 700 �C. This is a result of dislocation
movement through the ordered crystal which shall not be further discussed here.

Fig. 2.34 Partitioning of the most important elements in superalloys (after [53])
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Nickelbase superalloys are available with a wide range of c0 volume fractions.
Modern high strength nickelbase superalloys for gas turbine blades and vanes
contain c0 volume fractions of 70 % and more. The particles provide obstacles
for the movement of dislocations which leads to the increase in strength, par-
ticularly at higher temperatures. Depending on particle size and temperature
dislocations can surround, cut or overclimb them.

• Carbides: Carbon, added at levels of 0.05–0.2 wt. % combines with reactive and
refractory elements such as titanium, tantalum, and hafnium to form primary
MC carbides (e.g. TiC, TaC, or HfC). They are called � primary � because
they precipitate already from the melt. They are not dissolved during solution
heat treatments. Other carbides such as M23C6 and M6C can be formed pre-
dominantly along grain boundaries during heat treatment. All these carbides
have a fcc crystal structure. These carbides can be advantageous as well as
detrimental for the superalloy properties. As massive grain boundary precipi-
tates they can reduce the cohesion of the grain boundaries therby reducing
toughness and ductility of the alloy on the one hand. On the other hand they can
reduce grain boundary sliding during creep thereby increasing the creep strength
of the alloy.

• Topologically Close-Packed (TCP) Phases: TCP-phases usually form platelets.
The plate-like structure reduces ductility and creep properties. The cell structure
of these phases has close-packed atoms in layers separated by relatively large
interatomic distances. The layers of close-packed atoms are displaced from each
other by sandwitched larger atoms, developing a characteristic � topology �.
Therefore these compounds are called topologically closed packed (TCP) pha-
ses. Main representatives of these phases are r, l, and Laves Phase. They are
generally undesirable brittle phases that can form during sevice. The sigma
phase appears to be the most deleterious.

Fig. 2.35 Influence of titanium content and temperature on the c0 formation (with permission of
� key-to metals � [51])
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The high metallurgical flexibility of nickelbase alloys makes them useful for
many technical applications. The high nickel and chromium contents make them
corrosion resistant. Addition of aluminum promotes the formation of an aluminium
oxide layer at high temperatures which makes such alloys resistant against further
oxidation at very high temperatures (e.g. first stage blades and vanes in aeroen-
gines and land-based gas turbines). Depending on the application composition and
heat treatment can be chosen that no, or almost no gamma prime particles are
precipitated. This class is called solid solution strengthened. They are normally
used in applications where high corrosion resistance is required. High gamma-
prime forming alloys are employed when high high-temperature strength is
required. Further and more detailed information can be found in one of the
numerous books on superalloys e.g. [52, 53].

According to this flexibility nickelbase alloys play also a very important role for
current and advanced nuclear plants. Unfortunately, they suffer from a transmu-
tation reaction of nickel producing helium when irradiated with fast neutrons. The
presence of helium gas in the material deteriorates the mechanical properties
which limits the application of these alloys to locations where no exposure to fast
neutrons can happen. We will discuss these effects in more detail in the chapter on
irradiation damage. In the following a few important nickel-base alloys for nuclear
plants will be introduced.

Incoloy 800 is an iron-nickel based alloy. Increasing the nickel and chromium
content in austenitic steels improved its high temperature strength and also cor-
rosion resistance. The alloys Incoloy 800, 800H, and 800HT are iron-nickel-
chromium alloys with good strength and excellent resistance to oxidation and
carburization in high-temperature exposure. The nickel-iron-chromium alloy 800
was introduced to the market in the 1950s to fill the need for a heat- and corrosion-
resistant alloy with a relatively low nickel content since nickel was, at the time,
designated a ‘‘strategic’’ metal. The alloy 800H was further developed to the
higher creep and stress rupture resistant alloy 800HT. Incoloy alloy 800HT has a
restricted chemistry, within the limits of alloy 800H, and requires a heat treatment
of 1,149 �C minimum. The carbon is 0.06–0.10 % (alloy 800H is 0.05–0.10 %),
the Al ? Ti is 0.85–1.20 % (alloy 800H is 0.30–1.20 % Al ? Ti). The 1.2 wt. %
aluminum and titanium leads to the formation of gamma prime phase which
improves the high temperature strength and the creep resistance. The nickel
content makes the alloys highly resistant to both chloride stress-corrosion cracking
and to embrittlement from precipitation of sigma phase. Incoloy 800 is primarily
used in applications with temperatures up to 600 �C, where alloys 800H and
800HT are normally used in temperatures above 600 �C where resistance to creep
and stress rupture is required. The chemical balance allows the nickel alloy to
exhibit excellent resistance to carburization, oxidizing and nitriding atmospheres.
Incoloy 800HT is microstructurally very stable an it is not expected to become
brittle even after long periods of usage in the 650–870 �C like other stainless steel
qualities do. Excellent cold forming characteristics typically associated with the
nickel-chromium alloys are exhibited with 800HT. For nuclear applications alloys
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of type 800 are important materials for heat exchangers, steam generators and they
are also considered for control rods in high temperture gas cooled reactors [54].

Inconel X-750 is a Nickel-Chromium alloy made c0-precipitation hardenable by
additions of Aluminium and Titanium. It has good creep-rupture strength at high
temperatures to about 700 �C. The alloy Inconel X-750 is used worldwide as
material for fasteners and centering pins in core internals and core components of
water-cooled reactors-pressurized-water reactors (PWRs) as well as boiling-water
reactors (BWRs).

Inconel alloy 600 is a standard engineering material for applications which
require resistance to corrosion and heat. The alloy also has excellent mechanical
properties and presents the desirable combination of high strength and good
workability. The chemical composition of Inconel alloy 600 is shown in Table 2.5.
The high nickel content gives the alloy resistance to corrosion by many organic
and inorganic compounds and also makes it virtually immune to chloride-ion
stress-corrosion cracking. Chromium confers resistance to sulfur compounds and
also provides resistance to oxidizing conditions at high temperatures or in corro-
sive solutions. The alloy is not precipitation hardenable; it is hardened and
strengthened only by cold work. The versatility of Inconel alloy 600 has led to its
use in a variety of applications involving temperatures from cryogenic to above
1,100 �C. The alloy is used extensively in the chemical industry for its strength
and corrosion resistance. Applications include heaters, stills, bubble towers and
condensers for processing of fatty acids; evaporator tubes, tube sheets and flaking
trays for the manufacture of sodium sulfide; and equipment for handling abietic
acid in the manufacture of paper pulp. The alloy’s strength and oxidation resis-
tance at high temperatures make it useful for many applications in the heat-treating
industry. It is used for retorts, muffles, roller hearths and other furnace components
and for heat-treating baskets and trays. In the aeronautical field, Inconel alloy 600
is used for a variety of engine and airframe components which must withstand high
temperatures. Examples are lockwire, exhaust liners and turbine seals. Inconel
alloy 600 is used in the electronic field for such parts as cathode-ray tube spiders,
thyratron grids, tube support members and springs. The alloy is a standard material
of construction for nuclear reactors. It has excellent resistance to corrosion by
high-purity water, and no indication of chloride-ion stress-corrosion cracking in
reactor water systems has been detected. For nuclear applications, the alloy is
produced to exacting specifications and is designated Inconel alloy 600T [55].

The IN 617 alloy (composition see Table 2.6) is largely a solid-solution
strengthened nickel-base superalloy introduced in the early 1970s [56] that is well
known for its good oxidation and corrosion resistance at temperatures up to
1,100 �C and high creep-rupture strength at temperatures from 650 to 1,100 �C.
The Al in conjunction with Cr provides oxidation resistance at high temperatures.
Furthermore, the presence of Al leads to additional strengthening through the
precipitation of the c0 intermetallic upon extended aging at intermediate temper-
atures, [57–59] over and above the solid solution strengthening imparted by Co
and Mo. For example, aging of this alloy at 700–750 �C was found to cause
precipitation of c0, with a fine size of 20–90 nm and a volume fraction up to 4 pct.

2.3 Classes of Materials for Nuclear Applications 107



Apart from these features, some strengthening of the alloy is also derived from the
formation of carbides of the types M23C6, eta- M6C, and Ti(C,N) as shown in
Fig. 2.36. No topological close-packed phases, such as sigma (r), mu (l), or chi
(v), were found after aging at temperatures from 649 to 1,093 �C.

Haynes 230 is a solid solution strengthening superalloy comparable with
IN-617 [60] and both alloys are under consideration as intermediate heat
exchanger materials for a compact intermediate heat exchanger of a very high
temperature gas cooled reactor [57].

The alloy Hastelloy XR is one example for materials development which was
performed mainly with respect to improve the behaviour in a nuclear environment.
The metal research at JAERI (today JAEA) for VHTR application initiated its
essential activity in 1971 with basic explanatory investigations of critical problems
to adopt existing alloys to very high temperature helium-cooled reactor systems.
To improve the corrosion resistance in high temperature reactor helium the con-
ventional solid solution strengthened superalloy Hastelloy X was manufactured as
an aluminum free alloy with reduced cobalt and optimized manganese and silicon
contents. The designation of this material was Hastelloy XR. The improvement
was primarily achieved by the formation of stable and adherent surface layers
consisting of MnCr2O4 and Cr2O3 [61].

Hastelloy N was an alloy tuned to requirements of molten salt reactors.
Hastelloy N is a nickel-base alloy that was invented at Oak Ridge National
Laboratories as a container material for molten fluoride salts. It has good oxidation
resistance to hot fluoride salts in the temperature range of 700–870 �C. Hastelloy
N is a solution-strengthened nickel-base alloy that was developed for good
strength and corrosion resistance at about 650 �C. No intermetallic compounds
have been identified in this alloy, but carbides precipitate and cause modest
changes in the properties. The alloy has good weldability and can be readily

Fig. 2.36 Phases developing in IN-617 as a function temperature and time [58]
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forged. It has been successfully extruded and further processed into high-quality
seamless or manufactured as welded and drawn tubing [62].

Highly creep resistant, gamma prime hardening nickelbase alloys are consid-
ered as candidates for a direct cycle gas turbine gas cooled reactors. Directionally
solidified or single-crystalline cast materials (see Chap. 3) were proposed as blades
and the forged alloys IN-718 or Udimet 720 were proposed as materials for the
rotor disks in the turbine. Although no such turbine has been realized until now
from experience with fossil fired gas turbines it can be expected that the proposed
blades/vanes are a feasible choice. Forging of a large piece like a rotor disk might
run into problems during the forging process. Nickelbase-alloys designed for very

Fig. 2.37 Ultimate tensile strength of refractory metals [64] (Source Plansee)

Fig. 2.38 Creep properties
of refractory metals and
alloys compared with an
austenitic steel and a
superalloy. MLR represents a
lanthana reinforced
molybdenum alloy (replotted
from [64])
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good high temperature strength are difficult to deform by a high temperature
process. This means that the through-forgability will make some troubles together
with the low toughness of these alloys.

2.3.3 Refractory Alloys

The refractory metals include niobium (also known as columbium), tantalum,
molybdenum, tungsten, and rhenium. Refractory metals have melting temperatures
in excess of 2,000 �C. High temperature ultimate tensile strengths of different
refractory metals are shown in Fig. 2.37. Hence, they should have potential appli-
cations at high temperatures. Figure 2.38 show the creep properties which indicate
that although the application temperature can be high, the creep strength would not
allow design of heavy loaded structural components. But the main obstacle for
possible structural applications is the fact that refractory metals are readily degraded
by oxidizing environments already at moderately low temperatures. This property
has restricted the applicability of the metals to low-temperature or nonoxidizing
high-temperature environments. Protective coating systems have been developed,
mostly for niobium alloys, to permit their use in high-temperature oxidizing aero-
space applications which last relatively short compared with nuclear power appli-
cations. Table 2.5 shows various aspects of refractory metals on a 10-point scale
(1 being the worst and 10 being the best) [63]. This means that refractory metals are
not really considered for advanced fission plants although they possess acceptable
creep resistance and swelling resistance up to high burnups [63]. However, they are
candidates for plasma facing components in fusion plants. Requirements for 1st wall
materials are : high melting point, low interaction of the material with the plasma,
resistance agains cyclic loads. Refractory alloys are suitable in these respects and
therfore molybdenum alloys (TZM), tungsten and tungsten-alloys are considered as
divertor, tiles and other structural and functional parts in fusion plants like ITER
[64]. The metals Ti, V, Cr, Zr, Hf, Ru, Rh, Os and Ir are counted to the enlarged
group of refractory metals. In this group Zr, Ti and V are important for nuclear
applications. Zirconium alloys will be introduced in the next section as important
materials for LWRs and as a representative of titanium alloys the titanium alumi-
nides will be discussed later. Vanadium alloys based upon the V-Cr-Ti system are
studied as candidates for structural applications in fusion systems at intermediate
temperatures because of their low activation properties, high thermal stress factor,
good strength at elevated temperatures, and good compatibility with liquid lithium.

2.3.4 Zirconium Alloys

In the first test reactors (pool-type, water \100 �C) aluminium and beryllium
alloys were used as cladding materials due to its low thermal neutron capture cross
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section. First nuclear power reactors (submarine propulsion) had higher thermal
efficiency and because of its very low thermal neutron capture cross section zir-
conium was considered as a possible candidate. Zirconium has a high melting
point (1,855 �C) and it is rather resistant against chemical attack. In contrast to the
materials considered until now which had cubic structure (bcc or fcc) zirconium
has a hexagonal close packed (hcp) structure. However, zirconium has poor
ductility and resistance against reactor type corrosion as discussed in Chap. 6
(hydrogen uptake). Additionally, zirconium occurs together with hafnium which
had to be separated. Therefore stainless steel was introduced as cladding material
in nuclear reactors. After world war II improvements in hafnium separation on a
production scale were made. Additionally, it was found that Sn additions can
significantly improve the corrosion behavior of zirconium. This material was
called Zircaloy-1. Accidental contamination of a Zircaloy-1 batch with stainless
steel residuals led to the discovery that additions of Fe, Cr and Ni could further
improve the corrosion resistance (see Chap. 6). Main reason was the precipitation
of (intermetallic) phases which were at least partly dissolved under irradiation
thereby improving the oxidation resistance of the alloy. Beneficial in this respect
are also additions of niobium. Currently, zirconium alloys are used for claddings in
several water cooled reactors as shown in Table 2.6. Main research concerning
composition and microstructure of Zircaloys was with respect to oxidation,
hydrogen up-take and radiation induced changes in geometry. These aspects will
be discussed in Chaps. 5 and 6. An important microstructure for nuclear appli-
cations is the so called ‘‘beta quenched’’ structure. The development of this
structure during a heating-up and cool down cycle has been in situ monitored in a
recent investigation [65]. This investigation is remarkable because it demonstrates
how the advanced analytical tools available with high intensity synchrotron
beamlines can be used to gain insight into metallurgical phenomena. A typical
result of this investigation is shown in Fig. 2.39. Heating up the cold rolled
material led to the formation of recrystallized alpha grains. Further increasing the
temperature promotes an alpha to beta transformation. Quenching finally leads to
the typical beta quenched lamellar microstructure. More about manufacturing of
claddings can be found in Chap. 3.

Table 2.5 Some engineering properties of refractory alloys

Technology category Nb-1Zr Ta-10 W TZM W–Re Re

Fabricability 8 7 4 3 4
Weldability 7 7 4 3 7
Creep strength 6 8 8 8 9
Oxidation resistance 1 1 3 3 7
Alkali metal compatibility 8 9 9 9 8
Radiation effects 6 6 ? 5 4 4 ?
Cost (2 mm sheet) 4 3 4 3 2

10 means highest potential, 1 means lowest potential. Alkali metal: Na, Li (source [63])
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2.3.5 Intermetallics

Intermetallic phases are homogeneous chemical compounds between two or more
metals. Although the main bonding type is metallic there are also elements of
covalent and ionic bonding. The lattice shows an ordered structure which is in
contrast to solid solution. Intermetallic compounds can have stoichiometric
composition or the phase diagram may show areas where a homogeneous
microstructure exists. Many intermetallic phases can occur in alloys as precipitates.

Fig. 2.39 Development of a beta quenched microstructure in Zircaloy. The different advanced
investigation metho allowing in situ analyses: synchrotron, EBSD, electron backscatter
diffraction; XRD and LXRD X-ray diffraction are described in Chap. 7. Source [65], used
with permission of Lars Hallstadius, Westinghouse

Table 2.6 Typical chemical compositions and applications of Zircaloy

Alloy Sn, % Nb, % Component Reactor type

Zircaloy 2 1.2–1.71 – Cladding, structural components BWR
Zircaloy 4 1.2–1.7 – Cladding, structural components BWR, PWR, CANDU
ZIRLO 0.7–1 1 Cladding PWR
Zr Sponge – – Cladding BWR
ZrSn 0.25 – Cladding BWR
Zr2.5Nb – 2.4–2.8 Pressure tube CANDU
E100 – 0.9–1.1 Ciadting RBMK
E125 – 2.5 Pressure tube RBMK
E635 0.8–1.3 0.8–1 Structural components RBMK
M5 – 0.8–1.2 Cladding, structural components PWR
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Some of them received quite some attention as structural materials. Most important
in this respect are primarily the alumindes and to some extent also silicides.

• Nickel aluminides, Ni3Al, NiAl: The intermetallic phase Ni3Al is the well
known c0 phase which is as coherent fcc precipitate responsible for the good
creep properties of nickel base superalloys. Ni3Al and NiAl were also consid-
ered for high temperature structural applications mainly in the 1990-ies. Powder
metallurgical as well as melt metallurgical production were pursued. High
production cost, lacking low temperature ductility and lacking microstructural
stability were responsible that there was never a real break-through of these
materials for structural applications.

• Iron aluminides, Fe3Al: were considered for structural applications and for heat
elements

• Titanium aluminides, TiAl, Ti3Al, TiAl3: are used in some automotive appli-
cations. The fact that no nickel is present make them also attractive for nuclear
applications

• Molybdenum di-silicide: (MoSi2) can be considered as an electrically con-
ducting ceramic with primary use in heating elements operating at temperatures
above 1,500 �C in air. It is also considered as a material for very high tem-
perature structural applications.

• Zirconium silicide: Zirconium silicide (Zr3Si2) has been identified as promising
material for the neutron reflector in a gas cooled reactor.

Although the irradiation behaviour of TiAl has been studied already earlier
[66, 67] currently no intermetallics are considered for structural applications in
nuclear plant projects. However, the c/a2 titanium aluminides could have some
advantages for high temperature applications [68, 69] and they were even dis-
cussed as cladding materials [70]. Figure 2.40 shows a phase diagram for the TiAl
system. In the solid state, the titanium-aluminum alloys are arranged in either hcp
structure (a-titanium) or bcc structure (b-titanium). Besides the a and b phases

Fig. 2.40 Binary phase
diagram of titanium and
aluminum (with permission
of: Calphad http://
www.calphad.com/titanium-
aluminum.html)

2.3 Classes of Materials for Nuclear Applications 113

http://www.calphad.com/titanium-aluminum.html
http://www.calphad.com/titanium-aluminum.html
http://www.calphad.com/titanium-aluminum.html


there is also a Ti3Al phase (a2-phase) and a c-phase present. Both phases are of
technical importance for titanium-aluminide alloys. The microstructure of a highly
creep resistant c/a2 alloy [71] which was studied as candidate structural material
for high temperature applications in advanced nuclear plants can be seen in
Fig. 2.41. The two phases are mainly arranged in lamellae. Occasionally islands
with globular phase morphology were found.

2.3.6 Nano-Structured Materials

Materials engineering on a nano-scale is considered as one path towards
improvement of materials properties working under extreme conditions. Nano-
features in structural materials described e.g. in [72–74] can improve the
mechanical properties (strength, toughness etc.), surface properties (resistance
against wear or corrosion) [75] or resistance against radiation damage. Besides the
production of nanostructures starting from the atomic scale it is also possible to use
existing normal-grained materials and process them to the required nano-structure.

Nanostructures which are important for our considerations can be grouped into
the following 3 classes:

• Precipitated nano-structures
• Engineered nanostructures
• Nanostructures produced by deformation.

Precipitated nano-structures are obtained when the obstacles for dislocation
movement like carbides, nitrides or any other phases can be precipitated from the

Fig. 2.41 Microstructure of a TiAl alloy. The left image shows the lamellar structure of c/a2

mixtures (c bright), the right image shows equiaxed grains with islands of precipitates
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material by heat-treatment, or thermo-mechanical treatment. Guinier–Preston
zones in aluminum alloys can be considered as a well-known, rather old example
for such structures. In engineered nano-structures the obstacles are introduced
from outside into the material by powder or spray techniques or other material
engineering methods. Formation of nano-features under severe plastic deformation
or thermo-mechanical treatments belong to the third class i.e. nanostructures
produced by deformation. Often also combinations of these techniques are used.
Particle- or cluster-strengthening is the most important application of nano-features
in structural materials for nuclear energy applications. Small grains promote creep
and they usually grow under thermal or irradiation conditions which limits its use
for the application in advanced nuclear plants.

2.3.6.1 Oxide Dispersion Strengthening

Introduction of small ceramic particles into a metallic or intermetallic matrix for the
improvement of stress rupture properties has been investigated since many years.
The current (technical) state of the art was highlighted in a recent conference [76].
A very good historical perspective of the development of mechanical alloying and
ODS materials can be found in [77]. The first matrices for oxide strengthening were
aluminum and nickel-base superalloys. Gamma prime hardening superalloys have
high melting points, excellent high temperature creep strength and very good
oxidation resistance. At very high temperatures the gamma prime particles grow or
dissolve and loose its strengthening capability. Ceramic dispersoids were expected
to remain stable. This was the reason for the strong support that ODS-materials
research received in the 70–80s of the last century particularly from the gas-turbine
industry [78, 79]. At about the same time needs for improved heat-elements, heat
exchanger components [80] and for fusion [81] triggered research for ferritic and
martensitic ODS steels which was later joined also by the fission community with
the need to improve the performance of fuel claddings for fast reactors [82, 83].
Dispersion strengthening is a classical mechanism for improving the hardness of
metallic materials. It is based on the distribution (or dispersion) of only a few percent
of hard, nearly insoluble particles (the dispersoids), which are non-shearable and
impede plastic deformation of the matrix. Newer production experience has shown
that dispersoids can partially be dissolved which will be discussed later. Dispersion
strengthening is a particularly efficient means of raising the high-temperature
strength and creep strength of metallic materials. A pre-requisite for this is the
thermodynamic stability of the particles, which are usually chosen to be oxides.
Such a dispersion can add useful strength to the matrix material even at high
homologous temperatures, where other strengthening mechanisms rapidly lose their
effectiveness. When applied to matrix materials such as aluminum alloys, nickel
superalloys, or even intermetallic compounds, the strategy of dispersion strength-
ening leads to advanced materials that can be used under extreme conditions of
temperature and stress. A quite good understanding of the strengthening mecha-
nisms of ODS materials exists in the literature e.g. [85–87].
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Dispersoids were introduced into different matrices of high temperature materials
like:

• ferritic/martensitic (e.g. MA956, MA957, PM2000, 12YWT,14YWT, � Super
ODS � Japan)

• austenitic (PM1000, MA-754, MA-6000)
• intermetallics (Fe-aluminides, Ni-aluminides)
• refractory metals (Mo, W)

The main expectation for these developments was in almost all cases an
increase in high temperature strength and in stress rupture properties. In case of
nuclear applications also the ability of the dispersoids to act as sinks for helium
became an important aspect which will be discussed later. Typical microstructures
of ferritic ODS alloys are shown in Fig. 2.42. The size of the dispersoids for the
advanced alloy is one order of magnitude below the one of the commercial alloy.
Trials with severe plastic deformation were made which led to small grain sizes
(Fig. 2.42b). This will be discussed later.

The development of ODS alloys for advanced fission reactors can be seen from
Fig. 2.43 [88]. Its main driving force is the (economic) necessity to increase the
burnup of the fuel. Originally, ODS steels were considered as cladding material for
sodium fast reactors only operating at a maximum temperature of 550 �C.
Increasing the chromium content above 16 wt. % improved strength and corrosion
resistance but these alloys were prone to embrittlement. Additions of aluminum
improved the corrosion resistance (aluminum oxide formation), reduced embrit-
tlement, but also strength. Current Japanese � Super-ODS steels � contain
14–16 wt. % Cr, 4 wt. % Al, 2 wt .% W and Zr [89]. Together with the devel-
opment of the chemical composition also micro-and nanostructure (grain structure,
grain size, size and density of dispersoids) of the alloy could be optimized.

Fig. 2.42 Microstructure of different ferritic ODS materials. a Commercial alloy PM2000,
b Commercial alloy PM2000 after severe plastic deformation to produce nanograins (material
from G. Korb [84]), c Advanced ferritic 19 % Cr ODS alloy (Japanese development [83])
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The optimization of particle size and density was also triggered by the dis-
covery that not only size and distribution of the dispersoids themselves (Y2O3) are
of importance. Atom probe tomography studies of the commercial ODS alloy MA
957 revealed a high number density of 2–4 nm diameter nanoclusters that were
enriched with Ti, Y, and O [89]. Similar observations were made with an Fe-
12 wt. % Cr-3.0 % W-0.4 % Ti-0.24 % Y203, (12YWT [90, 91]) as shown in [92]
and the more recent development 14YWT [93]. These clusters were stable during
long-term creep tests at 650–900 �C and they significantly reduced the creep rates
[103]. Typical compositions of such alloys are Fe plus 0.2–0.5 wt. % Y2O3,
0.2–1 wt. % Ti, and 1–3 wt. % W. They also contain O in excess of that intro-
duced by the Y2O3. Chromium is necessary for corrosion/oxidation resistance and
tungsten is a (low-activation) solid-solution strengthener.

These ultrafine-scale features distinguish nano feature alloys (NFAs) from
conventional dispersion-strengthened ODS alloys, which generally contain refined,
but larger, equilibrium oxide phases. ODS alloys like PM2000 or MA956 have a
high aluminum content which results in coarser features but increases the oxida-
tion resistance which is important for high temperature applications. At the
beginning of the ODS development it was primarily the thermal stability of
ceramic particles forming obstacles for dislocation movement at high temperature
which made ODS attractive. Generation of NFAs start from the assumption that
the dispersoids are partly dissolved in the matrix during ball-milling which is the
first step in currently used ODS production (see Chap. 3). Control of the milling
environment supports the formation of other oxides or clusters on nano-scale. Ball
milling with heavy balls creates severe plastic deformation which can conse-
quently lead to formation of nano-grains (see also below). For an NFA with
14 %Cr (14YWT) such nano-sized grains could be obtained [93] which led at a
strong Hall-Petch hardening at room temperatures. The grains remained ultrafine

Fig. 2.43 Development path of advanced ODS cladding alloys (after [88])
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even after 1 h annealing at 1,000 �C [99] demonstrating the high potential of these
NFAs for use under extreme conditions.

The high resistance of ferritic ODS alloys against radiation damage and its high
strength make these materials also very attractive as candidates for the blanket in a
fusion plant. The blanket is placed around the fusion plasma in the vacuum vessel
and it is a key component of a fusion plant. Its major roles are: Extracting heat
from the plasma and transferring it to the power generation system, production of
fusion fuel and providing a radiation shield. Basically, the developments of ODS/
NFA alloys for fusion and for fission are proceed along the same routes. However,
fusion versions need to contain only low activation elements. Therefore, fusion
specific alloy compositions were developed (EUROFER). The needs of high
strength and radiation resistance remain the same. Figure 2.44 shows a comparison
of the strength of different ODS qualities as a function of temperature.

2.3.6.2 ODS Materials Based on Non-Ferrous Matrix

The introduction of ODS versions of gamma prime hardening nickelbase super-
alloys into gas turbines was strongly pursued in the 1970s and 1980s. The alloys
MA-754, MA-6000 and later PM1000 were considered as possible vanes and
liners in advanced gas turbines [100]. Although these materials possess very good
stress rupture properties at very high temperatures and good high temperature
corrosion and oxidation resistance they never managed to enter into gas turbines to
a significant amount [101]. ODS alloys are discussed again for gas turbines in
context with engineered component design [102, 103]. In contrast to the broad
R&D-effort performed to understand and improve ferritic/martensitic materials as

Fig. 2.44 Yield stress of different nano-particle containing steels as a function of temperature;
TMT1 and TMT2 refer to different thermo-mechanical treatments. The mod. 9Cr-1Mo martensitic
steel (grade 91) was taken as reference (Data from [94–98])
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described above the efforts in nickel-base ODS alloys remained rather limited.
Recent interest in nickelbase ODS materials (MA-754, MA-956) comes from the
advanced energy applications [104] like slagging gasifiers. Although the high
temperature strength of the ferritic/martensitic as well as of the nickelbase ODS
alloys would be sufficient for the envisaged applications still improvements of the
oxidations and corrosion resistance are considered. The fact that aluminum oxide
has usually very good properties made the use of intermetallic aluminide matrices
like iron-aluminides or nickel-aluminides attractive [105]. Currently, mainly R&D
work is performed in this field because no clear trend for commercial applications
of these intermetallics is currently visible. A comparison between ODS-Fe3Al and
ODS-FeCrAl demonstrated the formation of an alumina scale with a slow rate of
oxide growth for ODS-Fe3Al in a temperature range of 1,000–1,300 �C under
isothermal conditions [106]. However, for temperatures above 1,100 �C enhanced
tendency for scale spallation was reported for ODS-Fe3Al which was attributed to
a significantly higher coefficient of thermal expansion for ODS-Fe3Al compared
with FeCrAl ODS. It is speculated that the large aluminum reservoir of
ODS-Fe3Al still provides the potential for achieving greater oxidation-limited
lifetimes to the ODS-FeCrAl alloys. Finally, developments towards extremely
high temperatures should be mentioned. The matrix materials for this purpose are
mainly refractory metals like molybdenum or tungsten (see e.g. [107, 108]). Main
energy related application is the first wall in a fusion reactor. Also these devel-
opments are not entirely new. Figure 2.38 shows the very good properties of MLR
which is a Lanthana reinforced molybdenum alloy.

2.3.6.3 Production of ODS and NFA

Mixing of oxides and powder in a traditional melt-metallurgical procedure is
almost impossible due to powder wetting and agglomeration problems. Therfore
are ODS alloys commercially produced by powder metallurgy. The process nor-
mally starts with ball milling of the metal/oxide powder mix in well defined
atmospheres. The experience with NFAs described above demonstrated that the
milling conditions are the key element in the production route. Consolidation can
be done by hot isostatic pressing (HIP), hot extrusion or combinations of both.
Afterwards the product undergoes heat treatment.

Internal oxidation would be another option for the production of ODS alloys.
In this case a precursor alloy is subjected to oxidation. It was demonstrated that
internal oxidation of Fe-Ti-Y and Fe-Al-Y intermetallics resulted in high volume
fractions of small (*10–20 nm) oxide particles or lamellae [109]. The method is
still under development but according to the literature [110] could internal oxi-
dation become competitive with mechanical alloying in the future.

Another technique utilizes rapid solidification through gas atomization. These
alloys are often referred to as Rapidly Solidified Powder metallurgical (RSP)
materials [111]. In RSP-materials the finely dispersed particles are not only oxides,
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but also nitrides and carbides. The resulting creep strength of RSP-materials
typically falls in between that of conventionally produced and MA-materials [112].

Electron beam vapor deposition (EBPVD) is a candidate method for the
fabrication of ODS high-temperature alloy foils. The electron beam physical vapor
deposition (EBPVD) technique has superiority in its simple technical process
especially for the production of large-sized foil with chosen composition and
tailored microstructure [113–115]. Therefore, the fabrication of ODS high tem-
perature alloy foils by EBPVD has attracted much attention for nickel-base ODS
as well as for ferritic ODS alloys. For powder metallurgical techniques and
EBPVD see also Chap. 3.

An alternative approach for the production of alloys with improved high-tem-
perature strength is an advanced thermo-mechanical treatment (TMT) to obtain
nano-particle strengthened martensitic steels with conventional processing tech-
niques. The thermo-mechanical treatment consist in essence in hot-rolling plus heat
treatment. While the potential improvements in properties using this approach may
be somewhat more limited than those obtainable with mechanical alloying, this has
the distinct advantage of being able to produce large quantities of high-temperature
materials in the much nearer term. Preliminary work demonstrated the potential for
significant increases in elevated temperature strength (see Fig. 2.44). Present
commercial ferritic/martensitic steels are limited to maximum temperature appli-
cations in the 550–600 �C range. Initial work has demonstrated the possibilities of
extending the practical temperature range for commercial steels with TMT to
650–700 �C with only limited additional processing and associated cost [116, 117].
The microstructures produced contain a very high number density of small pre-
cipitate particles (Fig. 2.45), with the result that the TMT steels show large increases
in strength relative to steels produced by conventional heat treatments. Additional
work is required to develop such steels for widespread service. The TMT process
needs to be modified to achieve optimized strength. Understanding of the effects of
the TMT processing on the microstructure and properties of these steels needs to be
refined. Steels with optimized compositions for TMT need to be further developed
and tested. Once the process is refined, and optimized compositions are determined,
the process must be established at a commercial scale, using larger heats and TMT
on appropriate geometries, such as plates or tubes. A main difference in chemical
composition to conventional ferritic and ferritic-martensitic steels is the nitrogen
content of the TMT steels. Nitrogen promotes the formation of nitrides or carbo-
nitrides (MX), which can be precipitated with a diameter of a few nanometer only.
According to investigations of Klueh and co-workers [118], microstructural
differences between a typical martensitic steel and a TMT steel are as follows. After
normalizing and tempering, commercial 9 and 12 %Cr steels have essentially a
100 % tempered martensite structure, which consists of martensite laths with a high
dislocation density (1013–1015 m-2) and associated precipitates. Dominant
precipitates are M23C6 particles (60–200 nm), located mainly on lath boundaries
and prior-austenite grain boundaries. If vanadium and/or niobium are present,
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smaller (20–80 nm) MX particles form at a lower number density. Since small MX
precipitates have the highest elevated temperature stability, steel with a high number
density of fine MX particles should have elevated temperature properties superior to
present steels. Creep strength could also be enhanced if M23C6 has been formed as a
high density of small particles, or if the amount of larger M23C6 was minimized. One
way to meet these conditions is to change the processing procedures of commercial
steels containing nitrogen so that MX forms preferentially before M23C6, thus
making carbon available for MX rather than M23C6. The effect of the TMT can be
controlled by changing: austenitization temperature and time, hot-rolling temper-
ature, amount of reduction by hot-rolling, and annealing temperature and time.
Compared with the traditional powder metallurgical production the TMT process
would be much simpler and therfore cheaper. The mechanical alloying process for
creating oxide dispersoids is expensive and energy-intensive. Only the milling time
in a high-energy ball mill for a powder is relatively long (typically 1 day). Also,
mechanically alloyed materials can develop pores during high temperature
annealing. TMT would be a simpler and cheaper solution. However, the expected
structural applications require microstructural stability at high temperatures over
long times. It has still to be demonstrated that TMT-steels have this stability and that
the diameter of the nano-particles does not increase significantly.

Fig. 2.45 Small
precipitations discovered in
commercial 9 % Cr steel after
thermomechanical treatment
replotted from literature [117]
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2.3.6.4 Other Nano-Features

Nano-grained materials are another class of advanced materials for structural
applications. Oxide dispersion strengthened materials are the most important class
of nano-structured structural materials for energy applications. Production of nano-
grained bulk materials is another possibility for application of nano-features. Ball
milling was the earliest plastic-deformation technique for the production of
nanostructured materials [119]. Powders which were treated in a ball-mill are
usually only an intermediate product which needs to be further consolidated, a step
which does not harm nano-sized particles but in which the nanograined structure is
usually lost. For the nano-feature strengthened alloy 14YWT could be shown that
extremely fine grain sizes were maintained also during consolidation [93] as
already mentioned above. Nano-grains can also be obtained by massive plastic
deformation of bulk materials. The most developed and significant among these
techniques are equal-channel angular pressing (ECAP), high-pressure torsion
(HPT), accumulative roll bonding (ARB), and surface mechanical attrition milling
(SMAT) [120]. Nano-grains can be used as intermediate stage during deformation
(superplastic forming) or as a microstructure possessing superior properties
compared with conventional grain sizes. The high temperatures required for sev-
eral applications lead usually to a significant growth of nano-grains. The fuel
cladding alloys based on Zirconium (Zircaloys) can be considered as a good
example. Claddings are pipes with an outer diameter of about 10 mm and a wall
thickness of about 1 mm. Seamless pipes are produced according to well known
procedures leading to a pronounced texture after heat treatment. To explore further
development towards advanced nuclear technologies other microstructural options
were considered. Zircaloy has a hpc crystallographic structure which is expected to
lead to nano-grains after severe plastic deformation. A nano-grained structure
could be obtained by multi-stage cold rolling [121] (Fig. 2.46) which led to an
increase in strength of roughly 25 %, but after only 10 h thermal exposure at
550 �C this strength increase was lost due to grain coarsening [122].

A steel with nanometer-sized grain structure has the possibility to provide
radiation resistance by increasing the grain boundary length and subsequently

Fig. 2.46 Nano-grained Zircaloy obtained after several steps of cold rolling
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providing a greater amount sinks for absorbing mobile defects. Optimizing the
type of boundary to include a greater number of sinks might further improve the
radiation resistance.The response of a 304-type austenitic material to equal
channel angular pressing (ECAP) was thoroughly investigated [123], but the
thermal stability was not reported. A model austenitic alloy was processed using
the method for eight passes at 500 �C to obtain an average grain size of *360 nm
as shown in [124]. Grain boundary engineering was applied to optimize the grain
boundary character distribution. Investigations of thermal stability and behaviour
under irradiation are currently on track to study the properties of such austenitic
steels under different service conditions. Also ferritic ODS alloys (PM2000) were
ECAP-treated [84] which led to grain sizes of 500 nm and below (see Fig. 2.42).
Preliminary results from tensile tests showed remarkable increase in yield stress
and also in rupture elongation [125]. Due to the limited amount of data which were
obtained with small tensile samples it can only be speculated that also for PM2000
an increase in yield stress and an increase in ductility can be obtained. Until which
temperature and until which dpa-level the grain structure remains stable still needs
to be investigated. In summary can be stated that nano-grains have a distinct
potential towards improvement of properties of structural materials for nuclear
applications. But this potential still needs to be further explored.

Nano-layered structures are also considered for reduction of radiation damage
[126]. Collission of an energetic particle like an ion or neutron with an atom of a
target creates a series of point defects (vacancies, interstitials) which can cluster
before recombination leading to typical radiation damage (except helium effects).
The more point defects (vacancies and interstitials) can re-combine the lower the
amount which can form clusters and damage the material. Recombination may
therefore be thought of as a ‘‘selfhealing’’ mechanism. Thus, enhancing vacancy-
interstitial recombination is a strategy for improving the radiation resistance of
crystalline materials. Cu-Nb multilayer composites, synthesized as thin films by
magnetron sputtering with layer thicknesses ranging from 1 to several hundred
nanometer are a typical example for these advanced materials (Fig. 2.47). Inves-
tigations of the stability of these structures have shown that they remained stable

Fig. 2.47 Sketch of a
layered Nb/Cu nano-structure
for optimized radiation
resistance (original
micrograph see [127])
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up to 800 �C [127] and also under ion irradiation. Their radiation-induced defect
concentrations are far below those of pure fcc Cu and bcc Nb subjected to similar
dpa levels, and decrease with decreasing thickness of the individual layers,
demonstrating the capability of self-healing of radiation damage. Traditionally,
materials development starts at existing materials grounds from which further
improvements are developed by materials optimization. Changes in chemical
composition, heat treatment or—as discussed before—the introduction of new
strengthening elements are typical examples for this type of development. Atomic-
scale design aims to achieve superior radiation response by purposefully manip-
ulating composition and microstructure to control the behavior of radiation-
induced defects. Currently materials modeling is a means to determine the impact
of modifications on materials behaviour and/or to accelerate improvement of
existing materials. In (farer) future modeling could help to realize unconventional
materials that could not have arosen through a series of gradual modifications.
Radiation damage happens on an atomic scale and it is therefore well suited for
demonstration of the capabilities of materials modeling for the development of
new structures which are tailored to certain properties [126, 128].

2.3.7 Ceramic Materials

Graphite, oxide ceramics and carbide ceramics are considered as structural
materials for advanced nuclear plants. Currently, only a few candidates are really
investigated: Graphite and SiC compounds are of highest interest.

2.3.7.1 Graphite

Properties of graphite for nuclear applications were described extensively in the
literature like e.g. [129, 130].

Graphite in nuclear plants can have two functions: It acts as a moderator by
slowing down fast neutrons and it is responsible for the structural stability of core
components made out of graphite. It is a key structural element in gas cooled
reactors using a thermal neutron spectrum (AGR, HTR). The structural integrity
must be retained over a wide range of neutron fluence and reactor temperatures. In
the British AGRs commercial graphite moderator systems have run for over forty
years. Nuclear graphites were also successfully used in earlier HTR-projects. A
large database for graphite exists but there are still uncertainties concerning details
of graphite production. Some details might have dissappeared over the years
because of the declining interest in HTRs until recently. Graphite is produced
synthetically in large blocks. In the absence of both air and neutron irradiation, at
temperatures up to about 2,000 �C, structural integrity is maintained.

Graphite is very different from the metallic materials used in current and future
nuclear plants. In contrast to an alloy which has high strength, ductility, no
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porosity and homogeneity, bulk graphite has low strength and is brittle, porous and
inhomogeneous. Some of the differences between graphite and the austenitic steel
316L as a typical alloy for nuclear applications, are listed in Table 2.7 together
with important properties of bulk graphite [129]. Graphite has several advantages:
it is chemically inert, does not show phase changes and it allows a wide variation
in properties without change in chemical composition. Strength improves for
temperatures up to 2,000 �C (provided oxidizing gases are excluded) and graphite
has a high resistance to thermal shock. Its ability to slow down (moderate) fast
neutrons is the most important property with respect to nuclear applications.
A distinct characteristic of graphite is its anisotropy. This anisotropy is reflected in
its microstructure shown in Fig. 2.48. Graphite consists of planes with hexagonal
atom arrangement which are weakly bonded. This anisotropy has an important
influence on the behaviour of graphite under irradiation as shown in Chap. 5. The
anisotropy can also be seen from properties given in Table 2.7 where the notations

Table 2.7 Important characteristics of graphite, wg... with grain, ag... against grain (source [129])

Property Steel alloy 316L Specialty extruded graphite

Density (g/cm3) 8.0 (Porosity = 0 %) 1.74 (Porosity = 23 %)
Tensile, MPa [480 15/11 wg/ag
Elongation at break [40 0.3
Poisson’s ratio 0.3 0.2
Thermal conductivity, W/mK 17 160/145 wg/ag
Thermal expansion (CTE) 10-6 K-1 18 2.5/3.6 wg/ag

Fig. 2.48 Crystal lattice of graphite
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wg (with grain) and ag (against grain) are introduced. With-grain means parallel to
the extrusion direction and against-grain means perpendicular to the extrusion
direction. The anisotropy, usually observed in graphite products, is also established
in the forming operation. In extruded products, the anisotropic coke particles orient
with their long dimensions parallel to the extrusion direction. Proper particle size,
geometry and distribution are therefore extremely important for the properties of
the final product which should be near-isotropic. But also coke type, particle size,
and the ratio of die-to-mold chamber diameters have a strong influence on isotropy
of the final product.

2.3.7.2 Silicon Carbide

Bulk Silicon Carbide is the only chemical compound of carbon and silicon. It was
originally produced by a high temperature electro-chemical reaction of sand and
carbon. Silicon carbide is an excellent abrasive and has been produced and made
into grinding wheels and other abrasive products for over one hundred years. The
material can also be made an electrical conductor and has applications in resis-
tance heating, flame igniters and electronic components. Silicon carbide has also
attractive strength properties at temperatures up to 1,600 �C and it has therefore
been considered since many years as a possible structural material for high tem-
perature applications. The main obstacle is its low fracture toughness making
several components extremely prone to brittle fracture. It is a candidate for fusion
(mainly tiles) and for fission (as layered structure in HTR fuel). Silicon carbide is
composed of tetrahedra of carbon and silicon atoms with strong bonds in the
crystal lattice. This produces a very hard and strong material. Silicon carbide is not
attacked by any acids or alkalis or molten salts up to 800 �C. In air, SiC forms a
protective silicon oxide coating at 1,200 �C and is able to be used with almost no
strength loss up to 1,600 �C. Silicon carbide exists in about 250 crystalline forms.

Fig. 2.49 Structure of b-SiC
which is the preferred
structure for fiber reinforced
SiC [131]
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The polymorphism of SiC is characterized by a large family of similar crystalline
structures called polytypes. They are variations of the same chemical compound
that are identical in two dimensions and differ in the third. Thus, they can be
viewed as layers stacked in a certain sequence [132]. Beta SiC (Fig. 2.49) is the
modification of the matrix of many fiber reinforced SiCs discussed for nuclear
applications.

Nano-crystalline SiC is currently studied to further improve mechanical prop-
erties like toughness [133] and it might also have superior radiation damage
resistance. Bulk SiC is rather brittle and it an therefore only limitedly be used as
structural material. It is e.g. employed in highly corrosive environments of the
iodine sulfur process for thermo-chemical hydrogen production.

Silicon carbide (SiC) composites belong to the class of ceramic fiber reinforced
ceramics (CFC). They consist of a woven fiber structure (in our case silicon
carbide or carbon) which is embedded into a ceramic matrix (in our case SiC) as
shown in Fig. 2.50 [134]. The fibers prevent brittle fracture of the SiC-matrix (see
Chap. 4) and make the material suitable for structural applications. Currently only
limited structural applications (tiles for areospace applications, brakes, hot gas
liners etc.) exist. One of the main current obstacles is the price for components.
SiC/SiC is a candidate material for low-activation structural applications in pro-
posed fusion reactors. It is also considered for advanced fission reactors for
applications like VHTR control rod, GFR cladding, MSR claddings and/or
structural components. Fiber reinforced ceramics are engineered materials which
need a very good tuning between matrix, fiber and fiber matrix interface. The bulk
of work done with respect to nuclear applications comes from the fusion materials
society. Much work has been done for the development of fibers and fiber surfaces
to obtain the required radiation resistance. For cladding applications it is most
important that the material remains gas tight under reactor operation conditions
which is currently investigated for advanced reactors [135] and (particularly after
the Fukushima event also for LWRs.

Fig. 2.50 Microstructure of
a SiC/SiC compound [134]
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2.3.8 Coatings

The increasing demands in advanced nuclear applications (temperature, corrosive
environment) can most probably only be accomodated with surface protection.
Coatings can be applied to protect against hot corrosion, erosion and wear and they
can also be employed as thermal barriers. Although coating technology is well
accepted in non-nuclear machinery it is new in the field of nuclear applications.
Conditions in advanced liquid metal reactors (operating at temperatures above
550 �C) and in molten salt reactors will probably need alumina formers for surface
protection. Many coatings are designed to be consumed with time (aluminum or
chromium donators) and also coatings are not considered as a design issue. This
means that the whole safety and reliability culture for coatings has to be built up
for future reactors. Current coating trials for fission reactors are primarily based on
existing compositions which were mainly developed for gas turbines. Develop-
ments towards nano-powders or nano-composites might help to improve quality
and life-time of coatings in future. More about application of coatings can be
found in Chap. 3.
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