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Abstract
Global energy demand is expected to increase steeply, creating an urgent need to evolve a judi-
cious global energy policy, exploiting the potential of all available energy resources, including 
nuclear energy. With increasing awareness of environmental issues, nuclear energy is expected to 
play an important role on the energy scenario in the coming decades. The immediate thrust in the 
science and technology of nuclear materials is to realize a robust reactor technology with associ-
ated fuel cycle and ensure the cost competitiveness of nuclear power and to extend the service life 
of reactors to 100 years. Accordingly, the present-generation materials need to be modified to 
meet the demands of prolonged exposure to irradiation and extended service life for the reactor. 
Emerging nuclear systems incorporate features to ensure environmental friendliness, effective 
waste management, enhanced safety, and proliferation resistance and require development of 
high-temperature materials and the associated technologies. Fusion, on a longer horizon of about 
five decades, also requires the development of a new spectrum of materials. The development of 
next-generation materials technology is expected to occur in short times and is likely to be further 
accelerated by strong international collaborations.

Introduction
The global energy scenario is dynamic, demanding periodic 

evaluation. The quantitative estimate of global power demand 
and share of various resources are available in a number of recent 
predictions1 (see also the Introductory article by Arunachalam 
and Fleischer in this issue). These predictions indicate that an 
innovative global energy policy exploiting the potential of all 
available resources is essential to meet the future demand. 
Nuclear power is expected1 to play a key role in meeting the 
global energy demand in the coming decades.

Nuclear power can be generated using two types of nuclear 
reactions: fission and fusion. In the fission reaction, the nucleus 
of a heavy atom such as uranium (235U or 233U) or plutonium 
(239Pu) is split into lighter fragments, releasing a large amount 
of energy (∼200 MeV per fission event). In fusion, on the other 
hand, nuclei of smaller atoms are fused into a larger nucleus, 
producing energy (for example, isotopes of hydrogen can be 
fused to produce a helium nucleus, a neutron, and energy: 1

2  H + 
1
3 H ® 2

4 He +   0
1  n + 17.6 MeV). Fission-based nuclear technology is 

well established, whereas fusion technology is expected to 
become commercially available in the second half of the 
century.

Currently, there are 443 commercial fission-based nuclear 
reactors, which account for about 15% of global electric power 
generation. The present nuclear energy generation capacity of 
370 GWe (gigawatts electrical) is expected to increase to 
500 GWe or more by 2030 and ∼1500 GWe by 2050. The recent 
renaissance of nuclear power is due to many factors: environ-
mental awareness related to climatic changes, increased reli-
ability, improved safety culture, and the necessity for sustainable 
energy.

The growing concern about climatic changes has provided 
the impetus required for the growth of green energy technolo-
gies. In this context, nuclear energy is a meaningful option, as 
it is a nearly carbon-free source of power, evaluated over the 
entire lifecycle approach. Nuclear energy production does not 
involve emission of hazardous gases such as SO2. The reliabil-
ity of commercial nuclear power plants has substantially 
improved in the past decade. The world average nuclear power 
plant availability improved1 from 71.0% in 1990 to 83.2% in 
2004. The nuclear industry has been able to meet the continu-
ously increasing safety standards, using the concept of “defense 
in depth.” This approach provides two advantages: first, to pre-
vent accidents, and second, if prevention fails, to limit their 
possible consequences. The World Association of Nuclear 
Operators has reported2 a significant reduction in the safety 
accident rate in the nuclear industry (number of accidents per 
200,000 work hours) from 5.2 in 1990 to 1.2 in 2006.

Many reliable estimates3,4 of nuclear fuel resources have 
shown that nuclear power can provide sustainable energy for 
the future. The identified conventional, recoverable resources5 
of uranium (4.7 million tonnes of uranium, MtU) would be suf-
ficient3 to last for about 70 years, based on the present projec-
tion of consumption of uranium (assuming once-through fuel 
cycle of light water reactors). Additional conventional resources, 
estimated to be about 10.1 MtU, would ensure uranium avail-
ability for a longer period of 270 years. This estimate can be 
further enhanced if unconventional resources such as phosphate 
deposits or seawater are included. Introduction of the fast reac-
tor fuel cycle with recycling would further significantly improve 
the fuel availability. In this scenario, identified conventional 
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recoverable resources of uranium will ensure fuel availability 
for 4,800–5,600 years. This estimate increases to 16,000–19,000 
years if total conventional resources of uranium are considered. 
Thorium is known to be three times as abundant in Earth’s crust 
as uranium, and the technology of a thorium fuel cycle will 
further enhance the sustainability of nuclear power.

The high heating value of fuel, relatively high energy den-
sity, and possibility of high conversion efficiency are some of 
the additional advantages of nuclear power.

The widespread use and public acceptance of nuclear energy 
revolve around a few key issues such as safety, management of 
nuclear waste (see also sidebar by Ewing in this issue), cost 
competitiveness, and proliferation resistance (see sidebar by 
Hecker in this issue). Although nuclear waste is highly radioac-
tive, its volume is far less than that of the waste produced in 
fossil power plants. The ultimate disposal of the nuclear waste 
in the public domain is still a cause of concern. International 
research and development (R&D) efforts are focused on reduc-
ing the radiotoxicity and time for storing high-level radioactive 
waste, and there are indications that robust technologies can be 
developed for the safe disposal of nuclear waste.6 The cost of 
nuclear energy has to become competitive with other energy 
resources to ensure its sustained growth. One contribution to the 
cost is the long time required for constructing a nuclear reactor, 
which is partly due to the procedures involved in getting clear-
ances from regulatory bodies and satisfying stringent safety 
demands. Both the political decisions and national policies aris-
ing from nuclear proliferation issues and concern regarding the 
safety of nuclear fuel during handling and transport act as hin-
drances to the increased utilization of nuclear energy. However, 
emerging recycling technologies seek to enhance proliferation 
resistance by ensuring that plutonium is not separated from ura-
nium at any stage. Co-location of fuel-cycle facilities would 
reduce the requirement that fuel be transported across the public 
domain and make the fuel more secure. However, the fuel-cycle 
facilities need to ensure that the high safety standards are strictly 
enforced, regardless of whether or not the nuclear installations 
are co-located.

The realization of the importance of nuclear power has 
enhanced international cooperation in recent years.7,8 The 
International Project on Innovative Nuclear Reactors and Fuel 
Cycles (INPRO) involving 28 countries and Generation IV with 
11 countries are two major international cooperative efforts. 
These international initiatives consider fast spectrum reactors 
(breeders or burners) an important option to meet the objectives 
of next-generation nuclear energy systems. Fast spectrum reac-
tors make use of fast neutrons (∼1MeV) to cause fission of fuel 
(i.e., uranium or plutonium). Such reactors could be designed 
to produce more fissile material than they consume, in which 
case they are called breeders. Burners are fast reactors that pro-
duce energy by burning the fuel and/or transmuting minor 
actinides to short-lived (∼500 years) nuclear waste.

Another important option to meet the objectives is closing 
the fuel cycle. The different stages in a fuel cycle are extraction 
from the ore, burning in a reactor to produce power, and dis-
posal of used fuel. The burned fuel can be buried directly as a 
nuclear waste. Alternatively, the reusable or unburned fuel can 
be separated from the nuclear waste before the waste is buried 
in deep geological repositories. Closing the fuel cycle refers to 
the option of recycling the fuel back to the reactor, after the 
reusable fuel has been recovered from the burned fuel.

Long-term targets include (1) increased thermal efficiency 
through a shift to high-temperature reactors; (2) multiple indus-
trial use of high-temperature reactors; (3) improved fuels and 
better coolants; (4) improved safety, reduced nuclear waste, and 
better proliferation resistance through in situ incineration using 

accelerator-driven systems (ADS); and (5) development of 
commercial fusion technology.

The road map for multiple-use reactors with better thermal 
efficiency involves developing high-temperature reactors (the 
core outlet temperatures of which can be as high as 1273 K) and 
using fission-generated heat for commercial purposes such as 
desalination to produce potable water, heating of buildings, or 
production of hydrogen as fuel. High-temperature reactor 
technology started in the 1950s and continued until the middle 
of the 1970s, within the framework of the Organisation for 
Economic Co-operation and Development and the Nuclear 
Energy Agency (OECD/NEA) international collaborations. 
Although this technology lost its economic competitiveness to 
water reactors, interest has been revived recently.9,10 For exam-
ple, Japan commissioned two test reactors in 1998 and 2000. 
This technology should be able to achieve commercialization 
in the first quarter of the 21st century.

In the case of fast spectrum reactors, different fuels, includ-
ing metals, oxides, carbides, and nitrides, and coolants such as 
sodium, Pb, Pb–Bi, helium, and carbon dioxide gas are being 
evaluated. The higher outlet temperature of the coolant (∼873–
923 K) and better coolants are expected to increase the thermal 
efficiency. Metallic fuels can generate or breed fuel better than 
oxides, carbides, and nitrides, and metallic fuels can be devel-
oped that can generate 1.5 times more fresh fuel than the amount 
of fuel burned, thus ensuring a sustained high pace of growth 
of nuclear power. Current technology is mature for developing 
commercial sodium-cooled fast reactors using mixed U–Pu 
oxide fuel, in a time horizon of 15–30 years.

Utilization of thorium, through its conversion to 233U, can 
increase the power potential of nuclear energy by several orders 
of magnitude.11,12 Hence, energy systems that could utilize tho-
rium for energy sustainability well beyond the 21st century 
need to be developed and established for commercial exploita-
tion. In the past, the United States and Germany built demon-
stration plants based on the thorium fuel cycle. India, which has 
abundant thorium reserves, has sustained interest in the thorium 
fuel cycle and developed capabilities in thorium-based reactors 
and fuel-cycle technologies. Moreover, India has launched the 
development of an advanced heavy water reactor and associ-
ated fuel-cycle technologies as an alternate energy option.

In the longer time horizon are ambitious goals such as ADS 
and fusion technology. Accelerator-driven subcritical systems13 
promise nuclear energy with improved safety, generation of fis-
sile isotopes such as 233U from 232Th, and minimization of nuclear 
waste by in situ incineration of long-lived actinides and fission 
products. Subcritical refers to reactor conditions under which the 
population of neutrons in one generation is less than that in the 
previous generation. Under such conditions, a fission reaction is 
sustained using additional neutrons from an external source such 
as an accelerator. In ADS, a high-energy (∼1 GeV) proton beam 
from an accelerator strikes a heavy target element (liquid lead or 
tungsten), which yields copious neutrons called spallation neu-
trons. These neutrons from the spallation target, that is, the neu-
tron source, drive fission reactions in a nuclear reactor. The 
surplus availability of neutrons offers two advantages: (1) the 
nuclear reactor can be operated under subcritical conditions, 
hence offering a better safety level than critical reactors, and (2) 
the in situ incineration of long-lived components of spent fuel 
reduces the storage time of the resulting nuclear waste. ADS 
technology is in the early stage of development, and commercial 
exploitation is still a distant target.

Fusion power is a promising long-term solution for global 
energy issues, given its several advantages: abundant, widely 
distributed resources; environmental acceptability; and pro-
liferation resistance (materials used in a fusion reactor and 
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byproducts of fusion are not 
suitable for the production of 
nuclear weapons). The fusion 
reaction can proceed only if the 
repulsive electrostatic force 
between nuclei is overcome.
This requires high temperatures 
(∼108 K) and high pressures (∼109 
Pa), and under such conditions, 
the fuel is in the state of plasma 
(ionized state of matter). In a 
fusion reactor, tritium (1

3 H), the 
fuel for sustaining the fusion 
reaction, is produced in a self-
sustained fashion, using lithium 
as a breeding blanket (3

6  Li + 0
1 n ∼ 

2
4 He + 1

3 H). Fusion research started 
over half a century ago. Pioneering 
experiments in fusion research 
were carried out by Russian 
scientists to demonstrate the fea-
sibility of thermonuclear reaction, 
to sustain the plasma in various 
types of magnetic fields, and 
to deal with instability related 
to magnetohydrodynamics. Many 
countries, including the United 
States, England, France, Japan, 
and Germany, joined this research 
effort around 1968. The immediate 
challenges in establishing fusion 
technology at the commercial 
level are associated with issues 
related to achieving sustainable 
fusion, creating and confining 
plasma, generating high tempera-
tures, and managing tritium. 
Fusion materials that withstand 
high temperatures, irradiation, 
and magnetic loads—static and 
transient––and associated tech-
nologies such as remote inspection 
and maintenance are currently 
being developed.

With these long-term strate-
gies, the nuclear industry is 
expected to undergo a paradigm 
shift from being a mere electricity 
producer to being an indispens-
able part of global energy policy.

The successful implementa-
tion of advanced nuclear systems 
depends on the development of 
suitable materials and relevant 
technologies (Figure 1). An exten
sive database is available14–16 on a 
host of nuclear materials: nuclear 
graphite, beryllium, boron, and 
engineering materials such as 
zirconium-based alloys (with low 
neutron absorption cross sections) 
for water reactors and nuclear-
grade steels (with high radiation 
resistance) for sodium-cooled 
fast reactors. The present level of 
maturity of nuclear materials 

Figure 1.  (a) Schematic of different stages in the overall nuclear energy system and (b) example of 
evolution of crucial materials in each stage.
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technology involves efforts to achieve high burnup (energy pro-
duction per unit quantity of the fuel) to reduce the cost of nuclear 
power, and new domains of materials research are also emerging 
in response to advanced reactor technologies.

Nuclear Materials: A Brief Preamble
Nuclear fuel forms the core of any nuclear reactor. The 

term “nuclear materials” refers to a host of engineering mate-
rials that are used in the reactor, other than the fuel, coolant, 
and moderator. Some examples of nuclear materials are the 
zirconium-based alloys used in water reactors and the high-
temperature radiation-resistant steels used in the sodium-
cooled fast reactors. The nuclear materials can broadly be 
grouped into two categories: core and out-of-core component 
materials. The core component materials include fuel assem-
blies and the neighboring coolant channels for water reactors 
and clad (cylindrical tubes that house the fuel pellets) for the 
fuel and wrapper (a container that houses fuel elements, in 
between which the coolant flows) for subassemblies of fast 
reactors. The out-of-core materials (Figure 2), made of differ-
ent steels, form the remaining parts of the nuclear steam sup-
ply system. General issues of concern about the nuclear 
materials are radiation resistance, high-temperature mechani-
cal properties, compatibility with the fuel and coolant, and 
fabricability. The conventional, non-nuclear parts of reactor 
systems, such as turbines, steam generators, and condensers, 
called the “balance-of-plant” components, also must function 
well to improve the performance of the reactor. The turbine 
and steam generator materials, ferritic steels, should exhibit 
excellent mechanical properties such as fatigue and impact 
resistance, in addition to acceptable corrosion and erosion 
behavior. Some problems related to embrittlement and corro-
sion have been resolved, and modifications have been incor-
porated in the design of materials for future reactor systems. 
Incremental improvements in the properties of materials used 
in balance-of-plant components are expected, that will result 

in longer lifetimes for the components, better economy, and 
enhanced safety. However, the target of long life, beyond 60 
years, requires re-evaluation of materials behavior in the 
newer domain of extended service life.

Newer reactor concepts such as the Small Sealed 
Transportable Autonomous Reactor, SSTAR, demand the same 
performance features: compatibility with the coolant and an 
absence of embrittlement and radiation-induced problems.

Generally, all materials in the reactor core are subjected 
to demanding conditions of temperature, stress, and neutron 
irradiation. The service exposure conditions for these materi-
als, including temperature, temperature gradient, irradiation 
dose, and stresses, depend on the type of the reactor and vary 
from component to component within the same reactor. This 
results in materials issues that are specific to the type of reac-
tor and the component, as described in Table I. Generally, in 
any reactor, the core component materials experience service 
conditions more severe than the out-of-core materials. Such 
conditions demand more efforts in the development of core 
component materials. Intense R&D efforts since the 1970s in 
the area of radiation damage; compatibility with fuel, cool-
ant, and fission products; and mechanical properties have led 
to the development of a wide spectrum of core component 
materials.

Depending on the energy of the neutrons used for fission of 
the nuclear fuel, reactors can be broadly classified into two 
types: thermal and fast reactors. Materials used in thermal 
reactors (where fission is caused by neutrons with an average 
energy of ∼0.025 eV) experience relatively less aggressive 
conditions. The materials used in fast reactors (where fission is 
caused by fast neutrons with an average energy in the range of 
0.2–0.5 MeV) are exposed to a more hostile environment, such 
as high neutron fluxes [peak flux of ∼8 × 1015 neutrons/(cm2 s) 
compared to 1015 neutrons/(cm2 s) in thermal reactors] and 
high temperatures (up to 823 K compared to 573 K in thermal 
reactors). In addition, fuels used in fast reactors are irradiated 

to much higher levels of burnup 
[target burnup of 200 gigawatt 
days/tonne (GWd/t); the present 
level of burnup is 100 GWd/t] 
than the fuels in thermal reactors 
(up to 80 GWd/t). (Burnup is the 
energy produced from unit quan-
tity of the fuel. It is expressed in 
units of MWd/t, GWd/t, MWd/
tHM, and GWd/tHM, where HM 
refers to a heavy metal such as 
uranium and 1 GW = 103 MW.)

The main consideration in the 
choice of materials for a thermal 
reactor is related to neutron econ-
omy, that is, materials should 
have a low neutron absorption 
cross section. One material that 
satisfies this requirement is zirco-
nium, which has a neutron ab
sorption cross section of 2 × 10−24 
cm2. Hence, significant research 
has been carried out to develop a 
wide variety of zirconium-based 
alloys with chemical properties 
optimized for improved corrosion 
and irradiation behavior and with 
minimal tendency toward hydro-
gen embrittlement as a result of 
thermomechanical processing.
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Figure 2.  Schematic of different components in a reactor: core components, out-of-core components, 
and balance-of-plant components.
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The satisfactory performance of many thermal reactors 
has enabled their licensing for a longer service life. Under 
such circumstances, radiation embrittlement of pressure 
vessels becomes another important issue to be addressed. 
Ferritic steels17 for reactor pressure vessels should per-
form well for 60 or even 100 years. Extension of the ser-
vice life of a reactor vessel requires development of 
materials surveillance methodologies to establish accept-
able procedures for on-line assessment of structural integ-
rity and prediction of the residual life of present-generation 
reactors. In-service inspection and repair procedures using 
remote handling methods or robotics are approaches envis-
aged to meet the demand of longer lifetimes. In this con-
text, improved understanding of damage mechanisms and 
modeling and validation of materials surveillance proce-
dures would be very useful. The international nuclear 
community is confident that a lifetime of 60 years for first-
generation pressurized water reactor systems can be 
achieved through innovative solutions. The approaches 
include introduction of a robust materials surveillance 
program, small-size specimen testing, and advanced non-
destructive examination methods for evaluating fracture 
toughness and microstructural degradation of materials. 
Thus, modeling-based predictions of long-term behavior 
and in-service testing and evaluation of nuclear materials 
and components become crucial in extending service life 
to 60 years and beyond.

The materials for core components of fast spectrum reactors 
should have excellent radiation resistance and superior high-
temperature mechanical properties. Void swelling, irradiation 
creep, and embrittlement govern the in-service performance of 
the core component materials. Another important property, the 
compatibility of structural materials with the sodium coolant in 
fast reactors, is well understood and does not pose a major prob-
lem. The corrosive nature of sodium depends largely on the 
concentration of dissolved impurities such as carbon and oxy-
gen. Reliable technology for monitoring and control of impuri-
ties in sodium is available.18 However, there is a need to address 
the engineering aspects of design, fabrication, and inspection 
techniques to minimize the problem of an accidental leak of a 
large amount of sodium, in order to maintain high safety 
standards.

Nuclear Reactor Materials: Present Status and 
Short-Term Strategies

Zircaloy, an alloy based on zirconium, has been the work-
horse of thermal reactors as a core structural material. Various 
versions of Zr-based alloys such as Zircaloy-2 (Zr–Sn–Fe–
Cr–Ni), Zircaloy-4 (Ni-free to minimize hydrogen adsorp-
tion), and Zr–Nb alloy and its variants (better long-term 
oxidation resistance under irradiation) have been devel-
oped.19,20 The in-service performance of this generation of 
materials has reached the technological limits. The average 
burnup of fuel achieved in thermal reactors is around 50 GWd/
t. Attempts to maximize the burnup increase the residence 
time of materials in the core. For example, the exposure time 
of an in-core material increases from 30,000 to 45,000 h (from 
∼42 to 62.5 months) when the burnup of the fuel is increased 
from 45 to 70 GWd/tU.21 At higher burnup, materials issues 
related to hydriding, irradiation growth, and embrittlement 
become severe, necessitating development of newer and bet-
ter materials. Hence, in the 1980s, strategies were adopted22 
to develop advanced radiation-resistant materials, leading to 
ternary and quaternary alloys of Zr–Nb, such as Zirlo (with 
tin, iron, and nickel), M5 (with oxygen), E110 (similar to M5), 
and DX-D4 (a variant with a duplex structure). A complex 
interplay of chemistry, microstructure, out-of-core behavior, 
and in-reactor performance necessitates detailed evaluation 
and validation of many zirconium-based alloys before accep-
tance in the nuclear industry. The M5 alloy has demonstrated 
radiation resistance to high burnup values (70 GWd/MtU), as 
well as superior resistance against corrosion (20 mm corrosion 
depth at 70 GWd/MtU), hydriding, irradiation creep, and 
growth (<0.7%). The E110 alloy, with nearly the same chem-
istry as M5, exhibits inferior performance during off-normal 
conditions. The duplex cladding DX-D4, an alloy with a 
duplex structure containing both high- and low-temperature 
phases, exhibits better mechanical properties and corrosion 
behavior than Zircaloy-4. Industrial experience with this alloy 
since 198922 has indicated that the alloy is radiation resistant 
up to a burnup of 60 GWd/tU. Attempts are in progress to 
achieve burnup of ∼80 GWd/tU by about 2015, with improved 
fuel and structural materials.

The accumulated experience in fast reactor technology is 
mainly from sodium-cooled reactors in a few countries such as 

Table I:  Materials Issues and Candidate Materials for Thermal and Fast Spectrum Reactors  
for a Few Crucial Components.

Reactor Type Component Materials Major Issues

thermal spectrum cladding zirconium-based alloys neutron economy

thermal spectrum pressure vessels, pipings carbon steels cost and corrosion

thermal spectrum turbines and steam generators low alloy steels, 12% Cr steels cost, corrosion, high temperature 
and pressure

fast spectrum clad and hexcan cold worked 316 SS 15%Cr-15% 
Ni-Ti stabilized stainless steel- 
Alloy D9 ferritic steels

void swelling, irradiation creep, 
irradiation embrittlement, tensile 
strength, ductility & creep 
strength & ductility, compatibility 
with sodium, fuel & fission 
products

fast spectrum structural materials 316 L stainless steels or 316 L(N) 
stainless steels

tensile strength, creep low cycle 
fatigue properties, creep-
fatigue interactions, weldability, 
fabricability

fast spectrum steam generator modified 9Cr-1Mo ferritic steels compatibility with sodium and 
steam and corrosion, fretting and 
wear related problems
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France, Japan, Britain, the 
United States, Russia, and 
India. Two types of materi-
als, stainless steels (SS) 
and nickel-based alloys, 
were evaluated in the 1970s 
for core applications, based 
on their excellent high-
temperature mechanical 
properties. However, sub-
sequent efforts have 
focused mainly on stain-
less steels, because nickel-
based alloys under 
irradiation exhibit a high 
tendency toward helium 
embrittlement. Three gen-
erations of steels have been 
developed:23 variants of 
austenitic stainless steel 
(SS) such as 316 SS and 
D9 (Ti-modified 15Ni–
15Cr austenitic steels), 9–
12 Cr-based ferritic steels, 
and the oxide-dispersion-
strengthened (ODS) advan-
ced ferritic steels.

Void swelling and irradi-
ation creep are two major 
materials issues in fast reac-
tors. The propensity of a 
material for swelling and 
irradiation creep is measured 
in terms of its increase in 
dimensions with increasing 
irradiation dose or stress (at 
constant temperature and 
dose), respectively (Figure 
3a,b). Figure 3a shows the 
percentage change in the 
diameter of the material with 
irradiation dose (measured 
as dpa, displacement per 
atom) of neutrons, for differ-
ent types of cold-worked 
steels. The point of intersec-
tion, X, between the two lin-
ear portions of the curve 
represents the threshold 
dose. Figure 3b shows the 
creep behavior of candidate 
materials such as stainless 
steel (D9-15%Ni,15%Cr 
with Ti and 316SS-
8%Ni,18%Cr), ferritic steel 
(HT9), and nickel-based 
alloys (D21 and D68). The 
figure shows the increase in 
percentage diametrical strain 
with increasing hoop stress, 
a mechanical stress causing 
circumferential forces on 
rotationally symmetric sam-
ples such as a cylinder. These 
two properties help to rank the candidate materials. For exam-
ple, D9 is better than 316 stainless steel.27,28 Void swelling is 

caused by the formation of microscopic voids in the materials 
during irradiation, shown in Figure 3c, increasing the dimen-
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Figure 3.  Typical example of development of clad material for fast reactors. Comparison of two crucial 
parameters for candidate materials for clad: (a) void swelling and (b) irradiation creep. (a) The percentage 
change in the diameter of the material with irradiation dose (measured as dpa-displacement per atom) of 
neutrons, for different types of cold-worked steels. The point of intersection, X between the two linear 
portions of the curve, represents the threshold dose. (b) The creep behavior of candidate materials like 
stainless steel (D9 and 316SS), ferritic steel (HT9), and nickel base alloys (D21 and D68). The figure 
shows the increase in percentage diametrical strain with increase in hoop stress—a mechanical stress 
causing circumferential forces on rotationally symmetric samples like a cylinder. These two figures help 
to rank the candidate materials. For example, D9 is better than 316 stainless steel.27,28 (c) Electron 
micrograph (60,000×) of voids (∼0.5 mm) in Type 316 stainless steel irradiated in Dounreay Fast Reactor, 
UK.24 (d) Swelling and irradiation creep resulting in dimensional change in the fuel subassembly in the 
reactor.25 (e) High-resolution lattice imaging of TiC in 20% cold-worked D9, aged at 823 K for 100 h.26 The 
inset shows a small region of the image after noise filtering, at the same magnification. These fringes 
provide information about the lattice strain around the precipitates. The lattice strain is responsible for 
the superior properties of D9.
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sions and reducing the density of the components. These 
changes introduce many engineering problems (Figure 3d) 
and limit the burnup to which the fuel subassemblies can be 
used safely. The basic approach to develop materials to with-
stand high fuel burnup has, so far, been to introduce either 
defects such as dislocations or coherent, stable precipitates 
(Figure 3e) to delay the onset of swelling, that is, the thresh-
old fluence for the breakaway swelling (X in Figure 3a). The 
same microstructural features improve high-temperature 
creep behavior as well. Presently, ferritic steels, based on 
9Cr–1Mo or 12Cr–1Mo or their variants, are being devel-
oped, as these can withstand fluences up to about 180 dpa 
compared to ∼100 dpa for D9 and 45 dpa for 316 stainless 
steels. In fact, 12Cr steels can be considered “near-zero-void-
swelling” materials. However, the creep properties of cur-
rently used ferritic steels are inferior to those of austenitic 
stainless steels and are within the acceptable limits only up to 
a temperature of about 823 K. Hence, a combination of D9 for 
the cladding and ferritic steels for the wrapper is considered 
the best choice for current-generation sodium-cooled fast 
reactors. Another major disadvantage of ferritic steels is their 
tendency to become brittle when exposed to radiation. The 
ductile-to-brittle transition temperature increases from 223 K 
to ∼323 K at the end of its service life. This change in proper-
ties increases the possibility of fracture of the wrapper in the 
reactor during fuel handling and post-irradiation operations. 
Research is in progress to overcome this problem either by 
reducing the amount of impurity elements in the steel or by 
grain boundary engineering.

The short-term developments in fast reactors include an 
increase in the outlet temperature of the coolant from the 
present 823 K to about 1123 K, to enhance the thermal effi-
ciency. Hence, different coolants such as helium gas and 
lead-based systems including Pb and Pb–Bi are being eval-
uated. This necessitates the development of radiation-
resistant ferritic steels with better high-temperature 
(>823 K) creep behavior than conventional ferritic steels. 
Based on three decades of research, ODS ferritic steels are 
emerging as promising clad materials for use at tempera-
tures higher than 823 K. ODS ferritic steels exhibit supe-
rior creep behavior up to a temperature of about 923 K. In 
this family of steels, ferritic steel with either 9Cr or 12Cr 
is chosen as the matrix, with dispersion of a few fine parti-
cles (nanometer scale) of titania and yttria (oxides of tita-
nium and yttrium, respectively). Problems with this class 
of steels are their fabricability, deformation texture, and 
anisotropy in mechanical properties. Further research is in 
progress to establish correlations among chemistry, fabri-
cation process, texture, microstructure, property anisot-
ropy, radiation resistance, and in-reactor performance. 
Powder metallurgy routes have been identified for the fab-
rication of ODS alloys into engineering components such 
as fuel clad. However, for widespread commercial use of 
ODS alloys, it is essential to demonstrate materials system 
engineering: dimensional accuracy during fabrication of 
clad, joining with the end plug, materials evaluation by 
nondestructive techniques, generation of an engineering 
database, validation of performance, and codification.

Materials for the Fuel Cycle: Present Status 
and Short-Term Strategies

The nuclear fuel cycle is vital for the growth of nuclear 
technology. The two fuel-cycle options are (a) a closed fuel 
cycle, in which spent fuel is reprocessed and the fissile and 
fertile elements recovered for reusing in reactors and (b) an 
open, once-through cycle, in which spent fuel is treated as 

waste and disposed in deep geological repositories (see 
Figure 4). The closed fuel cycle has the advantage of sup-
plying recycled fuel for future reactors. This option assumes 
importance in the context of the sustainability of nuclear 
energy. The safety and capacity factors of fuel-cycle plants 
determine the success of the closed fuel cycle and also contrib-
ute to public acceptance of nuclear energy. Arguably, burning of 
plutonium in fast reactors to produce energy and use of innova-
tive closed fuel recycle technology are the preferred options for 
enhancing proliferation resistance. This approach would also 
offer improved waste management by significantly reducing the 
time required for nuclear waste to attain the natural radioactivity 
level. On the other hand, the open fuel cycle does not require 
complex technologies for recycling the spent fuel. The cost of 
fuel-cycle operations contributes 10–25% of the unit energy cost 
of nuclear power generation, depending on the type of separa-
tion process, the fuel cycle, and the technological maturity. A 
robust, safe, and economical nuclear fuel cycle is essential for 
the growth of nuclear power and its sustainability.29

Materials used in the back-end operations encounter aggressive 
radioactive and corrosive environments. The engineering materials 
used for various components in conventional aqueous reprocess-
ing technology (plutonium and uranium recovery by extraction—
PUREX—process) are exposed to corrosive environments such as 
boiling nitric acid. In waste management, it is necessary to develop 
matrixes for immobilizing the nuclear waste. These matrixes 
should remain stable until the radioactivity of the waste reaches the 
natural activity level (from ∼500 to 1,000,000 years depending on 
the radioactive isotopes present in the waste).

Corrosion is the life-limiting factor for structural materials in 
reprocessing and waste management plants. Type 304L stainless 
steel has been the conventional choice for containers and piping 
materials in reprocessing plants, because of its good corrosion 
resistance in nitric acid media. However, over a period of time, 
failures of components made from this alloy have been experi-
enced, which led to the development of nitric acid grade (NAG) 
stainless steels in the 1980s. NAG stainless steels exhibit lower 
corrosion rates than Type 304L stainless steel, for application in 
reprocessing plants, and have been used mainly for reprocessing 
of spent fuel from thermal reactors. However, when a more 
aggressive medium such as boiling and highly concentrated 
nitric acid is encountered, titanium- and zirconium-based alloys 
are favored.30 The lifetimes of reprocessing plants (currently 
20–30 years) need to be enhanced to match those of reactors 
(target of ∼100 years). Hence, development of materials for 
enhancing the lifetimes of the equipment in reprocessing plants 
will continue to be an important area of research.

Nuclear waste management focuses on the immobilization of 
radioactive constituents and their long-term isolation of these 
from the environment. Generally, nuclear waste with a high level 
of radioactivity is vitrified in a suitable matrix and disposed in a 
geological repository after the radioactivity level of the vitrified 
waste has decreased during storage in an intermediate facility.

The characteristics of nuclear waste determine the type of 
waste form, the key factor in the immobilization process. Three 
important parameters guide the selection of a matrix for 
immobilization: chemical durability (ability to lock up the waste 
in the matrix), chemical flexibility (ability to accommodate varia-
tions in the chemistry and physical forms of the waste), and waste 
loading efficiency (number of disposable canisters required). 
Glass, generally borosilicate glass, is the current choice as the 
matrix for immobilizing radioactive waste. Extensive research is 
being carried out into the development of several other ceramic 
matrixes that could hold a higher proportion of fission products or 
actinides and remain stable for  thousands of years.31 Two new 
classes of waste form are being developed: glass ceramics and 
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multiphase ceramics. The glass ceramics are suitable for nuclear 
wastes that are chemically heterogeneous and not compatible with 
borosilicates. An advanced multiphase ceramic material that is 
under development, called Synroc, is a titanate-based ceramic 
consisting of zirconalite (calcium zirconium titanate), hollandite 
(barium aluminum titanate), calcium titanate, and titanium oxides. 
The natural minerals in Synroc have several advantages: durabil-
ity over geological time frames; no undesirable phase-separation 
reactions; higher solubility of the waste forms than glass; and sta-
ble physical properties such as melting temperature, viscosity, and 
electrical resistance. Further innovations in materials research and 
maturity of technology in the area of ceramic matrixes are essen-
tial for more efficient waste immobilization.

Considering the harsh service environment involved in the vit-
rification process, Ni-based alloys are commonly used as melter pot 
materials. Candidate materials for high-level waste canisters and 
overpacks are generally metals such as copper, iron, stainless steels, 
titanium alloys, and nickel-based alloys. The container material is 

chosen with adequate precaution 
to ensure its long failure-free life-
time during casting of the vitrified 
waste product, interim storage, 
and permanent disposal in a geo-
logical repository.

Materials Technology: 
Long-Term Strategies
High-Temperature, 
Multipurpose Reactors

High-temperature reactor 
technology needs a range of 
new materials: refractory alloys 
based on Nb, Ta, Mo, W, and 
Re; ceramics and composites 
such as SiC–SiCf; carbon–carbon 
composites; and advanced coat-
ings. Materials behaviors such 
as microstructural stability; 
mechanical properties such as 
creep, fatigue, and toughness; and 
chemical properties such as corro-
sion and compatibility need to be 
understood in the newer domains 
of higher temperatures and higher 
irradiation levels. Additionally, it 
is important to establish suitable 
fabrication and joining technolo-
gies, inspection methods for 
structural imperfections, on-line 
monitoring methods, and remote 
repair procedures. Extensive 
material qualification and tech-
nology development efforts are 
required in these newer systems 
to establish their suitability for 
high-temperature reactors.

Fast Reactor Technology
In the case of fast reactors, 

long-term objectives include 
alternate fuels such as carbides 
or nitrides or metallic alloys and 
coolants such as CO2 gas or Pb-
based liquids. The clad and 
structural materials for reactors 
with advanced fuels as the driver 

fuel are expected to be similar to the types of steels used in 
oxide-fueled fast reactors. However, advanced materials are 
required for the reprocessing of the nuclear waste with metallic 
fuel.

Metallic fuels are best reprocessed by pyrochemical pro-
cesses using a high-temperature electrochemical route.32 These 
processes use aggressive environments such as highly corrosive 
molten halide salts. Hence, there is a need for development of 
a whole new range of materials: corrosion-resistant coatings, 
graphite crucibles coated with ceramic oxides such as zirconia 
or alumina, and refractory container materials. These technolo-
gies are mature and need only steps for harnessing their poten-
tial at the commercial scale. The disposal of nuclear waste 
generated by pyrochemical reprocessing necessitates develop-
ment of newer matrixes. A possible solution with respect to the 
hull waste (pieces of clad material left behind after fuel is pro-
cessed) is alloying with stainless steel containing 15% Zr and 
conversion to a metal waste form.33 Similarly, suitable matrixes 

Figure 4.  Schematics of (a) closed and (b) open nuclear fuel cycles. Source: Reprinted with permission 
from End Points for Spent Nuclear Fuel and High-Level Radioactive Waste in Russia and the United 
States (2003) by the National Academy of Sciences courtesy of the National Academies Press, 
Washington, DC.
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need to be developed for immobilization of other wastes such 
as salts used in pyrochemical processes.

Thorium Fuel Cycle
The thorium fuel cycle does not introduce new issues in 

reactor materials. However, reprocessing of thorium-based 
fuels involves the use of fluoride at relatively high concentra-
tions. Hence, extensive R&D efforts are essential to develop 
advanced materials resistant to corrosion in fluoride media. 
Second, fabrication procedures for fuels containing 233U have to 
take into account the presence of the isotope 232U, which decays 
ultimately to thallium, 208Tl, which emits hard gamma rays. 
This necessitates remote fuel fabrication, leading to associated 
engineering challenges. It can thus be anticipated that remote 
handling of fuel fabrication processes and the development of 
advanced materials for recycling will be the key issues in the 
thorium fuel cycle. Commercial viability of the thorium fuel 
cycle based on innovations in reactor technology is expected by 
the middle of 21st century.

Accelerator-Driven Systems
The immediate objective in accelerator-driven systems, 

also called hybrid reactor systems, is to achieve commercial 
viability of the advanced concept with existing materials. The 
long-term materials issue is related to the selection of the win-
dow material (which separates the reactor from the accelera-
tor) and the structural materials for the reactor. The window 
material must be resistant to irradiation, corrosion, and embrit-
tlement (liquid metal and helium) and have good thermophysi-
cal properties. Presently, different variants of modified 
ferritic–martensitic steel (T91) and 316L stainless steel are 
being explored as window and structural engineering 
materials.34

Fusion Technology
A schematic of a fusion reactor is shown in Figure 5a. 

Earlier attempts (Figure 5b) such as the Joint European Torus 
facility and the Princeton Tokamak Fusion Test Reactor have 
provided the required confidence to launch a major interna-
tional fusion program, the International Thermonuclear 
Experimental Reactor (ITER). The scope of the ITER project 
includes feasibility studies on the production of fusion energy 
and examination of various concepts using test blanket modules 
for tritium breeding. ITER is a joint project of the European 
Community, Japan, Russia, the United States, Korea, China, 
and India. ITER offers a unique opportunity to test blanket 
mock-ups of the participating countries in a fusion environ-
ment. The success of ITER would be a stepping stone for the 
future-generation fusion power reactors, such as DEMO, a 
demonstration reactor, that can be used for validation of in-
reactor performance of materials and components.

The research efforts in fusion materials can be categorized 
as those pertaining to plasma facing materials such as the first 
wall, the divertor, or the breeding blankets and other structural 
materials. The service conditions, materials issues, and candi-
date materials for both categories are summarized in Table II. 
The materials issues in fusion reactors are prominent in the 
components of the first wall, divertor, limiters, and blankets. 
These components are subjected to high neutron irradiation, in 
addition to strong mechanical, thermal, and electromagnetic 
loadings, both static and transient. The typical operating 
conditions of the first wall in ITER are generally found to be 
more severe than those in a fission-based reactor.36 The struc-
tural materials also should have the least activation from the 
consideration of nuclear waste disposal and decommissioning 
at the end of service.

These requirements have led to the development of reduced-
activation ferritic steels, vanadium alloys, and fiber-reinforced 
SiC composite ceramic materials.36 The plasma facing materi-
als are essentially tungsten-based refractory alloys. To remove 
the high heat fluxes from the divertor, heat-sink materials with 
high thermal conductivities are being developed. In ITER, 
materials such as CuCrZr or fiber-reinforced metal matrix com-
posites such as SiC in a Cu matrix are being evaluated. Metal–
matrix composites also have the advantage of excellent creep 
resistance at high temperatures in addition to high thermal con-
ductivity. Other plasma facing materials that are being evalu-
ated are carbon-fiber-reinforced carbon, Be-, and W-based 
materials. The steels and vanadium-based alloys undergo severe 
hydrogen embrittlement as a result of their exposure to high 
concentrations of isotopes of hydrogen. Hence, coating tech-
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nology is being developed to deposit hydrogen permeation bar-
rier coatings between the plasma facing material and the 
heat-sink material.

The development of structural materials, essentially low-
activation ferritic steels, has proceeded with approaches simi-
lar to the ferritic–martensitic steels for fast spectrum reactor 
technology. Mo and Nb, which cause the strongest activation, 
are replaced by W, which behaves metallurgically in the same 
way as Mo. Fusion-specific grades of low activation steels 
called Eurofer97 and F82H (ferritic steels with iron, chro-
mium, tungsten, vanadium, tantalum, and carbon) are being 
developed.

Past experience has shown that material behavior is sensi-
tive to the exposure conditions. Extrapolation of the behavior 
of materials in one fission reactor system to another is very 
often found to be inaccurate. However, in the absence of a 
suitable fusion reactor available for the evaluation of fusion 
materials, simulation experiments using accelerators coupled 
with modeling studies appear to be a short-term solution. A 
materials test reactor for the fusion environment is essential for 
enabling reliable and robust materials development. Fusion 
researchers and technocrats are aware of this essential require-
ment and are planning to harness international collaborations to 
address this challenge.

Challenges in the Science and Technology of 
Nuclear Materials

Figure 6 illustrates the evolution of nuclear materials in 
resonance with changing demands of the nuclear technologies. 
Generally, the level of expertise developed for different 
engineering materials for nuclear industry varies widely. The 
materials for water reactors and sodium-cooled fast reactors 
have reached a commercial level of maturity, so that only 
incremental changes are required to meet enhanced perfor-

mance targets. However, considerable breakthroughs and inno-
vative approaches are required for materials for reprocessing 
and waste management plants, especially in a scenario where 
advanced fuels are applied. Similarly, the materials technology 
for high-temperature reactors, accelerator-driven systems, and 
fusion reactors requires more attention in the future. 
Sophisticated experimental techniques, modeling approaches, 
and methodologies for translating laboratory results into codes 
for commercial-scale deployment need to be developed. The 
question of the reliability of the extension of properties evalu-
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Figure 6.  Emerging scenario of advanced nuclear systems and 
materials.

Table II:  Different Types of Components, Materials Issues, and Candidate Materials in a Fusion Reactor.

Components Exposure Conditions Materials Issues Candidate Materials

plasma facing 
components: 

a. first wall
b. divertor
c. breeding blanket

14 MeV neutrons, with 
high damage rate  
(20–30 dpa/year for 
3–4 GW reactor);

10 times higher helium 
production (10–15 
appm/dpa) than fission;

Four times more hydrogen 
(40–50appm/dpa) than 
fission;

High heat flux (0.1–
20MW/m2);

High temperatures (775–
3475K)

radiation damage;

high temperature 
performance;

sputtering erosion,

blistering,

exfoliation,

hydrogen trapping 
and deterioration in 
properties;

thermal shock resistance;

thermal conductivity

first wall:

Refractory alloys based on tungsten, or tungsten coated 
ODS steel or  flowing liquid metal like lithium, gallium 
or tin

divertor:

tungsten based alloys; tungsten coated SiC/SiCf
  or flowing 

liquid metals of lithium, gallium or tin

breeding blanket:

Tritium breeder:

solid: Li4SiO4, Li2TiO3,

liquid: Pb-Li.

neutron multiplier:

Be, Be12Ti

structural materials high temperatures;

radiation damage; 
mechanical & thermo-
mechanical stress

radiation embrittlement, 
deterioration in 
mechanical properties 
under stress and 
radiation (similar to 
fission reactors)

By 2010:

low activation ferritic-martensitic steels, 

By 2015:

ODS ferritic steels, vanadium alloys, SiC/SiCf
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ated in the laboratory to service conditions should also be 
addressed. It is necessary to increase the confidence level of 
predictive models for describing the behavior of structural 
materials throughout the reactor lifetime of 60–100 years. All 
of these efforts become crucial especially in the absence of test 
reactors with adequate capabilities for evaluation of in-reactor 
performance of materials. Despite all efforts, surprises in the 
in-reactor performance of materials are unavoidable, as a result 
of the synergy of different parameters, especially when 
improved performance targets and advanced technologies are 
being attempted.

There is a high level of confidence that these challenges 
can be met with the rich experience of the past, which has 
yielded new characterization techniques, processing capabili-
ties, and modeling methods. The behavior of materials in 
different environments has been understood to a significant 
extent. Methodologies have been developed for lifetime 
prediction, manufacturing, and quality management. Online 
and in-service qualification of components and environment 
have been standardized. Multiscale modeling studies encom-
passing fundamental mechanisms of in-reactor performance 
are beginning to mature. One can now expect that the time 
taken for the development of newer materials such as ceram-
ics and ceramic–metal matrix composites (from laboratory-
scale development to commercial exploitation) should be 
significantly less than that of previous generations of nuclear 
materials.

Summary
Global nuclear energy production is predicted to grow by 

21–44% by 2025, mainly as a result of increased global energy 
demand, growing environmental concerns, increased capacity 
factors, and improved safety standards of nuclear reactors in the 
past few decades. The nuclear industry is focusing on long-term 
technological strategies to ensure multiple uses of nuclear 
power such as production of potable water and hydrogen and 
industrial heating. The major features of future nuclear tech-
nologies include nonproliferation, in situ incineration of long-
lived actinides and fission products, minimal generation of 
nuclear waste, cost competitiveness, and higher safety stan-
dards. Commercial power generation using fusion has a signifi-
cant potential on a longer time horizon (second half of the 21st 
century). These ambitious targets demand commensurate 
developments in materials science and technology.

Nuclear materials researchers and technologists have gained 
rich experience in the behavior of present-generation materials, 
such as zirconium-based alloys and special steels, in the past 
three decades. The present trends suggest that these materials 
will undergo incremental changes in the immediate future, to 
increase the burnup of the fuel and the lifetime of the reactors. 
However, sustained R&D on a wide spectrum of materials such 
as refractory alloys, composites, ceramics, low-activation 
steels, and coatings and the related processing technologies is 
essential to meet the demands of emerging nuclear technolo-
gies. Materials pose exciting challenges and opportunities to 
scientists and technologists to realize the ambitious objectives 
of the nuclear industry in the 21st century.
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