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In design of fusion reactors, structural material selection is very crucial to improve reactor’s
performance. Different types of materials have been proposed for use in fusion reactor
structures. Among these materials, refractory metals and alloys having capability to withstand

high temperatures and high neutron wall loads have been considered to get high power density
in fusion reactors. However, these materials have insufficient technological database and are
very expensive compared to steels. In addition to that, except chromium and some chromium

alloys they show no low activation property. This study gives an overview of potential of
refractory metals and alloys for possible use in fusion reactors.
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INTRODUCTION

Controlled fusion energy has potential in
providing unlimited energy for mankind. A fusion
energy system has attributes of an attractive product
with respect to safety and environmental advantages
compared to other energy sources [1,2]. Furthermore,
fusion fuels are abundantly available in the nature,
contrary to relatively scarce fission fuel resources.
Therefore, there have been many studies focused on
fusion energy research in the past 40 years. However,
there are many obstacles that must be overcome to
reach a commercial fusion reactor. One of them is the
development of suitable structural material or design
concept to eliminate or reduce frequent replacement
of first wall structure during reactor’s lifetime and to
reach high power density in the reactor to become
competitive. For this reason, selection of suitable

structural material plays a key role in design of fusion
reactors.

Competitiveness of Fusion Reactors

A commercially competitive fusion reactor
requires high power density (HPD), high power
conversion efficiency (>40%), high availability (low-
er failure rate, faster maintenance) and simpler
technological and material constraints. These repre-
sent primary goals for fusion power technology
(FPT) [3,4]. The two most important requirements
for obtaining practical HPD systems are:

� High power production per unit volume of
the plasma;

� FPT in-vessel components that can handle
the high surface heat flux and high neutron
wall load (NWL) on the first wall in such
HPD systems [3]. In this case, the neutron
flux load on the first wall becomes a key
issue.

For a breakthrough into the energy markets,
fusion reactors must compete primarily with fission
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reactors. Abdou and the APEX team have investi-
gated the key elements for a competitive fusion power
system [3,4]. It can be seen from Table 1 that the
average core power density in a fission reactor is
much higher than in an International Thermonuclear
Experimental Reactor (ITER) type reactor by a
factor of �80, 7.5, and 200 for Pressurized Water
Reactor (PWR), Boiling Water Reactor (BWR),
High Temperature Gas-Cooled Reactor (HTGR),
and Liquid-Metal Fast Breeder Reactor (LMFBR),
respectively. If fusion reactors are to achieve the same
average power density, the NWL will need to be in
the range 22–600 MW/m2. Nevertheless, such high
wall loads may be impossible to achieve and handle in
current magnetic fusion concepts. On the other hand,
fusion can be expected to be acceptable at a some-
what higher cost than fission due to its environmental
and safety advantages. Fusion research should set a
preliminary goal for the NWL to be greater than
10 MW/m2 in order to enhance the potential of
economic competitiveness for fusion power systems
[3]. In order to reach such high NWLs in fusion
reactors, either flowing liquid wall between plasma
and first wall or refractory metals and alloys as a first
wall structure should be used.

Material Selection for Fusion Reactors

Fusion reactor first walls around the fusion
chamber must withstand high energetic charged
particle fluxes, Bremsstrahlung and gamma-ray radi-
ation, and high energetic intense neutron fluxes with a
mean energy �14 MeV, which are expected to lead to
much higher material damage than observed by
fission reactors. In addition, fusion reactors have
been expected to operate at higher temperatures and
use chemically aggressive coolants such as natural
lithium, Li17Pb83, Li25Sn75, and Li2BeF4. Therefore,
structural materials of fusion reactors, especially first
walls, must withstand thermal, mechanical, chemical,

and radiation loads under fusion neutron environ-
ment. General requirements for the materials consid-
ered to be used in a competitive fusion reactor can be
given as below [4,5]:

� Attractive high temperature physical and
mechanical properties.

� Low activation from 14 MeV neutrons.
� Low neutron absorption cross sections.
� High NWL capability.
� Resistant to helium and hydrogen produced

by nuclear reactions.
� High thermal conductivity independent of

radiation damage level.
� Structures must be suitable for shallow burial

after decommissioning of the power plant.
� Broad compatibility with cooling fluids and

gases.
� Easy fabrication with different processes.
� Resistant to 14 MeV neutrons induced dis-

placement damage.
� Low swelling or void formation.
� Low cost.
� Availability.

Unfortunately, there is no unique material sat-
isfying all these needs listed above. However, differ-
ent types of materials have been proposed to be used
in fusion reactors. They can be classified into three
main groups given below:

1. Conventional austenitic steels [6–13].
2. Low activation materials (ferritic/martens-

itic steel [14–22], vanadium alloys [23–33],
SiC/SiC composites [34–39], modified au-
stenitic steels [40–44]).

3. Refractory metals and alloys [45–79].

Refractory metals and alloys are seemed to be
important structural materials for fusion reactors due

Table 1. Power density and heat flux in fission reactors compared to a fusion reactor design [3]

PWR BWR HTGR LMFBR Fusiona at 3 MW/m2

Core length (m) 3.8 3.8 6.3 0.9 15

Average core power density (MW/m3) 96 56 9 240 1.2b

Peak-to-average heat flux at coolant interface 2.8 2.6 12.8 1.43 50c

a Based on a tokamak power reactor of the ‘‘ITER-type,’’ where the fusion power is scaled up from ITER by a factor of 3, corresponding to a

neutron wall load of 3 MW/m2, while keeping the reactor volume the same.
b Average core power density is obtained using only the volume of materials in the in-vessel components and the magnets. The volume of

‘‘void’’ regions such as the plasma is excluded.
c Peak is at the divertor.
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to their capability of handling higher NWLs and
operation temperatures in comparison to other can-
didates. This study presents the overview of these
materials considered to be used in fusion reactors.

REFRACTORY METALS AND ALLOYS

The group VB consists of V, Nb, and Ta while
Cr, Mo, and W belong to the group VIB of periodical
table. All of the group VB refractory alloys are
ductile at room temperature, whereas the group VIB
refractory alloys are generally brittle at room tem-
perature. Therefore, group VB metals are relatively
easy to fabricate into various shapes, whereas the
group VIB metals are very difficult to fabricate.
Either group VB metals or group VIB metals have
BCC structure so that these materials show a
transition from ductile to brittle fracture behavior
depending on temperature. In addition to that, all of
them have oxidation problems at elevated tempera-
tures (>500�C) [80]. Vanadium and its alloys due to
their low activation and some distinct properties have
been considered outside of refractory alloy group.

The most important advantages of refractory
alloys over the low activation materials, namely,
ferritic steels, vanadium alloys, and SiCf/SiC are their
much higher operating temperatures and higher
NWL capabilities (Figures 1 and 2). Therefore,
niobium, tantalum, chromium, molybdenum, and
tungsten alloys with pure chromium and pure tung-
sten have been proposed as potential candidates for
high performance in fusion reactors. However, they
do not satisfy the ‘‘low activation’’ criteria except
chromium and some chromium alloys.

Niobium Alloys

Nb–1Zr alloy is the primary niobium alloy
considered as structural material for fusion reactors
[45,46]. On the other hand, some other niobium
alloys, FS-85 (Nb-28Ta-10W-1Zr) and B-88 (Nb-
28W-2Hf-0.067C), may have potential to be used like
Nb–1Zr due to the fact that they have much higher
strength than Nb–1Zr and FS 85 has a very good
weldability, fabricability, and creep resistance [46]. It
has a temperature window for efficient utilization in
nuclear reactors with a maximum operating temper-
ature of 1100�C by considering thermal creep and a
minimum operating temperature of 500�C by taking
into account of irradiation hardening effect for Nb–
1Zr. In addition, its thermal conductivity, increasing
with increased temperature, is 52 and 65 W/m K at
room temperature (RT) and 600�C, respectively.
Moreover, the maximum neutron wall load which is
limited by the stress criterion for Nb–1Zr is proposed
as 6.6 MW/m2 [3].

At RT, Nb–1Zr has an elastic modulus of
104 GPa and a yield strength of �200 MPa. The
strength values for this alloy changes with tempera-
ture. A modest decrease in the yield strength of
Nb–1Zr up to 400�C is observed, and then it
becomes almost constant between 400 and 1100�C
(ry = �90 MPa). Finally, it decreases gradually
from 90 MPa at 1100�C to 50 MPa at 1400�C.
Nb–1Zr shows good ductility at about 600�C and it
has reasonable creep strength at a temperature range
of 600–700�C [79].

According to limited available data, Nb–1Zr
shows very good corrosion resistance in lithium
bearing coolants. It is very stable in Li17Pb83 eutectic
alloy and dissolution rates are very low even at 600�C
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Fig. 1. Maximum operation temperature of the candidate struc-

tural materials considered for fusion reactors; (1) Ferritic steel,

(2) Oxide Dispersed Steel, (3) V–Cr–Ti, (4) SiC/SiC composite,

(5) Nb–1Zr, (6) TZM, (7) T-111, (8) Tungsten.
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Fig. 2. Maximum NWL limit for the candidate materials; (1)

Ferritic steel, (2) SiC/SiC composite, (3) Oxide Dispersed Steel,

(4) V–Cr–Ti, (5) Nb–1Zr, (6) Tungsten, (7) T-111, (8) TZM.
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[48]. Moreover, this alloy is compatible with liquid
lithium up to 1000�C under static or dynamic loops.
Furthermore, it is suggested that Flibe may have
good compatibility with Nb alloy [49]. However, Nb
alloys have embrittlement tendency in presence of
hydrogen [50].

There is a lack of data about irradiation prop-
erties of Nb–1Zr alloy. Void fraction in Nb–1Zr alloy
irradiated by neutron fluences from 1 to 8� 1026 n/
m2 (E>0.1 MeV) changes with irradiation temper-
ature and reaches the maximum value of 2.2% at
800�C. Irradiation by a neutron fluence of
2.6� 1026 n/m2 at 450�C, increases the strength of
the Nb–1Zr by a factor of nearly 6. And also a drastic
decrease in uniform elongation is observed [46]. The
utilization of niobium alloys in fusion reactors can
be considered only under some restricted conditions
due to their high-induced radioactivity causing
significant safety and waste disposal problems.

Tantalum Alloys

Tantalum is another refractory metal that has a
very high melting point of �3000�C and a density of
16.7 g/cm3 at room temperature. The most famous
tantalum alloy, Ta-8% W-2% Hf (T-111), was
developed in the early 1960s and commercially
produced for space applications. A good summary
for the thermophysical and mechanical properties of
T-111 has been made by Zinkle [51]. This alloy has
the second rank in peak neutron wall load which is
evaluated as 11.6 MW/m2 [3] so that it has become an
attractive material for fusion reactors to get high
power and efficiency. The thermal conductivity of
Ta-8W-2Hf is �42 W/m K at RT that varies with
temperature and reaches �56 W/m K at 1350�C
[69,71].

The strength of T-111 depends on either the
alloy is recrystallized or stress-relieved condition.
Stress-relieved T-111 is preferred due to having
higher strength in comparison to recrystallized one.
The yield strength at RT for the stress-relieved T-111
is �900 MPa while that for the recrystallized one is
�600 MPa [69,71,76]. It gradually decreases with
increased temperature and becomes �600 MPa and
275 MPa at 1000�C for the stress-relieved and
recrystallized T-111, respectively [69,71,76]. The elas-
tic modulus for T-111 is �180 GPa at RT and
decreases down to �155 GPa at 1000�C [71].

It is known that T-111 is compatible with liquid
lithium at least up to temperatures of �1370�C
[72–74]. And also, Ta alloys have also exhibited good

compatibility with other liquid metals, namely Na, K,
and Pb at temperatures up to �1200�C [72–74]. The
maximum operating temperature for T-111 is pro-
posed as 1200�C since thermal creep becomes serious
at temperatures >1200�C. On the other hand, the
minimum operating temperature will be determined
by irradiation hardening causing increase in DBTT
and embrittlement. The suggested minimum operat-
ing temperature for T-111 is around 650�C [51].

Neutron irradiation causes a pronounced
increase in the yield and ultimate tensile strength of
Ta-8W-2Hf at temperatures below �650�C. An
increase of the yield and ultimate tensile strength to
�1250 MPa is observed for a specimen tested at
�400�C following fast reactor irradiation at �410�C
under a neutron fluence of 1.9� 1026 n/m2

(E>0.1 MeV), causing �2.5 displacement per atom
(dpa) [75,77]. The unirradiated elongations are
16–22% for test temperatures between 20 and
650�C whereas the uniform elongation decreases to
<0.5% following irradiation at 410�C and decreases
to 1.9% following irradiation at 640�C [75].

Tantalum with good thermal properties is also a
suitable coating material for steels used in fusion
applications. The plasma spray method for coating
tantalum onto steel results coatings with excellent
mechanical and thermal properties which survive
completely intact exposed to low cyclic, high thermal
stresses associated with plant operations [52].

Chromium and Chromium Alloys

Chromium and some chromium alloys have
attractiveness to be used in fusion reactors due to
their excellent low activation characteristics [53–56].
These materials show also a favorable strength-to-
density ratio combined with a high melting point and
an excellent corrosion resistance. However, the high
DBTT and embrittlement from nitrogen contamina-
tion at elevated temperatures with low toughness and
ductility restrict the extensive use of chromium-based
alloys [55].

Recent studies have pointed out that the two
commercially available materials, high purity
chromium with �99.7% Cr (Ducropur) and the
alloy Cr–5Fe–1Y2O3 show excellent low activation
property while the activation characteristics of Cr–
44Fe–5Al–0.3Ti–0.5Y2O3 are less favorable [53].
Table 2 gives some physical and mechanical proper-
ties of Ducropur and Cr–5Fe–1Y2O3. One can see
that the alloy has lower thermal conductivity com-
pared to pure chromium. It is due to the solid
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solution of iron atoms in the chromium matrix which
reduces the lattice symmetry and increases the num-
ber of scatter centers for phonons and electrons.
Ducropur and Cr–5Fe–1Y2O3 have much lower
thermal expansion coefficients compared to vana-
dium alloys and steels. High thermal conductivity
and low thermal expansion coefficient of Ducropur
and Cr–5Fe–1Y2O3 decreases thermal stress factor to
low levels. Hence, in this respect, these materials may
easily compete with vanadium-based alloys [55].

In a detailed study, Holzwarth and Stamm [55]
have studied the tensile behavior of Ducropur and the
alloys Cr–5Fe–1Y2O3 and Cr–44Fe–5Al–0.3Ti–
0.5Y2O3 in the temperature range of 0–1000�C. In
all temperature range, Ducropur shows the lowest
strength and the highest ductility of the three
materials. Its yield strength decreases gradually from
250 MPa at RT to 50 MPa at 1000�C, whereas a
steep increase in its ductility is observed, 2% at RT
and 60% at 1000�C. Temperatures up to �600�C, the
Cr–44Fe–5Al–0.3Ti–0.5Y2O3 alloy has higher
strength than the Cr–5Fe–1Y2O3 alloy. And at higher
temperatures Cr–5Fe–1Y2O3 becomes the strongest
of the three materials. It has the yield strength of
�130 MPa at 1000�C. However, Cr–5Fe–1Y2O3

exhibits less ductility at fracture than either Ducropur
or Cr–44Fe–5Al–0.3Ti–0.5Y2O3. Ducropur, Cr–5Fe–
1Y2O3 and Cr–44Fe–5Al–0.3Ti–0.5Y2O3 show pro-
nounced ductility at temperatures above 150, 400,
and 500�C, respectively. At temperatures higher than
500�C, Cr–44Fe–5Al–0.3Ti–0.5Y2O3 has an interme-
diate behavior between Ducropur and Cr–5Fe–
1Y2O3 in terms of elongation at fracture [55].

Holzwarth and Stamm [55] have also studied the
fracture toughness (KQ) of the materials Ducropur
and Cr–5Fe–1Y2O3 for a temperature range of
RT-500�C. Fracture toughness values of Ducropur
are significantly higher than that of Cr–5Fe–1Y2O3

and for both alloys fracture toughness increases from
RT to 500�C drastically [55]. At temperatures
between 300 and 500�C, Ducropur has the fracture
toughness (40–60 MPa m1/2) 2 or 3 times higher than

Cr–5Fe–1Y2O3. In another study [56], the fracture
toughness KIc values for these alloys have been
determined for a temperature range of ) 200–
740�C. This study has also exhibited that Ducropur
has much higher the fracture toughness KIc values
than Cr–5Fe–1Y2O3. Although, KIc increases gradu-
ally from 3.9 MPa m1/2 at ) 200�C to 22.4 MPa m1/2

at 740�C for the alloy Cr–5Fe–1Y2O3, a tremendous
increment in the fracture toughness for Ducropur is
taken place at temperatures higher than 300�C. While
KIc is 3 MPa m1/2 at ) 200�C, it raises up to
660 MPa m1/2 at 485�C [56]. And also DBTT for
Ducropur is around 250�C that is much lower than
that for Cr–5Fe–1Y2O3. Low fracture toughness
values and the propensity to brittle fracture up to
500�C may limit the use of Cr–5Fe–1Y2O3. Problems
of brittleness may become less important due to high
operation temperature of a fusion reactor and high
temperature strength, corrosion resistance, chemical
compatibility with coolants as well as pickup of
hydrogen and other interstitial impurities will be
critical. Therefore, chromium alloys may have an
advantage over vanadium alloys due to the lower
solubility for hydrogen and their good high temper-
ature corrosion properties. The solubility of hydro-
gen in chromium at 500�C is several orders of
magnitude lower than in vanadium that reduces the
tritium inventory. There is no data about the irradi-
ation behavior of high-purity chromium and Cr–5Fe–
1Y2O3 [55].

There is no available data on the compatibility
behavior of chromium and its alloys with lithium
containing coolants. Although it is known very well
that chromium has a very good corrosion and
oxidation resistance, its compatibility behavior with
lithium bearing coolants should be investigated.

Molybdenum Alloys

Molybdenum alloys are under consideration as
one of the candidate materials for heat sink system of
the ITER divertor [57]. They have high strength,

Table 2. Some physical and mechanical properties for Cr and W based materials [55,63]

Property Ducropur Cr–5Fe–1Y2O3 W W-1% La2O3 W-5% Re

TM (�C) 1863 1805–1825 3410 � as W �3300
q (g/cm3) 7.2 7.19 19.3 18.9 19.4

E (GPa) 280 280 ± 20 410 �410 400

DBTT (�C) 150–500 400–500 100–400 � as W 50–200

m 0.22 0.22 0.28 0.30 0.30

k (W/mK) at RT 90.0 34.6 145 120 70

a (1/K) 8.4� 10)6 10� 10)6 4.5� 10)6 4.7� 10)6 4.5� 10)6
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satisfactory thermal conductivity and resistance to
swelling [57]. Some studies have been done to
determine the properties of irradiated Mo alloys
[57–60]. The main disadvantage of Mo alloys is their
tendency to ductile-to-brittle transition temperature
shift to high temperature region under irradiation
[57]. To solve this problem, different Mo alloys have
been investigated. Especially, researches have been
focused on Mo–Re alloys. Although addition of Re
to Mo increases the yield and ultimate strength of Mo
alloys, it decreases thermal conductivity of molybde-
num causing the reduction in the heat capacity.

Another important Mo-alloy considered as
structural material for fusion reactors is called
TZM that is a dispersed and single-phase alloy with
a body centered cubic crystalline structure. It consists
of Ti and Zr carbides distributed in the molybdenum
grains [58]. TZM has a thermal conductivity of
100 W/m K that is much higher than that of other
candidate materials except for tungsten (115 W/
m K). In addition, it has a very low thermal
expansion coefficient of 5.8� 10)6/K and the highest
peak neutron wall limit of 13 MW/m2 among the
candidate structural materials. The recommended
operating temperature range for TZM is 400–
1200�C [3]. Its elastic modulus and yield strength
values are �290 GPa and 900 MPa at RT, respec-
tively [79]. However, its yield strength decreases
gradually with temperature and becomes 600 MPa
at 1000�C [79].

TZM has very good compatibility with lithium
up to 1370�C. There is no sufficient data about the
compatibility of Mo alloys with the liquid metal
coolants, namely Li17Pb83 and Sn–Li for fusion
reactors. The limited data gives that the molten salt
coolant Flibe may have good compatibility with Mo
alloys [49]. The study on the irradiation behavior of
low-alloyed Mo alloys (containing Zr, Ti, Ru, B, C as
alloying elements) also shows that these alloys have a
tendency to strong irradiation embrittlement after
irradiation at 250–1020�C up to a fast neutron
fluence of (0.4–7.6)� 1026 n/m2 (E>0.1 MeV). Fur-
thermore, the DBTT of these alloys may increase up
to 600–700�C [59].

Fabritsiev and Pokrovsky [57] have investigated
some important properties of irradiated and unirra-
diated Mo–Re alloys with Re varying from 0.5 to
47%. Irradiation to �5 dpa in the temperature range
of 450–800�C results a catastrophic embrittlement in
both pure Mo and Mo–Re alloys. At Tirr = 750�C,
total elongation of the unirradiated pure Mo is found
18% while for the irradiated one is obtained as only

1%. On the other hand, these values are 17% and 3%
for the unirradiated and irradiated Mo-5%Re alloy,
respectively. All alloys with 0.5% Re—20% Re show
nearly a two-fold reduction in the strength properties
at Ttest = Tirr = 450–550�C and a zero plasticity. At
Tirr = 760–800�C, irradiation of Mo–Re alloys to 5–
10 dpa demonstrate hardening and a modest total
elongation of 2–3% [57].

Scibetta et al. [58] have studied the tensile and
fracture toughness of both irradiated and unirradiat-
ed TZM and Mo-5% Re alloys. According to their
experimental results, the yield strength of unirradiat-
ed Mo-5%Re is �600 MPa at RT and decreases
slowly down to �450 MPa at 500�C. On the other
hand, the yield strength of unirradiated TZM mate-
rial is recorded as 400 MPa at RT and decreases
exponentially down to �100 MPa up to a tempera-
ture of 200�C. And then it becomes almost steady at a
temperature range of 200–500�C. Total elongation
for TZM is �40% at RT and increases gradually with
increased temperature. Then it becomes �56% at
450�C. Mo-5%Re has a total elongation of �44%
and 20% at RT and 450�C, respectively. The irradi-
ation using a neutron fluence of 3.50� 1020 and
2.88� 1020 n/cm2 (E>1 MeV) corresponding to
0.35 or 0.29 dpa, respectively on the tensile properties
of both materials results a strengthening of the
material and a reduction of ductility. Mo-5%Re
retains a higher ductility after irradiation, in partic-
ular at low temperatures [58].

Tungsten and Tungsten Alloys

Tungsten is chosen as the structural material for
EVOLVE (evaporation of lithium and vapor extrac-
tion) [61] and ITER fusion reactor design concepts
[62]. Tungsten and its alloys have superior mechan-
ical and thermal characteristics compared to other
candidates. These materials can operate under very
high temperature and have low erosion rate at the
edge plasma temperature <40–50 eV. Moreover,
they show low tritium permeability. However, W
has a weakness of low ductility at the operating
temperatures and its manufacture is rather difficult
[50].

Among the candidate structural materials, tung-
sten has the highest operating temperature limit
(1500�C). The lowest operating temperature limit is
500�C for tungsten, due to the fact that tensile
elongation becomes nearly �0 at <500�C. In design
studies, tungsten allows a maximum neutron wall
load of 8.8 MW/m2, which is limited by stress
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criterion [3]. It has a very high thermal conductivity
and very low thermal expansion coefficient (see
Table 2) [63]. W has an elastic modulus of 410 GPa
and a tensile strength of 1000 MPa at RT [63].

Rhenium can be added to tungsten to improve
ductility even at lower temperatures, the creep
strength and recrystallization resistance. Tungsten
has a high solid solubility for Re at elevated
temperatures more than 30% of rhenium can be
inserted to the tungsten lattice. W-5% Re, a single
phase material, still has a fairly high thermal con-
ductivity, compared to rhenium-free tungsten alloys,
an excellent thermal shock resistance, and a high
strength and good braze capability, as well as some
weldability. The manufacture and machinability of
W-5Re even at room temperature is satisfactory for
the size and shape of high heat flux armor in plasma-
interactive components. In the case of recrystallized
tungsten–rhenium alloys, the DBTT is �RT for
26 wt% Re (W–26Re), linearly increasing up to
�350�C when reducing the rhenium content down
to 0% (pure tungsten) [63].

The addition of La2O3 to tungsten improves the
grain boundary strength at ambient and elevated
temperatures, resulting in a remarkable improvement
of the thermal shock and creep resistance, in the
machinability and hot tensile strength. Although
La2O3 additions to tungsten do not reduce the DBTT
initially, the material becomes machinable at RT, thus
at lower cost and the recrystallization temperature
rises by 100–350�C. Recently a weakly alloyed tung-
sten (W–Mo–Y–Ti) has been developed. The addition
of the reactive elements, Y and Ti reduces the amount
of free oxygen and carbon, resulting in improved
mechanical properties [63]. This alloy shows some
tensile elongation even at 100�C [64]. In order to
improve both the low temperature toughness and the
resistance to embrittlement, ultra-fine grained tung-
sten alloys with TiC additions of 0.2–0.3% have been
developed. The tungsten alloy with 0.2% TiC shows a
significant ductility and high strength at and above
�180�C and the DBTT of this alloy is lower by more
than 100�C than that of pure tungsten [66]. W–4Re–
0.32HfC alloy is developed to improve the high
temperature tensile and creep strength of tungsten
without affecting the room temperature ductility
[67,68]. The creep strength of this alloy is two orders
of magnitude higher than that of pure tungsten and
one order of magnitude higher than W–5Re at
temperatures between 1900 and 2100�C [67].

Tungsten and its alloys show good compatibility
with lithium up to 1370�C. And also, tungsten is

compatible with Li17Pb83 at temperatures greater
than 600�C. There is no certain data about the
compatibility of W and W alloy with Sn–Li alloy and
Flibe [27]. There is a limited data on irradiation
damage of W–Re alloys for structural application.
The swelling of tungsten at higher dose rates is
strongly reduced for all irradiation temperatures
when alloyed with rhenium. The DBTT of W–Re
increases when irradiated at lower temperatures [63].
The DBTT of W–10Re increases by about 200�C only
by the irradiation of 0.4 dpa at 250–300�C [64]. The
superior ductility of W–26Re is destroyed by the
rather light damage exposure, comparable to the
ITER conditions [66].

Tungsten has also been considered to coat some
fusion reactor materials due to its high energy
threshold for physical sputtering and its lack of
sensitivity to chemical sputtering [63,78]. Good adhe-
sion is obtained when tungsten is coated on graphite,
stainless steel and copper [78].

CONCLUSIONS AND DISCUSSION

Refractory metals and alloys have advantages of
withstanding high NWLs and high operation tem-
peratures. Among these materials, tungsten have also
lower cross sections of atomic displacement and
helium generations under fusion neutron environ-
ment than steel [81], so that its lifetime would be
much longer in fusion reactors compared to steels
[82–84]. Generally, they seem to be suitable materials
to supply high performance in fusion reactors.
Nevertheless, technological database for these mate-
rials especially on irradiation effect on their mechan-
ical behavior and compatibility properties in Li,
Li17Pb83, Sn–Li and Li2BeF4 environment is very
scarce. In addition to that, they do not exhibit low
activation property except for chromium and some
chromium alloys so that they (especially, Mo, Nb,
and Ta) have safety and waste disposal problems.
Moreover, they are much more expensive than steels.

Development of alloys, intermetallics, and com-
posite materials that will be based on the refractory
metals and alloys should be carried out to reduce
irradiation embrittlement, decrease DBTT to lower
temperatures and increase toughness to get improved
refractory materials to be used in fusion reactors.
Finally, an intense fusion neutron source at 14 MeV
must be developed to get more realistic data about
the irradiation behavior and lifetime of the refractory
metals and alloys as well as other candidate materials.
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