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Abstract

Since the transition from ITER or DEMO to a commercial power reactor would involve a significant change in

system and materials options, a parallel R&D path has been put in place in Europe to address these issues. This paper

assesses the structural materials part of this program along with the latest R&D results from the main programs. It is

shown that stainless steels and ferritic/martensitic steels, retained for ITER and DEMO, will also remain the principal

contenders for the future FPR, despite uncertainties over irradiation induced embrittlement at low temperatures and

consequences of high He/dpa ratio. Neither one of the present advanced high temperature materials has to this date the

structural integrity reliability needed for application in critical components. This situation is unlikely to change with the

materials R&D alone and has to be mitigated in close collaboration with blanket system design. � 2002 Published by

Elsevier Science B.V.

1. Introduction

The development of structural materials for fission

reactors has followed an evolutionary path, constantly

building upon the experience acquired from previous

generations. The structural materials development for

the fusion power reactors (FPR) can also benefit from

the fission experience but in several cases, notably for

magnets, vessel and in vessel components, must rely on

its own evolutionary path. This will be achieved through

construction of ITER, testing of blanket modules in

ITER and development of a demonstration reactor

(DEMO). However, since the transition from ITER or

DEMO to a commercial power reactor would involve a

significant change in system and material options, the

European R&D program also includes a parallel path

that investigates more advanced materials, as well as

provisions for an intense neutron source facility (IF-

MIF) for testing all candidate materials. Other partners

have similar programs, with US putting their main em-

phasis on materials for high performance fusion power

systems, e.g. advanced power extraction (APEX) project

[1,2].

The primary objective of this paper is to assess ma-

terials requirements for the fusion power reactor. For

this purpose, the latest information on the structural

materials from the ongoing investigations are collected

and assessed in terms of strength, embrittlement and

efficiency. From the conclusions drawn and in con-

junction with the results that are expected to become

available at the end of the currently implemented pro-

grams, suggestions are formulated for improvement of

the European structural materials programs [3].

2. Materials

A wide range of structural materials is already being

investigated for ITER [4–6] and DEMO [7–10]. The list

includes conventional materials (e.g., austenitic stain-

less steels, copper alloys, titanium alloys, chromium al-

loys and nickel base alloys), low-activation structural

materials (ferritic–martensitic steels including ODS,

vanadium alloys, and ceramic composites), as well as

materials for high heat flux regions (e.g. tungsten and

CFC).
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More recently, high temperature refractory metal

alloys (Cr, Nb, Ta, Mo and W alloys) have been added

to the list of structural materials [1–3], because they offer

higher temperature capabilities and that their eventual

higher nuclear activation may be offset by a more

compact design [2]. Table 1 presents an overview of the

common structural materials, categorized in the order of

their increasing maximum service temperature. Fig. 1

uses the 10 000 h thermal creep rupture data of some of

these materials to visualize approximate upper service

temperatures of each category [11].

Obviously, an assessment of all these materials in this

paper is unrealistic. Instead, our attention will be fo-

cused on high temperature materials for first wall

and blanket components: stainless steels, F/M steels,

ODS steels, ceramic composites and refractory metal

alloys.

3. Selection criteria

It is difficult to discuss selection criteria for struc-

tural materials without including the overall system

parameters: tritium breeding material, coolant medium,

neutron multiplier, plasma facing material, tritium bar-

rier, insulation, etc. Often these parameters impact the

acceptability and performance limits of candidate ma-

terials or limit their service temperature window. Table 2

presents some of these parameters for the leading

structural materials. Obviously these parameters are

tentative and not necessarily representative of the final

system that will be selected for the future FPR in the

next 50–100 years. Already other cooling media (such as

Sn–Li, Li2BF4) and systems (inertial, free surface liquid

walls, etc.) are put forward [1,2,7].

It is also difficult to discuss selection criteria without

including the availability and cost of materials. Indeed,

while small differences in cost of materials is negligible

compared to the cost of one-day reactor stoppage, the

cost of materials such as SiCf /SiC and some refractory

metal alloys (Ta and W) are several magnitudes higher

than conventional steels. Likewise, the selection criteria

should include joining, inspection, or how materials will

be produced and in what shape or form they will be

used. For instance, one cannot use wrought material

properties data for a material that will be cast or HIPed

when put in service.

More important yet, one has to recognize that the

selection of materials for application in the nuclear in-

dustry must include a high safety margin, and rely on

high quality materials data, often backed by service ex-

perience. In fact, past experience shows that the com-

plexity of the service conditions in nuclear reactors is

such that laboratory tests may not reproduce the full

extent of damage.

Table 1

Common structural materials with examples of their applications

Category Example of materials Present or projected application examples

Aluminum alloys 2014, 2024, 6061 Pool type reactor vessels, aeronautics

Copper alloys CuCrZr, DS-Cu ITER heat sink and divertor

Titanium alloys Ti–6Al–4V ITER and aeronautics

F/M steels F82H, JLF, Eurofer ITBM, DEMO

ODS steels Fe–Y2O3 FBR, fusion

Stainless steels 316, 304, 321 ITER, LWR and LMFBR

Nickel base alloys In. 718, 625, 623 ITER, HTGR

Superalloys Hastalloys, Haynes series Aerospace, space reactors

Vanadium alloys V–4Cr–4Ti DEMO, FPR

Molybdenum alloys Mo, TZM, Mo–Re Aerospace and space reactors

Niobium alloys Cb275, FS85, Nb–1% Zr Aerospace, nuclear industry

Tantalum alloys Ta–8W–2Hf Space reactors

Tungsten alloys W, W–Re, W–ThO2 ITER

Ceramic composites SiCf /SiC, CFC Fusion and aeronautics

Fig. 1. Approximate upper temperature limit of structural

materials based on 104 h creep-rupture time [11].
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While recognizing the importance of all the above

considerations in this paper, we shall use the available

data, not to make a critical assessment, but a rough

assessment of the candidate materials for a better defi-

nition of future R&D work. Even then, we do recognize

the disparity amongst the quantity and quality of data

available for each material. We ignore at this stage new

proposed structural integrity design rules, either to take

into account low uniform elongation values (e.g. using

the allowable total stress intensity Sd instead of 3Sm to

calculate surface heat flux) [1] or to integrate material

heterogeneity (new calculation methodologies for SiCf /

SiC) [10].

Each assessment chapter will include the following

topics:

1. General description of materials.

2. Tensile properties: Tension test results will be used

for calculating the allowable primary membrane

stress intensity Sm. When the information is not avail-

able for an accurate calculation of Sm, a third of the

minimum ultimate tensile strength will be taken to

be equal to Sm.
3. Creep properties: Isothermal creep test results will be

used for calculating the allowable time dependent

stress intensity St. When the available information

is insufficient, 2=3 of the minimum stress to rupture

will be used to derive St.
4. Fatigue properties: low cycle strain controlled fatigue

test results will be used for calculating fatigue design

curves.

5. Surface heat capability: physical properties (Young’s

modulus (E), coefficient of linear thermal expansion

(ai) and thermal conductivity (k)) and Sm will be used

to estimate a figure of merit of surface heat capability

for each material. Qw � M ¼ 3Smkð1� mÞ=ðaiEÞ,
where m is Poisson’s ratio, Q the maximum allowable

heat flux and w wall thickness.

6. Embrittlement: post-irradiation test results will be

used to assess embrittlement at low and high temper-

atures.

7. Future perspectives: at the end of each assessment,

temperature window, compatibility issues and future

perspectives for each material will be briefly dis-

cussed.

4. Materials properties

4.1. Austenitic stainless steels

4.1.1. General description

Several grades of this steel (316, 304, 321, etc.) are

fully code qualified and have been extensively used in the

nuclear industry over the past 30 years. We shall use the

data from the Appendix A of IISDC (ITER Interim

Structural Design Criteria) and RCC-MR for Type

316LN, i.e. the ITER Grade (IG) selected for ITER

(316LN-IG), in the following analysis (see Ref. [12], and

updated results in the Appendix A of the ITER Struc-

tural Design Code, ITER Team).

4.1.2. Tensile properties

Fig. 2 shows variations of ultimate and yield tensile

strengths of 316LN versus test temperature. The large

difference between yield strength and UTS is an indica-

tion of materials high toughness, but in turn the lower

YS governs Sm values. As shown in Fig. 2, the strength

of the type 316LN decreases at temperatures higher than

600 �C and this steel is seldom used above 700 �C.

4.1.3. Creep properties

Type 316LN-IG has a superior creep resistance to

steels such as types 304L and 316L [12]. At 550 �C,
stresses to cause rupture in 1000, 10 000 and 1 00 000 h

are of the order of 248, 195 and 150 MPa, respectively.

Table 2

Primary candidate materials considered for the first wall blanket system of fusion power system

Structural materials Tritium breeding

materials

Coolant Neutron multiplier Plasma facing

materials

Other materials

Vanadium alloys Lithium Li Be Be T-barrier

F/M steels Pb–Li (WCLL) H2O Pb Be, C Insulator

Li4SiO4 (HCPB) He Be Be, C

SiCf /SiC Pb–Li (Tauro) Pb–Li Pb–Li W Insulating

Fig. 2. Tensile properties of 316LN versus temperature used for

calculating Sm [12].
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4.1.4. Fatigue properties

Fatigue properties of type 316LN are well docu-

mented. The average total strain amplitude (half strain

range) for 10 000 continuous fatigue cycling is about

0.30% (design value of 0.15).

Significant cyclic hardening occurs in 316LN steel

during the first few cycles, the amount of which depends

on the applied strain. For a total strain amplitude of

about 0.25%, the stress amplitude is raised by about 225

MPa.

4.1.5. Surface heat capability

Physical properties of 316LN at several temperatures

are shown in Table 3. The surface heat capability factor

(M) derived from these values is also shown in the table.

As it can be seen, these values are low and for a wall

thickness of about 2 mm, the maximum heat flux would

be limited to about 0.5 MW/m2.

4.1.6. Embrittlement

In unirradiated conditions, type 316LN is very duc-

tile and maintains its high ductility and toughness even

after prolonged aging. Its welded joints seldom need

post-weld annealing. When irradiated at low tempera-

tures, particularly in the temperature range of 200–320

�C, its ductility and toughness decrease with increasing

irradiation dose. Its tension stress–strain curve may

show little or no hardening capacity. At higher irradia-

tion temperatures, irradiation hardening is negligible,

but the steel becomes prone to irradiation swelling

at doses greater than about 20 dpa, the level of which

varies with temperature and material state.

4.1.7. Future perspectives

Stainless steel will probably remain one of the most

widely used materials in the future fusion power reac-

tors. It does not have a lower temperature limit in

unirradiated conditions and its upper temperature win-

dow can be as high as 700 �C. Its low temperature em-

brittlement (at T <� 300 �C) is somewhat offset by its

good service experience in light water reactors (at 280–

320 �C) and by the fact that its toughness is better than

at 200–300 �C when cooled down to room temperature.

The effects of high He/dpa and 14 MeV neutron irradi-

ation are, however, of concern and remain to be fully

analyzed.

The three main drawbacks of 316LN for application

in blanket structure of FPR are low surface heat capa-

bility, low irradiation swelling resistance at high doses

when used at temperatures higher than about 350 �C
and high nuclear activation.

Using the steel in cold-worked state can allow a slight

increase in surface heat capability and can at the same

time improve the irradiation swelling resistance. But

such measures reduce the ductility and their beneficial

effects may be lost during high temperature exposures.

Utilization of other grades of 316 (e.g. 316Ti) or other

types of SS, could also be envisaged for improving the

swelling resistance. But most of these steels have been

developed for nuclear fuel subassemblies (cladding and

wrappers) and lack thick section structural material’s

data base.

4.2. Ferritic/martensitic steels

4.2.1. General description

Several conventional grades of this steel are already

code qualified (e.g. T91, modified 9Cr–1Mo) [13]. One

of the reduced activation grades currently investigated,

F82H steel (Fe–8Cr–2W–Ta–V), has a good data base

[14,15]. Data extracted from the Appendix A/DISDC of

this steel is used here [14]. Eurofer (Fe–9Cr–1W–Ta–V),

the reduced activation steel preferred in Europe, is in its

early stages of characterization. For an overview of

ferritic/martensitic steels and recent results see Ref. [16]

and its sub-references.

4.2.2. Tensile properties

As shown in Fig. 3, the strength of F82H steel con-

tinuously decreases with increasing test temperature and

the drop becomes sharper at above about 550 �C. As a

result, F/M steels are seldom used at above 600 �C. The
difference between the YS (Rp or Sy) and the UTS (Rm or

Su) of F82H is small and 1=3 Sumin determines Sm.

4.2.3. Creep properties

Fig. 4 shows the evolution of the initial applied stress

versus time to rupture at several temperatures. At tem-

peratures higher than 600 �C creep strength is sharply

reduced. The average stress-to-rupture in 10 000 h be-

comes less than 100 MPa.

Table 3

Physical properties [12] and surface heat capability factor

Temperature (�C) E (GPa) ai (10
�6 K�1) k (W/Km) Cp (J/kgK) M (kW/Km)

300 170 18.5 17.95 529 1.22

400 161 19.3 19.39 550 1.22

500 153 20 20.82 571 1.25

600 145 20.8 22.25 592 1.33

700 137 21.4 23.69 613 1.38
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4.2.4. Fatigue properties

Fatigue properties of F82H are still sparse and design

curves deducted are tentative. However, since the prop-

erties of these steels are similar to those of the conven-

tional modified 9Cr–1Mo steels [13], one can use the

latter as an interim measure.

One of the difficulties in designing with F/M steels

and indeed other high strength alloys discussed in this

paper is the treatment of initial stress during creep–

fatigue interaction. Significant cyclic softening and stress

relaxation could occur in these materials. If the reduc-

tion in stress is not taken into account, then the thermal

creep damage will be over estimated. For instance, the

initial stress corresponding to a total strain amplitude of

0.3% (slightly more than the yield stress), corresponds to

a stress level of about 350 MPa, and hence an average

rupture time of less than 1 h at 550 �C.

4.2.5. Surface heat capability

Surface heat capability of F82H is better than

stainless steels by a factor of 2–3 (Table 4). F82H has a

higher Sm, a lower coefficient of thermal expansion and a

higher coefficient of conductivity. Nevertheless, at tem-

peratures above 550 �C, the strength of F82H is reduced

and its superiority over 316LN is diminished.

4.2.6. Embrittlement

F82H steel has a bcc structure and like other mate-

rials of this type exhibits a transition from ductile to

brittle fracture at low temperatures. However, in the

unirradiated conditions its DBTT is around �50 �C and

well below room temperature. Increases observed in the

DBTT after aging or welding (with PWHT) also remain

moderate. It is only after irradiation at temperatures less

than about 300 �C, where hardening is important (Fig.

5), that the increase in DBTT becomes of concern.

At higher irradiation temperatures the DBTT hardly

changes and the material is expected to exhibit good

resistance to swelling at doses up to 100 dpa if not

higher. The effect of high He-to-dpa ratio on DBTT is

not yet correctly reproduced in these alloys and needs to

be investigated.

4.2.7. Future perspectives

RAFM steels share many advantages of stainless

steels (cost, availability, service experience), have a bet-

ter surface heat capability and a lower activation.

Fig. 3. Minimum and average ultimate tensile strength of F82H

base metal [14].

Fig. 4. Comparison of experimental creep-rupture results of

F82H steel with trends derived from master creep curve [14].

Table 4

Physical properties [14] and surface heat capability of F82H steel

Temperature (�C) E (GPa) ai (10
�6 K�1) k (W/Km) Cp (J/kgK) M (kW/Km)

300 203 11.1 33.4 544 4.32

400 197 11.7 33.0 586 3.92

500 189 12.0 32.7 644 3.48

600 178 12.3 32.3 728 2.74
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F/M steels have four main drawbacks for application

in FPR:

• In order to obtain a fully martensitic microstructure,

the steel has to be quenched from the normalizing

temperature. It is not certain that adequate cooling

rates can be maintained in thick sections or during

manufacturing techniques such as HIPing, often re-

quired for fabrication of complex blanket compo-

nents.

• Their irradiation embrittlement at temperatures

<250–300 �C may be further aggravated by higher

amounts of He and H generated under fusion spec-

trum.

• They have a relatively low upper temperature win-

dow (less than 600 �C), that is even lower on the liq-

uid metal side (limited to 480–500 �C due to excessive

corrosion rate). The latter problem can be alleviated,

e.g., through surface coating with Al2O3 [2].

• Their welded joints have to be post-weld heat treated.

The strength of RAFM steels can be improved

through utilization of oxide dispersion strengthened

(ODS) grades. The ODS steels contain small particles of

Y2O3 and/or TiO2 dispersed in a ferrite matrix. They are

currently being developed for fission and fusion appli-

cations in Japan [17], Europe [18,19], and the United

States [20]. Most of the work done in US and Japan are

on higher chromium content steels, while in Europe,

ODS alloys with Eurofer steel composition are also de-

veloped [18].

Significant increase in tensile and creep strengths can

be obtained with ODS, but at the expense of toughness

and weldability. Ukai et al. [17] have reported important

gains with 0.3% Ti and 0.25% yttria (Fe–11.7Cr–1.92W),

while maintaining good fabricability (Table 5).

Nevertheless, it is unlikely that the ODS steels would

satisfy structural integrity criteria for critical compo-

nents in the near future. Their most promising near term

application is probably in association with conventional

steels. One of the ideas to explore is HIPing of a small

layer of ODS composition upon the conventional steel

composition or making gradient composition panels.

The reason for this is that high temperature zones are

localized at the surface and do not extend more than

1 or 2 mm through the metal. As a result, a gradient

material with ODS composition at the surface would

combine high temperature resistance required at the

surface, with good toughness through the bulk.

4.3. Vanadium alloys

4.3.1. General description

Vanadium alloys occupy a special place amongst the

refractory metal alloys and are treated apart here. They

have been extensively investigated over the past few

years for fusion [21–29], with V–4Cr–4Ti emerging as

favored alloy composition [21].

4.3.2. Tensile properties

The strength of V–4Cr–4Ti is relatively constant in

the range of 200–800 �C [22–25]. The minimum tensile

strength is about 320 MPa corresponding to a tentative

Sm value of about 130 MPa. The yield strength is also

almost constant in the temperature range of 200–800 �C,
and varies within a scatter band of 200–250 MPa. The

uniform (7–20%) and total (20–30%) elongations as well

as the reduction of area (80%) in this temperature range

are high. However, stress–strain curves obtained at

1:1� 10�3 s�1, show serrations, most likely due to dis-

locations interaction with dissolved O, C, N interstitial

solutes [23].

4.3.3. Creep properties

Vanadium alloys have a better creep resistance than

F/M and stainless steels. Their creep resistance can be

further improved by increasing Cr and Ti contents [21].

However, most of the actual data are obtained at tem-

peratures up to 600 �C and are for relatively short du-

Fig. 5. Effect of irradiation on ultimate tensile strength (Rm) of

F82H base metal [14].

Table 5

Comparison of tensile and creep-rupture strengths of F82H

steel and an ODS steel at 700 �C [17]

Alloy UTS (MPa) 1000 h creep

rupture (MPa)

F82H 200 32

ODS (11.7Cr) 370 150
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rations (<4000 h at 600 �C). At higher temperatures and

longer exposure times, oxygen pickup from surrounding

atmosphere may adversely affect the properties.

4.3.4. Fatigue properties

Only limited data have been generated for the va-

nadium alloys [27,28]. At room temperature fatigue data

for V–5Cr–5Ti and V–15Cr–5Ti tested in high vacuum

(1:3� 10�11 bar) are slightly better than the conven-

tional 316 SS tested in air at low cycles (<104), but be-

come much better at higher cycles. However, fatigue

resistance of vanadium alloys can be severely degraded

with oxygen contamination at high temperatures [26].

4.3.5. Surface heat capability

Vanadium alloys have an excellent surface heat ca-

pability due to their low coefficient of linear thermal

expansion and high thermal conductivity (Table 6).

Values of M > 4 are calculated for an Sm ¼ 105 MPa.

4.3.6. Embrittlement

Most of the irradiation experiments on vanadium

alloys are performed at test temperatures above 400 �C
[22,24,25,29–33]. At such temperatures hardening is

negligible and V–4Cr–4Ti maintains its good ductil-

ity. At lower temperatures, the hardening is very im-

portant and uniform elongation becomes practically nil

(Fig. 6).

4.3.7. Future perspectives

Vanadium alloys will remain very attractive for FPR

due to their low activation and high surface heat flux

capability. They also have a good compatibility with

lithium at least up to 600 �C. At higher temperatures

interstitial solute pickup and corrosion rates may be-

come significant. The most likely application of vana-

dium alloys would be with low-pressure Li coolant. The

feasibility of use with He coolant or Flibe is much lower.

Their operating temperature window can be tentatively

put in the range of 400–700 �C, provided fully adherent

self healing insulator coatings can be successfully de-

veloped. The lower temperature bound is governed by

irradiation embrittlement. The upper temperature is

bound by thermal creep, helium embrittlement or chemi-

cal compatibility/corrosion depending on the solution

employed. However, the results reported at various

European fusion program meetings show that several

major obstacles still limit large-scale utilization of va-

nadium alloys.

4.4. Ceramic composites

4.4.1. General description

In this category SiCf /SiC has established itself as the

reference material. However, there is not one commer-

cial SiCf /SiC, but many SiCf /SiC and they are constantly

evolving [9,10,34–46]. Any conclusions drawn here can

be outdated in the near future.

Table 7 shows several commercial SiC-based fibers

and bulk SiC with some of their properties [10,36–39]. In

Europe, most of the recent work has been on Cerasep

N4-1 supplied by Snecma (using Hi-Nicalon), which

follows the Cerasep N3-1. A good review of the work

done is given in [10].

The chemical composition, density, elastic constants,

thermal conductivity, and neutron radiation resistance

of cg-Nicalon and non-stoichiometric Hi-Nicalon fibers

are considerably different from those of bulk crystalline

SiC which constitutes the matrix [36]. Recent fibers such

as Hi-Nicalon Type S [36] and Dow Sylramic [37] are

expected to produce improved composite properties in

the unirradiated and irradiated condition compared to

former fibers.

Table 6

Physical properties [21] and surface heat capability of V–4Cr–4Ti

Temperature (�C) E (GPa) ai (10
�6 K�1) k (W/Km) Cp (J/kgK) M (kW/Km)

300 125 10 30.4 505 4.60

400 124 10.3 31.3 522 4.61

500 123 10.7 32.1 533 4.62

600 122 11 33.0 540 4.63

700 121 11.4 33.8 545 4.63

Fig. 6. Yield strength and uniform elongation of irradiated V–

(4–5)% Cr–(4–5)% Ti alloys [29].
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4.4.2. Tensile properties

Most of the available data on ceramic matrix com-

posites have been generated using flexural bend strength

tests (3- or 4-point bending) and not uniaxial tensile

testing with generation of engineering data. In addition,

the notion of failure in ceramic matrix composites

is different from that in metallic materials. In metallic

materials formation of cracks are synonyms of failure

while composites are engineered to produce a moderate

amount of fiber pullout during deformation. The opti-

mum tensile toughness generally occurs in ceramic

composites with tensile elongations in the order of 0.2–

0.5% (in the order of 0.2% offset proof stress in metals).

The ultimate tensile strengths of several different

grades of SiCf /SiC composites containing 40 vol.% fibers

(0/90� weave) have been recently measured by tensile

testing [40,41]. The UTS obtained ranges from 200 to

280 MPa at room temperature. Little reduction in

strength is observed up to 1000 �C. Tensile data for more

recent ceramics are not expected to be very different. In

fact, the new composites supplied by Snecma, N4-1,

have lower strength (bend strength) than the previous

N3-1: (553� 101) MPa and (674� 85) MPa, respec-

tively, at 20 �C [10]. Dynamic flexural modulus values of

N4-1 are higher (300–280 GPa from RT to 1100 �C)
than N3-1 by about 50–80 GPa.

Deducting an Sm value from such information is

hazardous. If the reported values for proportional stress

limits are used, then very low Sm values are obtained (on

the order of 40 MPa). Even if the UTS values are con-

sidered, values less than or equal to 130 MPa are ob-

tained.

4.4.3. Creep properties

There are little information available on the thermal

and irradiation creep of SiCf /SiC. Zinkle and Snead [35]

has made a rough estimate of irradiation creep using

data obtained for monolithic SiC and suggests that the

irradiation creep constant may be K ffi 10�12 (Pa dpa)�1

at 500–1100 �C [42], which is lower than the value

observed for some other ceramics [43].

4.4.4. Fatigue properties

Little information is available on fatigue properties

of SiCf /SiC composites [46].

4.4.5. Surface heat capability

The elastic constants for SiCf /SiC composites depend

on the details of the fabrication procedure. Values

ranging from 140 to 460 GPa have been reported (here

we assume a value of 270 GPa). Poisson’s ratio for

bulk SiC is taken equal to 0.18 between 20 and 1000 �C
[35].

The thermo-physical properties of SiCf /SiC com-

posites (particularly thermal conductivity) are also de-

pendent on the fabrication procedure. The measured

linear coefficient of thermal expansion (ai) for SiCf /SiC

composites fabricated with cg-Nicalon fibers (40 vol.%

fibers) are ð2:5–3Þ � 10�6 K�1, with no pronounced de-

pendence on temperature between 20 and 1000 �C [45].

The thermal conductivity of SiCf /SiC composites is

strongly dependent on the processing conditions, type of

fiber, and fiber architecture [46]. The upper limit for

linear thermal conductivity corresponds to that obtained

in single-crystal and high-purity CVD SiC, with maxi-

mum values of ffi320 W/Km at room temperature and

78 W/Km at 1000 �C (Fig. 7). Unlike the case for

metals (where the thermal conductivity is dominated by

electron transport), irradiation can cause a signifi-

cant reduction in the thermal conductivity of SiCf /SiC

composites. The degradation is particularly large at low

irradiation temperatures. The thermal conductivity of a

SiC/SiCW composite irradiated to 43 dpa at 1000 �C
ranged from ffi12.5 W/Km at 400 �C to ffi10 W/Km at

1000 �C [47].

Table 8 presents an estimate of the surface heat ca-

pability of SiCf /SiC composites using information ex-

tracted from [47]. If the thermal conductivity values in

Table 7

Comparison of properties of commercial SiC-based fibers and bulk SiC [10,35]

cg-Nicalon Hi-Nicalon Hi-Nicalon

type S

Dow Sylramic Cerasep N3-1 Bulk SiC

Diameter (lm) 14 12–14 12 10 –

Tensile strength (GPa) 2.0–3.0 2.8–3.4 2.6–2.7 2.8–3.4 3.00 	0.1

Elastic modulus (GPa) 170–220 270 420 390–400 200 460

Density (g/cm3) 2.55 2.74 2.98–3.10 3.0–3.10 >2.4 3.25

Coeffecient of linear thermal

expansion (10�6 K�1)

3.2 3.5 – 5.4 4 (1000 �C) 4.0

Thermal conductivity at 20 �C
(W/Km)

1.5 4 18 40–45 15 100–350

Oxygen content (wt%) 11.7 0.5 0.2 0.8 – 0.0

C/Si atomic ratio 1.31 1.39 1.05 1.0 – 1.0
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the unirradiated conditions are used, then significantly

higher M values are obtained.

4.4.6. Embrittlement

Toughness is the weak point of ceramics and ceramic

composites, particularly when they are irradiated. First

PIE results [34] show a substantial reduction in the

fracture toughness of composites even at a very low

fluence (1:6� 1019 n/cm2).

Unlike metallic materials, where some of the irradi-

ation damage can be recovered through heat treatment,

the damage in ceramics is often permanent (debonding)

and those due to defect clusters cannot be recovered at

normal operating temperatures. For instance, neutron

irradiation can produce a significant decrease in the

flexural strength of SiCf /SiC composites fabricated with

cg-Nicalon fibers, due to neutron-induced densification

of the fibers which causes debonding at the matrix/fiber

interfaces [48,49]. Strength decreases up to a factor of

two have been observed in some cases. Improved irra-

diated behavior is predicted for composites containing

new SiC fibers such as Hi-Nicalon, MER-999, and Dow

Corning Sylramic fibers [38,50–52].

A summary of the radiation-induced swelling in

monolithic SiC as a function of irradiation temperature

have been made by Zinkle and Snead [35] using data

reported in [50,52–56]. Three distinct temperature re-

gimes have been identified. At low temperatures (<150

�C), a crystalline-to-amorphous phase transition is in-

duced at relatively low doses (0.1–1 dpa). The amor-

phous phase has a much lower density compared to the

crystalline phase, which results in ffi11% swelling [56].

Bulk SiC exhibits moderate swelling due to neutron ir-

radiation at temperatures between 150 and 900 �C. The
minimum temperature for significant void swelling in

SiC is somewhat uncertain. Early work by Price [55]

indicated that significant void swelling did not occur for

irradiation temperatures below ffi1100 �C. However, two

recent studies have observed high volumetric swelling in

SiC irradiated at ffi1000 �C [50,52]. Detailed analysis of

the above results suggests that some specimens may have

been contaminated or influenced by presence of boron

[46]. Further work is needed to determine the minimum

temperature for void swelling in SiC. The effects of fu-

sion-relevant helium generation on the dimensional

stability of SiC has not been adequately studied. Very

high values of He and H generations have been reported

in SiCf /SiC [1]. SiCf /SiC ceramic composites are still at

their very early stages of development.

4.4.7. Future perspectives

Joining of ceramic composites is another difficulty to

surmount. Recent work on optimization of brazing has

allowed control of the infiltration of the braze in the

porous composite and adaptation of the thermo-

mechanical behavior of the braze against the SiCf /SiC

composite. Nevertheless, the majority of failures still

occur in the joint. The N3-1 joint shear strength ranges

between 54 and 200 MPa at 20 �C and 89–97 MPa at 800

�C. The shear strength obtained using N4-1 is lower (14–

62 MPa at RT and 18–76 MPa at 800 �C). Joints pre-

pared using polymers and powders show even lower

performance (1–10 MPa) [34].

Chemical compatibility of SiCf /SiC with Pb–17Li has

been measured for short duration static exposures. No

reaction is observed between Pb–17Li and N3-1 after

exposure at 800 �C for 3000 h [34]. Penetration of the

Pb–17Li is limited to the open porosities. Compatibil-

ity between N3-1, N4-1, PIP-3D composites with and

without CVD coating and Pb–17Li will be tested at

Fig. 7. Comparison of the transverse thermal conductivity of

monolithic CVD SiC and three grades of SiCf /SiC composites

[10,35].

Table 8

Tentative use of physical properties for calculating the surface heat capability of SiCf /SiC composites

Temperature (�C) E (GPa) ai (10
�6 K�1) k (W/Km) Cp (J/kgK) M (kW/Km)

20 400 2.5 10.0 1287 0.84

300 400 2.5 10.0 1187 0.84

500 400 2.5 10.0 1152 0.84

700 400 2.5 12.5 1133 1.05

1000 400 2.5 12.5 1120 1.05

Sm assumed ¼ 70 MPa (1=3 of 210 MPa composite strength).
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550 �C for 6000 h under flowing conditions (1 m/s) in the

LiFus2 facility (ENEA) [34].

The permeation barrier is yet another obstacle to

surmount. ENEA has explored utilization of low acti-

vation glass ceramic coatings in order to allow He

pressures up to 8 MPa. Permeability reduction factors of

up to 100 times have been obtained.

The minimum operating temperature limit of SiCf /

SiC composites will be determined by either the crys-

talline to amorphous transition temperature (ffi120 �C
for fusion reactor damage rates) [56], or else radiation-

induced degradation in the thermal conductivity (400

�C). The maximum temperature limit will likely be de-

termined by void swelling considerations (1000 �C), al-
though there are not sufficient data at elevated

temperatures (900–1400 �C) to make a clear determi-

nation.

4.5. Refractory metal alloys

4.5.1. General description

Refractory metal alloys are divided into groups V (V,

Nb and Ta) and VI (Cr, Mo, and W). Group V alloys

are easier to fabricate than group VI alloys but both

groups have bcc structures and are prone to low tem-

perature brittle fracture. Vanadium alloys were dis-

cussed separately above, others are briefly discussed

below.

4.5.2. Chromium and chromium alloys

They are currently investigated in Europe for fu-

sion application. The European activity in 2000, part of

which has been reported in [34], has been mainly dedi-

cated to characterization of a pure Cr and a Cr alloy

supplied by Plansee (Ducropur ¼ 99:96% pure Cr and

Ducrolloy ¼ Cr5Fe1Y2O3). The work done also includes

the effects of thermo-mechanical treatments in order to

improve the ductility. The Cr alloy was prepared using

mechanical alloying, followed by pressing, sintering and

HIPing.

Both alloys show a brittle behavior in the as-HIPed

conditions in bending and tension tests at room tem-

perature. Plastic deformations are reported between 200

and 250 �C and above 400 �C. The linear elastic fracture
toughness (KQ) of pure chromium in the unirradiated

state increases from 12 MPa
ffiffiffiffi

m
p

at 290 �C to a value of

500 MPa
ffiffiffiffi

m
p

at 320 �C, even then the final fracture

occurs in a cleavage mode. Ducrolloy exhibits low

toughness values at temperatures up to 600 �C (3.9–10.9

MPa
ffiffiffiffi

m
p

). Even at 740 �C its toughness is about 22.4

MPa
ffiffiffiffi

m
p

. The DBTT of both the Cr and Cr alloy are

expected to shift to higher temperatures after irradia-

tion.

In bending tests, the DBTT of Cr is only slightly

lower (220–270 �C), but that of the Cr alloy is consid-

erably lower (400 �C). In tension tests, the Cr alloy

shows a higher strength but also a higher brittleness and

sensitivity to surface defects (Table 9). Mechanical

strengths of both alloys decrease rapidly at temperatures

above 600–800 �C.
An improvement in ductility and a significant in-

crease in fracture strength are reported in [34] by pre-

deformation in tension and in bending, through equal

channel angular extrusion and die compression.

The main advantage of Cr alloys, in general, resides

in their excellent corrosion and oxidation resistance.

Coupled with their high hardness and compressive yield

strength (for Ducrolloy 1222–1000 MPa at 20–200 �C),
they are primarily used as special purpose materials (e.g.

coating, plating). Their relatively high lower-tempera-

ture limit (300–800 �C), and relatively low upper-tem-

perature limit (about 800 �C from tension tests) limit

their temperature window. Also, the protective oxide

layer (Cr2O3) becomes unstable at higher temperatures

Table 9

Tensile strength in MPa and strains in % of DP and DL (Yield stress r0:2 or rUYP) reported in European meetings [34]

Temperature (�C) Cr CrFeY2O3

r0:2 rUTS ea el r0:2 rUTS ea el

25 329 329 0.6 565 565

25 199 196 0.6 570 570

200 199 196 2.9 3.1 549 549

200 584 584

400 106 245 85 51 783 783

400 110 254 85 47 752 752

600 97 224 88 35 492 545 11 11

600 129 214

800 85 138 95 38 180 191 8.5 9.1

800 80 165 168 170 38 21

960 63 85 85 30

980 125 126 8.5 8.6
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in vacuum and transforms to CrO3 with a possible loss

of Cr [11]. Nevertheless, the low coefficient of linear

thermal expansion (at RT about 6:5� 10�6 K�1), high

conductivity (32 W/Km) and high modulus (248 GPa)

of chromium give a better thermal heat capability than

that of steels.

4.5.3. Niobium alloys

The alloys C-129Y (Nb–10W–10Hf–0.2Y), Cb752

(Nb–10W–2.5Zr), FS-85 (Nb–10W–28Ta–1Zr) and

WC3015 (Nb–14.3W–28.5Hf–1.2Zr–4.7Ti–0.66Ta) are

not low activation materials. They have been mainly

investigated for one of the versions of the thermal pro-

tection system of the space shuttle [11,57–59]. Amongst

the niobium alloys mentioned above, FS-85 has superior

weldability, fabricability and creep resistance [11]. Nb–

1%Zr is a better known alloy and has had some appli-

cations in the nuclear industry.

The maximum service temperature of niobium alloys

can be as high as 1370 �C, although their tensile

strength drops from 450 MPa at about 600 �C to 100

MPa or less at above 1200 �C (Fig. 8). Their upper

service temperature most likely would be limited by

thermal creep to about 1200 �C. With a low coefficient of

linear thermal expansion (8–10� 10�6 K�1) and a high

thermal conductivity (50–74 W/Km), niobium alloys

offer an excellent surface heat flux capability (higher

than 10).

Niobium alloys have shown good compatibility

with static and flowing lithium at least at temperatures

up to 1000 �C [2]. Nevertheless, future perspectives

for niobium alloys use in FPRs are limited. There are

serious safety and waste disposal considerations with

their utilization at all temperatures. Also there is a risk

of severe oxidation at high temperatures if exposed to

air.

4.5.4. Molybdenum and its alloys

These alloys such as TZM, are also high activation

materials. In addition, they have poor ductility. Addi-

tion of Re to Mo not only increases strength, through

solution hardening, but also improves ductility [61,62].

As a result, Mo–Re alloys had received particular at-

tention during the French space reactor program [61].

Materials tested in that program included Mo, Mo–

13%Re, Mo–41%Re. The test program covered bend,

tension and creep. Re containing alloys show good

ductility in the unirradiated condition even at �120 �C
(Table 10). They also show good creep resistance at 1200

�C in the annealed condition. However, recrystallization

may occur during longer creep exposures at such high

temperatures that would accelerate creep (Fig. 9).

Results obtained from microstructural and mechan-

ical tests performed on irradiated specimens have shown

that at such high temperatures the risk of significant

cavitations or irradiation hardening is negligible. They

Fig. 8. Tensile properties versus temperature for FS85 sheet

annealed 1 h at 1093 �C. Total elongation is greater than 10%

[11].

Table 10

Tensile properties of Mo–Re alloys, all tests are performed on cylindrical specimens (2 mm in diameter and 10 mm in gauge length) at a

strain rate of 10�4 s�1 [61]

Temperature (�C) Alloy YS (MPa) UTS (MPa) UE ( %) TE (%)

�196 Mo–13Re 1348a 1407 <0.02 <0.02

Mo–41Re 1255 1545 7 7

�120 Mo–13Re 985 985 3.5 3.5

Mo–41Re 1029 1137 7 8

�50 Mo–13Re 545 652 6 6

Mo–41Re 971 1029 5 5

20 Mo 590 625 13 40

Mo–13Re 528 603 6 7

Mo–41Re 813 913 6 7

1100 Mo–13Re 210 213 0.6 24

Mo–41Re 289 307 1.5 34

aYield stress at 0% offset.
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have, nevertheless, revealed that accelerated microstruc-

tural transformations in the three materials would occur

with the formation of Re rich phases, particularly in the

higher Re alloys. Re containing alloys also have a poor

fusion weldability due to segregation of Re.

Pronounced radiation hardening have been reported

for Mo and Mo alloys such as TZM and Mo–Re up to

about 700 �C [62–66]. For instance, significant harden-

ing and very low ductility values are noted after irradi-

ation at 700–800 �C and damage levels of 5–20 dpa. The

upper temperature window of Mo and Mo alloys will be

most likely determined by thermal creep at 1000–1200

�C, thus giving a temperature window of 800–1200 �C.
Future perspectives for molybdenum alloys in FPR

is narrow. Poor ductility and high activation of these

alloys will most likely limit their application in less

critical or unirradiated zones.

4.5.5. Tantalum alloys

The alloy Ta–8% W–2% Hf (T-111)has been largely

investigated in the US space program [67,68]. Zinkle [69]

has recently summarized its thermo-physical and me-

chanical properties for the US APEX project.

Results obtained from tensile tests performed on

stress-relieved and recrystallized specimens have been

reported in [69–73]. The latter is more relevant to long

service durations at higher temperatures but in any case

the properties of the alloy in the two states merge at

1200 �C and above.

There have been numerous studies of the creep and

stress-rupture behavior of unirradiated T-111 at tem-

peratures up to 1600 �C (0.57 TM) [74–76]. The stress to

produce 1% strain in T-111 in 1000 h is ffi110 MPa at

1100 �C and ffi50 MPa at 1250 �C [75]. Using a 1000 h

creep-rupture stress level of 100 MPa as a guideline, the

maximum operating temperature of T-111 is 1150–1200

�C [75]. Using the more conservative creep criterion of

1% plastic strain, the maximum operating temperature

of T-111 for an applied stress of 100 MPa is 1000 �C for

long-term (7 year) operation [74].

Surface heat flux capability of T-111 is excellent (>11

kW/Km). Young’s modulus has been measured from

�100 to 2000 �C (180–160 GPa between 20 and 1000 �C)
[71,72]. The mean coefficient of linear thermal expansion

(am) is very similar to that of pure Ta and Ta–10W, and

varies from 5:9� 10�6 K�1 at room temperature to

7:6� 10�6 K�1 at 1650 �C [71,72,75]. The thermal con-

ductivity varies from ffi42 W/Km at room temperature

to ffi56 W/Km at 1350 �C.
The DBTT of unirradiated T-111 has generally been

estimated from reduction in area measurements on un-

notched tensile specimens [72,77]. The resultant DBTT

value (ffi�200 �C) is obviously a severe underestimate of

the value that would be obtained with conventional

impact specimens. There are no known DBTT studies

on irradiated T-111, although a significant increase in

the DBTT would be expected for irradiation at tem-

peratures up to at least 650 �C, based on the large in-

crease in hardening associated with these relatively low

irradiation temperatures (<0.3 TM). The lower temper-

ature limit of Ta-111 is hence assumed equal to 650 �C.
Future Perspectives: Tantalum alloys are easier to

fabricate than Cr, Mo and W alloys and have excellent

high temperature thermal creep properties [76–81]. Sev-

eral forced-flow corrosion and engineering loop studies

have demonstrated that T-111 has good compatibility

with liquid lithium at least up to temperatures of ffi1370

�C [76–79]. Ta alloys have also exhibited good com-

patibility with other liquid metals, including Na, K and

Pb to ffi1200 �C [76–79].

Their main drawbacks is embrittlement at tempera-

tures less than about 700 �C, that gives them a tentative

temperature window of 700–1200 �C. Moreover, Smith

et al. [1] report very high dose rates for Ta, 106 Sv/h for 1

month after 3 years of operation at 5 MW/m2, as com-

pared with 1000 for ferritic steels.

4.5.6. Tungsten and tungsten alloys

These alloys suffer from similar drawbacks as the

other refractory metal alloys. Their fabrication costs for

producing finished products is high and lack satisfactory

full penetration weldability to this date. They have in

contrast a very high temperature window (1600 �C) and
do not suffer from high activation.

Probably the most limiting factor for utilization of

tungsten alloys as structural material is their low

toughness. As shown in Fig. 10 [82–88], the fracture

toughness of pure tungsten is less than 100 MPa
ffiffiffiffi

m
p

at all temperatures, with a typical value at 1000 �C of

�30 MPa
ffiffiffiffi

m
p

. This is similar to the lower shelf tough-

ness of irradiated ferritic–martensitic steels and vana-

dium alloys.

Some improvements may be obtained through

alloying with dispersed oxide particles (e.g. ThO2), Re

Fig. 9. Stress versus time to rupture at 1200 �C for Mo and

Mo–Re alloys [61].
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and Ni [84,85]. However, tensile elongations of �0 have

been reported for W irradiated at 400 and 500 �C to

fluences of <2 dpa (in W) [64,88,89]. Severe embrittle-

ment (DBTT > 900 �C that can also be assumed as its

lower temperature window) has also been reported for

un-notched bend bars of W and W–10% Re irradiated at

300 �C to about 1 dpa [90].

Future perspectives for tungsten alloys will most

likely reside in functional materials, where their high-

temperature capability can be put in service at very high

temperatures (>1400 �C). Despite their corrosion/

chemical compatibility with Li and Pb–Li, good thermal

heat capability (4–8 kW/Km), due to low coefficient of

linear thermal expansion (3:9� 10�6 K�1), high con-

ductivity (about 85 W/Km) and Young’s modulus (352–

397 GPa), their very low toughness bars them from use

in critical structural components.

5. Discussion

The above assessment shows that austenitic and fer-

ritic/martensitic steels will remain the foremost con-

tenders for the future FPR blanket system despite

uncertainties in the areas of irradiation induced em-

brittlement at low temperatures and high He/dpa ratio

effects. This is due to the fact that neither one of the

advanced high temperature materials examined so far,

has the maturity or the reliability needed for application

in critical components. Nevertheless, the same assess-

ment also shows that both stainless and F/M steels lack

high temperature surface heat capability needed for an

efficient fusion power system.

Some improvements in the properties of the ad-

vanced high-temperature materials are expected by the

time an FPR is put in service, but it is unlikely that the

inherent problems associated with these materials would

disappear. SiCf /SiC composites should continue to suffer

from fiber/matrix, thermal conductivity, joining and low

toughness related issues. Refractory metal alloys would

also continue to suffer from severe irradiation embrit-

tlement up to relatively high temperatures (400–900 �C
depending on the alloy).

The problem of utilization of refractory metal al-

loys or ceramic composites as structural materials has,

therefore, to be mitigated not separately by materials

R&D alone, but in conjunction with the blanket and

system design. Classification of materials and compo-

nents according to their safety and structural integrity

implications, when the FPR design is adequately ad-

vanced, will help in this respect. Fig. 11 shows tentative

temperature windows for the materials discussed in this

paper.

6. Conclusions

• Stainless steels and ferritic/martensitic steels will re-

main the main contenders for the future FPR blanket

system despite uncertainties in the areas of irradia-

tion induced embrittlement at low temperature and

high He/dpa ratio effects.

• F/M steels have a lower temperature window of

250–300 �C and an upper temperature limit of 550–

600 �C. With selective utilization of ODS steels, the

upper temperature window of F/M steels can be in-

creased to 650 �C. Also with an appropriate coating

the problem of excessive corrosion in liquid metals

at T > 480 �C can be resolved.

Fig. 10. Temperature-dependent fracture toughness KQ of pure

tungsten in various thermo-mechanical conditions [60].

Fig. 11. Tentative temperature window of the materials dis-

cussed.
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• Vanadium alloys, with a temperature window of 400–

700 �C, remain very attractive for FPR due to their

high surface heat flux capability, but still lack indus-

trial maturity and their performance is tied to devel-

opment of a reliable fully adherent self healing

insulator coating.

• New fibers developed for SiCf /SiC composites are ex-

pected to improve the compatibility with the matrix

and hence the properties. With their high tempera-

ture window (400–1000 �C), SiCf /SiC composites of-

fer increased efficiency. Their utilization as structural

material in critical components still has to surmount

many obstacles.

• Refractory metal alloys (Cr, Mo, Nb, Ta and W) are

most suited for special purposes or functional appli-

cations. Molybdenum and niobium pose safety and

waste disposal problems, while tantalum suffers from

high decay heat, and chromium and tungsten from

low toughness.
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