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Abstract

This paper reviews the e�ects of neutron irradiation on thermal and mechanical properties and bulk tritium retention

of armour materials (beryllium, tungsten and carbon). For each material, the main properties a�ected by neutron ir-

radiation are described and the speci®c tests of neutron irradiated armour materials under thermal shock and disruption

conditions are summarized. Based on current knowledge, the expected thermal and structural performance of neutron

irradiated armour materials in the ITER plasma facing components are analysed. Ó 2000 Elsevier Science B.V. All

rights reserved.

1. Introduction

Beryllium, tungsten and carbon-based materials are

typically considered as plasma facing armour materials

for the Next Step fusion device. Their main functions are

to provide adequate conditions for plasma burn (mini-

mize the plasma core impurity contamination), to pro-

tect the wall structures from high heat ¯uxes and contact

with the hot plasma, and to satisfy the required erosion

lifetime. Operational conditions for armour materials

are very complex and include particle bombardment,

thermal fatigue, neutron irradiation, di�erent types of

thermal shocks, etc. The critical issues related to plasma±

wall interaction for fusion devices and for ITER can be

found in [1,2]. For the Next Step fusion machine, neu-

tron irradiation is an important factor that has to be

taken into account during the selection of the armour

materials and during analysis of the performance of the

plasma facing components.

Armour materials typically have no structural func-

tion and the requirements for their performance are

lower in comparison with structural materials. However,

the degadation of the properties by neutron irradiation

could lead to a decrease in the erosion lifetime, to a loss

in the mechanical integrity of the material itself and in

the joining with heat sink etc.

This paper reviews recent data on neutron irradiation

in¯uence on the properties of plasma facing materials

and analyses possible changes in the performance at

typical fusion operational conditions. For the conditions

expected in ITER the performance of armour materials

is analyzed.

2. Neutronic features of fusion spectrum

It is well known that the displacement damage and

transmutation products during neutron irradiation de-

pend on neutron spectrum. For armour materials (Be,

W, C) the values of damage (in dpa), the amount of He,

H, T and some other elements for the 1998 ITER design

at neutron a ¯uence of 0.3 MW�a/m2 are presented in

Table 1, [3]. The presence of high energy neutrons leads

to high He generation in Be (�1000 appm He/dpa) and

in carbon (�380 appm He/dpa). For W the He pro-

duction is negligible, however, some solid transmutants,

Re, Ta, Hf, Os and others, will be produced.

Special analysis is required to predict the property

changes based on data from ®ssion irradiation. After

irradiation in ®ssion reactors, the typical values of ration

(appm He/dpa) for Be is �100±250 and only 2±3 for
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carbon. For Be, it seems that for high temperature

�>500°C� properties, such as helium embrittlement and

swelling, the value of He generation is important and

has to be used as a basis for comparison, whereas to

predict the mechanical properties at low temperatures

(less than �300°) the value of the displacement damage

has to be compared [5]. For carbon there is no possi-

bility (at least not without special designed experiments)

to take into account the in¯uence of the high He con-

tent. For W the presence of solid transmutation prod-

ucts has to be taken into account. Greenwood [4], has

performed the calculation of Re and Os transmutation

products in W in reactors with di�erent neutron spectra,

and signi®cant production of Re and Os, especially for

mixed neutron spectra (up to �(1±2 at.%)/dpa) already

at low ¯uence, has been reported.

3. E�ect on beryllium

The latest reviews on the e�ect of neutron irradiation

on the properties of beryllium have been presented in

[5,6]. The data presented in these reports have been

generated in the last 10±20 years. Due to developments

in the Be production technology, the new and old grades

di�er greatly in the morphology of Be powder, impurity

content, etc., and the old data can only be used only for

qualitative prediction of the Be performance.

In this review the recently generated data for the

modern Be grades are summarised.

3.1. Change of beryllium properties

Thermal conductivity. Some data exist on the e�ect of

neutron irradiation on the thermal conductivity of be-

ryllium. For S-65C Be irradiated up to 1021 n/cm2 (�0.74

dpa) at �300°C the thermal conductivity was similar,

within experimental error, to that of the unirradiated

value [7]. For Be S-200F irradiated at 200°C up to a

¯uence of 4:5� 1020 n=cm2 �E > 1 MeV�, (�88 appm

He, �0.6 dpa), the thermal conductivity of irradiated Be

decreased to about 90±95% of the initial value [8]. After

high temperature annealing, in specimens with 29% and

63% swelling, thermal conductivity at ambient temper-

atures decreased to about 70% and 40% of that of the

unirradiated specimen, respectively. The similar beha-

viour of the thermal conductivity of porous Be has been

described in [9].

Swelling. A comprehensive review of the data for old

Be grades and the proposed empirical correlations have

been reviewed in [5]. Recently the ANFIBE code has

been developed, which allows calculation of the swelling

in the Be over wide temperature and ¯uence ranges [10].

Nevertheless, new data for the recent Be grades are

needed for code veri®cation. In recent years some ad-

ditional data have been published [7,11±15]. Moons et al.

[11] have studied the swelling of the S-65C VHP, S-65

HIP, S-200F VHP and S-200F HIP Be grades irradiated

to a ¯uence of 1:5±1:6� 1021 n=cm2 (�520±570 appm

He, 1.8±2.4 dpa) in the temperature range 235±600°C. It

was shown that at high temperature �>500°C� the

swelling of the S-65C grades is slightly higher than for

other grades. Low temperature irradiation (300°C, ¯u-

ence �1� 1021 n=cm2) revealed very low swelling

(�0.027%) of S-65C Be [7].

The results of a study of the modern Russian Be

grades have been published recently [13±15]. Di�erent

types of Be with di�erent grain size �8±26 lm, BeO

content (0.9±3.9 wt%), dispersity of BeO (0.04±0.5 lm)

and with di�erent consolidation methods have been

studied. Neutron irradiation has been performed at

550±780°C and a ¯uence of 1±3:7� 1021 n=cm2. The

results demonstrated that Be grades with the smallest

grain size and high BeO content (grades TRR, DRR,

TIP, DIP), have the lowest swelling behaviour at high

temperatures. The main reason is that the presence of a

large quantity of small beryllium oxides prevents the

migration of the He and formation of the large He

bubbles which are responsible for the swelling. The

selected data for S-65C Be and for Russian grades are

presented in Fig. 1. Further modi®cation of existing

codes is needed with a goal to include the in¯uence of

the microstructural parameters such as grain size and

BeO morphology.

Mechanical properties. The general qualitative trends

in the strength and ductility behaviour of neutron irra-

diated Be are the following [5]:

· at low and moderate (20±500°C) irradiation temper-

atures the strength is typically increasing, while duc-

tility is decreasing, in some cases to zero value;

Table 1

Operational conditions for armour materials for the 1998 ITER design, ¯uence of 0.3 MW�a/m2 (�2:0� 2021 n=cm2�, [3]

Material Damage

(dpa)

He

(appm)

Other

impurities (appm)

Irradiation

temperature (°C)

Transient temperature/time

(°C/time)

Be 1 1000 Tritium: �16 240±280FW;L 390ÿ 700L=�30 h up to MP/ms

290±480B

W 0.3±0.5 0.2 Re: 4800, Ta: 170, Os: 75 200±1000 up to MP/ms

CFC 0.1±0.2� 60±120 ) 200±1000 up to 3000 /ms

FW ± First Wall, L ± Limiter, B ± Ba�e, * ± with planned replacement of divertor, MP ± melting point
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· at high temperature (more than �600°C) the ductility

decreases without increase in the strength;

· increase of ¯uence leads to saturation in the beha-

viour of the strength and ductility.

Recently published papers give some quantitative

data on the mechanical property changes for modern Be

grades. For S-65C VHP Be, tensile data after neutron

irradiation have been reported in [7,16,17]. Snead [7] has

measured the mechanical properties after irradiation at

temperature 100±275°C and ¯uence 0:05±1� 1021 n=cm2

(0.04±0.74 dpa). The elongation of S-65C Be in the

temperature range 100±240°C after irradiation up to

damage dose of 0.6 dpa remains at the �3±5% level.

Mechanical properties of S-65C VHP, S-65C HIP, S-

200F VHP and S-200F HIP beryllium grades after ir-

radiation at 185±610°C and ¯uence 0.85±1.6�1021 n/cm2

has been reported in [16,17]. At the lowest irradiation

temperature (185°C, 1 dpa) signi®cant strengthening and

severe embrittlement have been observed, and the

remaining ductility was �0.1%. At higher irradiation

temperatures the ductility increases up to maximum

�3±5% at 350±500°C at a ¯uence of �2.5 dpa. In Fig. 2

the data from [7,17] for Be S-65C VHP are summarised.

Similar behaviour for the Russian grades has been

observed by Fabritsiev [18]. The interesting features re-

lated to strong anisotropic materials (e.g. DShG-200,

TShG-200) have been observed: the elongation of

DShG-200 in the direction transverse to the moulding

pressure at Tirr �350±400°C and a ¯uence of �4±5 dpa,

was still �30%, whereas in the longitudinal direction the

elongation drops from 25% down to 0%. The saturation

of hardening and embrittlement of DShG-200 occurs

already at a ¯uence of �<0.7 dpa �Tirr � � 550°C� and

remains almost without change up to a ¯uence of

�5 dpa [18].

Irradiation at high temperatures (more than �600°C)

leads to a decrease in the ductility. The main reason is

the He embrittlement. This is accompanied by a loss of

strength and the fracture mode is intercrystalline

[18±20]. This behaviour of irradiated Be was observed

for S-65C irradiated up to a total fast neutron ¯uence of

1.3±4.3�1021 n/cm2 (E > 1 MeV) at 327±616°C [21].

Kuprijanov [13,14,22], has studied the mechanical

properties of the modern Russian Be grades with dif-

ferent content and morphology of the BeO, grain size

etc. after high temperature irradiation (700±750°C). The

typical loss of ductility has been observed. For grades

with high swelling resistance (high BeO content and low

grain size) some ductility at the level of a few per cent

still remains, while for other grades the failure was

brittle. As for swelling resistance, this could be explained

by the reduced He migration in these materials.

A few reports deal with the e�ect of neutron irradia-

tion on fracture toughness of Be in the temperature range

20±600°C. Beeston [23], reported that fracture toughness

of Be decreases from 12 MPam1=2 by 60% after irradia-

tion at 66°C and ¯uence 3:5±5� 1021 n=cm2. Chaouadi

[17], studied the e�ect of neutron irradiation (¯uence

0:65±2:45� 1021 n=cm2, temperature 200±600°C) on the

behaviour of the four Be grades S-65C VHP, S±65C HIP,

S-200 VHP and S-200 HIP. Initial fracture toughness of

all these grades is very similar. Irradiation decreases (by

factor 4±5) the fracture toughness, especially in the

temperature range 400±450°C.

3.2. Behaviour of irradiated Be at high heat ¯uxes

Armour materials are also subjected to thermal fa-

tigue, thermal shocks, disruptions, etc., during opera-

tion. The behaviour of the neutron irradiated materials

at these speci®c conditions cannot be predicted based on

Fig. 2. Temperature dependence of the yield strength (YS) and

total elongation (TE) of Be S-65C after neutron irradiation

[7,17].Fig. 1. Swelling of S-65C VHP Be and some Russia Be grades

as a function of temperature at di�erent neutron ¯uence [11,13].
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knowledge of the materials properties and has to be

studied. This work has started recently for neutron ir-

radiated Be [24]. Several Be grades (S-65C, plasma

sprayed Be, TShG-56, etc.) have been irradiated at

350°C and 700°C at a ¯uence of �0.35 dpa. After irra-

diation, samples have been subjected to thermal shocks

(15 MJ/m2, 5 ms duration, number of shocks ± 5). For

all studied materials the thermal erosion was 1.5±2.5

times higher than for unirradiated materials. The main

reason is that thermal erosion is not simple evaporation,

but also loss of some particles due to the brittle de-

struction of the surface. Metallographic examination has

shown more crack formation in the surface of neutron

irradiated beryllium.

3.3. Tritium retention in neutron irradiated Be

An investigation of neutron e�ects on bulk tritium

retention in Be has been reported in [25,26]. Tritium

loading in these experiments has been performed from

the gaseous phase. Kwast [25] has reported the data on

tritium retention in S-200E Be (irradiated at 40±50°C

and a ¯uence of 4� 1022 n=cm2 or 40 dpa) and B-26 Be

grade (irradiated at 270°C, ¯uence of 6� 1020 n=cm2). It

was concluded that the tritium retention increases with

neutron ¯uence by a factor 10 at 40 dpa. Wu [26] has

reported data for Be S-200 HIP after irradiation at 235±

600°C and damage dose �1.5±1.7 dpa. The results show

that at this condition the bulk retention increases by a

factor 3.

However, tritium retention in beryllium is expected

to be less serious than previously anticipated [1]. Recent

implantation experiments at low energies, high ¯uxes

and high particle ¯uences in beryllium showed that after

reaching ¯uences of about 1022 atoms/m2, further

implantation results in a negligible increase in tritium

inventory. The possible reason is the creation of surface-

connected porosity that provides a rapid return path

back to the plasma. This is also expected to a�ect the

contribution to trapping at damage sites created by

neutrons. Further experiments are needed to determine

the depth dependence of tritium concentration in the

bulk of irradiated material.

4. E�ect on tungsten

4.1. Change of tungsten properties

Physical properties. Some data are available on the

in¯uence of the neutron irradiation on electrical con-

ductivity [27±30]. An increase of electrical resistance of

24% was measured in pure W after a maximum dose of

2� 1022 n=cm2 (�4 dpa) in a fast reactor. After irradi-

ation in a reactor with a mixed spectrum an increase of

�15% has been observed after irradiation at a ¯uence

�1021 n=cm2 [26]. Since in accordance with the Wiede-

mann±Franz law the electrical resistance of metals is

inversely proportional to thermal conductivity, the latter

should change accordingly.

Swelling. There is no systematic study on the swelling

behaviour of W and W alloys. Only in two papers [31,32]

include the swelling temperature dependencies and in

other papers only isolated data points have been re-

ported, [33±38]. There is no possibility to describe the

¯uence dependence: swelling values for pure W reported

in [31] was very similar to data from [32], but the dif-

ference in neutron ¯uences was �10 times. The swelling

maximum is reached at �800°C and there is no addi-

tional swelling peak at least up to a 1500°C. The maxi-

mum reported swelling was �1.7% at 9.7 dpa and 800°C

[31]. Addition of rhenium suppresses swelling [32,39].

Mechanical properties. W, as is typical for a bcc

metals, is embrittled after neutron irradiation due to

radiation hardening and loss of strength at grain

boundaries due to contamination by interstitial impuri-

ties [28,40±42]. These lead to an increase in the ductile-

to-brittle transition temperature (DBTT). It should be

noted that the value of DBTT depends strongly on the

testing method and for the correct comparison of dif-

ferent results this has to be taken into account.

In [40], sintered W was irradiated at 100°C up to a

dose of 4:2� 1021 n=cm2 �E > 0:1 MeV�. The DBTT of

unirradiated W in this study was reported as �400°C

and after irradiation the DBTT increased up to 600°C.

In [41], W samples were irradiated at 371±380°C up to a

¯uence of 0:5±0:9� 1022 n=cm2 (�1±2 dpa). The DBTT

measured by tensile testing in the unirradiated condition

was �60°C and after irradiation the DBTT was �230°C.

In [28] loss of strength after irradiation was observed. At

Tirr � Ttest � 300°C, the W specimen had a tendency to

brittle fracture at stress levels 5±10 times lower than in

the unirradiated condition. Conversely, irradiation and

testing in the range 500±800°C result in appreciable

hardening of W. These data di�er from those reported in

[40,41], but this could be explained by the di�erent

chemical composition and method of testing. As also

reported in [28] annealing at high temperature (1200°C,

1 h) can partially restore the properties of W (especially

ductility).

A comparison of the in¯uence of neutron irradiation

on DBTT in W, W-10%Re alloy and W3.4Ni1.6Fe

(Densimet18) has been reported in [42]. Neutron irra-

diation has been performed at 252±302°C up to a ¯uence

of 5:4� 1022 n=cm2. Three-point bend tests at di�erent

temperatures have demonstrated a strong increase of

DBTT with increasing of neutron ¯uence, especially for

Densimet and W-10%Re alloy. The results of this work

are surprising: addition of Re, which in the unirradiated

condition improves DBTT, leads after irradiation to

more rapid embrittlement. The possible reason is the

formation of Re-rich phases, which are also observed in
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Mo±Re alloys [43]. The in¯uence of neutron irradiation

on the change of DBTT of W and W alloys is sum-

marised in Fig. 3.

Based on this limited data, we can conclude that no

matter what W grade is chosen, tungsten will become

brittle after low ¯uence irradiation and especially at low

irradiation temperatures.

5. E�ect on carbon based materials

Among various available carbon based materials

carbon ®bre composites (CFC) are considered as ar-

mour for fusion applications, because they have high

thermal conductivity and high thermal shock resistance

[44]. For this reason, only neutron e�ects on the prop-

erties of CFCs will be reviewed.

5.1. Change of CFCs properties

Dimensional stability. The recent review has been

published by Burchell [45]. Wu and Bonal have pub-

lished a series of papers at wide irradiation temperature

and ¯uence ranges (�300±1000°C, 0.3±2 dpa), [26,46±

49]. Additional data can be found in [50±53]. Di�erent

CFCs have been included in the irradiation programs

(1D: UFC, MKC; 2D: CX 2002U, A05, DMS 678; 3D:

FMI 222, FMI 223, N112, etc.). The following general

trends have been revealed:

· dimensional changes in CFCs dominated by the be-

haviour of ®bres: neutron irradiation leads to shrink-

age in the direction parallel to the ®bres and to

swelling in the perpendicular direction;

· dimensional changes in 2- and 3D materials are more

isotropic in comparison with 1D CFCs, turnaround

to growth for 1- and 2D CFCs appeared earlier than

in 3D CFCs;

· dimensional changes of 2- and 3D CFCs such as A05,

CX 2002U, N112, N312B in the temperature range

�350±840°C and damage dose of �1 dpa are in the

range of 0.5%;

· increase of the irradiation temperature leads to an in-

crease of the dimensional changes;

· CFCs with pitch precursor ®bres have more resis-

tance to growth;

· materials with a low initial density have better dimen-

sional stability;

· silicon doped CFC (NS31) has higher dimensional

stability in comparison with N112, N312B [26].

Elastic modulus. Limited data are available on the

in¯uence of neutron irradiation on the Young's modulus

of CFCs. Similar to ®ne grain graphites, irradiation

leads to an increase in the elastic modulus. Sato [54] has

reported that after irradiation (�1.1 dpa and tempera-

ture 750±810°C) the Young's modulus has increased

from 26.3 to 34.2 GPa for CFC with PAN ®bres and

from 13.5 to 19.2 GPa for CFC with pitch ®bres. Eto

[55] has reported data on neutron irradiation at 1000°C

and a ¯uence of 2� 1021 n=cm2, (�2 dpa) on the

YoungÕs modulus of MFC-1 and CX 2002U. The elastic

modulus of CX 2002U increased by �25% (from 14.9 to

18.5 GPa), and for MFC-1 in the ®bre direction the

YoungÕs modulus increased by 32%, but in the perpen-

dicular direction no change was observed.

Coe�cient of thermal expansion. Data on the e�ect of

neutron irradiation on the coe�cient of thermal ex-

pansion (CTE) of CFCs is also very limited. Burtseva

[56] and Platonov [53] have reported no change of the

CTE of Russian PAN type 3±4D CFCs after irradiation

at 200±600°C and up to a ¯uence of 2:6� 1020 n=cm2

(�0.2 dpa). Bonal and Wu [57] have reported that for

felt type CFCs (A05 and CX 2002U), the ratio (CTEirr/

CTEunirr) was almost the same independent of the vari-

ation in the irradiation conditions (600±1000°C, 0.8±1.8

dpa) and that ratio was in the range 0.74±1.33, de-

pending on materials and direction of measurement. The

ratio CTEirr/CTEunirr for 3D CFC N112 was �2.7

(changes from 0.69 to 1.85�10ÿ6 Kÿ1) at a damage dose

of 1.8 dpa and 620°C irradiation temperature.

Mechanical properties. Platonov [53] has reported the

compression strength of CFC with PAN ®bres UAM-5

and UAM-90 after irradiation at 230±600°C and up to a

¯uence of 2:6� 1020 n=cm2 (�0.2 dpa). For UAM-5 the

strength increased by a factor of 1.5±2 (up to

�150±200 MPa), while for UAM-90 no changes were

observed.

Sato [54] has reported data on neutron irradiation

e�ects (damage dose �1.1 dpa and irradiation temper-

ature 750±810°C) on strength and fracture toughness. In

all cases the strength increased after irradiation by

�20% and fracture toughness also increased by 20±30%.

Eto [55] has published data on the in¯uence of neutron

irradiation (1000°C, ¯uence of 2� 1021 n=cm2, �2 dpa)

Fig. 3. In¯uence of neutron irradiation on the DBTT of W,

Densimet (W3.4Ni1.6Fe) and W-10%Re alloy [40,42].
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on the strength of MFC-1 and CX 2002U. For CX

2002U, irradiation leads to an increase of the strength by

25±27% and to a decrease of the fracture strain by 10±

30%.

Burchell [50] has studied the in¯uence of irradiation

at 600°C up to a damage dose of 2.5 dpa on strength of

FMI 222 and FMI 223. An increase in the strength was

also observed, however, for FMI 222 (PAN ®bre) some

decrease in the strength after ¯uence �0.6 dpa was

found. Increase of strength and failure strain have been

reported by Tanabe [58] after irradiation at 240°C,

640°C and 0.64, 0.87 dpa, respectively.

Thermal conductivity. It is well-known that neutron

irradiation decreases the thermal conductivity of the

carbon based materials. There is a relatively large body

of available data for CFCs [26,45±53,56,59,60,62,63].

Some available data of normalised thermal conductivity

(Kirr/K0) at a measurement temperature equal to the ir-

radiation temperature is presented in Fig. 4. as a func-

tion of damage dose.

The following general tendencies can be observed:

· irradiation decreases the thermal conductivity of

CFCs at damage doses as low as �10ÿ3 dpa [62];

· the level of degradation of thermal conductivity sig-

ni®cantly depends on irradiation temperature: Kirr/

K0 of CFC FMI 222 and MFC-1 irradiated at

150°C and a damage of �0.24 dpa was �0.1 [61].

An increase of the irradiation temperature leads to

an increase of Kirr/K0;

· an increase of the neutron ¯uence leads to a decrease

in the thermal conductivity: in the temperature range

400±1200°C, Kirr/K0 is a logarithmic function of dam-

age dose. Saturation in the thermal conductivity

changes has been observed: at an irradiation temper-

ature of 600°C the saturation began at 1±4.5 dpa [63],

whereas at 150±200°C the saturation is observed at

0.1±0.24 dpa [61].

Thermal conductivity of irradiated CFCs may be

partially restored by high temperature annealing

[51,52,59,61,63,64]. The level of the thermal conductivity

recovery depends on the annealing temperature and

neutron ¯uence. Maruyama [52] has shown the full re-

covery of thermal conductivity of CFC irradiated up to

0.01 dpa, while for CFC irradiated up to 0.84 dpa the

recovery was not complete.

The behaviour of the thermal conductivity at tem-

peratures higher than the temperature of irradiation has

been studied recently by Bonal [65]. Thermal conduc-

tivity of CFC NS11 irradiated at 335°C and a damage

dose 0.31 dpa was measured during fast heating up to

800°C. The main result is that thermal conductivity at

this condition was almost constant in the temperature

range RT ± 800°C.

5.2. Thermal erosion of neutron irradiated CFCs

The behaviour of neutron irradiated CFCs at speci®c

conditions simulating thermal shocks and disruptions

has been studied recently [66,67]. CX 2002U was irra-

diated at 290°C and ¯uence �5.6�1020 n/cm2 (�0.3 dpa)

and after irradiation the samples were subjected to

thermal shocks (500±800 MW/m2, 25±40 ms) [66]. The

measured thermal erosion was ± twice as high as the

thermal erosion of the unirradiated material. Roedig [67]

has performed similar tests: CFCs such as NS11, NB31,

Dunlop and CX 2002U were irradiated at 350°C and

750°C to a damage level �0.3 dpa and thermal shock

tests have been carried out at 8.4 MJ/m2. Generally, the

thermal erosion of materials irradiated at 350°C was

higher than the erosion of unirradiated CFCs and CFCs

irradiated at 750°C. The main reason is the reduction of

the thermal conductivity by neutron irradiation.

5.3. Tritium retention in neutron irradiated CFCs

Tritium retention in neutron irradiated carbon based

materials has been reported in [25,26,68±71]. The results

for ®ne grain graphites [69,70] show that tritium reten-

tion saturates at a damage level �0.1 dpa and is equal to

�7000 appm at damage doses above this level. Later,

Causey [68] was found that the bulk retention in the

CFCs was signi®cantly less (by a factor 10 at a least at

¯uence up to 1 dpa) than that reported for graphite. The

possible reason is the di�erence in the microstructure,

mainly due to a lower fraction of edge sites in the CFCs

where tritium is trapped. Atsumi [71] has reported hy-

drogen trapping in ®ne grain graphites and CX 2002U

after neutron irradiation to 2� 1020 n=cm2 and also has

found signi®cantly less tritium retention in CFC

in comparison with graphites. Wu [26] reported the
Fig. 4. Normalised thermal conductivity of di�erent CFCs as a

function of damage dose [45,53,59±63].
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increasing of tritium retention with increasing neutron

¯uence. However, a saturation level of 1000 appm at a

neutron damage of 0.1 dpa has been observed.

6. Discussion and assessment of the neutron e�ect on

armour for ITER

As was described, neutron irradiation a�ects the

physical and mechanical properties of the Be, W and

CFC. Some of the changes are important, others are not

signi®cant. Using the operational conditions of ITER as

an example (Table 1), the consequences of the neutron

irradiation on the performance of the armours in the

ITER will be discussed in this section.

Beryllium. Change of thermal conductivity and

swelling are not important due to the low irradiation

temperature and low ¯uence. The bulk tritium retention

in neutron irradiated Be is expected to be signi®cantly

less than tritium retention in the carbon codeposited

layers [1].

The most critical consequence of neutron irradiation

under ITER conditions is embrittlement. It seems that

for a damage level of �1 dpa there is some remaining

ductility (less than 1%). This is typical of all beryllium

grades. The structural integrity of neutron irradiated

brittle Be is a key issue. There are positive experimental

results which indicate that Be could meet the require-

ments:

· high heat ¯ux tests of neutron irradiated mock-ups

did not reveal any damage in Be and in Be/Cu joints

[72,73], although the irradiation conditions were not

fully ITER relevant (damage dose of �0.3 dpa in-

stead 1 dpa for the end of life);

· an increase in crack formation has been observed in

the surface of neutron irradiated Be [24]. However,

the high heat ¯ux tests (at more severe conditions

than needed for the ®rst wall) of the cracked unirra-

diated Be did not reveal any detrimental behaviour

and loss of material due to cracking [74].

From an engineering point of view to avoid possible

crack formation and delamination of the brittle Be it is

recommended to use Be tiles without any stress con-

centrations. Still more tests of neutron irradiated Be at

relevant conditions (1000 appm He, 1 dpa) are needed,

especially to simulate the VDE conditions and further

thermal cycling behaviour of Be.

Tungsten. There is no problem with swelling. The

generation of solid transmutation products is still small

due to the low expected ¯uence and the expected change

of thermal properties is negligible. Embrittlement is

most crucial for W. It is not possible to select a grade,

from among the existing ones, which will remain ductile

after neutron irradiation at the ¯uence and temperature

ranges typical of ITER. Almost no data exist to validate

the performance of neutron irradiated W at high heat

¯uxes. More experiments are needed to tests the struc-

tural integrity of the irradiated brittle W at high heat

¯ux conditions. As all W grades are brittle, it is

recommended to avoid using tungsten in a geometry

with crack initiators and to use a W armour design

which minimises stresses in the armour (W armour in

form of brush or rods) and with the orientation of

the texture perpendicular to the surface of the W/Cu

joints.

Carbon ®bre composites. Under ITER condition

(damage dose �0.1±0.2 dpa) there are only minor

changes (not more than 5±10%) in elastic modulus,

CTE and strength, and the dimensional changes are

also very small. Bulk tritium retention due to the

presence of the radiation defects in CFCs is expected

to be signi®cantly lower than tritium retention in

codeposited layers [1].

Neutron irradiation at this low ¯uence a�ects mainly

the thermal conductivity of the CFCs, especially in areas

near the cooled heat sink. Few correlations are available

for calculation of the thermal performance of the CFC

armoured components [75,76]. The change of the ther-

mal conductivity of CFCs due to neutron irradiation has

been included in the analysis of the erosion lifetime of

the divertor components, [77]. The main conclusion was

that also with reduced thermal conductivity the erosion

lifetime of CFC armoured components was acceptable.

However, the more detailed analysis is needed.

7. Conclusion

Beryllium, tungsten and carbon ®bre composites are

leading candidate armour materials for plasma facing

components of the Next Step fusion device. In recent

years, the data base on the in¯uence of neutron irradi-

ation on the properties of Be, W and CFC has been

signi®cantly improved.

· Mainly in the frame of ITER R&D program quanti-

tative data on the properties for the modern Be

grades and CFCs have been generated.

· The study of the combined e�ects of the neutron irra-

diation and high heat ¯uxes on the behaviour of the

armour materials has started; for future activities it is

important to de®ne the expected operational condi-

tions.

For ITER design Be, W and CFCs have been selected

as armour materials. For each material the key problem

is mechanical integrity and maintaining their function of

protecting the wall structure. The main issue for Be and

W is the integrity of neutron irradiated brittle material.

The ®rst results on the tests of the neutron irradiated

armour materials at high heat ¯uxes have demonstrated

that the performance of armour could be acceptable.

Still more activity is needed to validate the performance

of neutron irradiated armour materials.
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