
Armor and heat sink materials joining technologies
development for ITER plasma facing components

V. Barabash a,*, M. Akiba b, A. Cardella a, I. Mazul c, B.C. Odegard Jr d,
L. PloÈchl e, R. Tivey a, G. Vieider f

a ITER Garching Joint Work Site, Boltsmannstr. 2, 85748 Garching, Germany
b Japan Atomic Energy Research Institute, Naka-machi, Naka-gun, Ibaraki-ken 311-01, Japan

c D.V. Efremov Institute of Electrophysical Apparatus, 189631 St. Petersburg, Russia
d Sandia National Laboratories, Albuquerque, NM 87185-5800, USA

e Plansee AG, A-6600 Reutte, Tirol, Austria
f EFDA Close Support Unit, Boltsmannstr. 2, 85748 Garching, Germany

Abstract

An extensive program on the development of the joining technologies between armor (beryllium, tungsten and

carbon ®bre composites) and copper alloys heat sink materials for ITER plasma facing components (PFCs) has been

carried out by ITER home teams. A brief review of this R&D program is presented in this paper. The critical problems

related to these joints are described. Based on the results of this program and new requirements on the reduction the

manufacturing cost of ITER PFC, reference technologies for use in ITER have been selected and recommended for

further development. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

The design of the ITER plasma facing components

(PFCs) includes various combinations of joints between

armor and Cu alloy heat sink materials [1]. The joints

must withstand the thermal, mechanical and neutron

loads and the cyclic mode of operation and operate

under vacuum, while providing an acceptable design

lifetime and high reliability. The PFC operating condi-

tions for the ITER ®nal design report (FDR) design

during the basic performance phase (BPP) are presented

in Table 1. These conditions are similar for new design

called ITER-FEAT (Fusion Energy Advanced Toka-

mak). Additional requirement raised with new design is

the reduced cost of manufacturing.

During ITER EDA R&D program signi®cant pro-

gress has been achieved in the developments of the

joining technologies between Cu alloys and beryllium,

tungsten and carbon ®ber composites (CFC). This paper

summarizes the most relevant results of the R&D pro-

gram carried out by the ITER Home Teams.

2. Be/Cu-alloy joining technologies

The main problem of bonding Be to Cu alloys is that

Be reacts with almost all metals at moderate and high

temperatures and forms brittle intermetallic phases that

are detrimental for the joint reliability and the fatigue

lifetime. The direct interaction and reactivity of Be with

Cu is very high in comparison with other metals. Recent

studies [2,3] have demonstrated that intermetallic phases

are already formed at 350±400°C and with temperature

increasing the rate of interaction increases signi®cantly.

It should be noted that only few metals do not form

stable beryllides below 760°C, i.e., Al, Si, Zn, Ag and

Ge.

To solve this problem, the following approaches have

been used:

· The use of materials as ®llers or interlayers between

Be and Cu alloy which do not form intermetallic

phases with Be (e.g. Al, Ge, Si, AlSi or AlBeMet).

The use of Si and Ge as bonding aid between Be
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and AlBeMet, and HIP at 570±700°C as a joining

method has produced joint tensile strengths of

135 MPa at 400°C [4]. The room temperature

strength of the joint with pure Al interlayer is 120

MPa with ductile fracture inside the Al layer. For the

AlBeMet-150 interlayer, the RT tensile strength in-

creased between 195 and 100 MPa at 300°C [5]. Ap-

plication of combined Al/Mo interlayer and HIP

joining procedure has been studied in [6], the shear

strength of bonds was �55 MPa with good quality

of joints.

· Use as di�usion barrier materials with less a�nity to

the formation of beryllide intermetallics. Di�erent

types of this barrier have been studied: Ti [7±9], Cr,

Ti/Ni, Al/Ni [9], Ti/Cu, Al/Ti/Cu, Cr/Cu [10]. Typi-

cally for this type of joint, HIP is used as joining pro-

cedure at temperature range 500±850°C. Use of Ti

interlayer with HIP at 850°C has been studied in

[8]. Several types of intermetallic layers with total

thickness �50 lm as TiBe12, TiBe2, Ti2Cu, TiCu

etc. have been observed. The shear strength of Be/

Cu joints has been measured at room temperature

�108 MPa. The application of Cr, Ti/Cu, Al/Ti/Cu

interlayers also seems promising, specially because

with this element HIP temperature could be reduced

up to �550°C, [9,10].

· Brazing with Ag- or Cu-based brazing alloys. It is

clear, that at brazing temperature more than 700°C

(which is typical for this type of brazing alloy) BeCu

intermetallic formation occurs. However, the proved

way to reduce this process is the reducing of the reac-

tion time. As example, in [11] the Be/Cu joint quality

after conventional furnace heating and induction

heating with Ag±Cu brazing alloy has been studied

and it was concluded that the quality of joints is

much better after induction brazing. The good qual-

ity of the Be/Cu joints produced by induction brazing

with use Ag±Cu (InCuSil-ABA) brazing alloy has

been reported in [12]. The shear strength at optimal

brazing temperature which has been determined as

�720°C, was �160±120 MPa in the temperature

range 20±500°C. However, the use of silver-based al-

loys has been forbidden for ITER application due to

the cadmium transmutation during neutron irradia-

tion. Di�erent types of silver-free brazing technolo-

gies have been developed for ITER application.

CuMnSnCe alloy has been proposed in [13], CuMn,

TiZr, CuInSnNi alloys have been studied in [14,15].

All these alloys have been applied together with `fast'

heating technologies (via induction brazing or heat

by e-beam). Nevertheless the metallurgical quality

and, more important, high heat ¯ux performance

are acceptable.

· Direct bonding of Be to Cu alloy during short time at

moderate temperature (�500±700°C) e.g., explosion

bonding [14,16], joint rolling [14], vacuum plasma

spray [17,18], or joining of Cu interlayer to Be at

low temperature (e.g., electroplating) and next join-

ing to Cu alloy by low temperature HIP [19,20].

Plasma spray, initially developed as a repair method,

is also able to produce thick (>10 mm) beryllium

coatings with almost expectable thermal conductivity

and can therefore be considered for the initial manu-

facture of PFCs.

Based on the result of the heat ¯ux tests of the rep-

resentative mock-ups, which are summarized in [21,22]

(see Fig. 1), the following Be/Cu joining technologies

have been determined for the further more detailed

development:

· For high heat ¯ux components (ba�e and port limit-

ed): fast brazing with CuInSiNi alloy [15] and HIP at

625°C with AlBeMet interlayer [5]. These technolo-

gies demonstrated the best thermal durability perfor-

mance: fast brazing resisted 4500 cycles at 12 MW/

m2, HIPed mock-up survived 1000 cycles at 5 and

10 MW/m2. The drawbacks (HIP with AlBeMet

Table 1

Operational conditions for the joints in ITER PFCs

Components:

joints

Heat ¯ux

(MW/m2)

Number

of pulses

Neutron

¯uence

(MW a/m2)

Damage

armour/Cu

(dpa)

Maximum temperature of

joints (°C)

Steady

state

Transient

First wall Be/Cu 0.25±0.5 10,000 0.3 1/3 230 �<600

Limiter Be/Cu (3.4±8)a±0.5 10,000b 0.3b 1b/3 350±200 �<600

Ba�e Be/Cu 1±2 10,000 0.17 0.6/1.7 280 �<600

W/Cu 1.5±3 10,000 0.15 0.5/1.5 280 �<600

Divertor CFC/Cu 10±20 �3000 0.06b 0.3b/0.6 300 �<500

W/Cu

(VT,D)

1±5 �3000 0.18b 0.16b/0.5 300 �<600

W/Cu (L) 0.1±0.7 �3000 0.15b 0.1b/0.4 250 ±

a During start-up/shut-down.
b Without planned replacement. VT ± vertical target, D ± dome, L ± liner.

V. Barabash et al. / Journal of Nuclear Materials 283±287 (2000) 1248±1252 1249



required sophisticated di�usion barriers, fast brazing

requires special surface preparation and loading tools)

restrict the application of these technologies to highly

loaded components and for limited surface area.

· For large areas with low heat ¯ux as ITER ®rst wall

two main technologies have been selected: HIP at

850°C with Ti interlayer [7] and Be plasma spray

[18]. Both technologies have demonstrated the satis-

factory performance at heat ¯ux 1±2.5 MW/m2.

Further developments are still needed with goal to

improve the reliability and ®nal selection has to be done

taking into account the estimation of the input of these

technologies on cost of the components.

3. W/Cu-alloy joining technologies

The main problem in the development of W/Cu joints

is the large di�erence in the coe�cient of thermal ex-

pansion (CTE) and of elastic modulus. With a conven-

tional ¯at tile geometry, this di�erence creates very large

stresses at the interface. From the engineering point of

view, the solution is to use brush-like (rectangular or

rod) or lamella type of the W armor design. The ad-

vantages of the brush structure are that the stresses at

the W/Cu interface may be reduced, the single elements

are free to expand under the heat ¯ux, reducing the

thermal stresses.

The problem of the joining of W and Cu could be

solved by di�erent methods. One of the studied tech-

nologies is the casting of pure Cu onto W [23±25]. This

process consists of casting a soft compliant layer of pure

copper onto the activated/or not activated surface of W.

The good joining during casting is based in high wet-

tability and high creep relaxation ability of pure Cu. The

yield tensile strength of W/Cu joint is typically higher

than yield strength of pure Cu and equal �100±120 MPa

[23]. The copper layer is then joined by di�erent methods

as e-beam welding, brazing or HIP to the actively cooled

copper alloy heat sink. The low cycle fatigue cracking

and further neutron irradiation resistance of the large

grained cast pure Cu are issues which have to be studied.

The brazing technology also has been studied [25±

27]. The use of CuMn base brazing alloy demonstrated a

good tensile strength of joint �200 MPa with failure in

Cu alloy near the brazed joint [26].

Three methods for joining W-rods (1.6±3.2 mm dia)

to CuCrZr heat sinks have been studied. In method 1

plasma sprayed OFHC is applied to the tips of W rods

and then di�usion bonded to CuCrZr at 450°C. Method

2 is the same as method 1, except the cast OFHC is used

in place of plasma sprayed OFHC. Method 3 uses direct

di�usion bonding to push the W-rod tips directly into

the OFHC base at 450°C. Tensile strength at 280°C has

been found to be 140 MPa for plasma sprayed OFHC,

175 MPa for direct di�usion bonding, and >400 MPa

for Cu-casting [28].

The joining of W directly to pure Cu or DS Cu by

HIP without interlayers and with Ni interlayer have

been studied in [29,30], consequently. The tensile prop-

erties of W/Cu joints have been similar to properties of

the pure Cu, the direct bonding of W to DS Cu was not

successful because the residual stresses have not been

relaxed, [29]. High heat ¯ux tests of mock-up described

in [30] revealed that the durability of the joint is

�6 MW/m2 which is signi®cantly less than for casting

and brazing technologies.

Fig. 1. Some results of the high heat ¯ux tests of Be/Cu mock-

ups with indication of the used joining technologies.

Fig. 2. Some results of the high heat ¯ux tests of W/Cu mock-

ups with indication of the used joining technologies.
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The use of chemical vapor deposition (CVD) of W

onto Cu produces also good joints [31]. The use of W

plasma spray gives also good joining with Cu alloy heat

sink [32]. Both these methods have been successfully

applied for manufacturing of the components with

curved surfaces. However, these technologies could be

applied only for components with low and moderate

heat ¯ux.

The most relevant results of the high heat ¯ux tests of

the representative mock-ups are shown in Fig. 2 and

compared with the ITER requirements. Few technolo-

gies (casting, brazing, direct di�usion bonding of W into

Cu) provide excellent high heat ¯ux durability perfor-

mances of the W/Cu joints.

4. CFC/Cu-alloy joining technologies

The problem in the development of CFC/Cu joints is

the same as that discussed for the W/Cu joint, i.e. the

even larger di�erence in the CTE of the materials to

be joined, but more reliant properties of armor. For

providing the high quality of CFC/Cu joints there are

few general requirements, which have to be ful®lled: the

surface of CFC has to be activated to increase the wet-

tings (e.g. special coatings, etc.) and the compliant layers

between CFC and cu alloy heat sink is needed to relieve

the residual stresses during manufacturing. Several

joining technologies have been developed and studied:

· Active metal casting (AMCâ) technology, originally

developed for Tore Supra limiters [33]. This technol-

ogy includes the special laser treatment of the CFCÕs
surface which produces large number of the closed

conical holes (dia �50±500 lm, depth �100±

750 lm). This provides the increasing of the surface

interface in joints and additional crack growth resis-

tance, [34]. The next fabrication steps are the casting

of the pure Cu onto CFCÕs treated surface, machin-

ing and ®nal joining with Cu alloy heat sink. The

properties of joints have been described in [35,36].

It was shown that tensile strength of joints produced

by AMCâ technology is �30 MPa which is less than

strength of CFCs, whereas the shear strength is �40±

50 MPa. For the monoblock con®guration,

theAMCâ Cu can be joined to Cu alloys by brazing

or HIP, for ¯at tiles, the same joint could be obtained

by e-beam welding. AMCâ technology was applied

to di�erent CFC grades (SEP N11, SEP N31, etc.).

· Brazing with silver-free alloys, CuMn [37], CuSiAlTi

[38], and HIP assisted brazing with CuMn and CuTi

alloys, [30].

Some results of the high heat ¯ux tests of the repre-

sentative mock-ups are shown in Fig. 3. Few technolo-

gies (AMCâ and brazing with CuMn) provide the

required high heat ¯ux durability performances of the

CFC/Cu joints.

5. Conclusion

As a result of ITER R&D the reference technologies

have been selected for the manufacturing of the ITER

PFCs:

Be armored components: HIP at �850°C and Plasma

Spray have been identi®ed as the most promising

methods for the large surface and low heat ¯ux com-

ponents, such as the Primary First Wall modules; for

high heat ¯ux components the fast brazing and HIP with

AlBeMet combined with a variant of brush-like armor

satisfy the thermal fatigue lifetime design requirements.

W armored components: Brush or lamella W armor

joined by casting of pure Cu or brazing to the heat sink

is selected. W rods with di�usion bonding are also a

promising solution.

CFC armored components: Active metal casting and

brazing with CuMn are the preferred options.

These technologies could be used for the ITER-

FEAT design, additional developments with goal of the

increasing reliability and reduction of costs are still re-

quired.
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