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Abstract

A review is given of the present status of the development and production of Nb3Sn and Nb±Ti superconductors for

the Model Coils and the real Magnet System of the International Thermonuclear Experimental Reactor (ITER) in the

Russian Federation Home Team. It is shown that Nb3Sn bronze processed superconductors produced for the Model

Central Solenoid Coil insert meet the ITER joint Central Team requirements. In particular, the critical current density,

measued in non-Cu area is not less than 550 A/mm2 for 12 T at 4.2 K, the level of hysteresis losses is not in excess of 200

mJ/cm3, and the Cu-stabilizing shell resistivity ratio of Cr-plated wire is 150. Internal tin Nb3Sn superconductor de-

velopment and test results are presented, con®rming the possibility of their application for the ITER Magnet System

winding. Nb±Ti superconductors for PF coils properties have also been considered. The possibility of Nb3Sn and Nb±

Ti superconductor manufacture with the use of large composite billets up to 300 mm in dia is shown, creating the

possibility for large scale industrial production (several tens of tons/year) of these materials for the ITER Magnet

System. Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

Since about 30 years when it was shown that the

critical properties of contemporary supporconductors

became acceptable for their application in technical de-

vices, their development in this direction has been under

thorough consideration in Russia. In particular, the

development of large scale magnetic systems based on

superconducting materials, which is critical for the crea-

tion of thermonuclear fusion facilities of the Tokamak-

type, is among the most important activities.

The ®rst magnetic system based on Nb±Ti super-

conductors for Tokamak facility (Tokamak-7) was

successfully constructed as early as in 1978. The next

very important step took place in 1988 when a magnetic

system based on Nb3Sn superconductors was con-

structed and successfully tested for Tokamak-15. The

realization of such large scale projects, which assumes

the production of tens of tons of high quality super-

conductors became feasible due to the development of

the technology and the organization of industrial pro-

duction of these unique materials.

The experience gained in the Russia on the applica-

tion of Nb±Ti and Nb3Sn suprconductors as a winding

material for magnetic systems in domestic fusion facili-

ties has to a signi®cant extent provided the impetus for

making a positive decision on the development of su-

perconducting magnetic systems for the International

Thermonuclear Experimental Reactor (ITER). Nowa-

days Russia is participating in the development and the

production of the superconductors for the model coils of

the ITER project and is carrying out preliminary prep-

arations for the organization of the large scale industrial

production of the superconductors for the real magnetic

system of the ITER, the total required amount of which

is equal to 1700 tons.

This work is devoted to a review of the results ob-

tained during extensive research on the development of

Nb3Sn bronze processed superconductors designed for

application in the insert to the central solenoid model

coil, and also on the development of the internal tin

Nb3Sn superconductors assumed to be used as winding

wire for toroidal ®eld coils, and on the Nb±Ti super-

conductors for poloidal ®eld coils.

Journal of Nuclear Materials 258±263 (1998) 1929±1934

* Corresponding author. Tel.: +7 095 1908214; fax: +7 095

1966671; e-mail: postmaster@vniinm402.msk.su.

0022-3115/98/$19.00 Ó 1998 Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 9 8 ) 0 0 4 1 5 - 2



2. Nb3Sn bronze processed superconductors

In Russia the Bochvar Institute of Inorganic Mate-

rials is fabricating the bronze processed strand for the

construction of the insert to the model central solenoid

coil.

Until the time of companies to produce the strands

(in 1933) no signal industrial company had experience in

the manufacture of Nb3Sn strands with the required

properties to meet the whole set of the ITER require-

ments (Table 1). Therefore, before initiating, the fabri-

cation of strands required it was necessary to create the

strand's design, to optimize the composition of the ini-

tial materials and to modify the manufacturing process

in order to attain the necessary level of superconducting

properties.

The experimental investigations on the model short

length strands have shown that the reduction of the Nb

®laments diameter resulted in a signi®cant increase of

the critical current density mainly by the re®nement of

grain structure in the Nb3Sn layers. But at the same time

due to the decrease of the distance between the ®laments

(�0.8 lm) the proximity e�ect has risen accompanied by

an increase of hysteresis losses [1].

An e�ective way to increase the Nb3Sn critical cur-

rent density is connected with the enhancement of tin

content in a bronze matrix and with doping of some

components of the composite strand. That is why the

decision was taken to increase the tin content in a bronze

matrix up to 13.5 wt%, and to introduce Ti in the ®la-

ment material. Doping by Ti was realized by the method

of ``arti®cial doping'' [2] thus avoiding the poor work-

ability problems in Nb±2% Ti alloy connected with

traditional metallurgical alloying. Arti®cial doping of

Nb ®laments assumes that instead of the rods made

from Nb±2% Ti alloy, the Nb tubes with inserted Ti or

Nb±Ti alloy rods are used as a composite ®lament [3].

The subsequent operations were traditional for the

``bronze technique''. This modi®cation of the manufac-

turing process allowed the high level of workability of

the initial components Nb and Ti to be maintained, and

the interdi�usion of both elements took place only at the

stage of the ®nal heat treatment, just simultaneously

with the formation of the superconducting Nb3Sn phase.

It was revealed that the level of Cu stabilized strand

hysteresis losses to a great extent were dependent on the

materials and the form of di�usion barriers [4]. The

highest level of hysteresis losses was obtained for the

strands with a Nb di�usion barrier due to the formation

of extensive areas of Nb3Sn layers on the Nb barrier's

surface facing the bronze matrix. The lowest level of

hysteresis losses was measured for the strand with a Ta

di�usion barrier. The use of a two layered Nb±Ta dif-

fusion barrier eliminated the reaction of Nb with the

bronze matrix together with ther reduction in the strand

cost.

As a result of the investigations conducted, a strand

with 7225 ®laments was designed. The cross section of

this strand is presented in Fig. 1. The properties of the

designed strand met the ITER speci®cation [5,6]. Now-

adays the fabrication of this strand in the required

amount for the construction of the toroidal ®eld insert in

central solenoid model coils (�1 ton of strands) is being

®nished. The non-Cu critical current density of the

strands designed is in the range of 550±570 A/mm2 (12

T, 4.2 K); the hysteresis losses are in the range of

140±200 mJ/cm3.

In Russia during the fabrication of the strand ex-

pected to be used for the model coils, ®nal composite

billets of 95 mm in dia were used. For the production of

the strand for the real coils of the ITER magnetic system

much larger quantities of the strand will have to be

manufactured ± up to several tens of tons per year. The

necessity to increase the production rate, to improve the

Table 1

ITER strand speci®cations

HP I HP II

Non-Cu Jc, A/mm2, (12 T, 4.2 K, 0.1 lV/cm) >700 >500

Non-Cu hysteresis losses, mJ/cm3, (�3 T) <600 <200

n value, (12 T, 4.2 K) >20

Strand diameter, mm 0.81

Cu/non-Cu ratio 1.4±1.6

Twist pitch (right hand), mm 8±11

Unit length, m >1150

RRR (at 0 T, 273-18K) >100

Cr plating thickness, lm 2±3

Final stage of heat treatment 650°C-175 h

Total time of heat treatment <400 h

Fig. 1. Cross section of the bronze processed Nb3Sn strand with

7225 ®laments, produced from the ®nal composite billet of 95

mm in diameter.
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technical and economic e�ciency of the manufacturing

process has demanded investigations on the possibility

of using large scale ®nal composite billets with a diam-

eter up to 315 mm. The theoretical unit length of the

strand produced from this billet is equal to 60 km. In

order to test the new technological process two strand

designs were chosen. The ®rst design completely re-

peated the design which was already used for the pro-

duction of strand for ITER model coils, and contained

7225 ®laments and 60% of outer stabilizing copper. The

second design was optimized by increasing the ®lament

number up to 13,969. The investigations have shown

that a factor of 20 increase in the weight of the billet did

not cause a lowering of the superconducting properties.

For the strand with 7225 ®laments the non-Cu critical

current density (Jc) at 12 T and 4.2 K was equal to 570

A/mm2 and for the strand with 13,969 ®laments Jc� 650

A/mm2, which was slightly higher than the average level

of Jc typical for the strands produced out of the billets

95 mm in diameter. The hysteresis losses for the strands

with 7225 ®laments and 13,969 ®laments were equal to

160 and 200 mJ/cm3, respectively [5].

Alongside the production of the strand for the ITER

model coils, investigation on the further optimization of

the design and manufacturing process were being carried

out. Strands enhanced with up to 12,684 number of ®l-

aments were designed. The peculiar feature of this

strand was in the design of arti®cially doped ®laments,

each of which contained not one but four inserts made

of the Nb±Ti alloy HT-50 [7]. The di�usion barrier

separating the stabilizing Cu and non-copper area of the

strand was made of single layer Ta (Fig. 2). As a result

of the strand's design optimization Jc was increased up

to 750 A/mm2 (12 T, 4.2 K) and hysteresis losses were

diminished to 100 mJ/cm3 [7]. It could be stated that the

strand developed meets both HP-1 and HP-II ITER

speci®cations (Table 1) simultaneously and that this

strand may be used both for the toroidal ®eld coils and

for the central solenoid.

3. Internal tin Nb3 Sn superconductors

Considering the application of internal tin conduc-

tors as a strand for the ITER Magnet System one should

keep in mind that these strands have some peculiar

features which make them to be quite di�erent compared

with bronze processed strands. Because the tin necessary

for Nb3Sn intermetallic compound formation is inserted

into the conductor as a pure metal or as an alloy, the Nb

®laments have to be arranaged in the copper matrix with

the spacing between them less than in the bronze pro-

cessed conductors, where the Nb ®laments are arranged

uniformly in a Cu±Sn solid solution alloy. The smaller

distance between the Nb ®laments do not in¯uence the

critical current which is determined mainly by the

quantity and quality of the superconducting phase. In

fact we have succeeded in attaining Jc up to 510 A/mm2

in 16 T and 210 A/mm2 in 18 T for a single core internal

tin conductor [8]. But the main disadvantage which

arises from the lesser spacing between the Nb ®laments,

is connected with the much larger values of hysteresis

losses in such kind of conductors [9]. The hysteresis

losses in internal tin model strands con®rming the dra-

matic increase of the level of losses as the spacing was

decreased to less than 1 lm are shown in Fig. 3 [10].

In the process of developing of the internal tin con-

ductor for ITER we also used the results of our inves-

tigations on the processes which took place during the

multistage reaction heat treatment [11]. Two designs of

internal tin strands were developed, referred further as

``Sn±P'' and ``Sn±S'' conductors. The cross sections of

these strands are presented in Fig. 4(a) and (b). The

geometrical parameters of both strands are presented in

Table 2. The results of superconducting property mea-

Fig. 2. Cross section of the advanced bronze processed Nb3Sn

strand with 12,684 ®laments.

Fig. 3. Hysteresis losses vs. distances between the ®laments in

the internal tin Nb3Sn strand with 13,566 ®laments.
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surements for both strands are summarized in Table 3.

Values calculated in accordance with ITER recommen-

dations on critical current density at 13 T and at 6.5 K

are also given. The results obtained con®rm that the

designed internal tin strands meet both the ITER

requirements HP-1 and HP-2.

4. Nb±Ti superconductors

The Bochvar Institute of Inorganic Materials in co-

operation with Russian Industrial Enterprises has been

developing and manufacturing Nb±Ti and Nb±Ti±Ta

conductors for various applications. Such conductors

are produced in copper and copper based (Cu±Ni, Cu±

Mn) matrixes with diameters from 0.1 mm up to cross

sections of �30 mm2.

In Russia, especially for the large scale accelerating

storage facility (YHK), a Nb±Ti superconductor was

designed and the process of its industrial manufacture

was developed. The parameters of this conductor are

presented in Table 4 (column 2) and its cross section is

given in Fig. 5. The large scale industrial production of

this strand (120 tons) was organized including the fab-

rication of a representative amount of strand with the

use of large scale ®nal composite billets.

The creation of new ®elds of Nb±Ti superconductor

application, in particular for large scale magnetic sys-

tems, results in a further increase of requirements for

their properties, design and unit lengths. Beside the in-

creasing requirements to Jc, there are also demands to

improve stability and energy losses in the Nb±Ti strands.

This leads to a necessity to increase the ratio of Cu/non-

Cu, to decrease the diameter of the ®laments, and at the

same time maintaining the high level of ®laments geo-

metrical homogeneity, which is determined by including

a requirement on the parameter n > 40 for the ITER

Nb±Ti strand. In some cases the use of composite matrix

material instead of copper is also necessary. After the

optimization of the design and manufacturing process,

Nb±Ti strands were produced which met the more strict

requirements on the wires for the LHC (CERN) magnet

Fig. 4. Cross sections of the internal tin Nb3Sn strands after

reaction heat treatment: (a) the design Sn±P; (b) the design Sn±

S.

Table 2

Parameters of Sn±P and Sn±S internal tin strands

Parameters de®nition Sn±P Sn±S

Volume fraction of stabilizing Cu, % 57 53

Number of Nb(Ti) ®laments 1699 10638

Diameter of Nb(Ti) ®laments, lm 6.8 2.1

Spacing between ®laments, lm 2.5 0.8

Volume fraction of Nb (inside di�usion barrier), % 28.4 24.2

Volume fraction of Sn (inside di�usion barrier), %

in Sn layers 16.4 8.0

in Sn cores ) 8.4
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system. The parameters of this strand are presented in

Table 4 (column 3) and its cross section is given in

Fig. 6. The developed Nb±Ti strands, and the process of

their manufacture which were successfully veri®ed by

industrial production, had been accepted as the basis for

the development of the Nb±Ti strands for the ITER

coils. In fact the requirements on the ITER Nb±Ti

strands (see Table 4, column 4) are substantially close to

ones typical for the wires for accelerator magnets. One

of the variants of the Nb±Ti strand designed especially

for an application in the magnetic system of ``To-

kamak''-type facilities is presented in Fig. 7.

It should be noted that rather high ITER require-

ments on the critical current density will demand some

additional adjustments in re®ning the design and man-

ufacturing process to attain a reasonable production

rate for the large scale industrial production.

Fig. 6. Cross section of the Nb±Ti strand designed for appli-

cation in accelerator magnet system ``LHC'' (CERN).

Fig. 5. Cross section of the Nb±Ti strand designed for the ac-

celerating ± storage facility YHK.

Table 4

Parameters of Nb±Ti superconductors

Parameters de®nition Strand for YHK Strand for LHC Strand for ''ITER'' (Requirements)

Strand's diameter, mm 0.85 0.85 (0.75±0.85) � 0.003

Filament's diameter, lm 6 <10 <6

Cu/non-Cu ratio 1.4/1 1.8/1 (1.2±1.5) � 0.05/1

Jc at 5 T; 4.2 K, A/mm2 2750 3000 3000

``n'' parameter ) ) >40

RRR ) >100 >100

Twist pitch, mm <10 10 � 2

Table 3

Superconducting properties of Sn±P and Sn±S internal tin strands

Strand; ù mm Jc, A/mm2 4.2 K; 12 T 0.1

lV/cm (non-Cu)

Jc, A/mm2 6.5 K; 13 T 0.1

lV/cm (non-Cu)

n Bc2, T Qc (�3 T), mJ/cm3 (non-Cu)

Sn±P; ù 0.81 722 354 21 28.3 170

Sn±S; ù 0.81 703 328 15 26.7 370

Sn±P; ù 0.6 758 375 22 28.7 )
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5. Conclusion

· Bronze processed Nb3Sn strands that have been

developed meet all the set of HP-II ITER require-

ments. The developed industrial scale manufacturing

process was veri®ed by the production of 1 ton of the

strands

· Investigations on the bronze processed Nb3Sn

strands have shown the possibility of further en-

hancement of the non-Cu critical density without

any substantial change in strand design and manufac-

turing process.

· The developed internal tin Nb3Sn strands meet both

HP-I and HP-II ITER requirements.

· The properties of the developed Nb-Ti strands equal

the requirements imposed on the Nb±Ti strands in-

tended for use in the ITER magnetic system.

· The possibility of producting strands which meet

the ITER requirements by using large scale ®nal

composite billets up to 300 mm in diameter has been

shown.
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