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ABSTRACT

The technological principles of low-temperature superconductor production for the magnetic system of the International
Thermonuclear Experimental Reactor (ITER) that provides continuity of a superconductor billet in the superconductor

production are considered.
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1. Introduction

Now, in Russia, industrial production of low-temperature
superconducting materials (LTSM) for the magnetic sys-
tem of the international thermonuclear experimental re-
actor (ITER), the construction of which started in the
Atomic Center of Cadarache in France [1] is organized.
This production is directly relevant to the field of modern
nanotechnologies. The total humber of superconducting
materials for the ITER magnetic system is over 700 tons
[2].

Technical superconducting cables are complex compo-
site structures made of dissimilar materials with ultrathin
fibers (fractions of microns) of the superconducting mate-
rial. Figure 1 shows the structure of one of the supercon-
ductors. For the ITER, it is planned to produce low-tem-
perature superconductors based on Nb-Ti and NbsSn.

Composite superconductors are transversely-isotropic
medium consisting of a core which comprises supercon-
ducting fibers, and a current-stabilizing shell of ultrapure
copper. The basic mechanical and thermal characteristics
of the transversely-isotropic medium are defined by equa
tions [3] of composite mechanics.

2. Technological Basics

The manufacturing technology of superconductors is the
plastic deformation of metals using metal forming me-
thods, in particular, extrusion of a combined billet and its
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Figure 1. Schematic drawing of a superconductor bimetallic
billet: 1—core; 2—shell; a,—inclination angle of a forming
of theworking coneto the drawing axis; ro and r.—values of
the radial coordinate for the shell and the core of the billet
respectively.

repeated drawing. The highest labour input is accounted
for drawing. The drawing process means drawing a billet
through a conical drawing tool, and the total humber of
stages in superconductor production reaches severa do-
zens.

In drawing the plastic deformation is characterized by
the draw ratio that for random i-th passis as follows:

A = E—l/Fz" = diz—l/diz J 1)

where F, and F, are cross-sectional area before and

i
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after thepass; d,; isthe diameter of the billet before en-
tering the drawing tool; d; isthe diameter of the billet at
the output of the tool.

In repeated drawing the aggregate draw is determined
by the arearatio of the original superconductor billet F,
and the finished superconductor of cross Section £, ; the
aggregate draw being determined through draw ratios for
individual passes by the relation:

A =Fo[F =0y Ay 4y, )
where n is the total number of passesin drawing.

To assess the manufacturing complexity of supercon-
ductor products, in the case of realization of equal draw
ratios on the route of multiple deformation of the super-
conductor billet, the averaged around technological cycle

draw ratio 4,, is introduced. Then from Equation (2) for
the averaged draw ratio the aggregate draw will be:

Ay = Fo[F =4, ©)

From Equation (3) the number of repeated drawing
passes required to produce a superconducting product is
determined

n=2:In(dy/d,)/In4,,, 4)

where d, and d, are diameters of the superconductor
billet and the finished superconductor respectively.

From (4) it follows that with the increase of single
drawing the number of passesisreduced whichismorete-
chnologically advanced and cost effective. However, sin-
gle drawing increases danger of breakage of the billet
front end to which the drawing forceis applied.

Following are the calculated values of the number of
passes depending on the values of single drawing by the
billet deformation after pressing from the diameter dp =
70 mm to the final diameter of the superconducting pro-
duct d, =0.7 mm.

Aav 1.05 1.10 115 1.20 1.25
n, passes 188 96 66 50 42

Taking into account the complex structure of the super-
conductor billet, the draw recommended while manufac-
turingis 4, =0.15-1.20.

From Equation (1) for the given A, pass routes are

defined:
d; = di—l/\/Z' ®)

Optimization of drawing routs allows you to achieve
the following objectives:
¢ reduce the number of the route passes;
o avoid breakage of long-length billets;
e improve quality of the surface of superconductor
products;
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e increase durability of the drawing tool.

In the processing of metals by pressure it is the defor-
mation degree that largely defines energy-power and tech-
nological parameters of plastic deformation.

In [4] there is a formula proposed for determining the
average over cross section deformation degree in drawing
axisymmetric superconductor products:

— dO 4
£, =2In 2, + 3\/§tgav, (6)
where a, istheinclination angle of aforming of thetool to
the drawing axis, d, istheouter diameter before the pass;
d, isthe outer diameter after the pass.

Realizing the technology of drawing superconductor
composite billets requires knowledge of deformation tem-
perature conditions. In repeated drawing, the billet tempe-
rature changes due to the deformation heat up in each pass
and it is determined by the terms of cooling between pas-
ses. Knowledge of the temperature mode is necessary to
assess the thermoel astic state of a multi-component billet
and prevent possible shell detachment from the core.

To determine the heat of the metal wire under deforma-
tion it is necessary to define the work spent on the defor-
mation, as

A=[ode, ™

where o, is resistance to deformation generally based
on the deformation degree.

If you accept that all plastic deformation work goesinto
heat, then the temperature raise for a volume unit of the
material element during the adiabatic process of deforma-
tion is defined by the equation:

At = A/(C}/), (8)

where ¢ is the specific heat of the drawn metal; y isthe
metal density.

In deformation heat up the shell may be detached from
the core due to the difference of thermophysical properties
of their materials. To evaluate possible detachment and
prevent it in the manufacturing process the thermoelastic
state of the bimetallic superconductor hillet is considered
(seeFigurel).

The thermoelastic state of an axisymmetric body is
described by equations of the elasticity theory [5], and the
strain tensor components are as follows:

gr—aT:%[Gr—v(09+az)};

gg—aTzé[ag—v(o;+o—z)]; )

£, —aT:%[GZ —V(Gr +O'9)]
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where o,,0,,0, are normal stress tensor components;
&.,6,&, arerelaive deformations in the corresponding
direction; « is thermal expansion coefficient; 7 is tempe-
rature; £ is modulus of elasticity; v is Poisson’sratio.

Because of symmetry shear strains and shear stresses
equal zero. In the manufacture of long-length products
axial deformation also equals zero (&, =0). From this
condition it follows that:

o.=v(o,+0,)-aET. (10)
In view of Equation (10) the Ratios (9) are converted to
the following:
_ 4,2
g,,—(1+v)-aT:1Ev (o-r—lLagj;
o Y (11)
-V 14
—(1+v)-aTl = -——0, |
& —(1+v)-a 5 (O’H 1_Varj

Under the action of temperature in the axisymmetrical
billet radia displacements arise defining the components
of theradial deformation tensor:

& =du/dr;e, =u/r, (12)

where u is displacement; » isradial coordinate.

The differential equation for radial displacementsin the
axisymmetrical problem of thermoelasticity [5] is as fol-
lows:

i{ld(m)dr}:l+v dar (13)

a
dr| » dr 1-v dr

Equation (13) is addressed separately for the core, with
the average temperature over the cross section 7, and for
the shell, with the average temperature over thickness 7.
Temperatures T, and T, are determined from the deforma-
tion conditionsin the technological tool, with the different
ratio of temperatures 7, and T, depending on the thermal
and mechanical properties of bimetallic billet compo-
nents.

From Equation (13) taking into account Ratios (11) and
(12) it follows that:

1+Va JTrdr+clr+—
1-v r
T 1+v12v r?) u
aE 1 ET E a c, ). (14)
O, =— .[Trdr -
1-v #? 1-v 1+v 1-2v r
aET 2vEc,
o, =- + .
1-v  (1+v)(1-2v)

Expressions (14) are used independently for the core
and for the shell. The constants of integration ¢, and ¢,
are determined from the corresponding boundary condi-
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tions. For example, for the corewebelieve ¢, = 0 because
u=0 when r=0. We aso assume that at the output of
the drawing tool the core and the shell contact without
force interaction, ie. o, _ =0. Defining constants ¢,

and ¢, , we obtain the formula for the core:

1+v, 1% 17 _
e == " a, {(1— ZVC)?.([Tcrdr+;£Tcrdr},
E | 1%
o, = ](-Z " { > ITcrdr —JTrdr} (15)
c 0
1 e 1 e
{F—ZITerr —ZI T rdr — }
c c 0 0

Accordingly for the shell we use boundary conditions
to determine integration constants o,,,_, =0,0,,_, =0.

=y
After determining the integration constants we obtain
expressions for the shell:

) 1_2 2 10}
u0=1+V0a0|:r JTFdF( V:)""l +%J.7:)I’dr:|;
0 A

1-v,

L e

r

- Vo ro—

aOEO {r 2 TTrdr JTrdr}

c e

Oy =

1-v, r? ’”o

——aOEO- 1 {r +r JTrdr JTrdr Tyr }

e e

(16)

Possible gap between the core and the shell is deter-
mined by the size of radial displacements at the core-shell
edge. From equation system (15) for » = r(, we have

1 2 2
u,=—T (1+ -r°); 1
= (1+v,) e, (17 =72 @
Respectively of the expressions (16) for the shell when
r =r) We get:

u, =rT, (1+v,)a, (18)

In case of equality of displacements u, =u, the contact
in the bimetallic billet is maintained. When u, <u, there
appears a gap which is undesirable. The most favorable
condition is u, >u, . It provides contact radial compres-
sive stresses that help increase the metal core plasticity in
deformation on subsequent passes. Thus, from the stand-
point of thermoelasticity of bimetallic billets in drawing
the most favorableratio is[6].

=T.(1+v,) e, (roz —rf) >,

7

c

T (1+ v, ) a, (19

Ratio (19) is recommended for technological calcula-

OJMetal



22 G.L. KOLMOGOROV ET AL.

tions in order to preserve the continuity of a bimetalic
billet while being drawn. Equations (15) and (16) may be
used to determine the stress state of bimetallic billet com-
ponents.

3. Conclusion

The technological principles of low-temperature super-
conductor production for the magnetic system of the Inter-
national thermonuclear experimental reactor (ITER) are
outlined. Based on thermoelasticity equations, tempera-
ture modes in the superconductor production are estab-
lished, which provides continuity of a bimetallic super-
conductor billet.
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