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Characterization Tests of the NbzSn
Cable-in-conduit Conductors for Se.C.R.E.T.S.

Pierluigt Bruzzone, Alexander Shikov, Alexandra Vorobieva, Victor Sytnikov, Arend Nijhuis, Werner Specking

Abstruct—Two NbiSn cable-in-conduit conductors have heen
procured for Se/C.RET.S. (Segregated Copper Ratio
Experiment on Transient Stability). The two conductors are
identical in the fractional cross sections. The only difference is
the loecation of the copper stabilizer, included either as
sepregated copper wires or as a  copper shell in  the
superconducting strands. A number of charaeterization tests,
on individaal strands and cabled conductors, have been carried
out to establish a selid data base for the assessment of the
results in the main experiment.

Index terms— NhaSn cable-in-conduit, eritical current, ac 1nsscs

I, INTRODUCTION

The SeCRETS task is a cracial experiment on the role of the
segregated eopper in NbySn eable-in-conduit conductors [1]. A
bifilar, single layer winding is inserted in the bore of the
SULTAN test facility, at background field up te 11 T,
operating current up to 12 k4, superimposed transverse pulse
field to generate transient disturbances simulating the plasma
disruption in a fusion magnet. The winding is made of two
Nb;Sn cable-in-conduit conductors, series connected, identical
except the location of the copper stabilizer. The effectivencss
of the segregated copper can be assessed comparing the
stability performance of the two conductors. The uvse of
segrepated copper, and hence low copper fraction in the NbiSn
strands, allows substantial cost saving for large windings.

I1, CONDUCTORS LAYOUT AND MANUFACTURE

The conductor A (without segregated copper) and B (with
bundled copper wires), have been designed to have identical
Cu and non-Cu cross sections, as well as identical size and
void fraction. To simplify the procurcment, the cable layout of
conductor A is identical to the lagt-but-one cable stage of the
high field [TER Model Coil conductor (CS1) [2], with all the
stabilizing copper included in tho soperconducting strand
cross section, Cwnen-Cu = 1.5. TFor conductor B, the
Cunon-Cu ratie in the superconducting strands is reduced to
1 and 16 copper cores are included in the cable, see Table 1,
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The strands for both A and 3 arc procured at VNIINM,
Moscow, and are manufactured with the same method (bronze
route). According to the strand supplier, the copper fraction
can be easily adjusted over a broad range, starting from about
20%. The strands of both conductors, as well as the oxygen
(ice copper cores in conductor B, are Cr plated at VNIIKP,
Moscow. The thickness of the Cr layer is 2.5-2.8 um.

The cabling and jacketing work is carried out at VNIIKP [3].
The 1* cable stage of conductor B has to be a 1+7 cable in
order to obtain the same overall Cu and non-Cu cross section
as in the 3x3 clement of conductor A, with a similar strand
diameter. The number of cable stages is three in B (four in A),
see [Fig.1. The last two cable stages and their pitches are
identical in both conductors, A thin steel tape is wrapped on
the final cable in opposite direction (left-hand) compared to
the pitches of strand and cable (right hand). The production
length of the cables is 58 m (A) and 69 m (B),

The jacket (identical for A and B) is assembled by TIG butt
welding 6 m long units of seamless 316 L stainless steel
pipes, 16 x 1 mm. The typical dimensicnal tolerance of the
pipes is £ 0,1%. All the welds are leak tested. The cable is
pulled through the welded, pre-assembled jacket with an
insertion gap of 0.8 — 1.2 mm. Eventually, the conduetor is
compacted by a set of rotlers to the final diameter of 14.54 +
0.03 mm, providing a full engagement between cable and
jacket. No thickcning of the wall is observed during
compaction. A number of straight sections are cut for ac losses
and f, tests. The remaining conductor lengths, ~ 51 m for

TABLE 1. CONDUCTOR LAYOUT

Canductor A Concductor B
Cable configuration 3x3xdxd (N x4x4
N of sc strands 144 112
N of Cu cores 0 18
Steand diameter 0.81 mm 0.82 mm
Cuznon-Cu in strand 1.5 1
Cu-core diameter - 1.1 mm
non-C €ross section 29,68 mml 30,57 mmz
Cu cross section 44.52 mm2 44,77 mml
Overall strand perimeter 0.366m 0343Im
SC strand perimeter 4.366m 0288 m
Twist pitches, mm 10, 48, 87, 120, 160 19, a1, 120,160
Nb3Su strand/m 0.66 kg/m 0.52 kg/m
Steel wrapping 25 x 0.065 mm, 14 mp pitch
Jacket wall thickness 1. 01 ¢.02mm
Yoid fraction =37%
Condueter diameter 14.54 £0.03 mm

Cable space diameter 12.54 & 0.03 mm
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Fig. | Layout and cross section of the two cable-in-conduil conductors

both A and B, are wound on a drum, o = 2 s, and leak
tested.

M. TEST RESULTS

A, Sirand Acceptance Tests

The strand for conductor B is obtained from fowr billet
assemblies (no strand breakage), For conductor A, six billets
have been used, with onc strand breakage in three of them.
The two-steps heat treatment on the acceptance specimens
(one for each billet) is carried out in vacuum, 575 C/150 hrs
and 600 C/ 200 hrs. The test results on Jowncw, hysteresis
loss £3 T and RRR are summarized in Table 2. The tests ane

TABLL 2. SUMMARY OF STRAND TESTS RESULTS

Strand A Strand B
Cunon-Cu {range) 1.45-154 1.02
Average Cumnon-Cu in eable 1.50 1.02
Jenoncy @ 12T, 42 K, 0.1 pViom {range) 550-000 3569 - 599
Average I, popcn in cable, A/mm’® 576 577
J: won-cy, from heat treatment witness specimen 520 501
Non-Cu hysteresis loss = 3 T (range), mIjem® 154 - 178 140 - 166
Average non-Cu hystercsis 1oss in cable 165 166
RRR in copper cores - > 100
RRR in strands (range) 101116 88—103
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carried out at VNIINM, where the ITER strand bench mark
test was also practiced in 1995 [4]. The RRR is defined for
the overall strand, rather than for the Cu. The slightly lowet
values in strand B are due to the lower copper fraction [5].

Four [, strand specimens have been attached to the SeCRETS
winding as witness of the heat treatment in Ar gas. The
critical current results {test at Univ. of Twente) are lower than
measured at VNIINM, see Table 2. After checking the records
of the heat treatment, the reason for this discrepancy (-7.4% for
strand A and —11,9% for strand B) has not yet been ciarified.

B, AC Losses In Cable-in-conduit Conductors

The ac losses were measured at Univ. of Twente on 480 mm
long, straight sections of the cable-in-conduit conductors, heat
treated together with the SeCRETS winding [1]. The test was
carried out in the “virgin state”, i.e. without any mechanical
and eleciromagnetic load on the strand bundle. The applied
sinus field had + 0.4 T amplitude {no background field). The
ac losses were measured by boil-off calorimetry. The results
(loss curves) are gathered in Fig, 2 and Table 3.

The loss curves of conductor A and B, normalized to the
superconducting strand velume {i.e. for the samc non-Cu
volume)} converge to the same hysteresis loss, as expected
from Table 2. The slope of B (circle) is smaller than A,
suggesting smaller coupling cwrents loss. Normalizing the
ioss results to the overall cable velume (or to the cable
length), the ac losses difforence becomes almost a factor of
two, mostly duc to the eflcct of the scgregated copper in
conductor B. The lower loss in cenductor B is likely due 1o
smaller interfilament loss (due to the smaller copper fiaction)
and higher transverse resistance (see below).

The coupling loss in the SeCRETS conductor is smaller than
expected in Nb;Sn cable-in-conduit in “virgin state” [6]. A
further foss decrease is oxpected in operation, due to the
electromagnetic toads [7-8]: due to an increase of the
interstrand resistance after loading, it is rcascnable to expect
that the coupling loss is eventually rvestricied fo the
interfilament loss. If the sc strands of A and B had the same
atT, Le. the same interfilament Joss, the loss per conductor
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Fig. 2 AC losses of conductors A and B, normalized to the sc strand volume
(square and cirgle) and to overall strand and Cu core (square and triangle)
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TABLE 3. SUMMARY OF COUPLING LOSS RESULTS

Conductor A Conductor B

nt (strand volume), ms 1.52 10.4
nT (cable volume), ms ) 1.52 B3
07 Acupiz (1085 per unit length), ms-mm* 0.205 0112
Average R, @ 0 T, n{:m 210 435
nt-Re, 107 50m 1.6 3.2

unit length in A would be larger, compared to B, by a factor
1.27, which is the ratio of strand volume in A and B.

C.  Intersirand Resistance

The interstrand contact resistance times length, R ({m), is
measured in 460 mm long, straight sections of conductor A
and B at Univ. of Twente. At one end of the jacketed
conductor, the cable bundle is opened and a number of strand
pairs, sec Fig. 3, is wired. The resistance is measured from
the ¥ vs. I curve at O and 1 T background field, with marginal
increase at higher field. The resistance is constant over a broad
range of de current (up to 80 A).

Fig. 3 Wiring schema for interstrand resistance specimens

The test results are gathered in Figs. 4 and 5. The resistance
between adjacent strands in the first cable stage, as well as the
average resistance in the bundle, is about a factor of two
higher in conductor B. This may be cxplained considering
that the interstrand resistance in a multistage cable is the
results of the several zigzag paths of sc strands with different

Ist sta}%e 2nd stage 314 stage  4th Stage Average
172,143, 14, 8/11 175,146, 147,118,
#19, &/10 B/12 /12

Fig. 4 Interstrand resistance in conductor A
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Fig. 5 Interstrand resistance in condugtor B

angle in the bundic {9]: the larger number of sc strands and
the larger average angle of strands in bundle in A (due to the
larger number of cable stages) comrelates with the lower
transverse resistance in A. The Cr plated copper wires in
conductor B do not contribute practically to the transverse
conductance. The contact resistance of an individual strand
crossover is assumed to be identical in A and B, due to the
identical Cr plating,

The average interstrand resistance in the bundle correlates well
with the coupling loss results. The product pT-R, is identical,
within the accuracy of the results (= 10%), for conductor A
and 13, see Tablc 3.

D. L vs. Axial Strain On Cable-in-conduit Conducitors

Two siraight cable-in-conduit conductor specimens, heat
treated together with the SeCRETS winding, have been
measured in the bath cooled split coils of the FBI facility at
FzK, with field up to 14 7, current up ta 10 kA4 and axial load
up to 100 &N [10]. The critical current of the steel jacketed
conductors was first measuved vs. applied ficld at zero applied
strain, Afterwards, at B = 14 7, f. was measured as a fungtion
of the applied axial strain. The electrical field criterion for  is
set at 1 yF7em, with voltage taps spaced by 50 mm.

The J.(B) results for A and B conductors without applied
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Fig. 6 Critical current density vs. field in CICCg and strands
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Fig. 7 Critieal currenl ¥4, tensile strain at 14 [, for both A and B CICCs

strain are plotted in Fig. 6, together with the strand results at
1 p¥lem (heat treatment witness specimens). The large
difference between the results of strand and the steel jacketed
conductors is due to the axial strain induced in the Nb:Sn
filaments by the steel shrinkage, in good agreement with [10].

The J.(€) results are shown in Fig.7, were the full cutve is
measured only for the B conductor, The peak of J; vs, €
oceurs at & = 0.74% applied strain, as it is expected in a steel
jacketed conductor, Iowever, the ratio of J, without applied
strain to the peak J; is 7, ) =081, compared to 0.4-0.6

measured on similar cable-in-conduit conductors [10]. In other
words, the peak current, J.., is smaller than expected and the
whole data J.fg) remain, at any strain, much smaller than the
J. measured on the strands.

The apparent contradiction of the scaling law may be
explained with a bad cooling of the CICC specimens in the
He bath. Initially, the cable void fraction is filled with liquid
helium percolating through the tiny channels in the conductor
scction heavily compacted at the axial load grips. During the
I, test, the little powor generated by the current transfer cannot
be clfectively removed by helinm mass exchange due to the
almost sealed conductor ends. Eventually, the cable space is
cooled by conduction through the steel jacket and the
operating temperature is substantially higher than the liquid
Helium temperatute.

The higher the current, the higher is the current sharing power
and the operating temperature. This explaing why the slope of
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I. vs. £ in Fig. 7 is much smalier than predicted by the
scaling law at constant temperature, althongh £.. is in good
agreement with the expected behavior. The crucial role of a
good Helinm mass cxchange in the cable space has becn
verified on other CTCC specimens in the FBI facility, where
the 1, performance improved substantially after drilling large
cooling holes in the jacket [11],

1V, CONCLUSION

Two cable-in-conduit conductors have been manufactured for
the SeCRETS experiments to the same specifications, except
the location of the copper stabilizer. The design requirements
have been fulfilled. [Towever, the strand specimens attached to
the winding as heat treatment witness show a lower I,
performance compared to the acceptance test.

The coupling currents loss, measured on unloaded straight
specimens (virgin state) is lower than expected for similar
conductor layouts. The loss pet length of the conductor with
segregated copper wires is about half the one of the other
conductor.

The interstrand resistance in the conductor with sepregated
copper, consistently with the coupling loss results, is about
twice compared to the other conducter.

The criticat currents of the two conductors are identical, at ¢
applied load, within less than 5 %. However, the results of
L.fe} ave affecled by the non-isothermal test conditions.

REFERENCES

[1] P. Ttruzzong ct al. “SeCRETS, A stabifity experiment on the role of
segregated copper in NbiSw cable-in-conduit conductors " -Presented at
MT-16 Conference

[2] P. Bruzzone ct al. "Conductor Fabrication for the FTER Model
Coils ", ILEE Mag 32, 2300 {1996}

(3) V. Syinikov cl al., “Jacheting of 860 m ITER dummy CICC on
Russian jacketing line ", Proc. of MT 15, 1152, Beijing Oct. 1997,
Science Pross 1998

4) P. Bruzzone et al. “'Bench mark lesting of the NbaSn strawds jor the
ITER Model Coils™, Adv. Cryop. Eng. (Mat) 42 13, 1351 (19946)

{51 A. Vorobicvactal,, "¥ie stndy of Cu fraction influence on NbySn
strand for (TER performance” Presenied at MT-16 Conference

(6] P. Bruzzone et al., “"Confact resistance and coupling loss in cable-
in-conduit of Cr plated NbaSa strands”, Proc. of MT 15, 1295, Beijing
Oet. 1997, Science Press 1998

7] A Nijhuis et al,, “"The influence of the Loreniz force on the ae loss in
stib-size cable-in-conduit conductors for ITER", IREE Appl Supercon
7,262 (1997

[8] P. Bruzzonc ct al, ‘"Test resulis for the high field conductor of the
ITER central solenoid model coif”, To be published in Adv. Cryog.
Iing. 45

9] K, Kwasnitza, P. Bruzzone, “Large ac losses in supercondncling
Nb:Sn cable due to low transverse resistance” Proc. of ICEC 11, 515,
Berlin 1986

[10} W. Specking, J-L.. Duchatean, “fmprovement of I. in Nb:Sn
conductors by reduction of axial pre-stress”, IEEE Appl Supercon 5,
845 (15935)

[in W. Speeking, personal communication.

Authorized licensed use limited to: UNIVERSITY OF TWENTE.. Downloaded on March 02,2020 at 08:38:57 UTC from IEEE Xplore. Restrictions apply.



