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Abstract-- The interstrand contact resistunce (K.} between
erossing strands in Cable-In-Conduit Conductors (CICC's)
determines the coupling loss and the stabilily against local
disturbances. The surface oxidation, surface roughness and
micro-scale sliding of the contact suwrfaces are key
parameters in the R, The level of surface oxidation is
influenced by manulactoring parameters in the strand and
cable produciion, the plating procedure determining the
crystalline structure and by the heat treatment. A new
process of making a more stable oxide has been developed
and charaeterised. The Cr coating js actually build up out of
two different layers, The first layer is a hard Cr coating,
ideniieal to the standard Cr layer previously used, On top of
this a layer of black Cr oxide is deposited clectrolitically, The
coupling loss tinte constant and R, are measured on a 48-
strands CIC Conductor with this double-coated strand
material. The void fraction amounts to 36 % and the strand,
cabling and jacketing are identical to those wsed in the
previons chrome vendoy coniparison action.

The results, presented in terms of R, time constant nt, and
the atemie coneentration of oxygen {ge) in the peripheral
region of the strand, arc compared fo previons resulfs from
single coated strands,

Index terms—interstrand contact resistance, chromium oxide
coating, cable-in-conduil, ac losses

[ INTRODRUCTION

The interstrand contact resistanceR, is a critical parameler
for the design of CICC’s applied in fusion magnets and
magnetic energy storage. The strands in multistage cables
are coupled in regular and irregular patterns creating
different current loops, which can centribute significantly
to the AC losses. The resislance of the strand crossover
eontacts determines the interstrand coupling loss and must
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therefore be controlled keep the generated heat below
acceptable limits, On the other hand the R, strongly
affects the stability of a cabled conductor by determining
the level of current redistribution among strands.
Therefore, K, is not allowed to exceed a certain maximum
value, in order to guarantee sufficient margin for current
redistribution,

The R. depends on a variety of factors, but besides the
internal strand lay-out, the resistance of the oxidised
surface crossover contact mostly causes the dominant
contribution to the K, [1]-[9]. The surface layer propetties
and in particular the level of oxidation and the crystalline
structute are considered to be key parameters in the R,
and so in the stability of CICC’s [8,11]. The level of
surface oxidation and surface roughness is influerced by
manufacturing parameters in the strand and cable
production but above all by the strand coating process,
The NbsSn strands are often plated with a Cr layer mostly
having a typieal thickness of ~2 im. This is an elfective
methad to avoid inter-metallic diffusion at the strand
crossovers of CICC’s during the reaction heat treatment
and it also acts as an clectrical resistance barrier in
reducing the interstrand coupling loss [2]-[9].

In a previous stedy the effect of oxidation on the &, for a
subgtantial number of Cr plated strands have been
examined with Auger (AES) anatyses [8]. Non heat-
wreated strand material was taken from samples used in a
study of the effect on AC loss and R, of different Cr
plating vendars with identical NbsSn strand material [4,5].
The surface of the strands taken from the Cr vendor study
was  analysed  with  Auger technique. The atomic
coneentration of oxygen (acQ) in the surface layer of non-
heat treated strand correlated well with the R, of CICC
manufactured with the same strand.

Far natoral oxidation the oxide growth rate depends on
temperature and grain orientation. [8], Fine-grained
polycrystalline axide thickens most rapidly and can easify
reach a thickness of hundreds of nanometers.
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Manacrystalline oxide thickens very slowly and reaches a
thickness in the order of 10 nm, Using different surface
pretreatments or oxidalion procedures can change the
oxide grain size. In the case a high R, is desired it would
be useful to develop a coating with a targer chromium
oxide thickness, The Swiss company Duralloy AG
(Hiirkingen) bas developed & process to deposit directly
from the electrolytic bath a thick black Cr oxide layer on
top of an also electrolytically deposited polycrystalline
hard Cr layer which is the standard patented process. The
Cr layer on top is amorphous and has a black color. This
layer is tested recently for AC loss by Kwasnitza on a 147
strands cable manufactured with NbTi strand [10]. From
this test it appearcd that the total coupling loss is
suppressed 1o the level of intra-strand coupling loss.
During the conductor heat treatment in vacuum or inert
gns, the oxygen at the micro-contacts, diffuses from the
contact surface decper ingide the coating (or strand) [9].
Consequently the concentration of oxygen in the contact
drops and so the R, decrcases. It is observed that during
the heat treatment the R, may drop by over two orders of
magnitude |6]. The cables manufactured from NbTi
strand. with the double coating lechnique were not
subjected to a heat treatment, possibly affecting the
concenlration of oxygen at the strand contact surfaces. In
order to investigate the stability of this additienal
amorphous Cr oxide layer against a heat treatment, a
CICC is manufaciured from Nb;Sn strands coated with
the new Durally double Cr layer.

The results of the analyses of the double Cr layer in terms
of R, coupling loss and atomic concentration of oxygen
in the strand peripheral region is compared to some
previously obtained results on other similar conductors as
described in Refs. [4,5,8].

It should be mentioned that loading such conductors
mechanically or electromagnetically leads to an increase
ol the R, during the first several tens of loading cycles.
The interstrand contact surfaces interfere by micro-sliding
which results into friction and anomalous contact
resistance versus force behaviour [8]. Therefore the virgin
conductor is eventually subjected to slight bending in
order to create some interstrand micro-sliding elfects as a
simulation of a Lorentz force,

II. CONDUCTOR SAMPLES

The conductor is exactly identical to the ones used in the
Cr vendor tests [4,5]. T'he strands in the previous samples
were the same except for the Cr plating, which was
applied by different vendors. The main strand and
conductor data are summarised in Table [, a more detailed
specification can be found in Ref. [4].

The new double coating exists of two layers. The
thickness of the first standard process Cr layer varics
between 2.0 and 2.5 pm, The thickness of the amarphous
chromium oxide layer varies (rom 1.0 to 1.5 jum.

The samples for coupling loss are straight sections of
conductor, cut by clectronic erosion, with lengths of
420 mm. The contact resistances are investigated on
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560 mm long samples: twelve strands at onc end are
untwisted and attached to a support. Afier the heat
treatment, the current leads and voltage taps are soldered
to the strands. The strands are selected in order to
measure the contact resistance within a triplet (first cable
stage) and between strands belonging to succeeding cable
stages.
TABLE 1. STRANIY AND CONDUCTORS DATA

Steand manufactoeer YNIM (Bochvar)

Strand diameter (inel. Cr layer) G.813 mm
Twisl pitch 9 mm

Strand coupling loss time constant, it 1.2 ms
Dilfusion barricr Ta +Nb

Cable configuration 3xdxd
Number of sirands 48

Cahle pitches 27/ 55/95 mm

Yoid [raction 362 %

III. EXPERIMENTAL RESULTS

A, Interstrand Resistance
The resistance between a selected pair of strands, R,
(L) is derived from the measured voltage, divided by
the sample current and multiplicd by the jacketed sample
length. The R, results are independent of the sample
current in the range below 100 A, far below I,
The R, is slightly increased at about 0.2 T when the
background magnetic field is ratsed from zero to 2 T, This
is due to the critical field of the Nb foil buffering the Ta
diffusion barrier in the strand. The innetr diffusion barcier
is made of Ta and the ounler is of Nb and is
superconducting up to ~0.2 T, but the crilical current is
low (Fig. 1. The R, has bcen measured also betore the
heat treatment (2Cr-nonHT) in order to estimate its effcct
on R, In liig. 2 can be scen that at a curcent of 10 A, there
are still superconducting paths inside the strands, cven at
a background field of 2 T. The Nb barrier is not expected
to provide a superconducting path at flelds higher than
0.2 T. The superconducting state at 2 T can be explained
by the presence of microscopic arcas of NbTi located
ingide the Nb filaments, which are formed during the
manufacturing process.
After the heat treatment, the R. is measured again in the
virgin state (2Cr-HT} and thereupon the sample is
subjected to 10 times a bending strain of 0.4 % in
oppasite directions (2Cr-I1T-bend).
Table [T shows a summary of the average values of the

-

¥ o
Fig. 1. Part of the cross-sectional area of the Bochvar strand showing
filarenl bundles, the inncr Ta and the outer Nb barricr,
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Fig. 2. The R versus current with zero and 21 DC background fictd.

measured B,’s for vavious strands from different cabling
stages. The tesults from Rel. [4] (bare copper and
standard single Cr layer) are included for a direct
comparison. The average £, of the virgin conductor with
new double Cr oxide layer amounts to 4 pQam. The R, is a
weak function of the cable stages and the background
field. On average, the first stage interstrand resistance is
about 400 times larger than [or the standard single Cr
layer.

TARLE 11, SUMMARY OF AVERAGED Br. VAL UGS

Conductor R [pSdin]
Lype Ist stage 2" stape I stage
D= aT 1T o 1T 0T 1T
2Cr-nonHT 310 - 320 - 200 -
2Cr-HT-bend  59.7 507 52.3 - 520 .
Wr-HT 4.00 4.13 377 581 5.83 5.88

Standard 1y 94107 13107 12400 1707 {5407 21007
RBare copper  036-10% 2310 052107 3107 054107 39407

B. Coupling l.oss

The coupling loss can be represented by the energy loss
per cycle versus frequency:

0o
O = 7By 0-nT [I/m*cyele]. (h
Hy

The applied field is 4, sin(2aft). The 27 value can be used

for AC loss calculations of magnels operating at low ramp
rates. The loss measurements are performed in a
calorimeter. A sinusoidal field of amplitude B,=04T
transverse to the conductor axis, is applied with or
without a background DC field of 1 T, generated by a
dipole magnet,

To avoid non-linearity of the loss curve (screening
effects), the frequency is is kept below 0.1 Hz. The rosults
are presented in Fig, 3.

The initial slope of the loss curves {giving the nt value) is
calculated by linear regression of the measured loss
peints. The interfilament coupling loss constant is
estimated 1o be aboul 1.2 ms [4]. The nt value for the
conductor with double Cr layer i3 4.2 ms. For the standard
compared with the “Cr vendor study” |4] because the
strand, cabling and jacketing are identical for all
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Fig. 3. Total loss minus the hysteresis loss versus the frequency of the
applied AC field, Fy=400 mT and By=0T.

conductors, Optically mostly dark but some light tinted
areas can be distinguished on the surface of the non-heat-
treated strand. Auger analyses is carried out on both a
dark and a light area and the results are presented in Fig.
4. The total amount of oxygen (acQ) is cxpressed as the
summation of the atomic concentration along the depth
{Ad). The acQ at the dark areas appears to be one order of
magnitude higher than in the lighter areas. On the heat-
treated strand no color tones can be clearly distinguished
and the acO appears to be higher and deeper than in the
non-heat-treated strand. During the heat treatment the
oven was [lushed with high purity argon gas.

The oxygen depth profiles of all samples of the Cr vendor
series have been gathered in Fig, 5. Sample RF-1 has bare
copper strands showing a low alomic concentration of
oxygen as compared ro the average of the Cr coated
specimen. Most of the coatings are oxidised by natural
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wiy except RF-3 being artificially oxidised by using a
gpecial coating process. In Fig.6 the R, is plotted versus
the atomic concentration acO {oxygen) on a logarithmic
scale, In peneral small Cr scales with fine grains and an
amorphous polyerystalline structure result into a high R.
Fig. 7 shows two SEM micrographs of the polycrystalline
surface.
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Fig. 6. The interstrand coptact resistance Re versus the atomic
coneentration of oxygen, ae0.

Fig. 7. SEM micrographs of the oxidised surface {12000 and 5000 limes
magnification).

IV. HscussioN

The R, in the virgin state after the heat treatment of the
new (double) Cr/Cr-oxide layer is large enough to reduce
the cable interstrand coupling loss {n7=4.2 ms) down to
ahout the leve! of the intrafilament loss (n7=1.2 ms). The
average R, of the virgin conductor with new double Cr
oxide layer amounts to 4 uf2m and is abour 400 times
larger than for the standard single Cr layer (virgin state).
After applying some artificial strand micro-sliding by way
of bending the conductor, o simulate the effect of a
pulsed Lorentz force, the R, increases by more than one
* order of magnitude (60 uQm). Without a heat treatment,
which approaches the practical case for Cr/Cr-oxide
coated NbTi CICC's, the R, reaches u level of 300 p€m.
The final value cf the R, after several magnet loading
cycles is presumably between the 60 and 300 pQm [7,8].
The Cr-oxide layer is stable regarding the heat treatment.
The values found with the R, measurements correlate well
with the results obtained with the AC loss measurements
and the determination of the atomic concentration of
oxygen. However, it appears that the relation between nt
and R, is not simply reciprocal,

The oxide layer on Cr coated strands, which mostly
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determines the R, has a thickness of less than ~10 nm.
The double Cr layer with a very thick Cr-oxide layer is
suggested to withstand a possible deterioration due to
wearing of the resistive surface layer during the life time
of a magnet,

V. CONCLUSIONS

The average R, of the virgin 48-strands conductor with the
new (double) CrfCr-oxide strand coating amowunis to
4 Om and the ptis about 4 ms (void fraction 36 %), The
R, in the virgin state of the CICC is ~400 times larger than
for the standard single Cr layer.

The R after cyclic electromagnetic loading is expected to
be between the 60 and 300 pQm.

The Cr-oxide withstands the heat treatment and appears to
be stable.

The new double Cr/Cr-oxide coating technique offers a
very low interstrand coupling loss although the ability of
current redistribution may be seriously affected.
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