IEC 61788-4:2011

IEC IEC 61788-4

(]
®

INTERNATIONAL
STANDARD

NORME
INTERNATIONALE

Edition 3.0 2011-07

colour
inside

RO

Superconductivity —
Part 4: Residual resistance ratio measv dual resistance ratio of

Partie 4: Mesure d

résiduelle de@p :

ancerésiduelle — Rapport de résistance
posites de Nb-Ti




THIS PUBLICATION IS COPYRIGHT PROTECTED
Copyright © 2011 IEC, Geneva, Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form or by
any means, electronic or mechanical, including photocopying and microfilm, without permission in writing from either IEC or
IEC's member National Committee in the country of the requester.

If you have any questions about IEC copyright or have an enquiry about obtaining additional rights to this publication,
please contact the address below or your local IEC member National Committee for further information.

Droits de reproduction réservés. Sauf indication contraire, aucune partie de cette publication ne peut étre reproduite
ni utilisée sous quelque forme que ce soit et par aucun procédé, électronique ou mécanique, y compris la photocopie
et les microfilms, sans I'accord écrit de la CEl ou du Comité national de la CEIl du pays du demandeur.

Si vous avez des questions sur le copyright de la CEl ou si vous désirez obtenir des droits supplémentaires sur cette
publication, utilisez les coordonnées ci-aprés ou contactez le Comité national de la CEIl de votre pays de résidence.

IEC Central Office
3, rue de Varembé
CH-1211 Geneva 20
Switzerland

Email: inmail@iec.ch
Web: www.iec.ch (\
N\

About the IEC

The International Electrotechnical Commission (IEC) is the leading globa
International Standards for all electrical, electronic and related tech

About IEC publications

epares and publishes

" Catalogue of IEC publications: www.iec.ch/sear
The IEC on-line Catalogue enables you to search b of critexia (referencé number, text, technical committee,...).
It also gives information on projects, withdrawn angdTeplaced rublication
" |EC Just Published: www.iec.ch/online _news/justpub

Stay up to date on all new IEC publications. Just blis%tails wice

on-line and also by email.

" Electropedia: www.electropedia.

in English and French, with equi i iti | languages. Also known as the International Electrotechnical

Vocabulary online.

® Customer Service w w.iec.ch/web sts

If you wish to give us yo k onMhis p blicgtion or need further assistance, please visit the Customer Service
Centre FAQ or contact

Email: csc@iec.ch

Tel.: +41 22 919 02 11

Fax: +41 22 919<X3\s(\

A prop

La Commissi ote hnique Anternationale (CEIl) est la premiére organisation mondiale qui élabore et publie des

normes internationales pouk tout’ce qui a trait a I'électricité, a I'électronique et aux technologies apparentées.

A propos des pubtications CEI
Le contenu technique des publications de la CEl est constamment revu. Veuillez vous assurer que vous possédez
I’édition la plus récente, un corrigendum ou amendement peut avoir été publié.

= Catalogue des publications de la CEIl: www.iec.ch/searchpub/cur_fut-f.htm
Le Catalogue en-ligne de la CEI vous permet d’effectuer des recherches en utilisant différents critéres (numéro de référence,
texte, comité d’études,...). Il donne aussi des informations sur les projets et les publications retirées ou remplacées.

® Just Published CEI: www.iec.ch/online news/justpub
Restez informé sur les nouvelles publications de la CEl. Just Published détaille deux fois par mois les nouvelles
publications parues. Disponible en-ligne et aussi par email.

" Electropedia: www.electropedia.org

Le premier dictionnaire en ligne au monde de termes électroniques et électriques. Il contient plus de 20 000 termes et
définitions en anglais et en frangais, ainsi que les termes équivalents dans les langues additionnelles. Egalement appelé
Vocabulaire Electrotechnique International en ligne.

= Service Clients: www.iec.ch/webstore/custserv/custserv_entry-f.htm

Si vous désirez nous donner des commentaires sur cette publication ou si vous avez des questions, visitez le FAQ du
Service clients ou contactez-nous:

Email: csc@iec.ch

Tél.: +41 22 919 02 11

Fax: +41 22 919 03 00



mailto:inmail@iec.ch
http://www.iec.ch/
http://www.iec.ch/searchpub
http://www.iec.ch/online_news/justpub
http://www.electropedia.org/
http://www.iec.ch/webstore/custserv
mailto:csc@iec.ch
http://www.iec.ch/searchpub/cur_fut-f.htm
http://www.iec.ch/online_news/justpub
http://www.electropedia.org/
http://www.iec.ch/webstore/custserv/custserv_entry-f.htm
mailto:csc@iec.ch

IEC 61788-4

Edition 3.0 2011-07

INTERNATIONAL
STANDARD

NORME
INTERNATIONALE

colour
inside

Superconductivity —

e’'résiduelle — Rapport de résistance
posites de Nb-Ti

INTERNATIONAL
ELECTROTECHNICAL
COMMISSION

COMMISSION
ELECTROTECHNIQUE

INTERNATIONALE PRICE CODE U
CODE PRIX

ICS 17.220.20; 29.050 ISBN 978-2-88912-554-8

® Registered trademark of the International Electrotechnical Commission
Marque déposée de la Commission Electrotechnique Internationale



-2 - 61788-4 © IEC:2011

CONTENTS
O T L @ ]I S 4
LN 75 16 L@ N 1 ] S 6
LS T o7 o o 1= TSP 7
2 NOIMaAtiVe FefEIENCES .o 7
3 Terms and definitions ... 7
N = Yo LU 11 (=Y 0 1Y 01 €< S 8
LT N o] o - 1 = (U 8
5.1 Material of measuring mandrel or of measuring base plate ........ /... 0N, 8
5.2 Diameter of the measuring mandrel and length of the measuring\base plate............ 8
5.3 Cryostat for the resistance, R,, measurement
6 Specimen preparation..........coooiiiiiiiiiii e e N e N e NN e
Data acquisition and analysis ..o e N e O N e e e e e eneeees
7.1 Resistance (R4) at room temperature ................ o N N Nerereeennnnennneeenn,

7.2 Resistance (R,*) just above the superconductit
7.3 Correction on measured R,* for bending sirai
7.4 Residual resistance ratio (RRR)
8 Uncertainty and stability of the te

8.1 Temperature..........oooi NG NG
8.2 Voltage measurement..........« ... 0
8.3 Current......oooooiiiii
8.4 Dimension ....... & .. e /NG N
1S TN =TS o =Y o T ] o G N e P
S B B 0 0 V2= L[V L= T T N s N N PRSPPI

9.2 Speci .....................................................................................................
9.3 Test conditionsy

Figure 2 — Voltage (U) versus temperature (T) curves and definitions of each voltage

Figure A.1 — Definition of VOIAGES .. ..cuiii e 16
Figure A.2 — Bending strain dependency of RRR for pure Cu matrix of Nb-Ti composite

superconductors (comparison between measured values and calculated values).................. 18
Figure A.3 — Bending strain dependency of RRR for round Cu Wires...........ccoeeviiiiiiiiniinneennnns 18
Figure A.4 — Bending strain dependency of normalized RRR for round Cu wires................... 19
Figure A.5 — Bending strain dependency of RRR for rectangular Cu wires ...............cccceenne.. 19
Figure A.6 — Bending strain dependency of normalized RRR for rectangular Cu wires .......... 20
Figure C.1 — Distribution of observed RRR of Cu/Nb-Ti composite superconductor............... 28
Table B.1 — Output signals from two nominally identical extensometers...............ccooiviiienn. 22

Table B.2 — Mean values of two output Signals .........coooiiiiiiii 22



61788-4 © IEC:2011 -3-

Table B.3 — Experimental standard deviations of two output signals.................ccooiiin. 22
Table B.4 — Standard uncertainties of two output signals .............coooiiiiiiiiiii e, 22
Table B.5 — Coefficient of variations of two output signals............cc.ooiiiiiiiiiii 23
Table C.1 — Uncertainty of each measurement............coiiii i, 27

@%
S



—4 - 61788-4 © IEC:2011

INTERNATIONAL ELECTROTECHNICAL COMMISSION

SUPERCONDUCTIVITY -

Part 4: Residual resistance ratio measurement —
Residual resistance ratio of Nb-Ti composite superconductors

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for st
all national electrotechnical committees (IEC National Committees). The obje

this end and in addition to other activities, IEC publishes International Standargs i e ifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides d
Publication(s)”). Their preparation is entrusted to technical committees; a
in the subject dealt with may participate in this preparatory work.
governmental organizations liaising with the IEC also participate in fkj

agreement between the two organizations.

The formal decisions or agreements of IEC on technical matte S possible, an international
consensus of opinion on the relevant subjects since eac
interested IEC National Committees.

IEC Publications have the form of recom

Independent certification bodies provide conformity
marks of conformity. IEC is not responsible for any

Attention is™draw
patent rights. |

to the possibility that some of the elements of this IEC Publication may be the subject of
€shall yot be held responsible for identifying any or all such patent rights.

International Standard IEC 61788-4 has been prepared by IEC technical committee 90:
Superconductivity.

This third edition cancels and replaces the second edition published in 2007. It constitutes a
technical revision. The main revisions are the addition of two new annexes, "Uncertainty
considerations" (Annex B) and "Uncertainty evaluation in test method of RRR for NbTi"
(Annex C).
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The text of this standard is based on the following documents:

FDIS Report on voting

90/263/FDIS 90/275/RVD

Full information on the voting for the approval of this standard can be found in the report on
voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

* reconfirmed,

* withdrawn,

» replaced by a revised edition, or
*+ amended.

IMPORTANT - The 'colour inside’' logo enthe }@age of this publication indicates
that it contains colou whij reid ed” to be useful for the correct
understanding of its ¢ should therefore print this document using a
colour printer.
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INTRODUCTION

Copper is used as a matrix material in multiflamentary superconductors and works as an
electrical shunt when the superconductivity is interrupted. It also contributes to recovery of
the superconductivity by conducting heat generated in the superconductor to the surrounding
coolant. The cryogenic-temperature resistivity of copper is an important quantity, which
influences the stability of the superconductor. The residual resistance ratio is defined as a
ratio of the resistance of the superconductor at room temperature to that just above the
superconducting transition.

In this International Standard, the test method of residual resistance ratio of Nb-Ti composite
superconductors is described. The curve method is employed for the measurement of the
resistance just above the superconducting transition. Other method§ described in

@%

N
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SUPERCONDUCTIVITY -

Part 4: Residual resistance ratio measurement —
Residual resistance ratio of Nb-Ti composite superconductors

1 Scope

This part of IEC 61788 covers a test method for the determination of the residual resistance
ratio (RRR) of composite superconductors comprised of Nb-Ti filament§ ant\ Cu, Cu-Ni or
Cu/Cu-Ni matrix. This method is intended for use with superconductor monolithic
structure with rectangular or round cross-section, RRR less than 3¢g
area less than 3 mm2. All measurements are done without an appligd

The method described in the body of this standard is the
acquisition methods are outlined in Clause A.3.

“r and optional

2 Normative references

3 Terms and defi
For the purposis d
following apply.

3.1
residual resists
RRR

the ratio 6
transition

oom temperature to the resistance just above the superconducting

NOTE In this standard Nb-Ti composite superconductors, the room temperature is defined as 293 K (20 °C),
and the residual resistante ratio is obtained in Equation (1) below, where the resistance (R4) at 293 K is divided by
the resistance (R5) just above the superconducting transition.

R
RRR = —- (1
R

Figure 1 shows schematically a resistance versus temperature curve acquired on a specimen while measuring the
cryogenic resistance. Draw a line in Figure 1 where the resistance sharply increases (a), and draw also a line in
Figure 1 where the temperature increases but the resistance remains almost the same (b). The value of resistance
at the intersection of these two lines at T=T_*, A, is defined as resistance (R,) just above the superconducting
transition.
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Resistance

/ {b)
Rz A

N

T en%%rat e
Co13rNiT
Temperature T * is that at the intersection point.
Figure 1 — Relationshjp betw pe at@ and’resistance

uncertainty (k =

The target relativ;co i tainty of this method is defined as an expanded
the intercomparis

5.1 Materia easuring mandrel or of measuring base plate

Material of the measuring mandrel for a coiled specimen or of the measuring base plate for a
straight specimen shall be copper, aluminium, silver, or the like whose thermal conductivity is
equal to or better than 100 W/(m-K) at liquid helium temperature (4,2 K). The surface of the
material shall be covered with an insulating layer (tape or a layer made of polyethylene
terephthalate , polyester, polytetrafluoroethylene , etc.) whose thickness is 0,1 mm or less.

5.2 Diameter of the measuring mandrel and length of the measuring base plate

Diameter of the measuring mandrel shall be large enough to keep bending strain of the
specimen less than or equal to 2 %.

The measuring base plate shall be at least 30 mm long in one dimension.
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5.3 Cryostat for the resistance, Ry, measurement

The cryostat shall include a specimen support structure and a liquid helium reservoir for the
resistance, Ro, measurement. The specimen support structure shall allow the specimen,
which is mounted on a measurement mandrel or a measurement base plate, to be lowered
and raised into, and out of, a liquid helium bath. In addition, the specimen support structure
shall be made so that a current can flow through the specimen and the resulting voltage
generated along the specimen can be measured.

6 Specimen preparation

The test specimen shall have no joints or splices, and shall be 30 mm or loarger. The distance
between two voltage taps (L) shall be 25 mm or longer. A thermometer for measuring
cryogenic temperature shall be attached near the specimen.

the measurement mandrel or base plate. Special care shall inginsttumentation
and installation of the specimen on the measurement mangd \ syrement base

The specimen shall be instrumented with current o] e d of the specimen and
a pair of voltage contacts over a ce 2 i . The specimen shall be
mounted on a measurement mandref as€ plate for these measure-
ments. Both resistance measurements, e on the same specimen and
the same mounting.

7.1 Resistance (Rq) at
The mounted sen shall e at room temperature (T, (K)), where Ty, satisfies
the following conditio A specimen current (/4 (A)) shall be applied so that
i 1 A/mmZ2 to 1 A/mm2 based on the total wire cross-
e (U1 (V)), 11 and T, shall be recorded. Equation (2)

(2)

[1+0,00393 . (T, —293)] (3)

R1:

7.2 Resistance (R*) just above the superconducting transition

Under a strained condition of the specimen, the measured cryogenic resistance, R»*, is not a
correct value for Ry. The corresponding correction of the strain effect will be described in 7.3.

7.2.1 The specimen, which is still mounted as it was for the room temperature measurement,
shall be placed in the cryostat for electrical measurement specified under 5.3. Alternate
cryostats that employ a heating element to sweep the specimen temperature are described in
Clause A.2.
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7.2.2 The specimen shall be slowly lowered into the liquid helium bath and cooled to liquid
helium temperature over a time period of at least 5 min.

7.2.3 During the acquisition phases of the low-temperature Ro* measurements, a specimen
current (l5) shall be applied so that the current density is in the range of 0,1 A/mm2 to
10 A/mm2 based on the total wire cross-sectional area, and the resulting voltage (U(V)), I> (A),
and specimen temperature (T (K)) shall be recorded. In order to keep the ratio of signal to
noise high enough, the measurement shall be carried out under the condition that the
absolute value of the resulting voltage above the superconducting transition exceeds 10 puV.
An illustration of the data to be acquired and its analysis is shown in Figure 2.

Up+

Ugrev —

Up- ]

JEC 137541

Voltages with subscrig obtained in the first and second measurements under positive and
negative curre and U,,_ are those obtained at zero current. For clarity, Uprey is not

0 —
shown coincide +amd U,_* with asterisk are those at the intersection points.

7.2.4 When the~spegimen is in superconducting state and test current (/) is applied, two
voltages shall be méasured nearly simultaneously: Ugs+ (the initial voltage recorded with a
positive current polarity) and Ugey (the voltage recorded during a brief change in applied
current polarity). A valid Ry* measurement requires that excessive interfering voltages are not
present and that the specimen is initially in the superconducting state. Thus, the following
condition shall be met for a valid measurement:

U0+ - UO rev|
U,

<1% (4)

where Uz Is the average voltage for the specimen in the normal state at cryogenic
temperature, which is defined at 7.2.10.

7.2.5 The specimen shall be gradually warmed so that it changes to the normal state
completely. When the cryostat for the resistance measurement specified under 5.3 is used,
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this can be achieved simply by raising the specimen to an appropriate position above the
liquid helium level.

7.2.6 The specimen voltage versus temperature curve shall be acquired with the rate of
temperature increase maintained between 0,1 K/min and 10 K/min.

7.2.7 The voltage versus temperature curve shall continue to be recorded during the
transition into the normal state, up to a temperature somewhat less than 15 K. Then, the
specimen current shall be decreased to zero and the corresponding voltage, Ujg+, shall be
recorded at a temperature below 15 K.

7.2.8 The specimen shall then be slowly lowered into the liquid helium bath and cooled to
the same temperature wrthln +1 K, where the initial voltage srgnal Up+ wa recorded. A

7.210 The corrected voltages, Us.
equations, Us:+ = Upy*— Ug+ and Uy_ =

as

(3)
7.2.11 A valid Ry* : - irés that the shift of thermoelectric voltage be within
acceptable limits duxin e Me nents of the Usy+ and Us_. Thus, the following condition

shall be met for a

< 3% (6)

where Ay and A_ areAdefined as Ay = Ugg+ — Ug+ and A_ = Upg_ — Ug_. If the Ry* measurement
does not meet the validity requirements in 7.2.4 and this subclause, then improvement steps
either in hardware or experimental operation shall be taken to meet these requirements
before results are reported.

7.2.12 Equation (7) shall be used to calculate the measured resistance (R>*) just above the
superconducting transition.

* Uz
Ry = == (7)
2

7.3 Correction on measured Ry* for bending strain

If there is no pure Cu component in the superconductor, then R5 shall be set equal to Ry*.
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For a specimen with a pure Cu component, the bending strain shall be defined by
& = 100 x (h/r) (%), where h is a half of the specimen thickness and r is the bending radius. If
the bending strain is less than 0,3 %, then no correction is necessary, and R, shall be set
equal to Ro*.

If neither of the above two situations applies, then the resistance R, just above the
superconducting transition under the strain-free condition shall be estimated by

* L
Cu

where Ap is defined below and Sgy and L are defined in 8.4. The increasg
pure copper at 4,2 K due to tensile strain, &%), is expressed by

e resistivity of

Ap (Qm) = 6,24 x 10-12& - 5,11 x 10-14¢£2; (9)
The calculation of equation (9) shall be carried out assumip lent’tensile strain
gis (1/2) &, and (4/3n) &, for rectangular and round w The bending strain

8.1 Temperature

a standard uncertainty not to exceed 0,6 K,
on the measuring mandrel or on the measuring

The room temperature
while holding th
base plate, at ro

8.2 Voltage

When the current isdirectly applied to the specimen with a programmable DC current source,
the specimen test current shall be determined with a standard uncertainty not to exceed
0,3 %.When the specimen test current is determined from a voltage-current characteristic of a
standard resistor by the four-terminal technique, the standard resistor, with a relative
combined standard uncertainty not to exceed 0,3 %, shall be used.”

The fluctuation of d.c. specimen test current, provided by a d.c. power supply, shall be less
than 0,5 % during every resistance measurement.

8.4 Dimension

The distance along the specimen between the two voltage taps, (L), shall be determined with
a relative combined standard uncertainty not to exceed 5 %.

In the case of the wire with pure Cu matrix, the cross-sectional area of Cu matrix (Sgy) shall
be determined using a nominal value of copper to non-copper ratio and nominal dimensions of
the specimen.
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9 Test report

9.1 RRRvalue

The obtained RRR value shall be reported as
RRR(1+U,s) (n="- - - ), (10)

where U, = 2u, (k = 2) is the expanded relative uncertainty with u, denoting the uncertainty, k
is a coverage factor and n is the sampling number. It is desired that n be larger than 4 so that
the normal distribution can be assumed for the estimation of the standard deviation. If n is not
sufficiently large, a square distribution shall be assumed. In case of n = 1 the analytic method
described in Annex C shall be used with b/R,=1,46 x 1072 d from the
intercomparison test.

9.2 Specimen

The test report for the result of the measurements shall also de ng items, if
known.

manufacturer

T

classification and/or symbol

O

(o}

)

)

) shape and area of the cross-sectiop
) dimensions of the cross-sectional axe
)

number of filaments

- O

) diameter of the filaments

g) Cu to Nb-Ti ratio, Cu+
Cu-Ni, Cu, and Nb-Ti.

i to Nb-Ti ratio, or volume ratio among

h)

current densities (/4 and /5 divided by the total wire cross-sectional area)

f) voltages (U1, U+, Ugrev, Uz+*, Uoags, Ug—, Up_*, Usg_ and Us)

g) resistances (R, Rq, R2* and Ry)

h) resistivities (p1 = (R1 x Scy)/L and po = (R2 x Sgy)/L)

i) material, shape, and dimensions of the mandrel or the base plate

j) installation method of the specimen in the mandrel or the base plate
k) insulating material of the mandrel or the base plate

9.3.2 The following test conditions shall be reported for the measurement of R4.

a) temperature setting and holding method of the specimen
b) Tm: Temperature for measurement of Ry,



