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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SUPERCONDUCTIVITY -
Part 3: Critical current measurement —

DC critical current of Ag- and/or Ag alloy-sheathed
Bi-2212 and Bi-2223 oxide superconductors

FOREWORD

n to other activities, IEC publishes International Standards, Technical Specifications,~Technical

ation is entrusted to technical committees; any IEC National Committee interested-in the subject
prticipate in this preparatory work. International, governmental and non-governmental organizatio

brdization (ISO) in accordance with conditions determined by agreement between the two organi

ted IEC National Committees.

ternational Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all naffjonal electrotechnical committees (IEC National Committees). The object of IEC is to promote int
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IEC Publications have the form of recommendations for international use and are accepted by IEG National
Comnjittees in that sense. While all reasonable efforts are made*to ensure that the technical contgnt of IEC
Publidations is accurate, IEC cannot be held responsible<for‘the way in which they are used gr for any

misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Pyblications

transpgarently to the maximum extent possible in their national and regional publications. Any divergenc
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Ensable for the cofrect application of this publication.

on is drawn to.the possibility that some of the elements of this IEC Publication may be the subjec
IEC shall nof.be held responsible for identifying any or all such patent rights.
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This second edition cancels and replaces the first edition published in 2000. Modifications made
to the second version mostly involve wording and essentially include no technical changes.
Examples of technical changes introduced include the voltage lead diameter being smaller than
0,21 mm and the mode of expression for magnetic field accuracy being +1 % and 0,02 T
instead of 1 %. The expression for magnetic field precision has been changed in the same way.

The text of this standard is based on the following documents:

FDIS Report on voting
90/184/FDIS 90/190/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.
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This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

IEC 61788 consists of the following parts, under the general title Superconductivity:
Part 1:  Critical current measurement — DC critical current of Cu/Nb-Ti composite super-
conductors

Part 2:  Critical current measurement — DC critical current of Nb;Sn composite super-
conductors

Part 3:  Critical current measurement — DC critical current of Ag- and/or Ag alloy-sheathed
Bi-2212 and Bi-2223 oxide superconductors

Part 4: Residual resistance ratio measurement — Residual resistance ratio of Nb-Ti
COMpoSite superconauctors

Part 5: Matrix to superconductor volume ratio measurement — Copper to supenhcqnductor
volume ratio of Cu/Nb-Ti composite superconductors

Part 6: Mechanical properties measurement — Room temperature tensile, test of Gu/Nb-Ti
composite superconductors

Part 7: | Electronic characteristic measurements — Surface resistance.of supercondyctors at
microwave frequencies

Part 8: | AC loss measurements — Total AC loss measurement of Cu/Nb-Ti cogmposite
superconducting wires exposed to a transverse alterhating magnetic field by @ pickup
coil method

Part 9: Measurements for bulk high temperature superconductors — Trapped flux d¢nsity of
large grain oxide superconductors

Part 101 Critical temperature measurement — Ccitical temperature of Nb-Ti, Nbspn, and
Bi-system oxide composite superconductors by a resistance method

Part 11] Residual resistance ratio measurement — Residual resistance ratio of] Nb;Sn
composite superconductors

Part 121 Matrix to superconductor volume ratio measurement — Copper to non-copper volume
ratio of Nb3;Sn composite superconducting wires

Part 131 AC loss measurements'’= Magnetometer methods for hysteresis loss in Qu/Nb-Ti
multifilamentary composites

The committee has decided:that the contents of this publication will remain unchanged puntil the
maintenjance result date indicated on the IEC web site under "http://webstore.iec.ch" in the data
related o the specific publication. At this date, the publication will be

* reconfirmed;

* withfrawns

. repltced by a revised edition, or
e amehded

A bilingual version of this publication may be issued at a later date.
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INTRODUCTION

In 1986 J.G. Bednorz and K.A. Mueller discovered that some Perovskite type Cu-containing
oxides show superconductivity at temperatures far above those which metallic superconductors
have shown. Since then, extensive R & D work on high-temperature oxide superconductors has
been and is being made worldwide, and its application to high-field magnet machines, low-loss
power transmission, electronics and many other technologies is in progress [1].1)

Fabrication technology is essential to the application of high-temperature oxide super-
conductors. Among high-temperature oxide superconductors developed so far, BiSrCaCu oxide
(Bi-2212 and Bi-2223) superconductors have been the most successful at being fabricated into
wires and tapes of practical length and superconducting properties. These conductors can be

wound i

that Bi{2212 and Bi-2223 conductors can substantially raise the limit of magne

generat

In sumn

on by a superconducting magnet [3].

Bi-oxidg superconductors. In September 1997, the TWA16 worked out\a’guideline
guideling) on the critical current measurement method for Ag-sheathed Bi-2212 and
oxide superconductors. This pre-standardization work of VAMAS was taken as the bas

IEC sta

Ag-shegthed Bi-2212 and Bi-2223 oxide superconductors.

The tes

method covered in this International Standard i intended to give an appropr

agreeallle technical base to those engineers working in the field of supercon
technolggy.

The crit
depend
applicat
orientat
test con

cal current of composite superconductoérs like Ag-sheathed Bi-oxide supercor
5 on many variables. These variables.need to be considered in both the testing
on of these materials. Test conditiohs such as magnetic field, temperature and
on of the specimen and magneticfield are determined by the particular applicat

The spdcific critical current criterionimay be determined by the particular application. If

appropr

ate to measure a number.of test specimens if there are irregularities in testing

hto a magnet to generate a magnetic field of several tesla [2]. It has also bee‘: shown

ic field

her 1993, VAMAS-TWA16 started working on the test methods pfcritical cufrents in

VAMAS
Bi-2223
e for the

ndard, described in the present document, on the dc gritical current test m¢thod of

ate and
Huctivity

ductors
and the
relative
on. The

figuration may be determined. by the particular conductor through certain tolgrances.

may be

1) The nu

mbers in brackets refer to the bibliography.
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SUPERCONDUCTIVITY -

Part 3: Critical current measurement —
DC critical current of Ag- and/or Ag alloy-sheathed
Bi-2212 and Bi-2223 oxide superconductors

1 Scope

This pa

short ar

that haye a monolithic structure and a shape of round wire or flat or square tape c
mono- qr multicores of oxides.

This me

and n-v

field. Fd

lues larger than 5. The test is carried out with and without an applying external

specimgn. In the test of a tape specimen in a magnetic field, the’ magnetic field is p

perpendicular to the wider tape surface (or one surface if ‘square). The test sped
immersed either in a liquid helium bath or a liquid nitrogen bath during testing. Deviatiqg
this testimethod that are allowed for routine tests and otherspecific restrictions are givg

standar

2 Normative reference

The foll

IEC 60(050-815:2000, International’ Electrotechnical Vocabulary (IEV) — Part 815:
conductjvity

3 Temms and definitions

For the
which h

3.1
critical
IC
maximu

.

Ave been repeated her for convenience, and the following apply.

uuuuuuuu

CUTroTrt

m direct current that can be regarded as flowing without resistance

NOTE [, is a function of magnetic field strength and temperature.

[IEV 815-03-01]

3.2
critical

current criterion

I, criterion
criterion to determine the critical current, /., based on the electric field strength, E or the
resistivity, o

NOTE 1
p= 10-14

t of IEC 61788 covers a test method for the determination of the dc criticalrclirrent of
d straight Ag- and/or Ag alloy-sheathed Bi-2212 and Bi-2223 oxide superconductors

taining

hod is intended for use with superconductors that have critical cdrrents less thgn 500 A

agnetic

r all tests in a magnetic field, the magnetic field is perpendicular to the length of the

rallel or
imen is
ns from
nin this

bwing referenced document is indispensable for the application of this documjent. For
dated rdferences, only the edition cited applies. For undated references, the latest editic
referenged document (including any amrendments) applies.

n of the

Super-

burposes Of-this document, the terms and definitions given in IEC 60050-815, s¢veral of

E =10 pV/m or E = 100 uV/m is often used as the electric field strength criterion, and p = 10-13 Q-m or

Q 'm is often used as the resistivity criterion.
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NOTE 2 For short high temperature oxide superconductor specimens, less sensitive criteria than those shown in
Note 1 are sometimes used.

[IEV 815-03-02, modified]

3.3

n-value (of a superconductor)

exponent obtained in a specific range of electric field strength or resistivity when the
voltage/current U-/ curve is approximated by the equation U /717"

NOTE In the case for high temperature oxide superconductors, the equation U 7/ " does not hold in a wide range of U.

[IEV 815-03-10, modified]

3.4

quench
uncontrpllable and irreversible transition of a superconductor or a superconducting-devjce from
the supgrconducting state to the normal conducting state

NOTE A]term usually applied to superconducting magnets.

[IEV 81%5-03-11]

3.5
LorentZ force (on fluxons)
force agplied to fluxons by a current

NOTE 1 |The force per unit volume is given by J x B, where J is a current density, and B is a magnetic flyx density.
NOTE 2 |"Lorentz force" is defined in IEV 121-11-20.

[IEV 81%5-03-16]

3.6
current|transfer (of composite superconductor)
phenomlenon that a dc current transfers® spatially from filament to filament in a cogmposite
superconductor, resulting in a voltage‘\generation along the conductor

NOTE I} the /|, measurement, this phenomenon appears typically near the current contacts where thg injected
current flgws along the conductor from\periphery to inside until uniform distribution among filaments is accgmplished.

3.7
constant sweep rate method
a U-I ddta acquisition. method where a current is swept at a constant rate from zero to g current
above /| while continuously or frequently and periodically acquiring U-/ data

3.8
ramp-and-hold method
a U-I dafa~acquisition method where a current is ramped to a number of appropriately didtributed
points along the U-I curve and held constant at each one of these points while acquiring a
number of voltages and current readings

3.9

Bi-2212 and Bi-2223 oxide superconductors

oxide superconductors with layered structure containing CuO, sheets and chemical formulae,
Bi,Sr,CaCu,0, ( x = ~ 8) and (Bi,Pb),Sr,Ca,Cuz0, ( x = ~10 ), respectively
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4 Principle

The critical current of a composite superconductor is determined from a voltage (U) - current (/)
characteristic measured at a certain value of a static applied magnetic field strength (magnetic
field) and at a specified temperature in a liquid cryogen bath at a constant pressure. To get a U-/
characteristic, a direct current is applied to the superconductor specimen and the voltage
generated along a section of the specimen is measured. The current is increased from zero and
the U-/ characteristic generated is recorded. The critical current is determined as the current at
which a specific electric field strength criterion (electric field criterion) (E,) or resistivity criterion
(o;) is reached. For either E_ or g, there is a corresponding voltage criterion (U,) for a specified
voltage tap separation.

5 Requirements

The tardet precision of this method is a coefficient of variation (standard devjation dividgd by the
averaggq of the critical current determinations) that is less than 5 % for themeasuremeptat 0 T
and negr 4,2 Kor 77 K.

The uselof a common current transfer correction is excluded from this test method. Furtiermore,
if a currgnt transfer signature is pronounced in the measurement,\thien the measurement|shall be
considefed invalid.

It is the fesponsibility of the user of this standard to consult'and establish appropriate saffety and
health practices and to determine the applicability of regulatory limitations prior to use. [Specific
precautjonary statements are given below.

Hazardg exist in this type of measurement. Very-large direct currents with very low volfages do
not neckessarily provide a direct personal hazard, but accidental shorting of the leads with
another|conductor, such as tools or transferlines, can release significant amounts of engrgy and
cause arcs or burns. It is imperative to isolate and protect current leads from shorting. Also the
energy ptored in the superconducting(magnets commonly used for the background magnetic
field cap cause similar large currentjand/or voltage pulses or deposit large amounts of{thermal
energy |n the cryogenic systems;'causing rapid boil-off or even explosive conditiond. Under
rapid bgil-off conditions, cryogens can create oxygen-deficient conditions in the immedipte area
and addjitional ventilation may be necessary. The use of cryogenic liquids is essential to[cool the
superconductors to allow-the transition into the superconducting state. Direct contacj of skin
with colf liquid transfer-lines, storage Dewars or apparatus components can cause immediate
freezing, as can direct contact with a spilled cryogen. If improperly used, liquid helium|storage
Dewars|can freezejair or water in pressure vent lines and cause the Dewar to over-prxssurize
and fail [despite the.common safety devices. It is imperative that safety precautions for handling
cryoger]ic liquids be observed.

6 Appatatus

6.1 Measurement holder material

The measurement holder shall be made from an insulating material or from a conductive
non-ferromagnetic material that is either covered or not covered with an insulating layer.

The critical current may inevitably depend on the measurement holder material due to the strain
induced by the differential thermal contraction between the specimen and the measurement
holder.

The total strain induced in the specimen at the measuring temperature shall be minimized to be
within £0,1 %. If there is an excess strain due to the differential thermal contraction of the
specimen and the holder, the critical current shall be noted to be determined under an excess
strain state by identification of the holder material.
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Suitable measurement holder materials are recommended in A.3.1. Any one of these may be
used.

When a conductive material is used without an insulating layer, the leakage current through the
holder shall be less than 1 % of the total current when the specimen current is at /; (see 9.5).

6.2 Measurement holder construction

The holder shall have a flat surface on which a straight specimen can be placed.

The current contact shall be rigidly fastened to the measurement holder to avoid stress
concentration in the region of transition between the holder and the current contact. It is
important to have no difference in level between the mounting surfaces of the current ¢ontacts
and the|specimen holder.

6.3 Measurement set up

The appgaratus to measure the U-/ characteristic of the superconductor specimen consjsts of a
specimgn probe, a test cryostat, a magnet system and a U-/ measurement system.

The spgcimen probe, which consists of a specimen, a measurément holder and a specimen
support|structure, is inserted in the test cryostat filled with liquid cryogen. In some cases the
cryostafl contains a superconducting solenoid magnet and ‘its support structure to |apply a
magnetic field to the specimen. The U-I measurement system consists of a dc current spurce, a
recordef and necessary preamplifiers, filters or vQltmeters, or a combination [thereof.
A complter assisted data acquisition system is also allowed.

7 Specimen preparation

71 Reaction heat treatment

Reactioh heat treatment shall be carried out according to the manufacturer's specificatign which
includeg reaction temperature, périod and atmosphere, oxygen partial pressure, specimen
warming and cooling rates, speCimen protection method against mechanical strain, exafination
of deformation and surface condition of specimen and error limits which shall not be exceeded.
Temperpture variations within the furnace shall be controlled such as not to exceed thoge limits.

Reactioh heat treatment can be skipped when it has already been carried out| by the
manufagturer.

7.2 pecimen mounting for measurement

After thie yréaction hea
measurement holder.

When using resistivity criteria for the critical current determination, the total cross-sectional area
S of the specimen shall be determined to an accuracy of 5 %.

The specimen shall be mounted to the flat surface of the holder and both ends shall be soldered
to the current contact blocks (see Clause A.5 for solder material).

For the test in magnetic fields, a low-temperature adhesive (such as epoxy) shall be used to
bond the specimen to the measurement holder to reduce specimen motion against the Lorentz
force.
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For a tape specimen, the bond shall be strong enough to keep the specimen in place against the
Lorentz force, in the case where the applied magnetic field is perpendicular to the specimen
surface.

The length of a specimen to be measured shall be defined as follows:

Ly=2xLy+L+2x[325xW (1)
Ly, L, Ly=W (2)
where
L is the distance between the voltage taps;

Ly is|the length of a specimen to be measured;

L, is|the length of the soldered part of the current contact;

L3 is|the shortest distance from a current contact to a voltage tap;
w is|the width or diameter of a specimen to be measured.

For a specimen with a large current-carrying capacity, narrow tape, or,round wire, L, shall be
larger. L shall be larger for a measurement that needs high sensitivity and L5 shall be larger
when cyrrent transfer voltage cannot be neglected.

In the c@se of a specimen that has a stainless steel or othef high-resistivity material balcking or
jacket, L, shall be longer than 3 W.

In the chse of the wire specimen the angle between. the specimen axis and the magnégtic field
shall be| (90 + 9)°. This angle shall be determined with an accuracy of +2°.

In the cgse of tape specimens, there are two.eptions in addition to the requirement that the angle
between the longitudinal specimen axis and-the magnetic field shall be (90 + 9)°. In ong option,
the magnetic field shall be perpendicutar to the specimen surface, the angle deviatign being
within £f°. In the second option, the magnetic field shall be parallel to the specimen surface, the
angle deviation being within £3°.

The voliage taps shall be placed in the central part along both the specimen length |and the
specimgn width.

All solde¢ring shall be conducted as quickly as possible so as not to cause thermal damage to the
specimgn. Voltagé/deads with a diameter less than 0,21 mm shall be used and twisted fogether
before qoldering.

The disfance between the voltage taps, L, shall be measured to an accuracy of 5 %.

8 Measurement procedure

The specimen shall be immersed in cryogen for the data acquisition phase. The specimen may
be cooled slowly in cryogen vapour and then inserted into the cryogen bath, or inserted slowly
into the cryogen bath, or, in the case of cooling to the 4,2 K range, first slowly immersed in liquid
nitrogen and then liquid helium. The specimen shall be cooled from room temperature to liquid
helium (or liquid nitrogen) temperature over a time period of at least 5 min.

When measuring at more than one temperature or magnetic field angle, between each
measuring temperature and/or each magnetic-field angle, the specimen shall be cooled in zero
field, from a temperature above the critical temperature down to the measuring temperature, and
then the field angle with respect to the conductor cross-section shall be fixed while the field is
still zero. This procedural step can only be omitted if one of the following two conditions is met:
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only zero applied field measurements will be made with monotonically increasing temperatures
or the specimen has a demonstrated magnetic hysteresis of less than 2 % at the magnetic fields
where [ is to be reported (see Annex B).

The temperature of the cryogen bath shall be measured during each determination of /..

Unless a quench protection circuit or resistive shunt is used to protect the specimen from
damage, the specimen current shall be kept low enough so that the specimen does not enter the
normal state.

When using the constant sweep rate method, the time for the ramp from zero current to /, shall
be more than 30 s.

When uping the ramp-and-hold method, the current sweep rate between current setipoipts shall
be lowef than the equivalent of ramping from zero current to /; in 3 s. Data acquisition at gach set
point shiall be started as soon as the flow/creep voltage generated by the current ramp can be
disregafded. The current drift during each current set point shall be less than 1 % of /;

The reldtion between the magnetic field and the magnet current shall be measured befqrehand.
The magnet current shall be measured before each determination @f)/.

If the magnetic field is parallel to the surface of the measurement holder, the relative dir¢ction of
the curient to the applied magnetic field shall result in_thé Lorentz force which pughes the
specimgn against the surface of the measurement holder./In the case of the applied npagnetic
field pependicular to the measurement holder surface, either direction of the current relative to
the field|is possible, with the condition that the specimen is rigidly mounted to the measprement
holder with appropriate adhesive.

Record the U-/ characteristic with increasingicurrent and at monotonically increasing npagnetic
fields (see Annex B).

The bageline voltage of the U-I characteristic shall be taken as the recorded voltage| at zero
current [for the ramp-and-hold meth'od or the average voltage at approximately 0,1 /{ for the
constant sweep rate method.

9 Precision and accuracy of the test method

9.1 Critical current

The curfent seurce shall provide a dc current having a maximum periodic and random deviation
of less llhan +2 % at I, within the bandwidth 10 Hz to 10 MHz.

A four-terminal standard resistor, with an accuracy of at least 0,5 %, shall be used to determine
the specimen current.

A recorder and the necessary preamplifiers, filters or voltmeters, or a combination thereof, shall
be used to record the U-I characteristic. The record of the U-/ characteristic shall allow the
determination of U_ to a precision of 10 % and the corresponding current to an accuracy of 1 %
and with a precision of 1 %.

9.2 Temperature

A cryostat shall provide the necessary environment for measuring /. and the specimen shall be
measured while immersed in liquid helium or liquid nitrogen. The liquid temperature shall be
reported to an accuracy of £0,1 K, measured by means of a pressure sensor or an appropriate
temperature sensor.
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The difference between the specimen temperature and the bath temperature shall be minimized.

To convert the pressure observed in the cryostat into a temperature value, the phase diagram of
helium or nitrogen shall be used. The pressure measurement shall be accurate enough to obtain
the required accuracy of the temperature measurement.

9.3 Magnetic field

A magnet system shall provide the magnetic field to an accuracy better than the larger of +1 %
and £0,02 T and a precision better than the larger of £+0,5 % and +0,02 T.

When testing without a magnet, the background magnetic field shall be measured to an
accuracly of £0,0002 T and a precision of +£0,0001 T.

The magnetic field shall have a uniformity better than the larger of 0,5 % and 0)02 T pver the
length df the specimen between the voltage contacts.

The maximum periodic and random deviation of the magnetic field shall be less than the larger
of £1 %|and 0,02 T.

For critital current measurements at zero or very low magnetic field, the residual magnétic field
in a superconducting magnet shall be minimized.

9.4 pecimen and holder support structure
The suplport structure shall provide adequate supportfor the specimen and the orientatitﬁn of the
i

specimgn with respect to the magnetic field. The specimen support is adequate if it allows
additional determinations of critical current with'a precision of 2 %.

9.5 Specimen protection
If a resigtive shunt or a quench protection circuit is used in parallel with the specimen, then the
current through the shunt or the circuit shall be less than 1 % of the total current at /.

10 Calculation of results

10.1 d(ritical current'criteria

The crit|cal current?; shall be determined by using an electric field criterion E; or a rgsistivity
criterion] o, whete’the total cross-sectional area S of the composite superconductor is preferred
for the gstindation of the resistivity (see Figures 1 and 2).

In the case of the electric field criterion, two values of 7, shall be determined at criteria of
100 pV/m and 500 yV/m. In the other case, two values of /; shall be determined at the resistivity
criteria of 2 x 10~13 Qm and 10-12 Om.

When it is difficult to measure the /. properly at a criterion of 500 yV/m, an E_ criterion of less
than 500 yV/m shall be substituted. Otherwise, measurements using the resistivity criterion are
recommended.

The /. shall be determined as the current corresponding to the point on the U-/ curve where the
voltage is U, measured relative to the baseline voltage (see Figures 1 and 2):

U,=LE, (3)
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where
U

C

is the voltage criterion in microvolts (uV);

L is the voltage tap separation in meters (m);

E

. Is the electric field criterion in microvolts/meter (uV/m);

or, when using a resistivity criterion:

Ug=Ig p, L/S

(4)

where U, I, and p, are the corresponding voltage, current and resistivity to the intersecting point
of a straight line with the U-/ curve as shown in Figure 1, and S is the total cross-sectional area
in square meters.
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ht line shall be drawn from the baseline voltage to the average voltage near,
1 and 2). A finite slope of this line may be due to current transfer and/or\Jocal
. A valid determination of /. requires that the slope of the line be less thian Q
. and [, are determined at a criterion of 100 uV/m or 2 x 10~13 Qm.

rvalue (optional)

blue shall be calculated as the slope of the plot of log U versus log / in the regio
determined.

ge of the criteria used to determine n shall be reperted.

5t report

entification of test specimen

specimen shall be identified, if possible, by the following:

name of the manufacturer of the specimen;

sification and/or symbol;

materials and theiriehemical composition;

e and area of the tross-section of the wire, number of cores, diameter of cores
ions of cores\to Ag and/or Ag alloy sheath, and other components in the wire;

ufacturing{rocess technique.

frac
f) man
11.2

eport'of I, values

b /. (see
sample
3 U/,

n where

volume

The IC values, along with their corresponding criteria, and n-values (optional) shall be reported.

11.3 Report of test conditions

The following test conditions shall be reported:

a) test
b) test
c) leng

magnetic field strength, and orientation, uniformity and accuracy of field;
temperature and accuracy of temperature;
th between voltage taps and total specimen length;

d) the shortest distance from a current contact to a voltage tap;

e) sold

ered length of the current contacts;

f) the specimen bonding method, including identification of the bonding material;
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g) Lorentz force direction;
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h) sample history with magnetic field sweep;

i) sample history with temperature variation;

j) sample history with current sweep and hold.

U=LE, /
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Voltage U (arbitrary units)

DC current [ (arbitrary units)

IEC 628/06

Voltage U [arbitrary units)

le

DC current 7/ (arbitrary units) EC 62906

(b)

NOTE The application of the (a) electric field and (b) resistivity criteria to-determine the critical currenfis shown

(a)
above.
=~ A
2
c
=}
g U=LE,
g
5 !
s !
> Current transfer line |
: % Uc = LE;
g i
s i
B S e 1
= | l
0 .

DG eurrent [/ (arbitrary units)

IEC 630/06

Figure 1 — Intrinsic U-/ characteristic

Voltage U (arbitrary units)

Current transfer line

DC current [ (arbitrary units)
IEC 631/06

(a)

(b)

NOTE The application of the (a) electric field and (b) resistivity criteria to determine the critical current on a U-/
characteristic with a current transfer component exhibited as a linear region at low current is shown above.

Figure 2 — U-I characteristic with a current transfer component


https://iecnorm.com/api/?name=63d4004a1ed71d5944d35b0ba094f46a

61788-3 © IEC:2006(E) - 15—

Annex A
(informative)

Additional information relating to Clauses 1 to 10

A.1 Scope

There are a large number of variables that have a significant effect on the measured value of
critical f = = = = f or wires
and tapg¢s. However, significant portions of the test method covered in this standard are ¢ommon
or similgr to those for Nb3;Sn composite superconductors (IEC 61788-2). Thus, only partjof these
variablels will be addressed in this informative annex. For those variables that are not m¢ntioned
here, refer to IEC 61788-2.

Special|features found for oxide superconductors may be classified into two groups. The first
group ig specific to oxide composite superconductors, including mechanical fragility, [electro-

magnet

c weak links, cryogen gas bubble formation, aging degradation, magnetic flux {low and

creep, large anisotropy, hysteresis in critical current with magnetic.field sweep, etc. Thg second

group i
measur

5 due to the short length of the specimen used in~the standard. A critical| current
bment on such a specimen may easily pick up different voltage signals due to|thermal

electromotive force, inductive voltage, thermal noise, clrrent redistribution, specimer) motion

relative
fromac
against
the com

Supercq
standar

self-field effect.

Therea
definitiv|

to the holder, etc. Current transfer voltages may be present due to the short gflistance
urrent contact to a voltage tap. Short specimenrlength may reduce mechanical tglerance
the Lorentz force, for example, by promoting the formation of cryogen gas bubblgs within
posite.

nductors with critical currents above 500 A could be measured with the [present
] with an anticipated reduction-both in accuracy and precision and a more significant

on for the restrictions if this test method is to obtain the necessary precision infthe final
e phase of long conductor qualification.

This st
Howev
they ca
of vapo
extend

Cryoge

ndard assumes that measurements are made either in liquid helium or liquid njitrogen.
r, itis generally.accepted that, if these measurements can be made in liquid heligim, then

be madesin‘other cryogens, such as liquid neon and liquid hydrogen, because the heat
ization ofjliquid helium is low compared to other cryogens. Thus, this standard should
0 meastirements conducted in other cryogens.

es near

boiling point for the normal atmospheric pressure of the test site. The use of cryogens at
temperatures other than near boiling point, or measurements in a gas or a vacuum are not

covered

by the scope of this standard.

A.2 Requirements

The min
the sum

imum total length of the tape specimen is five times the tape width (W), which represents
of the following:

— the soldered length of current contacts (2 W);

— the shortest distance between current and voltage contacts (2 W);

- the minimum voltage tap separation (1 W).
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The target precision of the method described in this standard is defined by the results of an
interlaboratory comparison. Results from the previous VAMAS interlaboratory comparisons (the
regional and the general intercomparisons) were used in this test method to formulate the
tolerances of the many variables that affect the precision of critical current measurements. The
target precision, for an interlaboratory comparison, is a coefficient of variation (standard
deviation divided by the average of critical current determination) that is less than 5 % for the
measurement at 0 T and near 4,2 K or 77 K.

It is expected that the specimen mounting and the specimen cooling procedures in this test
method may be one of the most significant contributors to the overall uncertainty of the critical
current measurement.

In the ¢
standar

The tes
superconducting wires and tapes excluded from the present test method may be addréssed in
future dpcuments.

In the cpse of measurements made in liquid hydrogen, additional safety precautions|may be
required since hydrogen leakage into air can result in accidental gas’explosion.

A.3 Apparatus

A.3.1 Measurement holder material

In this method, the specimen strain is controlled to a minimum (less than 0,1 %). A 0,1 %
thermal|contraction may result in no appreciablg.f, deviation at 0 T and near 4,2 K or 71 K. One
significgnt source of strain is the mismatch in thermal contraction rates betwg¢en the
measur¢ment holder and the specimen wheén cooled to liquid helium or nitrogen tempgrature.

Based ¢n the typical thermal contractions shown in table A.1, the following materials are
suggested for the measurement. iolder material. For alternate holder materials, a ¢arefully
preparef qualification study should precede the routine tests.

Recommended holder material:

- fibrgglass epoxy composite, with the specimen lying in the plane of the fabric wrap
- cergmic dispetsed epoxy;
- Ag/Ag alley:

The leakagé-current through a conductive holder without an insulating layer can be estimated by
making mmmmmmmm—wmmzwmmn—ﬂm—m@er. The

measurement of the voltage drop from current contact to current contact without a specimen and
under test conditions can be used to estimate the resistance of the leakage path including
contact resistance. Then, measurement of the voltage drop from current contact to current
contact with a specimen and under test conditions can be used to estimate leakage current.

A.3.2 Measurement holder construction

An example of a measurement holder is shown in Figure A.1. Typically, the current contacts are
made from copper blocks, and the thickness of the contact should be determined so that there
will be no difference in level between the holder surface and the contact surfaces; the contact
blocks need to be rigidly affixed to the holder.
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A.4 Specimen preparation

Extreme care must be taken in trimming and mounting the specimen after the reaction so as not
to damage the specimen.

Specimen motion can damage the specimen and result in a premature quench (irreversible
thermal runaway), voltage noise and ultimately a reduction in the repeatability of critical current.

It is recommended that a low-temperature adhesive, such as epoxy, be used to secure the
specimen to the holder.

<l 1 £ +lo ol <l ] £ 4l H
A rough anaCrean-strrace o themeasturementnorgeranada crean-—Sufrraceomrme-Spectmen are

needed [for strong specimen bonding.

The lowtrtemperature adhesive should withstand the heat from soldering.

The low-temperature adhesive should be a thin layer between the specimen and th¢ holder
surface

After the low-temperature adhesive is applied, the specimen should be pressed to the holder
with a pressure that does not damage the specimen.

The disﬂance between the voltage taps is defined as the smallest distance between the goldered
leads, ifrespective of the sizes of the solder spots.

A.5 Measurement procedure

The specimen support structure is needed. to, hold the specimen in the centre of the background
magnetlin a liquid helium or nitrogen cryostat and to support current and voltage leads lbetween
room arld measurement temperatures:

To reduce thermoelectric voltages on the specimen voltage leads, copper voltage lgads are
used which are continuous from the cryogen bath to room temperature where an isgthermal
environment for all room temperature joints or connections is provided. It should be nqgted that
the join{s or connectionslimmersed in cryogen are isothermal.

As soldering material Indium, Indium alloys or Bismuth alloys with a low melting temperature
are preferable, atthough usual Pb-60 % Sn and Pb-70 % Sn are also applicable.

The spgcimen cooling rate may affect the measured critical current. The strength of the bond
between thé specimen and its holder changes during the cooling process when differential
thermal contraction between the specimen and the holder is also occurring. This may result in
disabling the low-temperature adhesive.

Oxygen impurities can cause boiling temperature variation of liquid nitrogen in the test cryostat
if it is not tightly sealed. Liquid nitrogen stored in a non-pressurized Dewar for several weeks will
condense enough oxygen impurities to shift the boiling point.

If the system noise is significant compared to the prescribed value of voltage, i.e. U, it is
desirable to increase the time for the ramp from zero current to /. to more than 150 s. In this case,
care should be taken to increase the heat capacity and/or cooling surface of the current contacts
enough to suppress the influence of heat generation due to the longer time required for the
measurement. It should be noted that the ramp-and-hold method allows for averaging data
which can be appropriately distributed along the U-/ characteristic.
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Ramping the specimen current can induce a positive or negative voltage on the voltage taps with
time. This source of interfering voltage during the ramp can be identified by its proportional
dependence on ramp rate. If this voltage is significant compared to U, then decrease the ramp
rate, decrease the area of the loop formed by the voltage taps and the specimen between them,
or else use the ramp-and-hold method.

Faster current ramp rates can be used for the ramp-and-hold method if the measurement system
proves to yield consistent results with the specified ramp rate equivalent to ramping from zero to
Ic in 3 s. It is possible to obtain consistent results with ramp rates as high as 500 A/s on a
conductor with critical current from 10 A to 200 A.

Specimen motion can induce noise spikes. The specimen holder should be tightly mounted to

the support-structure;—white—the—supportstructure—shoutdbeetd—rigid—against-the—magnetic

force.

The basgeline voltage may include thermoelectric, off-set, ground-loop and.cemmq@n-mode
voltageg. It is assumed that these voltages remain relatively constant for the-time it fakes to
record ¢ach U-I characteristic. Small changes in thermoelectric and offssgt voltages| can be
approximately removed by measuring the baseline voltage before and after the UH curve
measurement and assuming a linear change with time. If the change(in the baseline vo¢ltage is
significgnt compared to U, then corrective action to the experimental configuration should be
taken.

For critical current measurements at zero or very low magnetic'fields, the residual magnetic field
in a sugerconducting magnet shall be completely minimized or the use of a supercomducting
magnetishall be avoided. This is especially important fot,the measurements near liquid hitrogen
tempergture.

A.6 Precision and accuracy of the test method

An optignal method for partially assessing the overall precision of a laboratory's critica| current
measur¢ment system is to obtain and measure a superconductor simulator (Figure A.2)
originally developed at the National Institute of Standards and Technology, Boulder, Cplorado,
USA [4]

A.7 Calculation of results

A.71 Critical current criteria

For some applications, the non-Ag (or non-Ag alloy) cross-sectional area is used in the
resistivity criterion. It can be determined by using a graphical analysing method.

A larger| s€paration between current and voltage connections may be necessary if a significant
current transfer component exisis relative to the criteria.

A.7.2 n-value

The superconductor's U-/ characteristic curve near the /; can usually be approximated by the
empirical power-law equation:
U = Uy(l/1p)" (A.1)
where
U is the specimen voltage in microvolts (pV);
U, is a reference voltage in microvolts (uV);
/ is the specimen current in amperes (A);
lo is areference current in amperes (A).
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