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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SUPERCONDUCTIVITY -

Part 4: Residual resistance ratio measurement —
Residual resistance ratio of Nb-Ti and Nb3Sn
composite superconductors

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organizatio
all national electrotechnical committees (IEC National Committees).
international co-operation on all questions concerning standardization in th
this end and in addition to other activities, IEC publishes International 3
Technical Reports, Publicly Available Specifications (PAS) and Guides (he

in the subject dealt with may participate in this preparatory wo
governmental organlzatlons Ilalsmg with the IEC also participa

2) The formal deC|S|ons or agreements of IEC on technlcal

3) IEC Publications have the form of recommehdation

Publications is accurate, IEC cannot be
misinterpretation by any end user.

4) In order to promote intern i

between any IEC Publicai
the latter.

5) IEC itself does pOt provige any 2
assessment ser i
i i b ind 2

services carried ou

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

6)

7) ire€tors, employees, servants or agents including individual experts and

and IEC National Committees for any personal injury, property damage or

8) ion i { 6rmative references cited in this publication. Use of the referenced publications is
indispensable fox the coyrect application of this publication.

9) Attention is drawn tovthe possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not 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 fourth edition cancels and replaces the third edition published in 2011. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) the unification of similar test methods for residual resistance ratio (RRR) of Nb-Ti and
NbsSn composite superconductors, the latter of which is described in IEC 61788-11.
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The text of this standard is based on the following documents:

FDIS Report on voting
90/359/FDIS 90/360/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.

A list of all parts of the IEC 61788 series, published under the general titl sperconductivity,
can be found on the IEC website.

The committee has decided that the contents of this publication ged until
the stability date indicated on the IEC website under "http://« PR i
related to the specific publication. At this date, the publication W
e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT — The 'colour inside' lago r page of this publication indicates
that it contains colo whi re sidexed to be useful for the correct
understanding of its cantents. Us

colour printer. [\ O\
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INTRODUCTION

Copper, Cu/Cu-Ni or aluminium is used as matrix material in Nb-Ti and Nb;Sn composite
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 and AC losses 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.

This part of IEC 61788 specifies the test method for residual resistance ratio of Nb-Ti and
NbsSn composite superconductors. The curve method is employed for the measurement of
the resistance just above the superconducting transition. Other methods 3 ribed in A.3.
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SUPERCONDUCTIVITY -
Part 4: Residual resistance ratio measurement —

Residual resistance ratio of Nb-Ti and Nb3Sn
composite superconductors

1 Scope

This part of IEC 61788 specifies a test method for the determination of th
ratio (RRR) of Nb-Ti and Nb;Sn composite superconductors with Cu,
matrix. This method is intended for use with superconductor specimef nonolithic
structure with rectangular or round cross-section, RRR value le
sectional area less than 3 mm2. In the case of Nb;Sn, the
reaction heat-treatment.

& resitdual resistance

2 Normative references

g edition cited applies. For

undated references, the Ilatest edition document (including any

amendments) applies.

IEC 60050-815, International Electrotec
(available at: www.electrogedia.org

3 Terms and defi

For the purposes
following apply.

3.1

RRR
ratio of
transition

temperature to the resistance just above the superconducting

Note 1 to entry: This note applies to the French language only.
Note 2 to entry: In this part of IEC 61788 for Nb-Ti and Nb3Sn composite superconductors, the room temperature

is defined as 293 K (20 °C), and the residual resistance ratio is obtained in Formula (1), where the resistance (R,)
at 293 K is divided by the resistance (R,) just above the superconducting transition.

Ry
'RRR = 7 1)
Ry

Here rprg is @ value of the residual resistance ratio, R, is a value of the resistance measured in a strain-free
condition and zero external magnetic field.

Figure 1 shows schematically a resistance versus temperature curve acquired on a specimen while measuring the
cryogenic resistance.

Documents

Document Sharing Hub

Full document details: IEC 61788-4 2016


http://avadocuments2026.com/doc/iec-61788-4-2016
http://avadocuments2026.com/doc/iec-61788-4-2016

-8- IEC 61788-4:2016 © IEC 2016

(b)

Resistance

=

2

(a)

T.*

The cryogenic resistance, R,, is determined by the intersection, ight lipes (a) and (b) at

temperature T(: .

Figure 1 — Relationship betwee

4 Principle

5.1 Material of measufement mandrel or of measurement base plate

Material of the measurement mandrel for a coiled Nb-Ti specimen or of the measurement
base plate for a straight Nb-Ti or Nb3Sn 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 measurement mandrel and length of the measurement base plate
The diameter of the measurement mandrel shall be large enough to keep the bending strain of
the specimen less than or equal to 2 % for the Nb-Ti specimen. The Nb3;Sn specimen on a

base plate shall be measured in a strain-free condition or a condition with allowable thermal
strain.

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

The cryostat shall include a specimen support structure and a liquid helium reservoir for
measurement of the resistance R,. The specimen support structure shall allow the specimen,
which is mounted on a measurement mandrel or a measurement base plate, to be lowered
into and raised 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 with a length of 30 mm_or longer. The
specimen shall be instrumented with current contacts near each of its(ends™and a pair of

the measurement mandrel or base plate. Special care shou
and installation of the specimen on the measuremenr

to the specimen. Ideally, it is intended that the NbiSn(specime a8 straight as possible;
however, this is not always the case, thus care Q measure the specimen in
its as received condition.

The specimen shall be mounted on a andrelor on a measurement base plate
for these measurements. Both resist S
same specimen and the sa

m 37308 K. A specimen current (/4 (A)) shall be applied so
e range of 0,1 A/mm2 to 1 A/mmZ2 based on the total wire cross-

_ Uy
14

R (2)

Ry = o 3)
[1+0,00393 x (T;,, — 293) |

7.2 Resistance (R, or R;) just above the superconducting transition
7.21 Correction of strain effect

Under a strained condition of the Nb-Ti specimen, the measured cryogenic resistance, Ré, is
not a correct value for R,. The corresponding correction of the strain effect is descrmwﬁlents
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7.2.2 Data acquisition of cryogenic resistance

The specimen, which is still mounted as it was for the room temperature measurement, shall
be placed in the cryostat for electrical measurement specified in 5.3. Horizontal mounting of
the specimen is recommended in A.1. Alternate cryostats that employ a heating element to
sweep the specimen temperature are described in A.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.

During the acquisition phases of the low-temperature R; measurements, a specimen current

(1,) shall be applied so that the current density is in the range 0,1 A/mm2 to 10 A/mm? based
on the total wire cross-sectional area, and the resulting voltage (U (V)), I ), and specimen
temperature (7 (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 aRsolute walue of the
resulting voltage above the superconducting transition exceeds 10 stration of the
data to be acquired and its analysis is shown in Figure 2.

v A

NOTE Voltages witt eripts + and — are those obtained in the first and second measurements under positive
and negative currents, T€spectively, and U,,, and U,, are those obtained at zero current. For clarity, U,
measured at zero current is not shown coincident with U,_. Straight line (a) is drawn in the transition region with a
sharp increase in the voltage with temperature and straight line (b) is drawn in the region with a nearly constant
voltage.

Figure 2 — Voltage versus temperature curves
and definitions of each voltage

When the specimen is in the superconducting state and the test current (/,) is applied, two
voltages shall be measured nearly simultaneously: Uy, (the initial voltage recorded with a
positive current polarity) and Uy, (the voltage recorded during a brief change in applied

current polarity). A valid Ré 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:
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U0+ - UOrev
U2

<1% (4)

where 52 is the average voltage for the specimen in the normal state at cryogenic
temperature, which is defined by Formula (5).

The specimen shall be gradually warmed so that it changes to the normal state completely.
When the cryostat for the resistance measurement specified in 5.3 is used, this can be
achieved simply by raising the specimen to an appropriate position above the liquid helium
level. 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. The-voltage versus
temperature curve shall continue to be recorded during the transition intg al state, up
K for the

specimen and below 25 K for the Nb;Sn specimen.

The specimen shall then be slowly lowered into the liqui
+1 K from the temperature at which the initial voltage sorded. A specimen
site that used for the
initial curve) shall be applied and the voltage Uj Z at'this temperature. The
procedural steps shall be repeated to pecord t z mperature curve with this
negative current. In addition, whe I,, decreases to 0, the
recording of U,o_ shall be made at perature at which U,p, was

recorded.

temperature inc@a
these two lines fo

71Uz —Uy |

U2 (5)
2

A valid R; measurement requires that the shift of thermoelectric voltage be within acceptable

limits during the measurements of U,, and U,_. Thus, the following condition shall be met for
a valid measurement:

18,281 54, (6)
Uz

where A, and A_ are defined as A, = Uy, — Uy, and A_= U,y — Uy_. If the R; measurement

does not meet the validity requirements in 7.2.2, specifically either in Formula (4) or (6), then
improvement steps either in hardware or experimental operation shall be taken to meet these
requirements before results are reported.
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Formula (7) shall be used to calculate the measured resistance (RE) just above the
superconducting transition.

Ry =— (7)

7.2.3 Optional acquisition methods

The method described in the body of this part of IEC 61788 is the “reference” method and
optional acquisition methods are outlined in A.3.

7.3 Correction on measured R; of Nb-Ti composite supercondu
strain

If there is no pure Cu component in the superconductor, then R

For a specimen with a pure Cu component, the bending
&, = 100 x (h/r) (%), where & is a half of the specime ickness\ana r is

where Ap is defi
pure copper at

aré defined in 8.4. The increase in the resistivity of
¢ (%), is expressed by

=6,24 x 107126 -511 x 10142, £ <2 % (9)

& (9) shall be carried out assuming that the equivalent tensile strain
for rectangular and round wires, respectively. The bending strain

dependency of\esidual resistance ratio for pure copper is described in A.4.

7.4 Residual resistance ratio (RRR)

The RRR value shall be calculated using Formula (1).

8 Uncertainty and stability of the test method

8.1 Temperature

The room temperature shall be determined with a standard uncertainty not exceeding 0,6 K,
while holding the specimen, which is mounted on the measurement mandrel or on the
measurement base plate, at room temperature.

8.2 Voltage measurement

For the resistance measurement, the voltage signal shall be measured with a relative
standard uncertainty not exceeding 0,3 %. Documents
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8.3 Current

When the current is directly applied to the specimen with a programmable DC current source,
the specimen test current shall be determined with a relative standard uncertainty not
exceeding 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 exceeding 0,3 %, shall be used.

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

8.4 Dimension

respectively.

9 Testreport

9.1 RRRvalue

The obtained RRR value

(10)

where

U,. is the expande

re

where

u. denotes the ¢ combined standard uncertainty,

"
k is a coverage factor, and
n is the sampling number.
It is desired that » be larger than 4 so that the normal distribution can be assumed for

observed results to estimate the standard deviation. If n is not sufficiently large, a rectangular
distribution shall be assumed.

9.2 Specimen

The test report for the result of the measurements shall also include the following items, if
known:

a) Manufacturer;

b) Classification and/or symbol;

c) Shape and area of the cross-section;
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d) Dimensions of the cross-sectional area;
e) Number of filaments or subelements;
f) Diameter of the filaments or subelements;

g) Cu to Nb-Ti volume ratio, Cu-Ni to Nb-Ti volume ratio, or Cu, Cu-Ni to Nb-Ti volume ratio,
or Al, Cu to Nb-Ti volume ratio or volume ratio among Cu-Ni, Cu, and Nb-Ti or among Al,
Cu, and Nb-Ti for Nb-Ti specimen;

h) Cu to non-Cu volume ratio for Nb3Sn specimen;
i) Cross-sectional area of the Cu matrix (Sg,,).

9.3 Test conditions

9.3.1 Measurements of R4 and R,
The following test conditions shall be reported for the measurements

a) Total length of the specimen;
b) Distance between the voltage measurement taps (L);
c) Length of each current contact;
d) Transport currents (I, and I,);

e) Current densities (/4 and I, divided by the nomin ctional area);
f) Voltages (Uy, Uy, Uprevs U£+, U,

g) Resistances (R, R4, R; and R»);

9.3.2 Measur

The following testonditions shall be reported for the measurement of R,:

a) Rate of increasing temperature;
b) Method of cooling down and heating up.
Additional information relating to the measurement of RRR is given in Annex A. Annex B

describes definitions and an example of uncertainty in measurement. Uncertainty evaluation
in the reference test method of RRR for composite superconductors is given in Annex C.
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Annex A
(informative)

Additional information relating to the measurement of RRR

A.1 Recommendation on specimen mounting orientation

When a specimen is in the form of straight wire, horizontal mounting of the wire on the base
plate is recommended since this mounting orientation can reduce possible thermal gradient
along the wire compared to the vertical mounting orientation. Here the horizontal mounting
orientation means that the wire axis is parallel to the surface of liquid heliupn

of the liquid helium bat

b) Adiabatic methods
1) Adiabatic meth

In this m ax¢hamber in which the specimen, a sample holder,

a heater and g Before the chamber is immersed in the liquid helium

bath, air ingids is\pdmped out and helium gas is filled. Then, the chamber

, thé cryostat holds the specimen a certain distance above the liquid
helium bath for the entire cryogenic measurement. A thermal anchor from the
measurement/mandrel or the measurement base plate to the liquid helium bath allows
the specimen to be cooled to a temperature of 5 K or lower. The specimen can be
heated above the superconducting transition by a heater located in the measurement
mandrel or the measurement base plate under quasi-adiabatic condition.

c) Refrigerator method

In this method, an electromechanical apparatus (a refrigerator) is used to cool the
specimen, which is mounted on a measurement mandrel or a measurement base plate, to
a temperature of 6 K or lower. The specimen can be heated above the superconducting
transition by a heater or by controlling the refrigerator power.

A.3 Alternative measurement methods of R, or R;

The following methods can optionally be used for acquisition of R, or R;.
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a) Modified reference method

This is a simplified method with acquisition of only one voltage-temperature curve and is
used only for Nb-Ti composite superconductors. The voltage of the specimen is measured
in the superconducting state under a desired direction of current (/,) and then with current
in the opposite direction. These values are Uy, and Uy, as shown in Figure A.1. The
current is then changed back to the initial direction. After the transition to the normal state,

the voltage is measured as U'ZJr in a plateau region of the curve within about 4 K above
the transition. Then the voltage is read under a zero current (U,q). The current direction is

then reversed and the voltage is measured again (UIZ_ ). The cryogenic resistance is
obtained from

Ry,==2 (A1)

with

(A.2)

(A.3)

(A.4)

where A, an 8 i o4 = ‘Ulz+ —Uzo‘ and A,_ = ‘U'z_ —Uzo‘, respectively.
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A ®

A
S

UOrev

ixed temperature in a plateau region

posite superconductors, and R, is
s » superconductors, instead of using the
method described i 7.2 i itN irable to check that the whole specimen is at
a uniform and fixed te 3 ement of Nb;Sn composite superconductor
the fixed tempecat ' termined with a combined standard uncertainty
not exceedi ufe and the combined standard uncertainty should
be noted in the ie o+ and Uy_, which are defined in 7.2.2, should be
the fixed method. In order to eliminate the influence

c) Co

séd to control the current direction and warming of the specimen and
to measure~the wvoltage-temperature curve. Changes in current direction by periodic
current reversals”or periodic current on and off cycles are used to correct for offset
voltages in order that the measurements can be made during one cycle of changing the
specimen temperature. The effect of thermoelectric voltage should also be checked.

d) Other simplified methods with periodic checks

Simplified methods without temperature measurement might also be accepted, if an
operator with sufficient experience performs the measurement using a given apparatus
and if the following condition is satisfied. If a simplified laboratory practice can be shown,
through periodic checks, to achieve the same result as the method in this part of
IEC 61788, within its stated uncertainty, then the simplified practice may be used in place
of this reference method. These periodic checks could be accomplished by doing one of
the following:

1) an interlaboratory comparison where one laboratory uses the reference method and
another laboratory uses their simplified method;

2) a single laboratory comparison where one laboratory "checks" their simplified method
against the reference method;
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3) periodic measurement of a small set of reference samples with well-known RRR values
using the simplified method;

4) regular/frequent measurements with multiple specimens, one of which is a reference
sample that would not be mounted/dismounted and would be measured every time as
a calibrator.

A.4 Bending strain dependency of RRR for Nb-Ti composite superconductor

In general, the resistivity (p) of a pure metal such as copper at a very-low temperature
increases as its applied strain increases. In general, a lower p wire has a larger percentage
change in p than a higher p wire. There is almost no effect of strain on the room temperature
resistivity of a metal. This means that the change in rrgg With strain is ignificant for a

dependency on bending stram was low for a specimen of low "RRR: is applled
when the specimen is mounted on the measurement mandrel. S i
inversely proportional to a radius of bent curvature, the s diametey” of the

The increase in resistivity, Ap, at 4 K as a function of cold_wo . i w [%], for pure

t alue~of P\ \is approximately equal
to the value of tensile strain, & when ¢is small the es i s in Formula (9). The
dependency of the copper resistivity increase o obtained by replacing
the bending strain by an equivalent tensi j

Figure A.2 shows the relationship between G endirg strain for Nb-Ti composite
superconductors with pure Cu maffi i om the measured values of the
intercomparison test performed in 199 p es in the figure are the relationships
¥ The measured values basically agree
with the calculated value i ' are sensitive to bending strain. Using

(rrrR(0)) varies from| 50\ 4o 850. \Fi .47shows bending strain dependency of rrrgr
normalized by th imifar dependency of rectangular Cu wires is shown
in Figures A.5 a . r of 350, which is the highest limit of rgrg in this
part of IEC 61788, th € Bases\b about 10 % for a bending strain of 2 %, with respect
to the zero strain

1 Numbers in square brackets refer to the Bibliography. Documents
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Figure A.3 — Bending strain dependency of RRR value for round Cu wires
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