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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

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

Attention is drawn to the 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 |EC 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 iRRRi of Nb-Ti and
Nb;Sn composite superconductors, the latter of which is described in |JEC 61788-11.


http://dx.doi.org/10.3403/02771226U
http://dx.doi.org/10.3403/02816652U

BS EN 61788-4:2016
IEC 61788-4:2016 © IEC 2016 -5-

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 title Superconductivity,
can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC website under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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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 are described 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 the residual resistance
ratio (RRR) of Nb-Ti and Nb;Sn composite superconductors with Cu, Cu-Ni, Cu/Cu-Ni and Al
matrix. This method is intended for use with superconductor specimens that have a monolithic
structure with rectangular or round cross-section, RRR value less than 350, and cross-
sectional area less than 3 mm2. In the case of Nb;Sn, the specimens have received a
reaction heat-treatment.

2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the Ilatest edition of the referenced document (including any
amendments) applies.

IEC 60050-815, International Electrotechnical Vocabulary — Part 815: Superconductivity
(available at: www.electropedia.org)

3 Terms and definitions

For the purposes of this document, the terms and definitions given in IEC 60050-815 and the
following apply.

3.1

residual resistance ratio

RRR

ratio of resistance at room temperature to the resistance just above the superconducting
transition

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.



BS EN 61788-4:2016
-8- IEC 61788-4:2016 © IEC 2016

(b)

Resistance

=

2

(a)

0 -
T* T
1

EC

The cryogenic resistance, R,, is determined by the intersection, A, of two straight lines (a) and (b) at
temperature Tc*.

Figure 1 — Relationship between temperature and resistance

4 Principle

The resistance measurement both at room and cryogenic temperatures shall be performed
with the four-terminal technique. All measurements are done without an applied magnetic field.

The target relative combined standard uncertainty of this method is defined as an expanded
uncertainty (k = 2) not to exceed 5 %.

The maximum bending strain induced during mounting and cooling the Nb-Ti specimen shall
not exceed 2 %. The measurement shall be conducted in a strain-free condition or in a
condition with allowable thermal strain for the Nb;Sn specimen.

5 Apparatus

5.1 Material of measurement 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
voltage contacts over its central portion. 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.

Some mechanical method shall be used to hold the specimen against the insulated layer of
the measurement mandrel or base plate. Special care should be taken during instrumentation
and installation of the specimen on the measurement mandrel or base plate so that no
excessive force, which may cause undesired bending strain or tensile strain, would be applied
to the specimen. Ideally, it is intended that the Nb;Sn specimen be as straight as possible;
however, this is not always the case, thus care should be taken to measure the specimen in
its as received condition.

The specimen shall be mounted on a measurement mandrel or on a measurement base plate
for these measurements. Both resistance measurements, R, and R,, shall be made on the
same specimen and the same mounting.

7 Data acquisition and analysis

7.1 Resistance (R;) at room temperature

The mounted specimen shall be measured at room temperature (7, (K)), where T, satisfies
the following condition: 273 K < 7T, < 308 K. A specimen current (/; (A)) shall be applied so
that the current density is in the range of 0,1 A/mmZ2 to 1 A/mmZ2 based on the total wire cross-
sectional area, and the resulting voltage (U; (V)), /1 and T, shall be recorded. Formula (2)
below shall be used to calculate the resistance (R,,,) at room temperature. The resistance (R4)
at 293 K (20 °C ) shall be calculated using Formula (3) for a wire with Cu matrix. The value of
R4 shall be set equal to R, without any temperature correction, for wires that do not contain a
pure Cu component.

_Uq
14

R (2)

Ry = o 3)
[1+0,00393 x (T;,, — 293) |

7.2 Resistance (R, or R;) just above the superconducting transition
7.2.1 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 described in 7.3.
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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, (A), 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 absolute value of the
resulting voltage above the superconducting transition exceeds 10 uV. An illustration of the
data to be acquired and its analysis is shown in Figure 2.

v A b
2*“\ (b)
A
(a)
U0+
\\ .'<_U20+
UOrev > '<_U20
0 P~ \
-7 T
Up-
| A

IEC

NOTE Voltages with subscripts + and — are those obtained in the first and second measurements under positive
and negative currents, respectively, 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 Uz 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 into the normal state, up
to a temperature somewhat less than 15 K for the Nb-Ti specimen and less than 25 K for the
NbsSn specimen. Then, the specimen current shall be decreased to zero and the
corresponding voltage, U,q,, shall be recorded at a temperature below 15 K for the Nb-Ti
specimen and below 25 K for the Nb;Sn specimen.

The specimen shall then be slowly lowered into the liquid helium bath and cooled to within
+1 K from the temperature at which the initial voltage signal U,, was recorded. A specimen
current, /,, with the same magnitude but negative polarity (polarity opposite that used for the
initial curve) shall be applied and the voltage U,_ shall be recorded at this temperature. The
procedural steps shall be repeated to record the voltage versus temperature curve with this
negative current. In addition, when the measurement current, I,, decreases to 0, the
recording of U,o_ shall be made at within £1 K from the temperature at which U,q, was
recorded.

Each of the two voltage versus temperature curves shall be analysed by drawing a line (a)
through the data where the absolute value of voltage sharply increases with temperature (see
Figure 2) and drawing a second line (b) through the data above the transition where the
voltage is nearly constant for Nb-Ti or raised gradually and almost linearly for Nb;Sn with

temperature increase. U£+ and U;_ in Figure 2 shall be determined at the intersection of
these two lines for the positive and negative polarity curves, respectively.

The corrected voltages, U,, and U,_, shall be calculated using the following equations:
Uy, = U;+ - Uy, and Uy_ = U;_ - Uy_. The average voltage, U2z, shall be defined as

71Uz —Usp |

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, A1 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 superconductor for bending
strain

If there is no pure Cu component in the superconductor, then R, shall be set equal to R;.

For a specimen with a pure Cu component, the bending strain shall be defined by
&, = 100 x (h/r) (%), where k4 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 R;.

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
Ro =R —Ap x o~ (8)
Cu

where Ap is defined below and S, and L are defined in 8.4. The increase in the resistivity of
pure copper at 4,2 K due to tensile strain, ¢ (%), is expressed by

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

The calculation of Formula (9) shall be carried out assuming that the equivalent tensile strain
g is (1/2)g, and (4/3 n)s, for rectangular and round wires, respectively. The bending strain
dependency of residual 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 %.
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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

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

For correction of the bending strain effect in the case of the wire with pure Cu matrix, the
cross-sectional area of Cu matrix (S¢,) shall be determined using a nominal value of copper to
non-copper ratio and nominal dimensions of the specimen. The wire diameter (d) and mandrel
radius (Ry) shall be determined with relative standard uncertainty not exceeding 1 % and 3 %,
respectively.

9 Test report

9.1 RRRvalue

The obtained RRR value (rgrg) shall be reported as

rRRR(1 iUre) (n:"'), (10)

where

U,. is the expanded relative uncertainty:

re

U,

re

2u, (k= 2)

where

u, denotes the relative 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 (S¢,,).

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

a) Total length of the specimen;

b) Distance between the voltage measurement taps (L);

c) Length of each current contact;

d) Transport currents (7, and I,);

e) Current densities (/4 and I, divided by the nominal total wire cross-sectional area);

f) Voltages (Uy, Ug,, Ugreys Uos s Usgsr Ugo, Ua_, Usg_and Uy);
g) Resistances (R, R4, R; and R,);

h) Resistivities (pq = (R4 x Sg,)/L and py = (Ry x Sg)/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 Measurement of R,
The following test conditions shall be reported for the measurement of Ry:

a) Temperature setting and holding method of the specimen;
b) T,,: Temperature for measurement of R,.

9.3.3 Measurement of R,
The following test conditions 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 helium.

A.2 Alternative methods for increasing temperature of specimen above
superconducting transition temperature

The following methods are also recommended for increasing temperature above the
superconducting transition of the specimen. The rate of increasing temperature of the whole
specimen within a range between 0,1 K/min and 10 K/min should be applied for these
methods. In order to dampen the rate of increasing temperature and to avoid a large
temperature gradient, special care should be taken in selecting heater power, heat capacity
(the specimen with the measurement mandrel or the measurement base plate) and the
distance between the heater and the specimen.

a) Heater method

The specimen can be heated above the superconducting transition by a heater installed in
the measurement mandrel or in the measurement base plate after taking the specimen out
of the liquid helium bath in the cryostat.

b) Adiabatic methods
1) Adiabatic method

In this method, the cryostat holds a chamber in which the specimen, a sample holder,
a heater and so on are contained. Before the chamber is immersed in the liquid helium
bath, air inside the chamber is pumped out and helium gas is filled. Then, the chamber
is immersed in the liquid helium bath and the specimen is cooled to a temperature of
5 K or lower. After the helium gas is pumped out, the specimen can be heated above
the superconducting transition by the heater under adiabatic condition.

2) Quasi-adiabatic method

In this method, the 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,g). The current direction is
then reversed and the voltage is measured again (U'2_ ). The cryogenic resistance is
obtained from

Ry =— (A.1)
with

‘U2+—U2—‘

Uy = (A.2)

2

This approximately compensates for the effect of thermoelectric voltage. The following
conditions should be fulfilled to ensure that the influence of the interfering voltage and the

thermoelectric voltage shift on R; measurement is not appreciably large:

Ugs —U

120+ “Orevi 4 g (A.3)
U2

A2e ZA2- 39, (A.4)
Uz

where A,, and A,_ are defined by A,, = ‘Ulz+ —Uzo‘ and A,_ = ‘U'z_ —Uzo‘, respectively.
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b)

c)

d)

A
U
A (b) /
U'2+_/
(a)
U0+ >
‘4—\
UOrev
0 |
U’27 —_— r

y

Figure A.1 — Definition of voltages

IEC

Fixed temperature method

In this method R, or Rg is directly determined at a fixed temperature in a plateau region

within about 4 K above the transition for Nb-Ti composite superconductors, and R, is
directly determined at 20 K for Nb;Sn composite superconductors, instead of using the
method described in 7.2. In this case it is desirable to check that the whole specimen is at
a uniform and fixed temperature. In the measurement of Nb;Sn composite superconductor
the fixed temperature of 20 K should be determined with a combined standard uncertainty
not exceeding 0,6 K. The fixed temperature and the combined standard uncertainty should
be noted in the test report. Also the U,, and U,_, which are defined in 7.2.2, should be
recorded as the zero voltage level in the fixed method. In order to eliminate the influence
of thermoelectric voltage, two voltage signals of the specimen, say U,, and U,_, should be
acquired nearly simultaneously by reversal of the test current. For the fixed method the
effect of thermoelectric voltage on determination of cryogenic resistance can be eliminated.

Computer-based method

A computer can be used to control the current direction and warming of the specimen and
to measure the voltage-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.

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 rrrr with strain is more significant for a
material whose rgrg is high. According to the result of the intercomparison tests [1]1, the
dependency on bending strain was low for a specimen of low rgrr. Bending strain is applied
when the specimen is mounted on the measurement mandrel. Since the bending strain is
inversely proportional to a radius of bent curvature, the smaller the diameter of the
measurement mandrel the larger is the bending strain being applied to the specimen.

The increase in resistivity, Ap, at 4 K as a function of cold working ratio, rc\y [%], for pure
copper is shown in Chapter 8 of reference [2]. Since the value of rc\y is approximately equal
to the value of tensile strain, & when ¢is small, the result is expressed as in Formula (9). The
dependency of the copper resistivity increase on bending strain can be obtained by replacing
the bending strain by an equivalent tensile strain.

Figure A.2 shows the relationship between rgrg and bending strain for Nb-Ti composite
superconductors with pure Cu matrix, obtained from the measured values of the
intercomparison test performed in 1993 and 1994. The lines in the figure are the relationships
calculated according to Formula (9) for each specimen. The measured values basically agree
with the calculated values, and high rggrg materials are sensitive to bending strain. Using
Formula (9), Figure A.3 shows the dependency of round Cu wires where rrrr With zero strain
(rrrr(0)) varies from 50 to 350. Figure A.4 shows bending strain dependency of rgrgr
normalized by the value at zero strain. A similar dependency of rectangular Cu wires is shown
in Figures A.5 and A.6. For copper with rgrg of 350, which is the highest limit of rgrg in this
part of IEC 61788, the rrrr decreases by about 10 % for a bending strain of 2 %, with respect
to the zero strain value.

1 Numbers in square brackets refer to the Bibliography.



BS EN 61788-4:2016

IEC 61788-4:2016 © IEC 2016 -19 -
350
Ai\
300
250 :\
14 A A
g A
200 A a —
° b
— - ¢
150 "“_“i:.;q_ a(calc.) |
-y .._,-_._ U | b (calc.)
rl -------- c (calc.)
——
100
0 1 2 3 4 5 6
é'b%

IEC

Figure A.2 — Bending strain dependency of RRR value for
pure Cu matrix of Nb-Ti composite superconductors
(comparison between measured values and calculated values)
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Figure A.3 — Bending strain dependency of RRR value for round Cu wires
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Figure A.4 — Bending strain dependency of normalized RRR value for round Cu wires
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Figure A.5 — Bending strain dependency of RRR value for rectangular Cu wires
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Figure A.6 — Bending strain dependency of normalized RRR value for
rectangular Cu wires

To evaluate a high-rgrrr material, it is therefore desirable to use a straight base plate or a
mandrel with a large coil diameter so that the evaluation can be performed with the least
possible bending strain being applied. In addition to this, special care should be taken with
the specimen so that there is no significant strain applied to it during handling.

The minimum diameters, d,;,, of the measurement mandrel for round and rectangular wires
are listed in Table A.1 and Table A.2, respectively.

Table A.1 — Minimum diameter of the measurement mandrel for round wires

Wire diameter ¢ [mm] 0,50 0,75 1,00 1,25 1,50

Minimum diameter 4,  [mm] 10,6 15,9 21,2 26,5 31,8

Table A.2 — Minimum diameter of the measurement mandrel for rectangular wires

Thickness ¢ [mm] 0,25 0,50 0,75 1,00

Minimum diameter 4_.  [mm] 6,3 12,5 18,8 25,0

min

A.5 Procedure of correction of bending strain effect

Clause A.5 describes the procedure of correction of bending strain effect on the resistance at
low temperature given in 7.3. For a specimen of thickness 24 mounted on a mandrel of radius
Ry, the bending strain is given by

&, = 100 x (h/Ry) %. (A.5)

Then, the equivalent tensile strain is
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e=(1/2)gy (A.6)

for a rectangular wire and
¢ =[4/(3n)]ey (A.7)

for a round wire. The increase in the resistivity of pure copper at 4,2 K is calculated by
substituting this ¢ value into Formula (9). Then, the corrected resistance at low temperature is
calculated using Formula (8).
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Annex B
(informative)

Uncertainty considerations

B.1 Overview

In 1995, a number of international standards organizations, including IEC, decided to unify the
use of statistical terms in their standards. It was decided to use the word “uncertainty” for all
quantitative (associated with a number) statistical expressions and eliminate the quantitative
use of “precision” and “accuracy”. The words “accuracy” and “precision” could still be used
qualitatively. The terminology and methods of uncertainty evaluation are standardized in
ISO/IEC Guide 98-3:2008 [3].

It was left to each Technical Committee to decide if they were going to change existing and
future standards to be consistent with the new unified approach. Such change is not easy and
creates additional confusion, especially for those who are not familiar with statistics and the
term uncertainty. At the June 2006 TC 90 meeting in Kyoto, it was decided to implement these
changes in future standards.

Converting “accuracy” and “precision” numbers to the equivalent “uncertainty” numbers
requires knowledge about the origins of the numbers. The coverage factor of the original
number may have been 1, 2, 3, or some other number. A manufacturer’s specification that can
sometimes be described by a rectangular distribution will lead to a conversion number of

1/\/§ The appropriate coverage factor was used when converting the original number to the

equivalent standard uncertainty. The conversion process is not something that the user of the
standard needs to address for compliance to TC 90 standards, it is only explained here to
inform the user about how the numbers were changed in this process. The process of
converting to uncertainty terminology does not alter the user’s need to evaluate their
measurement uncertainty to determine if the criteria of the standard are met.

The procedures outlined in TC 90 measurement standards were designed to limit the
uncertainty of any quantity that could influence the measurement, based on TC 90 experts’
engineering judgment and propagation of error analysis. Where possible, the standards have
simple limits for the influence of some quantities so that the user is not required to evaluate
the uncertainty of such quantities. The overall uncertainty of a standard was then confirmed
by an interlaboratory comparison.

B.2 Definitions

Statistical definitions can be found in three sources: ISO/IEC Guide 98-3:2008, ISO/IEC Guide
99:2007 [4], and the NIST Guidelines for Evaluating and Expressing the Uncertainty of NIST
Measurement Results (NIST) [5]. Not all statistical terms used in this part of IEC 61788 are
explicitly defined in ISO/IEC Guide 98-3:2008. For example, the terms “relative standard
uncertainty” and “relative combined standard uncertainty” are used in ISO/IEC Guide
98-3:2008 (5.1.6, Annex J), but they are not formally defined in ISO/IEC Guide 98-3:2008
(see [5]).

B.3 Consideration of the uncertainty concept

Statistical evaluations in the past frequently used the coefficient of variation (COV), which is
the ratio of the standard deviation and the mean (N.B. the COV is often called the relative
standard deviation). Such evaluations have been used to assess the precision of the
measurements and give the closeness of repeated tests. The standard uncertainty (SU)
depends more on the number of repeated tests and less on the mean than the COV and



—24 —

BS EN 61788-4:2016

IEC 61788-4:2016 © IEC 2016

therefore in some cases gives a more realistic picture of the data scatter and test judgment.
The example in Table B.1 shows a set of electronic drift and creep voltage measurements
from two nominally identical extensometers using the same signal conditioner and data
acquisition system. The n =10 data pairs are taken randomly from the spreadsheet of
32 000 cells. Here, extensometer number one (£,) is at zero offset position whilst
extensometer number two (E,) is deflected to 1 mm. The output signals are in volts. Tables
B.2, B.3, B.4 and B.5 are the mean values, experimental standard deviations, standard
uncertainties and COV values of two output signals, respectively.

Table B.1 — Output signals from two nominally identical extensometers

Output signal
V1
E, E,
0,001 220 70 2,334 594 73
0,000 610 35 2,334 289 55
0,001 525 88 2,334 289 55
0,001 220 70 2,334 594 73
0,001 525 88 2,334 594 73
0,001 220 70 2,333 984 38
0,001 525 88 2,334 289 55
0,000 915 53 2,334 289 55
0,000 915 53 2,334 594 73
0,001 220 70 2,334 594 73

Table B.2 — Mean values of two output signals

Mean (})
V1

Ey

Ey

0,001 190 19

2,334 411 62

Table B.3 — Experimental standard deviations of two output signals

Experimental standard deviation (o)
(V]

E E

1 2

0,000 303 48 0,000 213 381

":J1 D(r-x) ™

n
n=1"73

(B.1)
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Table B.4 — Standard uncertainties of two output signals

Standard uncertainty ()
(V1
E, E,
0,000 095 97 0,000 067 48
u =% V] (B.3)
n

Table B.5 — COV values of two output signals

COV value
[%]

Ey

25,498 2 0,009 1

Xcov = (B.4)

g
X

The standard uncertainty is very similar for the two extensometer deflections. In contrast, the
COV value (Xcqoy) is nearly a factor of 2 800 different between the two data sets. This shows
the advantage of using the standard uncertainty, which is independent of the mean value.

B.4 Uncertainty evaluation example for TC 90 standards

The observed value of a measurement does not usually coincide with the true value of the
measurand. The observed value may be considered as an estimate of the true value. The
uncertainty is part of the "measurement error" which is an intrinsic part of any measurement.
The magnitude of the uncertainty is both a measure of the metrological quality of the
measurements and improves the knowledge about the measurement procedure. The result of
any physical measurement consists of two parts: an estimate of the true value of the
measurand and the uncertainty of this “best” estimate. ISO/IEC Guide 98-3:2008, within this
context, is a guide for a transparent, standardized documentation of the measurement
procedure. One can attempt to measure the true value by measuring “the best estimate” and
using uncertainty evaluations which can be considered as two types: Type A uncertainties
(repeated measurements in the laboratory in general expressed in the form of Gaussian
distributions) and Type B uncertainties (previous experiments, literature data, manufacturer’s
information, etc. often provided in the form of rectangular distributions).

The calculation of uncertainty using the ISO/IEC Guide 98-3:2008 procedure is illustrated in
the following example:

a) The user derives in the first step a mathematical measurement model in the form of
identified measurand as a function of all input quantities. A simple example of such model
is given for the uncertainty of a force, | ¢ measurement using a load cell:

Flgc=Fntdyt+dgtdge,

where F,, d\, dr, and dg, represent the force expected due to an applied standard mass,
the manufacturer’s data, repeated checks of standard mass/day and the reproducibility of
checks on different days, respectively.


http://en.wikipedia.org/wiki/Uncertainty

b)

c)

d)

f)

g)
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Here the input quantities are: the measured force of standard mass using different
balances (Type A), manufacturer’s data deviation (Type B), repeated test results using the
digital electronic system (Type B), and reproducibility of the final values measured on
different days (Type B).

The user should identify the type of distribution for each input quantity (e.g. Gaussian
distributions for Type A measurements and rectangular distributions for Type B
measurements).

Evaluate the standard uncertainty of the Type A measurements:

O

u —_ -
A \/;

where ¢ is the experimental standard deviation and » is the total number of measured data
points.

Evaluate the standard uncertainties of the Type B measurements:

where d,, is the range of rectangular distributed values.

Calculate the combined standard uncertainty for the measurand by combining all the
standard uncertainties using the expression

uc = \’MAZ =+ MBZ

In this case, it has been assumed that there is no correlation between input quantities. If
the model equation has terms with products or quotients, the combined standard
uncertainty is evaluated using partial derivatives and the relationship becomes more
complex due to the sensitivity coefficients [6], [7].

Optional — the combined standard uncertainty of the estimate of the referred measurand
can be multiplied by a coverage factor (e.g. 1 for 68 % or 2 for 95 % or 3 for 99 %) to
increase the probability that the measurand can be expected to lie within the interval.

Report the result as the estimate of the measurand + the expanded uncertainty, together
with the unit of measurement, and, at a minimum, state the coverage factor used to
compute the expanded uncertainty and the estimated coverage probability.

To facilitate the computation and standardize the procedure, use of appropriate certified
commercial software is a straightforward method that reduces the amount of routine work [8],
[9]12. In particular, the indicated partial derivatives can be easily obtained when such a
software tool is used. Further references for the guidelines of measurement uncertainties are
given in [5], [10], and [11].

2

References [8] and [9] give example(s) of suitable products available commercially. This information is given for
the convenience of users of this document and does not constitute an endorsement by IEC of these products.
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Annex C
(informative)

Uncertainty evaluation in test method of RRR for
Nb-Ti and Nb3Sn composite superconductors

C.1 Evaluation of uncertainty

Uncertainty in the residual resistance ratio is composed of the standard uncertainty in the
room temperature resistance (up4) and that in the cryogenic resistance (uy,). In the following
the coverage factor k is assumed to be 1 for simplicity.

The residual resistance ratio of the superconducting wire is given by rgrr = R4/Ry. If the
deviations of R4 and R, from their statistical averages are AR, and AR,, the deviation of the
residual resistance ratio, Argrg, is

ArRRR _ AR1 _ AR
'RRR Ry Ry

Hence, the relative standard uncertainty of rgrg is
9 572
u, =| | L&) 4| LR2 . (C.2)
Ry R,
Since the room temperature resistance is given by

%
[1+0,00393(7;, - 293)

R = Ql, (C.3)
1 ]11[ :|

the deviation of R4 is

OR OR OR
ARy = —L AUy + —L AT, +—L AL

U or, o

- ! A% _0,00393RAR, - LA (C.4)
110,00393(7, - 293)| 1, /

. AU;

= —1_0,00393RAT, —ﬂAA [Q],
I ?
1 1

where AU4, AT,, and AI; are the deviations of the voltage, temperature and applied current,
respectively. The approximation in Formula (C.4) is based on the fact that the effect of
difference of temperature from 293 K (20 °C) on sensitivity coefficients is small. Its effect on
the final target uncertainty is 0,2 % at most (for measurement at 273 K (0 °C)). The
corresponding deviation of the room temperature can be divided as

ATy = ATpq +ATmp K] (C.5)
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where AT, is a difference between the measured room temperature and the specimen
temperature, and AT,,, is the deviation caused by the bolometer. Thus, the standard
uncertainty in the room temperature resistance is given by

2
2
u U
Ugy = (%J + uBym1 + (000393R; Puo {1_;] U2 [o] (C.6)
1

where

ugq V] is the type B uncertainty in the room temperature voltage (u; /U4 = 0,005/\/5),

uzq [A] is the type B uncertainty in the room temperature current (u /14 = 0,005/\/5),

urm2 [K] is the type B uncertainty in the room temperature measurement using a bolometer

(urma = Y3 K]).

The uprmq [Q] is the type B uncertainty in R4 due to the difference of the room temperature
from the specimen temperature and is formally expressed as wugsy = —0,0039374upy. However,

urm4 is not obtained from a mathematical model but ug,4 is directly estimated as +17 % of R,
from the results of round robin testing on RRR of Nb-Ti [12]. Assuming a similar situation, it

can also be assumed as u z1/Ry =0,017/43.

In the cryogenic resistance measurement, the specimen voltage is measured twice with a
change in the current direction. It should be noted that the voltage at the transition is
determined by drawing two straight lines and an appreciable uncertainty may appear in these
analyses. This uncertainty is denoted by 5. Then, the standard uncertainty in the cryogenic
temperature resistance is similarly given by

2 2
Upo = 2{”;1_2J +2b2+{U—gj Uy o2 Q] (C.7)
2

where u;, [V] is the type B uncertainty due to the voltmeter, and u, [A] is the type B
uncertainty in the current. In the above, w5 /U, =0,005/+/3 and upo /Iy =0,005/+/3. The first
and second terms are doubled because the measurements are done twice. Hence, when the

sample is measured in a bending-free condition, the relative combined standard uncertainty is
given by

172

2
up ={143x1074 +2 b . (C.8)
Ry

When the sample current is measured using a voltmeter and a standard resistor, the
uncertainties of the voltage and resistance affect the uncertainty of measurement. If the value
of the voltage and its standard uncertainty are U and u;, and if the value of the resistance and
its standard uncertainty are R and ug, (U4/I42)%u;42 in Formula (C.6) and (Uy/I,2)%u;2 in
Formula (C.7) are respectively replaced by

2 2
2 2 2 2
Ui | vy ug Ug | | uy  uR (C.9)
1, ) \Uu? R? I, | (U? R?
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When the cryogenic resistance is measured in a bent condition, the result needs to be
compensated for the strain effect using the given equation with the distance between the two
voltage taps (L), the diameter (d), copper ratio (rc,) and the radius of a mandrel (R,) used for
the measurement. We assume that a round wire of diameter d is wound on a measurement
mandrel of radius Ry. With the aid of Formulae (8) and (9) the value of the compensated
cryogenic resistance is given by

R =R, —6,24x10‘12%L
37 d
., cufi (C.10)
=R, -169x107 12— [Q]
dicy Ry

where we have used ¢ = (4/3 n)(d/2R4) and SCUZn(d/2)2rCu, and the small second term in
Formula (9) was neglected. The quantity rc, is a ratio that copper occupies in a cross-
sectional area of the wire and can be given by rc,=c/(1 + ¢) using the copper ratio, c. If the
second term in Formula (C.10) is denoted by JR,, the contribution to the combined standard
uncertainty of uy, from the uncertainties of L, d, rc, and Ry is estimated as

2 2 2 22
ugo =[5 Ry (”TL] +[”7dj +[%j +(%’] (o] (C.11)

where wu; [m], u; [m], u,c, and upy [Mm] are the type B standard uncertainties of distance
between voltage taps, diameter, copper ratio and radius of mandrel, respectively. L is

required to be measured within the uncertainty u; /L :0,05/J§. It is assumed that the
uncertainty of d is u,/d =0,02/+/3. The relative uncertainties of rc, and Ry are required to be
smaller than 0,05//3. The maximum compensation is about 8Ry/R, =0,10 when the bending

strain is 2 % for rrrr = 350. Hence, the relative combined standard uncertainty of cryogenic
resistance due to the bending strain correction is estimated at most to be

*

“R2 _0513x10°2. (C.12)
Ry

From the above analysis the relative combined standard uncertainty in the residual resistance
ratio is given by

9 5 . 5 12 5 12
Uy =—t = [”ﬂj {“ﬂj {”ﬂ} - 1,69><10_4+2{i] . (C.13)
(R1/Rg) Ry Ry Ry Ry

According to the round robin test shown in C.2, u, was estimated as 2,44 x 10-2. Thus, b/R,
is estimated as

b _146x102 (C.14)

Ry

The type and target value of uncertainty of each measurement are listed in Table C.1.
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Table C.1 — Uncertainty of each measurement

Uncertainty Type Value Remarks
uy /U B 0,005/\3 | |AU4|/U1 <0005
up/1s B 0,005//3 |Az4|/14 < 0,005
UTm2 B 143K |AT| < 1K
uyz/Uz B 0,005/\3  ||AU,|/U; < 0,005
up2/12 B 0,005//3 |AL,|/15 < 0,005
up /L B 0,05/4/3 |AL|/L < 0,05
ugfd B 0,02/4/3 |Ad|/d < 0,02
u,cu/Tou B 0,05//3 |Arcul/reu < 0,05
upd/Rq B 0,05/4/3 |ARg|/Ry < 0,05

C.2 Summary of round robin test of RRR of a Nb-Ti composite superconductor

The round robin test of RRR was carried out on a Cu/Nb-Ti composite superconductor. The
specifications of the test superconductor are:

e diameter: 0,80 mm, 0,86 mm including insulating layer;
e Cu/Nb-Ti ratio: 6,5;

e mean filament diameter: about 70 um;

e number of filaments: 16;

e twist pitch: 30 mm;

e critical current: more than 185 A (3 T, 4,2 K);

* rgrrr: More than 150.

Participating institutes were provided with specimens that were nearly straight. Some
specimens were measured in the as-received condition and some were measured wound on a
bobbin under a strained condition. The number of participating institutes was 13 from five
countries and the number of determinations was 77. R, was measured following the method
defined in 7.2 and 7.3, and those in A.3. The details of the measurements are described in
reference [12]. The effect of the strain was corrected using Formulae (8) and (9). The
distribution of the measured rggrg is shown in Figure C.1. Almost all of the data, except for
three, were concentrated fairly sharply. The average was 178,5, the standard deviation was
4,4 and the COV value was 2,44 %. If the three extraordinary data are omitted, the average
was 178,2, the standard deviation was 3,1 and the COV value was 1,73 %.

Hence, it is reasonable to define the target relative combined standard uncertainty of this
method not to exceed 2,5 % based on the COV value in the round robin test.
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Figure C.1 — Distribution of observed rgrr of Cu/Nb-Ti composite superconductor

Reason for large COV value in the intercomparison test on Nb;Sn
composite superconductor

C.3

The COV value of the intercomparison test for Nb;Sn samples was 6,07 % [13]. This value is
much larger than that for Nb-Ti (2,44 %), although there is no contribution from additional
uncertainty in correction of the strain effect. For clarification of this reason an intercomparison
test was performed between two laboratories for three Nb;Sn samples, two of which were cut
from the same batch of heat treatment. The rgrrr obtained using the reference method agreed
within 1 % between the two laboratories for the three samples as shown in Table C.2, while
the rrrr values were different between the two samples obtained from the same batch [14].
This indicates that the large COV value in the former intercomparison test originated from
inhomogeneity of samples, while the test method itself was fairly accurate. This
inhomogeneity may be due to the high sensitivity to heat treatment conditions or due to
defects of the diffusion barrier. Since a rrrr value is commonly required to be greater than a
minimum value in order to pass, the existence of inhomogeneities may require that several
specimens of a given wire be measured and reported.

Table C.2 — Obtained values of R4, R, and rgrrg for three Nb;Sn samples

Sample Laboratory 1 Laboratory 2
R;(293 K) [©] Ry(T.") [2] "RRR R,(293 K) [Q] Ry (T [2] "RRR
1,593 x 1073 1,49 x 1075 107 1,61 x 1073 1,49 x 1075 108
1,719 x 1073 1,66 x 1075 104 1,74 x 1073 1,66 x 1075 105
1,619 x 1073 1,61 x 1075 100 1,65 x 1073 1,62 x 1075 101

For this reason the uncertainty in the test method of RRR for Nb;Sn is expected to be as low
as that for Nb-Ti. Therefore, the value of /R, = 1,46 x 10-2 obtained in the intercomparison
test for RRR measurement in Nb-Ti can also be used to estimate the uncertainty of rgrgr in
NbsSn with Formula (C.8). In addition, the result shown in Table C.2 indicates that the main
difference between the measurements in the two laboratories comes from the observed
values of R4. This is considered to be caused by the uncertainty in the room temperature.
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