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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SUPERCONDUCTIVITY -

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

FOREWORD

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

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

agreement between the two organizations.

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

3) IEC Publications have the form of recom

4)

5) Independent certification bodies provide conformity

marks of conformity. IEC is not responsible for any

6)

7) employees, servants or agents including individual experts and
C National Committees for any personal injury, property damage or
whether direct or indirect, or for costs (including legal fees) and

the publication, use of, or reliance upon, this IEC Publication or any other IEC

8) Qrmative references cited in this publication. Use of the referenced publications is

9) Attention is™drawn to Xhe possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IE€ shall yot be held responsible for identifying any or all such patent rights.

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

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

FDIS Report on voting

90/263/FDIS 90/275/RVD

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

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

reconfirmed,

withdrawn,

replaced by a revised edition, or
amended.

IMPORTANT - The 'colour inside’ logo
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understanding of its ¢
colour printer.
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INTRODUCTION

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

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

@%

N
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SUPERCONDUCTIVITY -

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

1 Scope

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

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

“r and optional

2 Normative references

3 Terms and defi
For the purposis d
following apply.

3.1
residual resists
RRR

the ratio 6
transition

oom temperature to the resistance just above the superconducting

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

R
RRR = —- (1
R

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

/ {b)
Rz A

N

T en%%rat e
Co13rNiT
Temperature T * is that at the intersection point.
Figure 1 — Relationshjp betw pe at@ and‘resistance

uncertainty (k =

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

5.1 Materia easuring mandrel or of measuring base plate

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

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

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

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

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

6 Specimen preparation

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

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

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

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

(2)

[1+0,00393 . (T, —293)] (3)

R1:

7.2 Resistance (R*) just above the superconducting transition

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

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

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

Up+

Ugrev —

Up- ]

JEC 137541

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

shown coincide and U,_* with asterisk are those at the intersection points.

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

U0+ - UO rev|
U,

<1% (4)

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

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

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

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

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

Figuxe 2 shall be determined at
palatity curves respectively.

7.210 The corrected voltages, Us. . )|l be calculated using the following

equations, Uy = Up+*— U+ and Up_ = erage voltage, U,, shall be defined
as

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

shall be met for a

_|<3% (6)

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

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

* Uz
Ry = == (7)
2

7.3 Correction on measured Ry* for bending strain

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

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

* L
Cu

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

e resistivity of

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

8.1 Temperature

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

The room temperature
while holding th
base plate, at ro

8.2 Voltage

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

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

8.4 Dimension

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

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

the specimen. Documents
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9 Test report

9.1 RRRvalue

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

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

9.2 Specimen

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

manufacturer

T

classification and/or symbol

O

(o}

)

)

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

number of filaments

- O

) diameter of the filaments

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

i to Nb-Ti ratio, or volume ratio among

h)

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

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

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

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

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

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

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

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

Documents

Document Sharing Hub

Full document details: IEC 61788-4 2011


http://avadocuments2026.com/doc/iec-61788-4-2011
http://avadocuments2026.com/doc/iec-61788-4-2011

- 14 - 61788-4 © IEC:2011

9.3.3 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

@%
S

Documents

Document Sharing Hub

Full document details: IEC 61788-4 2011


http://avadocuments2026.com/doc/iec-61788-4-2011
http://avadocuments2026.com/doc/iec-61788-4-2011

61788-4 © IEC:2011 - 15—

Annex A
(informative)

Additional information relating to the measurement
of RRR (residual resistance ratio)

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 possib hermal gradient
along the wire compared to the vertical mounting orientation. Here the|horizohtal mounting
orientation means that wire axis is parallel to the surface of liquid heli

A.2 Alternative methods for increasing temperature @
superconducting transition temperature

The following methods are also recommended fo perature above the
superconducting transition of the specimen. The raté of ing perature of the whole

between the heater and the specimen.

a) Heater method

The specimen can be<eate ucting transition by a heater installed in
the measuring man in SUN plate after taking the specimen out of the
liquid helium bath i

b) Adiabatic ms
1) Adiabatic métp

‘ ed. Before the chamber is immersed in the liquid helium
her is pumped out and helium gas is filled. Then, the chamber

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
measuring mandrel or the measuring base plate to the liquid helium bath allows the
specimen to be cooled to atemperature of 5K or lower. The specimen can be
heated above the superconducting transition by a heater located in the measuring
mandrel or the measuring 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 to a measuring mandrel or a measuring base plate, to a
temperature of 5 K or lower. The specimen can be heated above the superconducting
transition by a heater or by controlling the refrigerator power.

A.3 Alternative R, measurement method
The following methods can optionally be used for acquisition of Rz*.
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a) Modified reference method

This is a simplified method with acquisition of only one voltage-temperature curve. 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
Up+ and Ugrey 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%. in a
plateau region of the curve within about 4 K above the transition. Then the voltage is read
under a zero current (Uyg). The current direction is then reversed and the voltage is
measured again (U%_). The cryogenic resistance is obtained from

Y, (A1)
I2

with

- U'z -U's
U, = + (A.2)
g. The following
ihterfering voltage
aciably large:

This approximately compensates the effect of the
conditions should be fulfilled for the assurance tha

where U"y, and U"y a efined U's+ — Uyl and U"o_= |U'o_ = Ujygl,
respectively.

A

Q ®

-
Nl

U0+ -

IEC 13rar1]
Figure A.1 — Definition of voltages

b) Fixed temperature method

In this method R; is directly determined at a fixed temperature in a plateau region within

about 4 K above the transition, 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 tempegﬁtﬁments
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the Up+ and Ug_, which are defined in the body of the text, 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 Uy, 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 R, can well be eliminated.

c) 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 off-set
voltages in order that the measurements can be made during one cycle of changing the
specimen temperature. This method is useful when the transition to the normal state is not
too fast. The effect of thermoelectric voltage should also be checked.

d) Other simplified methods with periodic checks

1) an interlaboratory comparison where one
another laboratory uses their simplified mg

2) a single laboratory compariso
against the reference method;

A.4 Bending strain de

In general, the
increases as its

The increase in regisftvity, Ap, at 4 K as a function of cold working ratio, CW [%], for pure
copper is shown in Chapter 8 of reference [2]. Since the value of CW is approximately equal
to the value of tensile strain, & when ¢ is small, the result is expressed as in Equation (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 RRR 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 Equation (9) for each specimen. The measured values basically agree
with the calculated values, and high RRR materials are sensitive to bending strain. Using
equation (9), Figure A.3 shows the dependency of round Cu wires where RRR with zero strain
varies from 50 to 350. Figure A.4 shows bending strain dependency of RRR normalized by the
value at zero strain. A similar dependency of rectangular Cu wires is shown in Figures A.5

) The figures in square brackets refer to the reference documents at the end of this annex. Documents
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