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INTERNATIONAL ELECTROTECHNICAL COMMISSION 
____________ 

 
SUPERCONDUCTIVITY –  

 
Part 18: Mechanical properties measurement –  

Room temperature tensile test of Ag- and/or Ag alloy-sheathed  
Bi-2223 and Bi-2212 composite superconductors 

 
 

FOREWORD 
1) 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. 

2) 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.  

3) 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. 

4) 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. 

5) 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. 

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

7) 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.  

8) 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. 

9) 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 IEC 61788-18 has been prepared by IEC technical committee 90: 
Superconductivity. 

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

FDIS Report on voting 

90/326/FDIS 90/327/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. 
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The committee has decided that the contents of this publication will remain unchanged until the 
stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data related to 
the specific publication. At this date, the publication will be 

• reconfirmed, 
• withdrawn, 
• replaced by a revised edition, or 
• amended. 
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INTRODUCTION 

Several types of composite superconductors have now been commercialised. Especially, high 
temperature superconductors such as Ag- and/or Ag alloy-sheathed Bi-2223 (Ag/Bi-2223) and 
Ag- and/or Ag alloy-sheathed Bi-2212 (Ag/Bi-2212) wires are now manufactured in industrial 
scale. Commercial composite superconductors have a high current density and a small 
cross-sectional area. The major applications of composite superconductors are to build 
electrical power devices and superconducting magnets. While the magnet is being 
manufactured, complicated stresses/strains are applied to its windings and, while it is being 
energized, a large electromagnetic force is applied to the superconducting wires because of its 
high current density. It is therefore indispensable to determine the mechanical properties of the 
superconductive wires from which the windings are made. 

The Ag/Bi-2223 and Ag/Bi-2212 superconductive composite wires fabricated by the powder-in 
-tube method are composed of a number of oxide filaments with silver and silver alloy as a 
stabilizer and supporter. In the case that the external reinforcement of Ag/Bi-2223 and 
Ag/Bi-2212 wires by using thin stainless or Cu alloy foils has been adopted in order to resist the 
large electromagnet force, this standard shall be also applied. 
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SUPERCONDUCTIVITY –  
 

Part 18: Mechanical properties measurement –  
Room temperature tensile test of Ag- and/or Ag alloy-sheathed  

Bi-2223 and Bi-2212 composite superconductors 
 
 
 

1 Scope 

This International Standard specifies a test method detailing the tensile test procedures to be 
carried out on Ag/Bi-2223 and Ag/Bi-2212 superconductive composite wires at room 
temperature. 

This test is used to measure the modulus of elasticity and to determine the 0,2 % proof strength. 

When the 0,2 % proof strength could not be determined due to earlier failure, the stress level at 
apparent strains of 0,05 %, 0,1 %, 0,15 %, 0,2 %, 0,25 % with increment of 0,05 % is measured. 

The values for elastic limit, fracture strength, percentage elongation after fracture and the fitted 
type of 0,2 % proof strength serve only as a reference (see Clauses A.4, A.5, A.6 and A.10). 

The sample covered by this test procedure should have a round or rectangular cross-section 
with an area of 0,3 mm2 to 2,0 mm2 (corresponding to the tape-shaped wires with width of 2,0 
mm to 5,0 mm and thickness of 0,16 mm to 0,4 mm). 

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 latest edition of the referenced document (including any amendments) 
applies. 

IEC 60050 (all parts), International Electrotechnical Vocabulary (available at 
<http://www.electropedia.org>) 

ISO 376, Metallic materials – Calibration of force-proving instruments used for the verification of 
uniaxial testing machines 

ISO 6892-1, Metallic materials – Tensile testing – Part 1: Method of test at room temperature 

ISO 7500-1, Metallic materials – Verification of static uniaxial testing machines – Part 1: 
Tension/compression testing machines – Verification and calibration of the force-measuring 
system 

ISO 9513, Metallic materials – Calibration of extensometer systems used in uniaxial testing 

3 Terms and definitions 

For the purposes of this document, terms and definitions given in IEC 60050-815 and 
ISO 6892-1, as well as the following terms and definitions apply. 
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3.1  
tensile stress  
R 
tensile force divided by the original cross-sectional area at any moment during the test 

3.2  
tensile strain  
A  
displacement increment divided by initial gauge length of extensometers at any moment during 
the test 

3.3  
extensometer gauge length  
LG 
length of the parallel portion of the test piece used for the measurement of displacement by 
means of an extensometer 

3.4  
distance between grips 
Lo 
length between grips that hold a test specimen in position before the test is started 

3.5  
modulus of elasticity  
E 
gradient of the straight portion of the stress-strain curve in the elastic deformation region  

SEE: Figure 1. 

Note 1 to entry:  It can be determined differently depending upon the adopted procedures:  

a) one from the initial loading curve by zero offset line expressed as E0,  

b) the other one given by the slope of line during the elastic unloading, expressed as EU.  

3.6  
0,2 % proof strength  
Rp0,2 
stress value when the superconductive composite wire yields by 0,2 % 

SEE: Figure 1. 

Note 1 to entry: The designated stress, Rp0,2-0 or Rp0,2-U corresponds to point A or B obtained from the initial loading 
or unloading curves in Figure 1, respectively. This strength is regarded as a representative 0,2 % proof strength of the 
composite. 

3.7  
tensile stress at specified strains  
RA 
tensile stress corresponding to different specified strain (A) 

3.8  
fracture strength  
Rf 
tensile stress at the fracture  

Note 1 to entry: In most cases, the fracture strength is defined as tensile stress corresponding to the maximum 
testing force 
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3.9  
tensile stress at elastic limit  
Rel 
tensile stress at elastic limit corresponding to transition instant from elastic to plastic 
deformation 

3.10  
tensile strain at elastic limit  
Ael 
strain at elastic limit 

Note 1 to entry: The stress Rel and the corresponding strain Ael refer to point G in Figure A.5, respectively and are 
regarded as the transition point from elastic to plastic deformation. 

4 Principle 

The test consists of straining a test piece by a tensile force, generally to fracture, in principle for 
the purpose of determining the mechanical properties defined in Clause 3. 

Depending on the employed strain measuring method, however, the quantities determined by 
the present test should be limited. When using the conventional single extensometer system, the 
determination of EU and Rp0,2-U is recommended. On the other hand, all quantities described 
here can be determined by using double extensometer system, because of its capability to 
compensate the bending effects of the specimen thereby guaranteeing a proper determination 
of the modulus of elasticity. 

5 Apparatus 

5.1 General 

The test machine and the extensometers shall conform to ISO 7500-1 and ISO 9513, 
respectively. The calibration shall obey ISO 376. The special requirements of this standard are 
presented here. 

5.2 Testing machine 

A tensile machine control system that provides a constant crosshead speed shall be used. Grips 
shall have a structure and strength appropriate for the test specimen and shall be constructed to 
provide a firm connection with the tensile machine. The faces of the grips shall be filed or 
knurled, or otherwise roughened, so that the test specimen will not slip during the test. Gripping 
may be a screw type, or pneumatically or hydraulically actuated. 

5.3 Extensometer 

The mass of the extensometer shall be 30 g or less, so as not to affect the mechanical properties 
of superconductive composite wires. The mass of the extensometers shall be balanced 
symmetrically around the wire to avoid any non-alignment force. Care shall be taken to prevent 
bending moments from being applied to the test specimen (see Clauses A.2 and A.3). 

6 Specimen preparation 

6.1 General 

When a test specimen sampled from a bobbin needs to be straightened, a method that affects 
the material as little as possible shall be used. Care shall be taken to prevent bending or 
pre-loading when the specimen is handled manually. 
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6.2 Length of specimen 

The length of the test specimen shall be the sum of the inward distance between grips and both 
grip lengths. The inward distance between the grips shall be 60 mm or more, as requested for 
the installation of the extensometer. 

6.3 Removing insulation 

If the test specimen surface is coated with an insulating material, the coatings shall be removed. 
Either a chemical or mechanical method shall be used with care taken in removing the coating so 
as not to damage the specimen surface (see Clause A.7). 

6.4 Determination of cross-sectional area (S0) 

A micrometer or other dimension-measuring apparatus shall be used to obtain the 
cross-sectional area of the specimen after the insulation coating has been removed. The 
cross-sectional area of tape-shaped wires shall be obtained from the product of its thickness and 
width. Corrections to be made for the corners of the cross-sectional area shall be determined 
through consultation among the parties concerned (see Clause A.8). In addition, in the cases of 
lens-shaped wires, measurement of width and thickness by photograph may also be done. Mean 
value of middle and edge thickness shall be used for wires with varying thickness along its width 
to minimize mismatch effect on its cross-sectional area. The cross-sectional area of a round wire 
shall be calculated using the arithmetic mean of the two orthogonal diameters. 

7 Testing conditions 

7.1 Specimen gripping 

When the test specimen is going to be mounted on the grips of the tensile machine, the test 
specimen and tensile loading axis shall be aligned to be in a straight line. Sand paper may be 
inserted as a cushioning material to prevent the gripped surfaces of the specimen from slipping 
and fracturing (see Clause A.9). During mounting of the sample, bending or deformation shall be 
prevented. 

7.2 Setting of extensometer 

When mounting the extensometer, care shall be taken to prevent the test specimen from being 
deformed like in the case of indentation due to extensometers’ sharp edges which might cause 
an earlier fracture of the specimen. The extensometer shall be mounted at the centre between 
the grips, aligning the measurement direction with the specimen axis direction. 

During mounting care should be taken not to pre-load the specimen. After installation, loading 
shall be physically set to zero. 

In the case where a double extensometer system is used, it shall be mounted symmetrically 
around the cross-section to allow averaging of the strain to compensate the bending effects. 

7.3 Testing speed 

The tensile tests shall be performed with displacement control. The machine crosshead speed is 
recommended to be set between 0,1 mm/min and 0,5 mm/min. 

7.4 Test 

Following this procedure, the tensile machine shall be started after the crosshead speed has 
been set to the specified level. The strain and stress calculated from the output signals of the 
extensometer and the load cell respectively shall be plotted on the abscissa and ordinate of the 
diagram as shown in Figure 1 and Figure 2. When the total strain has reached a value of 
approximately 0,1 % (point Au), the tensile stress shall be reduced by 30 % to 40 %. Then, the 
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load shall be increased again to the previous level and the test shall be continued to the point 
where the specimen is fractured. 

Prior to the start of any material test program it is advisable to check the complete test 
equipment using similar size wires of known elastic properties (see Clause A.13). 
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1 Straight line drawn from the initial loading curve (zero offset line) 

2 Straight line drawn from the unloading curve 

3 0,2 % offset line drawn from the initial loading curve by parallel shifting 

4 0,2 % offset line drawn from the unloading curve by parallel shifting 

A 0,2% proof strength obtained by the offset line 3 

B 0,2% proof strength obtained by the offset line 4 

NOTE The slope of the initial loading curve decreases usually with increasing strain. Then, two straight lines can be 
drawn from the 0,2 % offset point on the abscissa to obtain 0,2 % proof strength of the composite. Point A is obtained 
from the initial loading curve, and Point B is obtained from the unloading curve. 

Figure 1 – Typical stress-strain curve and definition of modulus of elasticity and  
0,2 % proof strengths of an Ag/Bi-2223 wire externally laminated by brass foil 
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NOTE In cases where the 0,2 % offset proof strength could not be determined due to earlier failure of the wires, the 
tensile stresses at specified strains such as 0,05 %, 0,10 %, 0,15 %, and 0,20 % with an increment of 0,05 % are 
measured. In addition, the fracture strength, Rf and the percentage elongation to fracture Af were derived from the 
stress-strain curve. 

Figure 2 – Typical stress-strain curve of an Ag/Bi-2223 wire where the 0,2 % proof 
strengths could not be determined and definition of tensile stresses at specified strains 

8 Calculation of results 

8.1 Modulus of elasticity (E) 

Modulus of elasticity shall be calculated in general using the following equation and the straight 
portion of the initial loading curve and of the unloading one. Appropriate software for data 
evaluation, with the function of enlargement of the stress strain graph especially around the 
region where the deviation from linearity is expected, should be used for post analyses of the 
plotted data (see Clause A.12). 

 E = ∆F/(S0 ∆A) (1) 

where 

E  is the modulus of elasticity; 

∆F is the increment of the corresponding force; 

∆A  is the increment of strain corresponding to ∆F; 
S0 is the original cross – sectional area of the test specimen. 

Since the unloading process is carried out at the strain indicated by the point AU in Figure 1, the 
same equation (1) is used for both the unloading modulus (EU) and the initial loading one (E0). 
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It is recommended to measure the unloading curve at the starting point AU, where AU is 
recommended to be approximately 0,1 %. 

After the test, the results shall be examined using the ratio E0 /EU. The ratio shall satisfy the 
condition as given in condition (2) in which Δ = 0,3 (see Clause A.11). 

 ∆∆ +<<− 11
U

0
E
E  (2) 

If it does not satisfy the condition (2), the test is judged not to be valid. Then the test shall be 
repeated after checking the experimental procedure according to the present test method. 

It is recommended to achieve the unloading – reloading procedure as follows: When the loading 
curve reaches the strain of AU = 0,10 %, the stress is reduced by 30 % to 40 % and then the wire 
is reloaded. 

The slope of the unloading curves shall be obtained in the linear portion between the stress 
where the unloading started and the stress which is generally 90 % referring to the onset of the 
unloading stress. 

8.2 0,2 % proof strength (Rp 0,2) 

The 0,2 % proof strength of the composite shall be determined in two ways, from the initial 
loading part and the unloading/reloading part of the stress-strain curve as shown in Figure 1. 

The 0,2 % proof strength under loading Rp0,2-0 shall be determined as follows: the initial linear 
portion of the loading line of the stress-strain curve is moved parallel to 0,2 % along the strain 
axis (0,2 % offset line under loading) and the point A at which this linear line intersects the 
stress-strain curve shall be defined as the 0,2 % proof strength under initial loading. 

The 0,2 % proof strength under unloading Rp0,2-U shall be determined as follows: the linear 
portion of the unloading line is moved parallel to the 0,2 % offset strain point. The intersection of 
this line with the stress-strain curve determines the point B that shall be defined as the 0,2 % 
proof strength under unloading. Depending on the unloading line (4 in Figure 1) 0,2 % proof 
strength (Rp0,2-U) is determined. 

Each 0,2 % proof strength shall be calculated using equation (3) given below: 

 Rp0,2-i = Fi / S0 (3) 

where 

Rp0,2-i  is the 0,2 % proof strength (MPa) at each point; 
Fi  is the force (N) at each point; 
S0  is the original cross-sectional area (in square millimetres) of the test specimen; 

further, i = 0 at 0 % and i = U at 0,1 %. 

8.3 Tensile stress at specified strains (RA) 

On the other hand, when the 0,2 % proof strength could not be determined due to earlier failure, 
then the stress level at strains of 0,05 %, 0,1 %, 0,15 %, 0,2 %, 0,25 % with increment of 0,05 % 
strength is measured (see Figure 2). 
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8.4 Fracture strength (Rf) 

Tensile strength Rf shall be the maximum force divided by the original cross-sectional area of 
the wire before loading (see Clause A.6). 

9 Uncertainty of measurement 

Unless otherwise specified, measurements shall be carried out in a temperature that can range 
from 280 K to 310 K. A force measuring cell with relative standard uncertainty less than 0,1 %, 
valid between zero and the maximum force capacity of load cell, shall be used. The 
extensometers should have relative standard uncertainty of strain less than 0,05 %. The 
displacement measuring transducer (e.g. LVDT [linear variable differential transformer]) used 
for the calibration should have relative standard uncertainty less than 0,01 %. 

The relative standard uncertainty values of measured moduli of elasticity E0 and EU, tensile 
stresses at specified strains RA and the proof strengths Rp0,2 currently achieved with respect to 
the International Round Robin Test of 8 representative research laboratories are given in 
Table A.1 (see Clause A.11). 

The relative standard uncertainty corresponding to the number of samples tested shall be 
calculated using equation (4) given below: 

 ( ) N/COVNU =RSU  (4) 

where 

URSU(N) is the relative standard uncertainty, 
N  is the number of samples tested, 

COV   is the averaged coefficient of variation for all data tested. 

According to the international round robin test (see [4] and [5] of Clause A.14), the relative 
standard uncertainty corresponding to the number of sample tested can be calculated by using 
equation (4). For example, the uncertainty was 1,8 % for E0 for the test data of N = 18 in the 
case of sample E bare after the qualification check. Similarly, the uncertainty was 1,5 % for EU 
(N = 18). For two bare BSSCO wires, Rp0,2 was not possible to assess. But for metallic foils 
laminated 3 ply Ag/Bi-2223 wires, 1,4 % for Rp0,2 (N = 9) were reported. Further uncertainties in 
the range of 1,0 % to 2,7 % were reported for the stresses at specified strains RA (N = 16). 

10 Test report 

10.1 Specimen 

a) Name of the manufacturer of the specimen 
b) Classification and/or symbol 
c) Lot number 

The following information shall be reported if possible. 

d) Raw materials and their chemical composition 
e) Cross-sectional shape and dimension of the tape-shaped wire 
f) Number of filaments 
g) Non-superconductor to superconductor ratio 
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10.2 Results 

Results of the following mechanical properties shall be reported. 

a) Modulus of elasticity (E0 and EU with AU) 
b) 0,2 % proof strengths (Rp0,2-0 and Rp0,2-U) 
c) Tensile stress (RA) at strains of 0,1 %, 0,15 %, 0,2 %, 0,25 % with increment of 0,05 % 

The following information shall be reported as an option upon requirement. 

d) Percentage elongation to fracture (Af) derived from the stress-strain curves and the location 
of the fracture (i. e. within the extensometer or at the grips) 

e) Tensile strength (Rf) 

The following information shall be reported if possible. 

f) Coefficient of curve fit function obtained with an exponential function (see Clause A.5) 
g) Tensile stress at elastic limit (Rel) 
h) Tensile strain at elastic limit (Ael) 

10.3 Test conditions 

The following information shall be reported as necessary. 

a) Crosshead speed 
b) Distance between grips 
c) Temperature 
d) Manufacturer and model of testing machine 
e) Manufacturer and model of extensometer 
f) Gripping method 
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Annex A 
(informative) 

 
Additional information relating to Clauses 1 to 14 

 

A.1 General 

This annex gives reference information on the variable factors that can seriously affect the 
tensile test methods, together with some precautions to be observed when using the standard. 

A.2 Extensometer 

A.2.1 Double extensometer 

In the international RRT for Ag/Bi-2223 wires, a double extensometer system consisting of two 
single extensometers were generally used to record two signals to be averaged by software or 
one signal already averaged by the extensometer system itself. The mass of the low-mass 
double extensometers shall be 5 g or less [1]1.  

In Figure A.1 and Figure A.2, a typical advanced low-mass double extensometer is shown. 

      

  
12

,3
 

∼0,5 g 

IEC   2166/13  
Dimensions in millimetres 

NOTE The two extensometers are wired together into a single type extensometer, thus averaging the two 
displacement records electrically. 

Figure A.1 – Low mass Siam twin type extensometer 
 with a gauge length of ~ 12,3 mm (total mass ~ 0,5 g) 

___________ 
1  Numbers in square brackets refer to the reference documents in Clause A.14 of this annex. 
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25

,6
 

∼3 g 

IEC   2167/13  

Dimensions in millimetres 

Each of the two extensometers is a single type extensometer, the averaging should be carried out by software. 

Figure A.2 – Low mass double extensometer with  
a gauge length of ~ 25,6 mm (total mass ~ 3 g) 

A.2.2 Single extensometer 

Figure A.3 shows a single extensometer with a total weight of 31 g together with a balance 
weight, which was used to establish International Standard IEC 61788-6. 
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Dimensions in millimetres 

Figure A.3 – An example of the extensometer provided  
with balance weight and vertical specimen axis 

A.3 Requirements of high resolution extensometers 

From Figure A.4 the requirements for such extensometers can be derived. In order to meet the 
target that the recorded values obtained from the raw data should have a low relative standard 
uncertainty in particular between 0 % strain and 0,01 % strain, the total displacement in this 
range shall be 2,5 µm for the case of 25 mm gauge length or 1,2 µm for 12 mm gauge length. In 
fact, the signals should be acquired with a signal to noise ratio around 100 times better to ensure 
stable records within the required strain range. The calibration factor for a 12 mm gauge length 
extensometer is usually 10 V per 1 mm displacement. The peak-to-peak voltage of the signal 
should be around 1 mV to ensure this low relative standard uncertainty. Using state-of-the-art 
signal conditioners, shielded and twisted cables, and high resolution data acquisition systems of 
greater than 16 bit resolution, it is thus possible to ensure this demand [1]. Figure A.4 shows the 

Full document details: IEC 61788-18 2013

http://avadocuments2026.com/doc/iec-61788-18-2013
http://avadocuments2026.com/doc/iec-61788-18-2013


61788-18 © IEC:2013 – 19 – 

original raw data of an Ag/Bi-2223 wire measurement in the form of load and displacement graph. 
To achieve a low scatter of data as shown below, it is necessary to have a high signal to noise 
ratio enabling to resolve the curve well below the 1 µm range [2,3]. 

To obtain a zero offset gradient with a sufficient low relative standard uncertainty, which allows 
an assessment for the modulus of elasticity, it is prerequisite to use high resolution 
extensometers with extremely high signal to noise ratio. 

     

Load = 2 716,6  
Displacement + 0,1069 
R2 = 0,999 5 

0 

20 

40 
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80 

0,000 0,015 0,030 
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(N

) 
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Figure A.4 – Original raw data of an Ag/Bi-2223 wire  
measurement in form of load and displacement graph 

A.4 Elastic limit 

A.4.1 Tensile stress at elastic limit (Rel ) 

The tensile stress at elastic limit corresponding to the transition of elastic to plastic deformation 
shall be calculated in general using the following equation (see Figure A.5). 

 Rel = Fel/S0  (A.1) 

where 
Rel  is the tensile stress (MPa) at the transition from elastic to plastic deformation; 
Fel  is the force (N) at the transition from elastic to plastic deformation. 

A.4.2 Tensile strain at elastic limit (Ael) 

The strain at elastic limit (see Figure A.5) referred to the stress Rel is defined as follows: 

 0maxtotal AAA −=∆  (A.2) 

where  

∆Atotal is the total strain increment referring to zero offset strain which corresponds to strain 
where the transition from elastic to plastic deformation occurs; 

Amax the observed value of strain referred to the stress Rel; 
A0:  the zero offset strain. 
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The plots (large circles) show the region of the initial straight portion of the record. The linear 1st order regression 
analysis gives the modulus of elasticity E (E0 = 76 GPa) and the measure of linearity as square of regression 
coefficient. The value of computed 76 GPa is the result of the regression line analysis, where the origin has been 
determined to have an offset in the ordinate owing to the plot scatter. In addition, the square of regression coefficient 
should be greater than 0,99 to ensure the linearity. The stress Rel and the corresponding strain Ael correspond to the 
transition region of elastic plastic deformation. In particular, the value of Rel is an important quantity for the judgment 
of the determined E0. A low value of Rel (e.g. < 5 MPa) may indicate a higher uncertainty for the E0 owing to the small 
portion of the linear region. The smaller linear range has an impact for the measurand E0 towards high uncertainty due 
to the data scatter, and the uncertainty may trigger to repeat the measurement. 

Figure A.5 – Typical stress versus strain of an Ag/Bi-2223 wire up to the elastic limit 
corresponding to the transition region from elastic to plastic deformation (point G) 

A.5 Functional fitting of stress-strain curve and 0,2 % proof strength (Rp0,2-F) 

In the case of Ag/Bi-2223 and Ag/Bi-2212 wires, the functional fitting method is applicable to 
determine the 0,2 % proof strength. Usually, the constituent material of silver sheath in the 
composite conductors has yielded during cooling from heat-treatment temperature to room 
temperature. The stress-strain curve, therefore, is curved from the beginning in the strict sense 
so that the evaluation of the initial modulus of elasticity becomes difficult. Furthermore, because 
of the non-straight form of the specimen due to the heat-treatment condition and pre-straining 
during its setting to the tensile testing machine, the stress-strain curve is bent concave or 
convex, hence, it is difficult to estimate the intrinsic zero strain point. The functional fitting 
method is effective in excluding such strain that is present in the experimental data. The 
stress-strain curves are approximated by the use of the following exponential function; 

 F/S0 = a(ε – b)n (A.3) 

where F, S0 and ε are load, cross section and strain obtained from the test, a, b and n are 
parameters obtained by non-linear least-mean-square-fitting. In order to avoid losing digits 
during calculation, ε is expressed in %. The upper bound of fitting is 0,5 % and the lower bound 
of fitting is increased until the three parameters converge. 

The 0,2 % proof strength Rp0,2-F of the composite due to yielding of the silver sheath 
components by function fitting method shall be determined as follows: the linear portion under 
unloading is to be moved parallel to the 0,2 % offset point with regard to the zero strain point 
defined by the parameter b. The intersection of this line with the fitted stress –strain curve 
determines the point B that shall be defined as the 0,2 % proof strength (Figure 1). Fit to the 
simplified equation of (A.3) by excluding the parameter b, neglects pre-strain and gives a larger 
proof stress value close to the Rp0,2-U. It is reported that the commercially available non-linear 
least-square-fitting software can produce results that are almost identical to the experimental 
data if the allowable error to be used is less than 0,1. However, the confirmation of coincidence 
between data points and the fitting curve shall be made. 
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A.6 Fracture strength (Rf) 

In the case of Ag/Bi-2223 wire with small non-superconductor to superconductor volume ratio, 
premature fracture occurs at the grips giving rise to lower tensile strength and smaller 
percentage elongation after fracture. The tensile strength and percentage elongation after 
fracture are important not only to the scientific point of view describing the mechanical 
properties of composite material, but also useful to the test validity measurement. However, 
because the standard uncertainty is large and the strain region of interest for the wire is small, 
the values are just used as references. 

The tensile strength at which the fracture occurs shall be calculated using the following 
equation. 

 Rf = Ff /S0 (A.4) 

where Rf is the tensile stress (MPa) at the fracture, Ff is the corresponding maximum force (N). 

A.7 Removal of insulation / coating 

Even though the coating can only affect the strength to only a small extent, it should still be 
removed from the surface of the test specimen using an appropriate organic solvent that would 
not damage the specimen. If the coating material is not dissolved by the organic solvent, a 
mechanical method should be used with care to prevent the silver sheath from being damaged. 
For example, tensile strength decreases by less than 3 % for a low-strength wire which has a 
high silver ratio greater than 3,5. The coating is not designed as a structural component. An 
analysis of measurement as a four-component composite, i.e. silver, its alloy, Bi-2223 or 
Bi-2212 filaments and insulating coating, is too complicated to conduct. Therefore, this test 
method covers the bare wire in order to maintain low relative standard uncertainty. 

A.8 Cross-sectional area determination 

In case a low relative standard uncertainty is required, the cross-sectional area may be obtained 
by correcting the radius of the corner of the rectangular wire finished by dies, or by correcting the 
less thickness at the edges of the wires finished by rolling. For rolling or Turk's-head finish, the 
radius of the corner and thickness are not controlled and for that reason, a correction is made 
using a microphotograph of the cross-section. 

A.9 Gripping force 

A weak gripping force results in slippage but a strong gripping force can break the gripped 
surface. Care should therefore be used when adjusting the gripping force. A cushioning material 
such as sand paper may be inserted to prevent the gripped surfaces of the specimen from 
slipping and fracturing. 

A.10 Percentage elongation after fracture (Af) 

In composite wires there is a difference in strength between the silver sheath and 
superconducting filaments, and the wire is often deformed in waves by the shock of fracture. In 
such a case, it is difficult to find the elongation accurately after fracture using the butt method. 
Hence, the measurement of elongation after fracture shall serve only as a reference. The 
movement of the cross-head may be used to find the approximate value for elongation after 
fracture, instead of using the butt method. To use this method, the cross-head position at 
fracture must be recorded. The following equation is used to obtain the elongation after fracture 
using the butt method, given in percentage. 
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 Af = 100(Lu−Lg)/Lg  (A.5) 

where 

Af is the percentage elongation after fracture; 
Lg  is the initial inward distance between grips; 
Lu  is the distance between grips after fracture. 

A.11 Relative standard uncertainty 

Owing to the nature of any measurement, the obtained test results showed a scatter in all cases. 
To assess the quality of the measured data the concept of uncertainty serves a sound basis for 
an independent judgment. In Annex B and C detailed information is supplied with respect to 
uncertainty of a measurand. 

In case of Ag/Bi-2223 wire substantial experiences were gathered during the international round 
robin tests carried out with 7 research groups. In particular, the evaluation of obtained data 
supplied valuable information with respect to the modulus of elasticity determined at the initial 
loading line and from the unloading line at ~ 0,1 % strain. In general, the obtained modulus of 
elasticity results from the initial loading line has a larger scatter compared to the determined 
values from the unloading line. A comprehensive analysis of these data is given in reference [4] 
and shows that the ratio of E0 and EU varies from unity if all results are collected together. These 
variations can be described by using the simple relation 1-Δ < E0/EU < 1 + Δ, where Δ defines 
the quantity of the deviation from unity. To limit the scatter at the initial loading line and to delete 
disqualified data Δ = 0,3 has been proven to be an adequate value to be used. 

In Table A.1 the important quantities such as the modulus of elasticity obtained from initial 
loading line and unloading line at around 0,1 % strain, the 0,2 % proof strength, furthermore also 
tensile stresses at specified strains Ri are summarized. The standard uncertainties of these 
results show that the disqualification of the data beyond Δ = 0,3 reduces the standard 
uncertainties by at least a factor of 2. 

The scatter of experimental data obtained from RRT relates to the two contributions of the intra- 
and inter-laboratory. In order to make clear whether the data submitted from their respective 
laboratories belongs into the same population of all experimental data, the analysis of variance 
(F-test) was performed under the guidance of the text (GUM H.5.2.1, See 1 of Clause B.5). As a 
typical example, the experimental data on E0 were analyzed and the results are listed in Table 
A.2. In order to make exact comparison among laboratories, it is necessary to fix the same 
number of data from each laboratory, 3 for instance. So, three data were chosen randomly from 
each laboratory when the number of data was equal to or larger than 3, but in case of data 
number less than 3, the data set from the laboratory was disregarded. 

According to GUM guidance, the ratio of the inter-laboratory variance (sa
2) and the 

intra-laboratory one (sb
2) was calculated as Fexp = sa

2 / sb
2 and compared with the theoretical 

function, F0,99. In case that the hypothesis of Fexp < F0,99 holds, the major scattering originates 
from the intra-laboratory estimates. 

In order to make the contribution quantitatively clear from either inter- or intra-laboratory, the 
symmetric data set was requested. So the data set are listed in Table A.3. By using the 3 × 5 
symmetric data, F test was attempted for E0 of sample E bare wire. By using the data set listed 
in Table A.3, the F distribution was calculated as Fexp = 18, while the theoretical F0,99(νa, νb) 
function for νa = 4 and νb = 10 is given as 6,0. The result of Fexp > F0,99 indicates that the 
inter-laboratory estimate is larger than the intra-laboratory one. 

The results of F test for E0 of four kinds of Bi-2223 wire used in RRT carried out by 8 different 
research laboratories are summarized in Table A.1. It is clear from Table A.3 that the major 
scattering originates from the inter-laboratory estimate. In order to suppress the large standard 
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uncertainty, the result on the verification of the detailed experimental conditions has been 
reported [5]. While no indication could be made clear in the present analysis, the present results 
suggest a possible modification of the regulation of test procedure in the future. 

Table A.1 – Results of relative standard uncertainty values achieved on different 
Ag/Bi-2223 wires during the international round robin tests 

 

(a) Sample E bare 

Property Dimension All Data Qualified Data 

N <x> COV (%) URSU (%) N’ <x’> COV (%) URSU (%) 

E0 GPa 20 83,7 27,0 6,0 18 76,7  7,5 1,7 

EU GPa 20 79,1 6,2 1,3 18 78,9 6,5 1,5 

R0,05 MPa 20 38,5 9,9 2,2 18 37,5  6,6 1,5 

R0,1 MPa 20 69,3 6,1 1,3 18 68,5  5,2 1,2 

R0,15 MPa 20 95,3 5,7 1,2 18 94,1  5,4 1,2 

R0,2 MPa 19 117,8 4,9 1,1 17 117,2 4,9 1,2 

R0,25 MPa 16 133,7 5,0 1,2 15 133,6  5,2 1,3 

Rp0,2 MPa - -  -  -  - 

Rf MPa 20 133,6 6,4 1,4 18 133,2  6,7 1,5 

N: total number of tested wires, N’: number of qualified wires, X: modulus of elasticity or proof strength, <x>: 
average for total wires, <x’>: average for qualified wires, COV: coefficient of variance (%), and URSU: relative 
standard uncertainty (%). 
 

 (b) Sample S bare 

Property Dimension N <x> COV (%) URSU (%) 

E0 GPa 16 87,7 7,8 1,9 

EU GPa 16 90,0 6,8 1,7 

R0,05 MPa 16 42,4 7,1 1,7 

R0,1 MPa 16 78,8 7,8 1,9 

R0,15 MPa 16 110,2 5,7 1,4 

R0,2 MPa 16 137,0 5,3 1,3 

R0,25 MPa 15 159,5 5,3 1,3 

Rp0,2 MPa - - - - 

Rf MPa 16 164,4 5,4 1,3 

 

(c) Sample S Brass 3ply 

Property Dimension N <x> COV (%) URSU (%) 

E0 GPa 15 97,9 7,5 1,9 

EU GPa 15 95,1 6,4 1,6 

R0,05 MPa 15 48,5 10,4 2,7 

R0,1 MPa 15 91,5 5,8 1,5 

R0,15 MPa 15 132,9 4,6 1,1 

R0,2 MPa 15 171,0 4,1 1,0 

R0,25 MPa 15 206,4 3,8 1,0 

Rp0,2 MPa 9 273,5 4,2 1,4 

Rf MPa 12 264,4 4,5 1,3 
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 (d) Sample S SUS 3ply 

Property Dimension All Data Qualified Data 

N <x> COV (%) URSU (%) N’ <x’> COV (%) URSU (%) 

E0 GPa 16 115,2 25,8 6,4 14 105,3 12,2 3,2 

EU GPa 16 106,6 8,2 2,0 14 104,7 7,0 1,8 

R0,05 MPa 16 54,4 18,0 4,5 14 51,3 10,4 2,7 

R0,1 MPa 16 99,6 9,8 2,4 14 96,7 6,3 1,6 

R0,15 MPa 16 141,4 7,6 1,9 14 138,4 5,3 1,4 

R0,2 MPa 16 179,3 5,6 1,4 14 176,6 4,2 1,1 

R0,25 MPa 16 215,5 4,0 1,0 14 213,8 3,7 1,0 

Rp0,2 MPa 12 291,4 5,6 1,6 10 296,1 4,5 1,4 

Rf MPa 13 321,6 4,6 1,2 11 325,4 3,9 1,1 

 

Consequently, the average value of relative standard uncertainty (URSU) for all samples is given 
by the equation 
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Where M indicates the number of different wires and the average number of samples is given, 
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Then URSU was calculated from Table A.1 as 2,1 % for E0 for N ' = 16 as the average value for all 
samples after the qualification check. By using the same procedure, the URSU was evaluated for 
Eu , Ri and Rp0.20 and their results are presented in sub-clause 9 of the main text. 

Table A.2 – Selected data for F test for E0 of Sample E bare wire 

 P1 P2 P3 P5 P6 

Eoj1 77.8 71,4 72 73 82,0 

Eoj2 76,9 74,2 72 73 89,2 

Eoj3 78,2 74,2 77 71 89,2 

 

Table A.3 – Results of F-test for the variations of E0 of four kinds of Bi-2223 wires 

Sample Fexp  F0,99 Major scattering sources 

E bare 18 > 6,0 Among laboratories 

S bare 2,8 < 7,6 Within laboratories 

S Brass 3Ply 20 > 6,0 Among laboratories  

S SUS 3Ply 4,9 < 8,0 Within laboratories  
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