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reword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Introduction

The increasing use of second-generation high temperature superconductors (2G HTSs) and invention
of resistance-free joining on 2G HTSs have created the need for the [SO 17279 series in order to ensure
that joining is carried out in the most effective way and that appropriate control is exercised over all
aspects of the operation. ISO standards for micro-joining and joint evaluation procedure are accordingly

essential to get the best and uniform quality of 2G HTS joint.

Superconductor is a material that conducts electricity without resistance and has diamagnetism below
critical temperature (T,), critical magnetic field (B.) and critical current density (J.). Once set in motion,

electrical durrent flows forever in a closed loop of superconducting material under diamagnetism,

2G HTS corstitutes of multi-layers and total thickness is around 60 pm to 90 um and the superegonduc
layer madd from REBa,Cu30._, is only 1 pum to 3 um thick depending on manufacturer’s spgcificati
Figure 1 shows schematic drawing of typical multiple layers, and the constituents and thicknesse

each layer |n the 2G HTS.
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Currently soldering, brazing or any filler is applying in superconducting industry as shown in Figure 2,
which shows high electrical resistance at the joint providing fatal flaw in the superconductor.

Key

a) Lap joint b) Bridge joint

REBCO-superconducting layer

solder

Figure 2 — Soldering to join 2G HTS

However, the ISO 17279 series focuses on the direct autogenous joining of 1 pm to 3 um thick
supgrconducting layers of 2G HTSs as shown in Figure*3 without filler metals and recovery of
electrical

superconducting properties by oxygenation annealing ‘process, which shows almost nong¢

resi

Key

Fig

ISO

stance at the joint.

a) Lap joint b) Bridge joint

REBCO-superconducting layer

for superconducting joint

sho

hldbe capable of performing required electric, magnetic and mechanical properties and

fure 3 — Dikect autogenous joining of 1 pm to 3 pm thick superconducting layers of 2G HTSs

17279-1 specifies requirements for the qualification of 2G HTS joining procedure. 2G|HTS joints

free from

serious imperfections in production and in service. To achieve that goal, it is necessary to provide

con

trols during design and fabrication.

ISO 17279-2 specifies requirements for the qualification of personnel performing welding and testing.
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Welding — Micro joining of second generation high
temperature superconductors —

Part 3:
Test methods for joints

1 (Scope

Thif document specifies the requirements for the test methods for joint of micro-jeining of 2G HTS to
fulffl the requirements of ISO 17279-1 and ISO 17279-2.

Thif document specifies test methods for determining the capability of joints for the produgtion of the
sperified quality. It defines specific test requirements, but does not assign those requirements to any
spefific product group.

2 |Normative references

The following documents are referred to in the text in such a way that some or all of their content
conktitutes requirements of this document. For dated*teferences, only the edition cited gpplies. For
undated references, the latest edition of the reference@document (including any amendmengs) applies.

1SO[17279-1:2018, Welding — Micro joining of 2nd-generation high temperature superconductofs — Part 1:
General requirements for the procedure

[SO|15607:2019, Specification and qualification of welding procedures for metallic materials — General rules

3 |Terms and definitions
For|the purposes of this docuiment, the terms and definitions given in ISO 17279-1 and ISO 15607 apply.
[SO|and IEC maintain terminological databases for use in standardization at the following addresses:

— |ISO Online browsing platform: available at https://www.iso.org/obp

— |IEC Electropédia: available at http://www.electropedia.org/

4 |Test:methods for joint

4.1—Generat

ISO 17279-1:2018, 5.5.4, describes requirements for qualification of test personnel, for test methods,
witness during testing and retesting. Especially, ISO 17279-1:2018, Table 1, shows the type of testing,
the extent of testing, the confirmation of testing, and required tests for the procedure qualification
according to ISO 17279-1. ISO 17279-1:2018, 5.9, requires the acceptance criteria of the tests. The
manufacturer can have at their disposal sufficient competent personnel for the testing and operating
the test equipment, or can contract the specific tests to the specialized organizations. The manufacturer
can witness the tests from specimen preparation to data acquisition and analysis according to
manufacturer’s quality assurance requirements.

The operating procedures and cautions of the test equipment shall be applied when the equipment is
used for testing according to this document. The operator of the specific equipment shall establish the
capability to perform the required test, and calibration and qualification of the test equipment shall

© IS0 2021 - All rights reserved 1
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be maintained up-to-date according to an appropriate quality management program. Qualification
records and certificates shall be kept up-to-date.

The tests except visual testing shall be performed at the cryogenic environment and do not purport to
address the safety concerns associated with its use. It is the responsibility of whoever uses this method
to establish appropriate safety and health practices prior to use.

4.2 Visual testing

4.2.1 General

This subclg

422 Qu

Testing sh
an appropt
an examin

distance n¢t less than 30,5 cm as well as a colour perception test. The vision examination records s

be maintai

4.2.3 Te

Calibrated
measuring

4.2.4 Su

The surfad
grease, det
The surfad
shall meet
welding sp
dimension

42,5 Te

Testing shz
The testin
distance f1

treated conpdition (oxygenation annealing), or otherwise required, and be free of all coatings and of

surface co
Testing wi

use defines the method of visual testing of materials and joints used in 2G HTS.

alification of test personnel

1l be conducted by qualified personnel. Personnel qualification shall be done accordin
hition where their vision, with or without correction, meets the Jaeger.J2 near vision test

hed for the current year and shall be available for review.

5t equipment

instruments shall be used for testing, wherever required, this includes all necess
instruments and gauges.

rface condition and preparation

e for the test shall be uniform and smoeth and shall be clean and free of scale, rust,
rimental oxides and other deleterious.foreign materials such as Ag or Cu spots of 2G H
es of the finished joints shall be spitable to permit proper testing. All joint preparat
drawing specified dimensions (whether provided via dimensions on the drawing or
ecification). If no dimensions are'provided as part of the drawing or ordering documents
5 shall meet dimensions specified by approved welding procedure specification (WPS).

5ting

1l be performed in.decordance with a written procedure or method applicable under testj
b area shall include the joint and the accessible adjacent heat-affected zone (HAZ) for s
om the joint’edge of the base metal. The testing shall be in the after joining and final h

hditions\such as paint, plating, etc. The joints shall be tested in the as-welded condif
1 be,conducted with specimen suitable dimensions.

B to

iate quality management program. Personnel conducting visual testing shall annually pass

at a
hall

ary

oil,
[TS.
ons
na
the

ing.
me
eat-
her
ion.

Direct visuy

alfesting shall be used. If required, mirrors and magnifying lenses are used to improve

the

angle of vision and to assist. The minimum light intensity at the surface is 1 000 lux (100 foot-candles).
The written procedure or method shall include, at a minimum and either directly or by reference to
applicable document(s), procedure identification number and date, revision number, identification of
joints, complete testing requirements including lighting and method of testing, evaluation of indications,
acceptance criteria, disposition of joints after evaluations.

4.2.6 Acceptance criteria

The requirements of ISO 17279-1:2018, Table 4, shall be met. Lack of bonding, lack of fusion, cracks and
pin holes are not acceptable.
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4.2.7 Testreport

After the completion of the testing, the results shall be entered in the test report. A form of a test report
is shown in Annex A.

4.3 Four-point-probe testing

4.3.1 General

This s

cont

Th

4.3

Tes

4.3

Ca

4.3
Sub

ubclause defines the method of four-point-probe testing of base materials and joi

Y -Vd c
U U c U O

C (e U pe ured
Typically, the resistance of the point of contact (contact resistance) is far smaller than‘th
e test specimen, and can thus be ignored. However, for superconductors under cryogenic cor
act resistance can dominate and completely obscure changes in the resistance of the.test spe

eleffects of contact resistance are eliminated with the use of four-point-probe testing.

2 Qualification of test personnel

3 Testequipment

ljbrated instruments shall be used for testing.

4  Surface condition and preparation

clause 4.2.4 shall apply.

4.3

4.3

Tes
2G

by

identification of joint$;complete testing requirements including method of testing, eval
rep

Thd
dist

joi
or

dete¢rmined by the manufacturer. The test shall be done at weld reinforced condition with co

5 Testing

5.1 General

[ing shall be performed imaccordance with a written test procedure or method applic
HTS. The written test (pyocedure or method shall include, at a minimum and either
reference to applicable document(s), procedure identification number, date, revisid

brting after evaluations.

testing ared. shall include the joint and the accessible adjacent HAZ of base materig
ance from)the joint edge. The total length of specimen shall be at least 60 mm includ
. Thetest shall be done after joining and final heat-treated condition (oxygenation

nts used in

he test.

E resistance
ditions, the
fimen itself.

fing shall be conducted by qualified personnel. Personnel qualification shall be done accojrding to an
appyopriate quality management program.

able to the
directly or
n number,
hation and

] for some
ing 20 mm
hnnealing),
mperature

'{therwise required, and is carried out at the LN2 cryogenic environment or other tg

mmercially

available materials considering thermal shrinkage coefficient so as not for joints to be damaged during
the test.

Schematic of two superconducting layers with lap-joint in 2G HTS is shown in Figure 4. When current
passes through a superconducting layer (1 pm to 3 pm thick) of 2G HTS from superconducting layer 1 to
joint to superconducting layer 2, the current generates a voltage difference between superconducting
layer 1 and superconducting layer 2. 2G HTS without joint and HAZ is resistance-free in cryogenic
environment, thus the most voltage difference comes from joint and HAZ.
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Dimensions in micro-meters

Key
upper s
bottom|
joining

w  width g

t; thickne

t, almost

A, cross-s

A, cross-s

Figure

Figure 5 is

uperconducting layer

superconducting layer

area

f superconducting layer

ss of superconducting layer (1 pm~3 pm)

P t; or slightly less than 2 t; depending on pressure during joining
pctional area of superconducting layers 1 and 2 (4 = t; x W)
pctional area of lap-joined two superconducting layers{(4, = t, x w)

i — Typical 2G HTS multi-layers, and the constituents and thicknesses of each laye

a schematic of four-point-probe testing in lap-joined 2G HTS. Four probes are attached to

the

test specinjen as shown in the figure. A cunfent is made to flow the length of the test specimen thr

probes lab
having cur
then there
between th
measured

of the volts
The high i

is a drop of potential (or'voltage) as the current flows along the test specimen, for exa

e two probes labelled.c'and d in the figure. The voltage drop between probes c and d cal
by a digital voltmeter;-The resistance of the test specimen between probes cand d is the r
ge registering omthe digital voltmeter to the value of the output current of the power sup
mpedance of thedigital voltmeter minimizes the current flow through the portion of

circuit conpprising the ‘voltmeter. Thus, since there is no potential drop across the contact resista

associated
supercond
to the joint
time durin

with prebgs c and d, only the resistance associated with the joint and associated HA
ictor between probes c and d is measured as a function of current. 2 HAZ lengths adja
are about twice of joint length. However, the HAZ is dependent on the heat input and dj
b joining. Manufacturer may determine the HAZ length by four-point-probe testing.

gh

elled a and b in the Figure 5.°This can be done using a current source or a power supply
rent output readout. If the test specimen has any resistance to the flow of electrical current,

ple
1 be
htio
ply.
the
nce
V. of
cent
vell
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L™ N R

o

g}

Thd

d)

joining area

heat-affected zone (HAZ)
electrical resistance of the joint
Current lead 1.

Current lead 2.

Voltage tap 1.

Voltage tap 2.

Figure 5 — Schematic of four-point-probe testing in lap-joined 2G HTS CC

test procedure is as follows.

Attach c and d (joint fusion line each) probes to the test specimen and connect to a digitﬂl voltmeter

and attach a and b (5 mm from the c and d each) probes to an ammeter and a power su
chart recorder may be connected between probes c and d.

Set the thermocouple reader to read the K thermocouple and read the symbol of the the
attached to the therfnocouple. Do not bend the thermocouple.

Place the container, test specimen with attached probes, and thermocouple. Pour liquid
other cryogeininto the container. Read the potential across the thermocouple.

When the,container is completely cooled and the temperature drops to about 70 K o
decided; turn the power supply on. When the resistance of the superconductor ch:
variable current, the voltage output changes. Read the potential difference on the
The ratio of the voltage to the current flowing through the test specimen is the resist

ply. A strip

rmocouple

hitrogen or

- whatever
inges with
voltmeter.
hnce of the

SUPErconauctor DETWEE e TWO VOItage Pprobes (¢ and dJ-:

In Figure 5, current (I) passes through the two end probes (a and b) and voltage (V) is measured
between the two centre probes (c and d) which is for joint and HAZ. The average resistance, R, between
the two centre probes (c and d) is calculated from Formula (1).

I=V/R

where

V' is the voltage difference;

I isthe current flow between the two centre probes (c and d).

© IS0 2021 - All rights reserved
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Ris also given by Formula (2) because most voltage difference comes from joint and HAZ.

Ry =pjx 1/ Ay or Rypz = praz % lnaz / Aq (2)
where is

p; is the resistivity of the joint in Q-cm;

PHAZ is the resistivity of the HAZ in Q-cm;

I] ib t}lC }Cllst}l Uf thc J.Uillt IIITdSUul Cd ill CIll,

Laz is the length of the HAZ measured in cm;

A and[A, is the cross-sectional areas of superconducting layer and lap-joined two superconduft-

ing layers in cm?, respectively.

Thus, totallresistance of the test specimen with lap-joint is as Formula (3).

1=V /(R;+ Ryaz) (3)
4.3.5.2 §elf-field critical current (I.)

Critical cu
critical cur
probe test
Although t
current is
The V-I cuy

The DAS and LabVIEW shall be calibrated.

rrent value of joint (I ;) is extremely important to ¢onfirm joint integrity. The self-field
rent (I) values of the joined superconductor shall beimeasured using a standard four-pgint-
ng and in a bath of liquid nitrogen (LN,) or othefpre-determined cryogenic environment.
his method is not an ultimate method, it is quite“effective in the first-round evaluation. If{ the
blotted versus the voltage reading in 2G HTS;the result is similar to that shown in Figuie 6.
ve is obtained from a commercially available’data acquisition system (DAS) and LabVIEWD.

1) LabVIEW is the trademark of a product. This information is given for the convenience of users of this document

and does no
be shown to

6

t constitute an endorsement by ISO of the product named. Equivalent products may be used if they can
lead to the same results.
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Key]

Figlire 6 a) and b) show resistance and are not superconducting joints. However, Figure 6 c) ar

per
aro

bet

4.3
Je c

Fig:ﬁre 6 d) is same of thevirgin, respectively. The self-field /. values of the 2G HTS joint shall b
usi

Y Y
R pw/em® [
—TR
: X
a) h)
Y Y
IpV/cma ) o o |
C A
X X
c) )

current in A
voltage in V

Figure 6 — Examples of V-I curve measured in joint of 2G HTS CC

fect superconducting joint, of which the slope of V-I curve is zero (zero voltage and res
ind its critical current (I.). Figure 6 c) is lower than the virgin (heat-unaffected base

d d) shows
stance) till
metal) and
b measured

g a 1 pV/cm critérion from the V-I curve obtained by four-point-probe testing. When the distance

veen voltagetaps [Figure 6 c) and d)] is 8 cm, the current value at 8 pV is critical current

5.3 (Critical current density (J)

haracterizes the maximum electrical transport current per cross-sectional unit are

l).

a that the

sup

reonductor is able to maintain without resistance and is expressed in terms of I divide

by joined

cross-sectional area. The cross-sectional areas of virgin (base metal) and joint in Figure 4 are A; and 4,
respectively and expressed as Formula (4).

]C,V = Ic,v /Al Or]c,j = Ic,j /AZ

(4)

For example, when the thickness and width of superconducting layer in 2G HTS are 1 pm and 4 pm,
respectively, and I, of 84 A in Figure 6 d) is applied, A; and A, are 4 um?2 and 8 um?2. Then, ], and /. ; can
be calculated as 21 A/um? and 10,5 A/um?, respectively, which are extremely high due to 2G HTS.
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4.3.5.4 n-value

Most V-1 characteristics in 2G HTS can be approximately expressed by V o [, which is typically

quantified by the parameter, n. The V-1 transition to the normal state is defined by Formula (5).
(p/pd=U/IJmor (V/V)=(I/1)"
where

p. s the critical resistivity;

6)

V. is the critical voltage;

I

. lsfhe critical current.

This parameterization has been very useful in the high J. superconductors, where-the n-valup is

regarded gqs an index of the superconductor quality. The n-value can vary significantly in conduc
with highef resistivity. The power relation is a practical way to analyse the transition. The n-value

fors
is a

useful toolfto evaluate a conductivity (o) of 2G HTS. A high n-value is inversely related to the width off the

V-I transitjon. In turn, the width of the distribution is reflected in the n-valuepwhere n is proporti
to 0. Highdr n-value indicates substantial improvement in J.. Likewise, thie n-value characterizes
sharpness jof a resistive transition in the V-I curve at I. measurement/When the n-value is higher,
resistivity fis lower and the superconductivity is better.

nal
the
the

Figure 7 a) illustrates an example of low n-value. Figure 7 b) illustrates a high n-value in V-I curve of

four-point-probe testing in 2G HTS. The n-value is measured asfollows:

a) apply JuV/cm criterion to determine V,and I ;
b) select the pre-determined voltage (V) and determifie the current (I) in the curve;

c) transf¢r the numbers (V, V,, I, 1) to Formula (6):
n=mWV/V)/In({/I)

When n-vallues are directly compared from the different V-I curves, apply the same pre-determing

(6)

dv

in the V-I cprves. For example, when W, V, I, and I are 1 uV, 50 uV, 10 A and 50 A respectively in Figufe 7

a),and V, V,1.and I are 1 pV, 501V, 84 A and 89 A respectively in Figure 7 b), n can be calculated as
Figure 7 a)land 67,45 in Figuré%b) by applying Formula (6).

1in

Y Y
|4 Vv
v THV/cm= v Tpv/cm=/
[ _4 C
I, I X 1, 1X
a) Low n-value b) High n-value

Key

X  currentin A
Y voltage in pv
a  (Criterion.

Figure 7 — Examples of n-value in V-I curve of four-point-probe testing
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4.3.5.5 Cyclic thermal shock characteristic

The cyclic thermal shock is to determine the I, variations or profiles of the joint in cyclic thermal
shock in liquid nitrogen bath or other cryogenic environments. The cryogenic environments, cycles for
thermal shock, temperatures (high and low) and number of tests are determined by the manufacturer.
Table 1 shows recommended parameters for cyclic thermal shock.

Table 1 — Recommended parameters for cyclic thermal shock testing

Holding time at high and low
Cryogenic en- (i_};c:fiiolr Temperature gtemneratugre Number of
vironments ] ] tests
shock High Low High Low
Liduid nitrogen nitléloqlgg or
or femperature Room temper- & . )
: 5 temperature 30 min 30 mrin 5
decided by the ature :
decided by the
mpnufacturer
manufacturer

4.3)6 Acceptance criteria

The requirements of ISO 17279-1:2018, Table 5, shall be met.

4.3]7 Testreport

Aftér the completion of the testing, the results shall be entered in the test report. A form of altest report
is shown in Annex B.

4.4| Field-decay testing

4.4)]1 General

Thip subclause defines the method offield-decay testing of joints used in 2G HTS. A field-decay technique
is uped to determine the resistance of a 2G HTS closed loop with a 2G HTS joint to a level below 10-12 ()
and magnetic field strength variation over time.

4.4{2 Qualification of test’personnel

Testing shall be conducted by qualified personnel. Personnel qualification shall be done according to an
appropriate qualitysmanagement program.

4.4]3 Testequipment

Caljbratéd-instruments shall be used for testing.

4.4 4 Surface comditiomamd preparation

Subclause 4.2.4 shall apply.

4.4.5 Testing

Testing shall be performed in accordance with a written procedure or method applicable to the 2G HTS.
The written test procedure or method shall include, at a minimum and either directly or by reference to
applicable document(s), procedure identification number, date, revision number, identification of joints,
complete testing requirements including method of testing, evaluation and reporting after evaluations.

The testing area shall include the joint and the accessible adjacent HAZ of base material. The test shall be
done after joining and final heat-treated condition (oxygenation annealing), or otherwise required, and
is carried out at the LN, cryogenic environment or other temperature determined by the manufacturer.
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The joined specimen that /. was tested and accepted shall be used for this test. The test shall be done
at weld reinforced condition with commercially available materials considering thermal shrinkage
coefficient so as not for joints to be damaged during the test.

In this technique, the time-dependent changes in a magnetic field generated by a current flowing in
a circular loop containing an HTS joint are measured over a period of time lasting for hours or days.
Figure 8 shows a schematic drawing of the principle of the method and measurement setup used to
measure the joint resistance of a superconductor joint in a bath of liquid nitrogen (LN,, 77 K or -196 °C).

ﬂ/e

a) b) c) d)

1  superc¢nductor coil
2 joint
3 permarjent magnet or electromagnet
4  styrofopm bath

5 liquid rlitrogen or other cryogen

6  hall serfsor

Figure 8= Field-decay testing

The procedure is as follows.
1) Wind fhe superconductor coil with joints.

2) Insertfthe permanent magnet or electromagnet into the bore of superconductor coil with joints

3) Fill th¢ styrofoam container with liquid nitrogen or other cryogen. Then, the superconductor|coil
becomles superconiducting in the presence of a magnetic field induced by the permanent magndt or

4) Holdt

5) Lifttheperm
6) Place the hall sensor at the bore of the closed loop.

7) Measure the induced time-dependent magnetic field change by the Hall sensor and record it in the
data acquisition system (DAS).

Figure 9 a) shows schematic sketch of 5 turns of 2G HTS coil wound coil with 60 mm inner diameter and
20 mm joint located outside of coil and circuit diagram which hall probe is inserted into the 2G HTS coil.
Figure 9 a) also shows table of experimental data for recording.

For an example of procedure, a Nd-Fe-B permanent magnet disk (0,35 tesla) is inserted into the 2G HTS
loop bore. When liquid nitrogen (LN,) is poured into the styrofoam container, the 2G HTS achieves
superconductivity in the presence of the magnetic field induced by the Nd-Fe-B magnet (that is, field-
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cooling occurred). After the permanent magnet is lifted out of the loop bore, a Hall sensor is placed at
the centre of the closed loop. The induced magnetic field on the 2G HTS is measured by the Hall probe
with an accuracy of 102 Gauss and recorded with a DAS. Figures 9 b) and c) shows the decay behaviour
of the induced field in the closed-loop 2G HTS model coil with joint. The vertical axis is normalized to

the initial magnetic field.

20

— -
a0

Dimensions in millimetres

Parameters

Values

Inner diameter [mm]

60

Number of turns

1—
2/% o-—"b
3

a) Preparation

0,37=1/e

0,37

X1
b) Testresult

X1 [timeins
X2 |timeind
Y |B(t)/B(ty) in tesla

1 |2GHTS coil

2 |Hall probe

3 |LN, or other cryogenic environment
4 |supereohducting joint

Coil inductance [pH]

Coil constant [mT/A]

1,002
.

c) Testresult

Figure 9 — Test sample experiment preparation and test results

The field-decay rate and joint resistance of the 2G HTS model coil are given by Formulae (7) and (8),

respectively:

B(f) = B(t,) e ®i/Lt

R=-LxIn[B(t)/B(ty)] / t

© IS0 2021 - All rights reserved
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where

B(t) isthe induced magnetic field at t in tesla;

B(ty) is the initial magnetic field in tesla;

R]- is the joint resistance in Q;
L is the self-inductance of a closed loop in henry;
t s the time in s.

Figure 9 b) is an example of field-decay time as a function of B(t)/B(t,) at coil with resistjve joint. [The
joint resistance (Ry) is calculated by applying t when B(t)/B(t,) is at 1/e which is 0,37. Eigure 9 ¢) iy an
example of|field-decay time as a function of B(t)/B(t,) at coil with resistance-free superconducting jqint.

4.4.6 Acteptance criteria

The requirgments of ISO 17279-1:2018, Table 6, shall be met.

4.4.7 Teptteport

After the dompletion of the testing, the results shall be entered-in the report. A form of the report is
shown in Annex C.

4.5 In-field testing

4.5.1 Gejneral

This subclquse defines the method of in-field testing of joints used in 2G HTS. An in-field techniqye is
used to verify the joint I or J_ variations at-different cryogenic conditions (20 K, 30 K, 50 K and 77 K)
under diffdrent externally applied magneticfield (0 T; 0,35 T; 0,7 T; 1,0 T; 2,0 T and 3,0 T; where T is|the
magnetic strength unit in terms of tesla):

4.5.2 Qualification of test personnel

Testing shdll be conducted bynqualified personnel. Personnel qualification shall be done according tp an
appropriate quality management program.

4.5.3 Tept equipment

Calibrated [instruments shall be used for testing.

4.5.4 Surface condition and preparation

Subclause 4.2.4 shall apply.

4.5.5 Testing

Testing shall be performed in accordance with a written procedure or method applicable to the 2G HTS.
The written test procedure or method shall include, at a minimum and either directly or by reference to
applicable document(s), procedure identification number, date, revision number, identification of joints,
complete testing requirements including method of testing, evaluation and reporting after evaluations.

The testing area shall include the joint and the accessible adjacent HAZ of base material. The test shall be
done after joining and final heat-treated condition (oxygenation annealing), or otherwise required and
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is carried out at the LN, cryogenic environment or other temperature determined by the manufacturer.
The specimen used for I test or a new specimen may be used for this test. The test shall be done at weld
reinforced condition with commercially available materials considering thermal shrinkage coefficient
so as not for joints to be damaged during the test.

In this technique, the magnetic field-dependent changes in a self-field critical current (I_) values of the
joined superconductor generated by a standard four-point-probe testing in 4.3.5.1 shall be measured in
a bath of liquid nitrogen (LN,) or other pre-determined cryogenic environment.

Figure 10 shows examples of normalized I, variations, of which magnetic direction is parallel or
perpendicular to the superconducting tape respectively, as a function of magnetic field and cryogenic
temperatures. The magnetic fields applied can be determined according to manufacturer’s rejquirement.
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X
Y
X
Key
X magnetic field in T
Y I.(B)/I. (77K 0T)
—s— 20K ——0o—— SF_20K
—e— 30K ——o—— SF_30K
—a—— 50K —a—— SF50K
—>— 77K —v—— SF.77K

Figure 10 — Example of in-field test results
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4.5.6 Acceptance criteria

The requirements of ISO 17279-1:2018, Table 7, shall be met.

4.5.7 Testreport

After the completion of the testing, the results shall be entered in the test report. A form of a test report
is shown in Annex D.

4.6

4.6

Thi
det

4.6
Tes

Tensile testing

1 General

5 subclause defines the method of tensile testing of joints used in 2G HTS. Ajtensile testin
ermine the strength of joint. The strength of 2G HTS is determined by joint strength.

2 Qualification of test personnel

appjropriate quality management program.

4.6

3 Test equipment

Caljbrated instruments shall be used for testing.

4.6
Sub

4 Surface condition and preparation

clause 4.2.4 shall apply.

4.6

The
env
wel
ava

Tes
Thd

5 Testing

test is similar to ordinary:metal tensile test except that it carries out at the LN,
ironment or other temperdture determined by the manufacturer and the specimen i
ded condition (lap, bridge or other joint types) or weld reinforced condition with co
lable materials considering thermal shrinkage coefficient.

[ing shall be perfoermed in accordance with a written procedure or method applicable to t
written testprocedure or method shall include, at a minimum and either directly or by r|

b is used to

fing shall be conducted by qualified personnel. Personnel qualification shall be done accojrding to an

cryogenic
5 either as
mmercially

he 2G HTS.
pference to

appllicable document(s), procedure identification number, date, revision number, identificati¢n of joints,

conj

The

plete tésting requirements including method of testing, evaluation and reporting after e

teSting area shall include the joint and the accessible adjacent HAZ of base materig

sha

valuations.

1. The test

1 be done after joining and final heat-treated condition (oxvgenation annealing), or

otherwise

required and is carried out at the LN, cryogenic environment or other temperature determined by the
manufacturer. The specimen used for I_ test or a new specimen may be used for this test. The tests in
cryogenic conditions which show I, can determine the critical tensile values.

The test may be done either at weld reinforced condition with commercially available materials
considering thermal shrinkage coefficient or as-welded condition. Figure 11 shows the example of
tensile tests in cryogenic condition.

© IS0 2021 - All rights reserved
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||

[

a) Hold
tensile tester

the specimen to the b) Insert the specimen into the
cryogenic container

c) Under tensile testing

Figure 11 — Example of tensile test of 2G HTS in cryogenic condition

4.6.6 Acfteptance criteria

The requirpment of ISO 17279-1:2018, Table 8, shall be met.

4.6.7 Teptreport

After the cpmpletion of the testing, the results shall be entered in the test report. A form of a test report

is shown ir

4.7 Ben

4.7.1 Ge
This subclj

Annex E.
l testing

neral

huse defines the method of bend.testing of joints used in 2G HTS. A bend testing is use

d to

determinefthe minimum bending diameter.

4.7.2 Qualification of test persornel

1l be conducted by‘qualified personnel. Personnel qualification shall be done according t
e quality management program.

Testing shz b an

appropriat

4.7.3 Tept equipment

Calibrated [instruments shall be used for testing.

4.74 Su

fate condition-and nrenaration
T ce-Co I tIo it Gprepoatation

Subclause 4.2.4 shall apply.

4.7.5 Testing

Testing shall be performed in accordance with a written procedure or method applicable to the 2G HTS.
The written test procedure or method shall include, at a minimum and either directly or by reference to
applicable document(s), procedure identification number, date, revision number, identification of joints,
complete testing requirements including method of testing, evaluation and reporting after evaluations.

The testing area shall include the joint and the accessible adjacent HAZ of base material. The test
shall be done after joining and final heat-treated condition (oxygenation annealing), or otherwise
required and is carried out at the LN, cryogenic environment or other temperature determined by the
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manufacturer. The specimen used for I, test or a new specimen may be used for this test. The tests in
cryogenic conditions which show I, can determine the critical bending diameter value.

Dimensions in millimetres

4.7
Thd

4.7

Aftg

6 Acceptance criteria

7 Testreport

is shown in Annex F.

4.8

4.8

Thi
may

1 General

Ds = 1
D, =9
Dy =1
D,=5
=3

Figure 12 — Bend measurement tools

requirement of ISO 17279-1:2018, Fable 9, shall be met.

Critical magnetic field testing

r the completion of the testing, the results shall be entered in the test report. A form of aftest report

5 subgelause defines the method of critical magnetic field testing of joints used in 2G HT$. A critical
pnetic'field testing is to verify the joint critical magnetic field (B.) characteristic.

4.8.2 Qualification of test personnel

Testing shall be conducted by qualified personnel. Personnel qualification shall be done according to an
appropriate quality management program.

4.8.

3 Test equipment

Calibrated instruments shall be used for testing.

4.8.4 Surface condition and preparation

Sub

clause 4.2.4 shall apply.

© IS0 2021 - All rights reserved
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4.8.5 Testing

Testing shall be performed in accordance with a written procedure or method applicable to the 2G HTS.
The written test procedure or method shall include, at a minimum and either directly or by reference to
applicable document(s), procedure identification number, date, revision number, identification of joints,
complete testing requirements including method of testing, evaluation and reporting after evaluations.

The testing area shall include the joint and the accessible adjacent HAZ of base material. The test
shall be done after joining and final heat-treated condition (oxygenation annealing), or otherwise
required and is carried out at the LN, cryogenic environment or other temperature determined by the
manufacturer. The specimen used for [. test or a new specimen may be used for this test. The tests in
cryogenic ¢onditions which show I, can determine the critical bending diameter value.

Critical mdgnetic field (B.) may be tested, of which magnetic fields are perpendicular to the.ZG HTS
tape. Figurle 13 illustrates the test for magnetic field distribution profile.

Dimensions in millimdtres

L
8 H N 2
C,
4 M Q
I [ T ] 1 ¢
10 20 30 40 50 60
8

Key
1 trap fie|ld
2 scannirg area

Figure 13.~=Magnetic field testing

4.8.6 Acfteptance criteria

The requirpments of ISO 17279¢1:2018, Table 10, shall be met.

4.8.7 Teptreport

After the cpmpletion gfthe testing, the results shall be entered in the test report. A form of a test report
is shown i} Annex-G,

4.9 (Critlcal current density distribution testing

4.9.1 General

This subclause defines the method of critical current density distribution testing of joints used in
2G HTS. A critical current density distribution testing is to verify the joint critical current density
distribution profiles and characteristics.

4.9.2 Qualification of test personnel

Testing shall be conducted by qualified personnel. Personnel qualification shall be done according to an
appropriate quality management program.
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.3 Test equipment

Calibrated instruments shall be used for testing.

4.9

.4 Surface condition and preparation

Subclause 4.2.4 shall apply.

4.9.

app
conj

Thd
sha
req

5 Testing

wrltten test procedure or method shall 1nclude ata minimum and elther dlrectly or by r
licable document(s), procedure identification number, date, revision number, identificati
plete testing requirements including method of testing, evaluation and reporting after ¢

testing area shall include the joint and the accessible adjacent HAZ of bhase materig
1 be done after joining and final heat-treated condition (oxygenation,annealing), or
lired, and is carried out at the LN, cryogenic environment or other tentperature determ

manufacturer. The specimen used for I, test or a new specimen may beused for this test. T

cry

Thd
mes
due

pgenic conditions which show I can determine the critical current‘density distribution.

technique for the non-destructive evaluation of the critical cutrent density (J_) distril
jsure magnetic field distribution generated by the J. distribution at the joint. The ma
to J. distribution can be measured by a magneto-opti€al technique or by a Hall sensq

technique.

4.9
Thd

4.9
Aftg

6 Acceptance criteria

requirements of [SO 17279-1:2018, Table 11yshall be met.

7 Testreport

br the completion of the testing, theresults shall be entered in the test report. A form of a

is shown in Annex H.

4.1

4.1

Thi
Mic

0 Microscopic and X-ray diffraction testing

D.1 General

5 clause definés the method of microscopic and X-ray diffraction testing of joints used
roscopic and{X-ray diffraction testing are used to analyse the morphology and struc

joined samples.

4.1

).2“Qualification of test personnel

he 2G HTS.
pference to
n of joints,
valuations.

. The test
otherwise
ned by the
he tests in

ution is to
bnetic field
I scanning

test report

in 2G HTS.
fure of the

Testing shall be conducted by qualified personnel. Personnel qualification shall be done according to an

app

ropriate quality management program.

4.10.3 Test equipment

Calibrated instruments shall be used for testing.

4.10.4 Surface condition and preparation

Sub

clause 4.2.4 shall apply.
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4.10.5 Testing

Testing shall be performed in accordance with a written procedure or method applicable to the 2G HTS.
The written test procedure or method shall include, at a minimum and either directly or by reference to
applicable document(s), procedure identification number, date, revision number, identification of joints,
complete testing requirements including method of testing, evaluation and reporting after evaluations.

The testing area shall include the joint and the accessible adjacent HAZ of base material for some
distance from the joint edge. The testing shall be in the after joining and final heat-treated condition
(oxygenation annealing), or otherwise required, and be free of all coatings and other surface conditions

such as pai

nt, plating, etc.

The testing
be done af
and is carn
for this tes

The joint
transmissi

OM exami
of the join{
topograph)
beam tran

XRD meas
single crys
and intern

4.10.6 Ac

The requir

4.10.7 Re

After the c
is shown ir

b area shall include the joint and the accessible adjacent HAZ of base material. The test's
Fer joining and final heat-treated condition (oxygenation annealing), or otherwise'requ
ied out at room temperature. The specimen used for I test or a new specimenmay be
L.

may be examined by optical microscope (OM), scanning electron “microscope (SH
bn electron microscope (TEM) or X-ray diffraction (XRD) to characterize the joint mater

nes surface features and characteristics of microstructures, graihs and grain bounda
. SEM detects the composition of the unknown materials of the.joint and the joint sur
y and TEM can image and analyse the structure of materials using a high-energy elect
mitted through a very thin sample (<50 nm).

ires the average spacing between layers or rows of atoms, determines the orientation
tal or grain, finds the crystal structure of an unknown material and measures the size, sh
] stress of small crystalline regions in the joint,

Ceptance criteria

ements of ISO 17279-1:2018, Table 12, shall be met.

porting

Annex[.

hall
red
sed

M),
als.

ries
face
ron

of a
ape

bmpletion of the testing, thewresults shall be entered in the test report. A form of a test repport
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(informative)

Report of visual testing results

Manufacturer's WPS No.:

Tes
Tes

Spe

IS0 17279-3:2021(E)

[ operator's name and qualification:

[ procedure No.:

cimen No. and/or Part No.:

Joint information

2G

HTS superconducting material type

(YBCO, GdBCO, SmBCO, etc.):

Joint width and length (mm):

Sup|

Equ
nun

Join
ren

Tes
brid

erconducting layer thickness (pm):

ipment identification (model, serial
\ber, and manufacturer):

t preparation (Cu and/or Ag layer
oval):

[ specimen arrangement for joint, lap,
ge, or other and dimensions (skét¢h):
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Lo

a) Lap joint

1 REBCOjsuperconducting layer
Iy length ¢f two parts

I,  length ¢f two parts at bottom
I, distancp between parts to join

Figure A.1 — Lap joint and bridge joint

~

overlap (joint length)

~

length of bridge-part

~

overlap (jointlength)

b) Bridge joint

Testing sketch and/or photo

Test method:

Direct

Indirect (Remote)

Visual aid, if any:

Testing rémarks

Results
1)
2)
3)
4)
5)

| Conclusiogn

Accept

Reject

Test operator’s name and signature:
Organization:

Date:

Reviewed by name and signature:

Organization:

Date:
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Report of four-point-probe testing results

Manufacturer's WPS No.:

Tes
Tes

Spe

[ operator's name and qualification:
[ procedure No.:

cimen No. and/or Part No.:

Joint information

2G

HTS superconducting material type

(YBCO, GdBCO, SmBCO, etc.):

Join
Sup|

Equ
nun

Join
ren

Tes
brid

t width and length (mm):
erconducting layer thickness (pm):

ipment identification (model, serial
\ber, and manufacturer):

t preparation (Cu and/or Ag layer
oval):

[ specimen arrangement for joint, lap,
ge, or other and dimensions (skétch):
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lo I

ly {, ly {,
a) Lap joint b) Bridge joint
Key
REBCO-sup¢rconducting layer
Iy length ¢f two parts I;  overlap (joint length)

~

I,  length ¢f two parts at bottom 3 length of bridge-part

~

l, distancp between parts to join s overlap (jointlength)
Figure B.1 — Lap joint and bridge joint

Testing sketch and/or photo (Example)

2 1 2
Key
1 joiningarea 2—heat-affectedzome (HAZ)
a  Currentlead 1. b Currentlead 2.
d

¢ Voltage tap 1. Voltage tap 2.

Figure B.2 — Schematic of four-point-probe testing in lap-joined 2G HTS CC
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Testing remarks

V-I curve (Example)

Key

currentin A
voltage pVv

Redults

1y
2)
3)

4)
teri

Tes

ture:

Org
Rey

Org

Self-field critical current (1 ):
Critical current density (J):
h-value:

Cyclic thermal shock charac-
Stic:

[ operator’s name and signa3

h

Anization:

anization:

iewed by name.and signature:

TRV/cm™

a Criterion.

Figure B.3 — V-I curve (example)
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Manufactu

Annex C
(informative)

Report of field-decay testing results

rer's WPS No.:

Test opera
Test proce
Specimen ]

Joint infor]

or's name and qualification:
lure No.:
No. and/or Part No.:

mation

2G HTS superconducting material type

(YBCO, Gd
Joint width
Supercond

Equipment
number, a1

Joint prepd
removal):

Test specin
bridge, or ¢

BCO, SmBCO, etc.):
and length (mm):
icting layer thickness (pm):

identification (model, serial
d manufacturer):

ration (Cu and/or Ag layer

hen arrangement for joint, lap,

ther and dimensions (sketch):
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lo I

a) Lap joint b) Bridge joint

REBCO-superconducting layer
ly |length of two parts

~

1 overlap (jointlength)
length ofbridge part
overlap (joint length)

I, |length of two parts at bottom

~
w

1, |distance between parts to join

~
o

Figure C.1 — Lap jointand bridge joint

Testing sketch and/or photo (Example)

@ e

Key
supercenductor coil 4  styrofoam bath
joint 5 liquide nitrogen or other cryogen
permanent magnet or electromagnet 6 hall sensor

Figure C.2 — Field-decay testing
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Table C.1 — Parameters and values

Parameters Values Parameters Values
Conductor length [m] Number of turns 5
Inner diameter [mm] 60 Outer diameter [mm]

Coil inductance [pH] Coil constant [mT/A]
Permanent magnet applied Electromagnet applied

Data applifdand produced
R=-LxIn[B(t)/B(tp)] / t

B(t,), Inifial magnetic field (tesla) B(t), Induced magnetic field at ¢ (tesla)
L, Self-influctance of a closed loop T, time (s)
(henry)
R;, Joint resistance (£)

Testing remarks

Field-decqy curve produced (Example)

Y
1,002
10024

Key
X  timein|d
Y B(0)/B(t)

Figure C.3 — Field-decay curve (example)

Results

1) Self-field critiealcurrent (1 ):

2) Critical ecigrent density (J):

3) n-value:

4) Cyclic thermal shock charac-
teristic:

Test operator’s name and signa-
ture:

Organization: Date:

Reviewed by name and signature:

Organization: Date:
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Annex D
(informative)

Report of in-field testing results

Manufacturer's WPS No.:

IS0 17279-3:2021(E)

Tes
Tes

Spe

[ operator's name and qualification:

[ procedure No.:

cimen No. and/or Part No.:

Joint information

2G

HTS superconducting material type

(YBCO, GdBCO, SmBCO, etc.):

Join
Sup|

Equ
nun

Join
ren

Tes
brid

t width and length (mm):

erconducting layer thickness (pm):

ipment identification (model, serial
\ber, and manufacturer):

t preparation (Cu and/or Ag layer
oval):

[ specimen arrangement for joint, lap,
ge, or other and dimensions (skétch):
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lo I

a) Lap joint b) Bridge joint

Key
REBCO-sup¢rconducting layer
overlap (joint length)

~
=

Iy length ¢f two parts

~

I,  length ¢f two parts at bottom 3 length of bridge-part

~

l, distancp between parts to join s overlap (jointlength)
Figure D.1 — Lap joint and bridge joint

Testing sketch and/or photo
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In-field curve produced (Example)

IS0 17279-3:2021(E)
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Figure D.2 — In-field curve (example)
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Testing remarks

Results

Test operator’s name and signa-
ture:

Organizatipn: Date:

Reviewed by name and signature:

Organizatipn: Date:
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Annex E
(informative)

Report of tensile testing results

Manufacturer's WPS No.:
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Tes
Tes

Spe

[ operator's name and qualification:

[ procedure No.:

cimen No. and/or Part No.:

Joint information

2G

HTS superconducting material type

(YBCO, GdBCO, SmBCO, etc.):

Join
Sup|

Equ
nun

Join
ren

Tes
brid

t width and length (mm):

erconducting layer thickness (pm):

ipment identification (model, serial
\ber, and manufacturer):

t preparation (Cu and/or Ag layer
oval):

[ specimen arrangement for joint, lap,
ge, or other and dimensions (skétch):
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lo I

a) Lap joint b) Bridge joint

Key
REBCO-sup¢rconducting layer

~

Iy length ¢f two parts 1 overlap (joint lengthj

~

I,  length ¢f two parts at bottom 3 length of bridge-part

~

l, distancp between parts to join s overlap (jointlength)
Figure E.1 — Lap joint and bridge joint

Testing skletch and/or photo (Example)

a) Hold|the specimen to the b) Insertthe specimen into the c) Under tensile testing
tensiletester cryogenic container

Figure E.2 — Example of tensile test of 2G HTS in cryogenic condition

Testing remarks

Tensile testing curve produced
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Results

1)

Yield strength with rein-

forcement:

2)

Yield strength without rein-

forcement:

3)

Tensile strength with rein-

IS0 17279-3:2021(E)

fordement:

4)

Tensile strength without rein-

fordement:

Tes

ture:

[ operator’s name and signa-

Organization:

Reviiewed by name and signature:

Organization:

Date:

Date:
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