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Abstract: Due to the limited available piece length of Y

0.5

Gd

0.5

Ba

2

Cu

3

O

7-z 

(YGdBCO) coated conductors (CCs), joints are inevitable 

for manufacturing high temperature superconducting (HTS) devices. The stable operation of HTS devices is largely determined by 

the quality of joints, because the electromechanical performance of joints is usually lower than that of original tapes. In this work, 

lead-free Sn42Bi58 solder was applied to make the lap joints for YGdBCO CCs. Compared with conventional Sn60Pb40 solder, 

lead-free Sn42Bi58 solder is environmentally friendly and soldering operation can be carried out at lower temperatures below 150 

°C because the melting point is about 40 °C lower, thereby further reducing the CCs deterioration of property in joining process. The 

influence of loading pressure, pressurization speed and lapped length on the critical current, resistance and n values of the YGdBCO 

joints were investigated by measurement of voltage-current curve under self-field at liquid nitrogen temperature. Results show that 

by optimizing soldering technique, a 25 cm-long joint with quite low resistance of 4.35~5.58 nΩ and comparable critical current to 

virgin CCs can be repeatedly achieved under a pressure of 12.5 MPa and a pressurization speed of 50 N/s. The mechanical behavior 

of the joints under axial tension was studied and the critical axial tension force of single CCs and joint portion is 213 and 212 N, 

respectively. The above results show that compared with traditional soldering techniques, the robustness and reproducibility of the 

soldering joints with low resistance and high tension performance can be significantly improved by the joining technique based on 

this lead-free Sn42Bi58 solder, which offers another promising choice for joints manufacturing in the large-scale applications of 

YGdBCO CCs. 

 

Key words: YGdBCO coated conductors; low-resistance joint; critical current; critical axial tension 

 

 

 

 

REBa

2

Cu

3

O

7-z 

(REBCO) high temperature superconducting 

(HTS) coated conductors (CCs) with high critical current 

densities and good mechanical properties are potentially 

applied in fault current limiter, magnetic energy storage and 

insert coil of nuclear magnetic resonance

[1-3]

, which requires 

several or even more kilometers of REBCO CCs in a typical 

unit. Now the maximum length of 1 km can be achieved by 

currently advanced technologies, whereas it is still difficult to 

fabricate longer CCs with high and uniform critical current. 

Therefore, a large number of joints are required and the high 

quality joining of REBCO CCs, including low resistance, high 

mechanical properties and small AC loss, is essentially 
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important for manufacturing superconducting devices. In 

general, there are two types of joining techniques. One is 

non-superconducting joint, including soldering joint using low 

melting point solder materials

[4-7]

 and diffusion joint by Ag 

diffusion at 400~500 °C in O

2

 atmosphere

[8-10]

 as well as 

newly developed joint by ultrasonic weld-solder hybrid 

method

 [11]

. The other is superconducting joint by connecting 

REBCO superconducting layers directly in joint area

[12,13]

. 

Among these joints, soldering joint can be easily fabricated 

with simple device at temperatures below 250 °C in air. 

Compared with soldering joint, superconducting joint and Ag 

diffusion joint need to be heat treated at higher temperatures 

above 400 °C in O

2

 or N

2

 gas with more complicated 

equipment, although lower joint resistance can be obtained by 

these two techniques. Also, copper stabilizers need to be 

removed for these two joints, which reduces the mechanical 

properties of the superconducting CCs. Thus, soldering joint is 

still an alternative to large scale industrial manufacturing due 

to limited number of involved procedures and moderate 

temperature range. 

In recent years, lead-free solders have attracted more 

attention in REBCO CCs joining by soldering method, 

because they are environmentally friendly and thus more 

suitable for large scale applications of HTS CCs. Michalcová 

et al

[14,15]

 reported that the joint resistivity of 47.4~164 nΩ·cm

2 

are achieved by traditional slow heating via hot plate and fast 

heating by high frequency inductor. They believed that this 

rapid heating method can prevent or minimize the growth of 

coarse Cu

6

Sn

5

 particles in Sn96.5Ag3.0Cu0.5

 

solders, which 

may be responsible for the reduced voids in cross section and 

lower joint resistance. Zhang et al

[16]

 produced YBCO joint 

with resistance of 26.7 nΩ·cm

2 

by Sn96.5Ag3.0Cu0.5

 

solder, 

and the axial tension behavior of the joint is comparable with 

that of virgin CCs. It is reported that soldering temperature 

should be kept below ~250 °C, especially for elongated 

processing time, to avoid possible degradation in super- 

conductivity. The melting point of Sn96.5Ag3.0Cu0.5

 

is 217 

°C, close to the tolerance temperature of REBCO CCs, which 

may deteriorate the properties of CCs during soldering process. 

Huang et al

[17]

 reported that Bi introduction into Sn-based 

alloy can decrease the melting point of alloy and thus reduce 

the influence of high soldering temperature on the properties 

of CCs. However, the resistance obtained at liquid nitrogen 

temperature and self-field is usually variable between 25 and 

1300 nΩ·cm

2 [18-25]

 by lead-free or lead-containing solders, 

because of different joining process and CCs. The robustness 

and reproducibility both need to be significantly improved to 

insure the stable operation of HTS devices. Compared with 

Sn96.5Ag3.0Cu0.5

 

and Pb-containing solder, lead-free 

Sn42Bi58 solder

 

has much lower melting point of 138 °C, 

which can make the joining stage operate at lower 

temperatures, thus reducing the CCs deterioration during 

soldering process. But the joint soldering with Sn42Bi58 has 

seldom been thoroughly investigated, especially the soldering 

techniques or electromechanical behavior.  

In this work, lead-free and low melting point Sn42Bi58

 

solder was used to join YGdBCO CCs by self-designed 

soldering device. For improving the robustness and reproduci- 

bility of joint, the influence of several crucial processing 

parameters including loading pressure, pressurization speed 

and joint length on the microstructure, resistance and critical 

current of joints was investigated by accurate control of 

pressure using universal testing machine. The pressure mainly 

affects the thickness of solder layer and the connectivity 

between solder and CCs. The various pressurization speeds 

correspond to different retention time at the melted state of 

solder, which has a distinct influence on the spreadability and 

micro-defects of solder. And the lapped length can easily adjust 

the joint area, thus changing the joint resistance. Therefore, 

these three parameters have a direct effect on the joint resistance 

and it is important to investigate them systematically. The 

behavior under different axial tension forces was also studied 

for the part of single tape and the joint portion of the same test 

piece by self-assembled tension device. 

1  Experiment 

1.1  YGdBCO coated conductors 

4 mm-wide YGdBCO coated conductors (CCs) for joints 

were ST-4-E/100 version from Shanghai Superconductor and 

SCS4050 version from Superpower. These tapes have a 

laminated structure, mainly including a Hastelloy substrate, 

buffer stack, a superconducting layer and Ag/Cu stabilizers, as 

given in Fig.1a. Table 1 shows the specifications of the 

YGdBCO CCs used in this work. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic architecture of YGdBCO coated conductor (a) and 

lap joint (b) 
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Table 1  Specifications of YGdBCO tapes produced by 

superpower and SHSC 

 

IBAD/PLD 

YGdBCO CC 

IBAD/MOCVD 

YGdBCO CC 

Manufacturer SHSC Superpower 

Type ST-4-E/100 SCS4050 

Structure 

Ag/YBCO/LaMnO/ 

CeO

2

/MgO/ 

Y

2

O

3

/Al

2

O

3

/Hasetlloy 

Ag/YBCO/LaMnO/ 

Homo-epi MgO/IBAD 

MgO/Hastelloy 

YBCO film, T/µm ~1 ~1 

I

c

/A 165 100 

Dimension, 

T×W/mm 

0.110×4.00 0.098×4.00 

Substrate Hastelloy Hastelloy 

Substrate, T/µm 50 50 

Stabilizer, T/µm Silver/1.5 Silver/2 

Stabilizer, T/µm Copper /30 Copper/20 

T: thickness 

 

1.2  Preparation of lapped joint 

Compared with bridge and butt joints, lapped joints 

transmitting superconducting current with shorter path possess 

lower joint resistance and are easier to wind magnet. In this 

work, conductor pieces were joined with YGdBCO sides face- 

to-face, forming a lapped joint, as shown in Fig.1b. The 

samples were classified into ST-4-E/100-joints and SCS4050- 

joints. A self-designed welding device in Fig.2, consisting of 

temperature controller, thermocouple, hot plate, two stainless 

steel pressure plates and universal testing machine, was used 

to connect the YGdBCO CCs. The upper and the lower 

pressure plates with length of 32 and 40 cm, respectively, both 

have high smoothness and roughness less than 5 µm/100 mm 

and 0.8 µm, respectively. This welding device can make long 

joint up to 32 cm and accurately control the pressure and the 

pressurization speed applied on samples, ensuring stable 

mechanical pressure subjected on the joints before the 

solidification of solders. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Self-designed soldering device for YGdBCO lap joint 

The fabrication procedure of the samples mainly has five 

steps, including tape cleaning, pressure plate preheating, 

solder coating, pressurization and pressure plate cooling. First, 

the tapes were cleaned with ethanol to eliminate organics and 

other impurities. Then the two pressure plates wrapped with 

tin foil were placed on a hot plate and heated to ~145 °C. This 

soldering temperature is few higher than the melting point of 

Sn42Bi58 solder. When the temperature was stable, flux and 

the solder were successively coated on the lapped area. The 

major role of the flux is to promote wetting by cleaning the 

metal oxides and other contaminants from the surface to be 

soldered. The joint was prepared by placing another conductor 

piece face-to-face on the heated piece and subjected to an 

appropriate pressure applied by a universal testing machine. The 

lapped length was 5~30 cm; thus, the total length of the sample 

with joint was 15~40 cm. The pressure was 2.5~15 MPa, and 

the pressurization speed was 5~70 N/s, which was preset before 

putting pressure on joint and controlled by the servo motor of 

the universal testing machine. Finally, the joint was obtained 

after the pressure plate was cooled down to room temperature. 

All samples, varying in pressure, pressurization speed and 

lapped length, were subjected to the same heat treatment during 

the joining process. 

1.3  Measurement and analysis  

In order to investigate the electromechanical performance 

of the samples, V-I characteristic curves of the samples were 

measured by four-probe transport method at liquid nitrogen 

temperature (77 K) and self-field. The Sorensen SFA series of 

high-power DC current source was used to generate 3 A/s 

current, and the Keithley 2182A digital nanovoltmeter was 

used to measure voltage. The joint resistance, critical current 

and n value were obtained from the V-I characteristic curves. 

The joint resistance is equivalent to the slope of the V-I curve 

and calculated by the governing equation of the V-I curve: 

V=R

c

I+V

c

(I/I

c

)

n

                          (1) 

where V is the voltage, I is the current, R

c

 is the joint 

resistance, V

c 

is the criterion voltage of 1 µV/cm to determine 

the transition of the samples, I

c

 is the critical current, n 

indicates the rate at which the superconducting materials 

transform from a superconducting state to a normal state, 

which is related to the uniformity of the material. 

The microstructures of the joints were observed by optical 

microscope (OM) and scanning electron microscope (SEM). 

The cross section of the joint fixed by acrylic was sanded by 

the abrasive paper with different mesh of 600~10000, and was 

polished with diamond grinding paste. The axial tensile force 

of the samples was tested by a self-assembled tensile test 

system based on a universal testing machine. 

2  Results and Discussion 

2.1  Joint resistance as a function of loading pressure 

The pressure applied during soldering stage, directly deter- 

mining the microstructure and connectivity of joint, is one of 

Upper pressure 

plate 

Lower pressure 

plate 

Temperature controller 

Sensor 

Thermocouple 

Hot plate 

Controller 
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the crucial processing parameters. The influence of pressure 

on the resistance of SCS4050-joints was investigated at the 

same lapped length and pressurization speed. As can be seen 

in Fig.3a, the lowest resistance of 31.25 nΩ was obtained for 5 

cm-long joint at the pressure of 12.5 MPa. When the pressure 

is below 12.5 MPa, the resistance decreases with increasing 

the pressure. But the resistance slightly increases when the 

pressure is above 12.5 MPa. As we know, resistance is defined 

as follows:  

L

R ρ

S

=                                       (2) 

where R is the joint resistance, ρ is the total specific resistance 

of the joint region including the contact resistances between 

different materials and the material resistivities, L is the 

distance between two superconducting layers, S is the lapped 

area. As shown in Fig.3a, the solder thickness reduces from 30 

to 2 µm with increasing the loading pressure up to 12.5 MPa, 

resulting in a L decrease according to Eq.(2). So R reduces 

gradually with the increase of the pressure. The cross sections 

of the joints under various pressures are shown in Fig.4a~4f. 

The thickness changes of solder layers can be clearly observed 

by optical microscope images in this figure. However, when the 

solder is thin enough under the pressure above 12.5 MPa, the 

main factors that determine the joint resistance are the own 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Influence of pressure on the resistance and the thickness of 

solder layer (a) and effect of pressurization speed on the 

resistance and pressurization time (b) of SCS4050-YGdBCO 

joints 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  OM images of cross-section of SCS4050-YGdBCO joints 

under the pressure of 2.5 MPa (a), 5 MPa (b), 7.5 MPa (c), 10 

MPa (d), 12.5 MPa (e) and 15 MPa (f) 

 

resistance of metal stabilizers and solder as well as the contact 

resistance between different layers. This resistance is different 

for the coated conductors produced by different manufacturers 

or various conductor batches from the same manufacturer. 

Therefore, the results and discussion in this work are based on 

the same batch of conductors fabricated by the same 

manufacturer. 

2.2  Joint resistance as a function of pressurization speed 

The pressurization speed in soldering process has also a big 

influence on the joint resistance apart from the loading 

pressure, because it affects the distribution and purity of solder 

in the lapped region. In this work, the SCS4050-joint 

resistance as a function of the pressurization speed was firstly 

investigated with a constant set of lapped length (5 cm) and 

pressure (12.5 MPa). As shown in Fig.3b, the lowest 

resistance of 18.76 nΩ is achieved at the pressurization  

speed of 50 N/s. When the pressurization speed is below 50 

N/s, the resistance decreases with increasing the pressurization 

speed. While the resistance distinctly increases with further 

rising the pressurization speed above 50 N/s. Zhang et al

[26] 

reported that melted Sn-Bi alloy can react with copper at 

interface, generating intermetallic compounds Cu

3

Sn and 
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Cu

6

Sn

5

. These two impurities may contribute to the joint 

resistance. With a pressurization speed lower than 50 N/s, it 

takes 50~500 s to reach the set pressure (12.5 MPa), as shown 

in Fig.3b, so there is enough time for this reaction to form 

more Cu

3

Sn and Cu

6

Sn

5

 in the joint region. However, the 

solder may not be squeezed out evenly and cannot spread 

uniformly on the conductor piece within a short time of 41.7 s 

(60 N/s) and 35.7 s (70 N/s) in Fig.3b, thus generating more 

microdefects and increasing interface resistance between 

solder and copper layers, although this short-time retention 

can reduce the amount of intermetallic compounds. 

Accordingly, the low-resistance joint can be achieved by 

improving the spreadability of solder and suppressing the 

generation of impurities through tuning the pressurization 

speed. 

2.3  Electrical properties for joints with different lapped 

lengths 

According to Eq.(2), joint resistance can further decrease by 

increasing the lapped area of joint. In this work, the lapped 

area was enlarged by prolonging the joint length, since the 

width of the conductors (4 mm) is constant. The electrical 

properties were studied for the ST-4-E/100- and SCS4050- 

joints with 5~30 cm lapped length, based on the same pressure 

(12.5 MPa) and pressurization speed (50 N/s). Fig.5 shows the 

V-I curves of these joints. As can be clearly seen from the 

insets, the critical currents I

c

 are quite close for the virgin CCs 

and the joints, but n values reduce after the soldering process. 

It means that the current-carrying capability of the joints is 

comparable to that of the virgin one. The reduced n values are 

due to the insertion of a non-superconducting solder layer. In 

addition, it can be known from the slope of V-I curves that the 

resistance of two types of joints changes with lapped lengths.  

The relationship between the lapped length and the 

resistance was systematically studied through repeatedly 

making a series of ST-4-E/100- and SCS4050-joints. Fig.6 

plots the joint resistance as a function of the joint lapped 

length. It is shown that the resistance reduces with increasing 

the joint lapped length, and the resistance changes slightly 

with further increasing the joint lapped length from 25 cm to 

30 cm. Also, the SCS4050-joints have lower average 

resistance compared with the ST-4-E/100-joints. The lowest 

resistance is 4.35 and 6.88 nΩ for the 25 cm-long 

SCS4050-joint and 30 cm-long ST-4-E/100-joint, respectively,. 

The corresponding joint resistivity is 43.5 nΩ·cm

2

 for the 

SCS4050-joint, which is lower than the best value of 67 

nΩ·cm

2

 reported by Michalcová

[14]

. They thought that the 

differences may be caused by the much thicker soldering layer 

in their samples which was in range of 85~100 µm. Since the 

resistance for 25 cm- and 30 cm-joint is already extremely low, 

it is difficult to distinctly reduce the resistance by further 

increasing the lapped length. It may be necessary to further 

optimize soldering parameters to reduce the microdefects in 

solder layers or further decrease the contact resistance  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  V-I performance of SCS4050- (a) and ST-4-E/100- (b) YGdBCO 

original tapes and joints with different lapped lengths (insets 

are I

c

 and n values corresponding to different lapped lengths) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Lapped length dependence of joint resistance for SCS4050- 

and ST-4-E/100-YGdBCO joints 

 

between Cu and solder layers. As we know, the joint 

resistance is mainly originated from the own resistance of Cu, 

Ag and solder layer, and the contact resistance between 

different materials. The calculation formula is: 

R

j

=2R

YGdBCO-Ag

+2R
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+2R

Cu-Solder

+2R
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+2R
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+R
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   (3)

 

where R

j 

is the joint resistance; R

YGdBCO-Ag

 is the contact 

resistance between YGdBCO superconducting layer and Ag 

layer; R

Ag-Cu 

is the contact resistance between Ag and Cu 

layers, R

Cu-Solder 

is the contact resistance between Cu and solder 

layers; R

Ag

, R

Cu 

and R

Solder 

are the own resistance of Ag, Cu and 

solder, respectively. Therefore, the resistance differences for 

two types joints may be due to different contact resistance 
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(R

YGdBCO-Ag

, R

Ag-Cu

, R

Cu-Solder

) caused by various materials 

structures and preparation methods of the coated conductors. 

And different roughness of Cu layers for two types conductors 

results in different spreadability of solder on the Cu layers, 

which may be another reason for the resistance differences.  

A series of SCS4050-joints with comparable properties 

were obtained by the optimized soldering technology and the 

resistance of six joints is shown in Table 2. All the joints 

soldered with the same batch of CCs display low resistance in 

the range of 4.35~5.58 nΩ on the basis of the same joint width 

(4 mm) and length (25 cm). The corresponding resistivity is 

43.5~55.8 nΩ·cm

2

 for these joints, which is very different 

from the big resistance difference for the SCS4050-joints with 

the same batch reported by Lu

[24]

. Also, dense and uniformly 

distributed solder layer was observed by scanning electron 

microscope (SEM), as shown in Fig.7. The above results 

indicate that robustness and reproducibility of the joints joined 

with lead-free Sn42Bi58 are improved by optimizing the 

pressure, the pressurization speed and the lapped length based 

on the pressure plates with high smoothness and low roughness, 

which is of great importance for the industrial production of 

soldering joints and large-scale HTS applications. 

2.4  Axial tension behavior of virgin tape and joints 

The mechanical property is another important issue for the 

practical HTS applications apart from the low joint resistance 

and high critical current. In this part, the V-I behavior of 

SCS-4050 joints under different axial tension was investigated 

for the part of single CCs and the joint portion of the same test 

 

Table 2  Resistance of jointed samples at 77 K 

Manufacturer 

& type 

Sample 

Width/ 

cm 

Overlap 

length/cm 

I

c

/ 

A 

R

j

/ 

nΩ

 

R

j

.S

j

/ 

nΩ·cm

2

 

1 0.4 25 117.8 4.5 45 

2 0.4 25 115.7 4.35 43.5 

3 0.4 25 114.9 4.81 48.1 

4 0.4 25 114.6 5.58 55.8 

5 0.4 25 116.3 4.62 46.2 

Superpower 

SCS4050 

6 0.4 25 114.1 5.14 51.4 

R

j

: joint resistance; S

j

: lapped area 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  SEM image of the cross-section of SCS4050-YGdBCO joints 

fabricated under optimal parameters 

piece with lapped length of 5 cm because of their lower 

resistances under the same soldering process compared with 

ST-4-E/100 joints. As can be seen in Fig.8, I

c

 values for the 

unjoined and joined parts are similar to those of single CCs 

when the axial tension is below 210 N. The I

c

 value decreases 

distinctly with increasing the axial tension to 220 N and about 

45% I

c

 deterioration is found in both parts of this sample when 

the axial tension further rises to 230 N. It is worthy to point 

out that the joint resistance does not change under the axial 

tension even when I

c

 distinctly reduces to about 60 A, according 

to the unchanged initial slopes of the V-I curves in Fig.8b. This 

means that the joining layers are still undamaged when the 

YGdBCO superconducting layer is partially damaged under the 

axial tension, showing the reliability and robustness of the 

soldering joint with this lead-free Sn42Bi58 solder. 

The part of single CCs and the joint portion were subjected 

to loading and unloading procedure in order to check the 

reversibility of I

c

. 99% recovery is used as the reversibility 

criterion when the load is released. As can be seen in Fig.9, 

the load corresponding to the 99% recovery in the unjoined 

part is 190 N, larger than 180 N in the joined area. The critical 

axial tension force defined by the 95% retention of I

c

 is 213 

and 212 N for the unjoined and joined area, respectively. It 

shows that the critical axial tension for 95% retention in the 

joint is comparable to that in the single CCs, indicating the 

good axial tension properties of the joint. Although the joints 

with low resistance and good axial tension behavior have been 

repeatedly achieved using lead-free Sn42Bi58 solder in this 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  V-I characteristics of unjoined (a) and joined (b) parts for the 

same test piece (SCS4050-YGdBCO) under axial tension 
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Fig.9  Dependence of normalized I

c

 of the unjoined (a) and joined (b) 

part for the same test piece (SCS4050-YGdBCO) on axial 

tension 

 

work, the delamination strength and bending performance of 

the joints are necessary to be studied in future for the further 

promotion of practical applications of REBCO high tempe- 

rature superconducting coated conductors. 

3  Conclusions 

1) SCS4050- and ST-4-E/100-joints for YGdBCO coated 

conductors can be fabricated using lead-free and low melting 

point Sn42Bi58 solders by self-designed welding device.  

2) The joint resistance can be reduced by thinning solder 

layer, suppressing impure Cu

3

Sn and Cu

6

Sn

5

 formation in 

joint portion, improving the spreadability of solder and 

enlarging lapped area.  

3) The low resistance of 4.35~5.58 nΩ for 25 cm-long 

joints is repeatedly achieved with the optimal soldering 

technique at pressure of 12.5 MPa and pressurization speed of 

50 N/s. 

4) The joined parts display comparable critical axial tension 

force of 212 N to the single CCs, showing good behavior 

under axial tension load.  

5) A practical soldering approach using lead-free Sn42Bi58 

solders is developed for low-resistance joints of YGdBCO 

coated conductors, and it can be potentially applied in the 

manufacturing of high temperature superconducting magnets. 
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