No-Insulation BSCCO Coils Impregnated with Low-Melting Point Metal
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[bookmark: _Hlk156985952]Fig. 1. Photographs of coils: (a) dry-wound and (b) impregnated coil #P, (c) dry-wound and (d) impregnated coil #A, (e) polyimide sheet inserted between layers of coil #A-PI, and (f) impregnated coil #A-PI. Bobbin and casing materials were polycarbonate for #P and aluminum alloy for coil #A and coil #A-PI, respectively.
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[footnoteRef:1]  Abstract—This paper presents the experimental results of the (Bi,Pb)2Sr2Ca2Cu3O10 (BSCCO) coils impregnated with low-melting point metal, whose melting point is 60 °C. The coils were layer-wound without turn-to-turn insulation, i.e., no-insulation (NI). We fabricated the coils with polycarbonate bobbin and casing and the coils with aluminum alloy bobbins and casing. The coils with polycarbonate bobbin and casings showed severe degradation after impregnation. The coils with aluminum alloy ones showed less degradation. A long decay time of the magnetic field during a sudden discharge was measured. The decay time was shortened to be 1/39 by an inter-layer insulation with polyimide sheet. Partial insulation, i.e., electrical insulation between adjacent layers, was effective in reducing this long time constant, even for a BSCCO NI coil. [1: Submitted for review October 6, 2023. Submitted for revision January 23, 2024.
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[bookmark: bookmark=id.30j0zll]Index Terms— BSCCO, High-temperature superconducting coil, impregnation, no-insulation, and partial-insulation. 

I. INTRODUCTION
D
IFFICULTIES of quench protection for high-temperature superconducting (HTS) magnets have hindered their practical magnet application. The no-insulation (NI) winding has introduced the self-protection mode and achieved some success in quench protection [1], [2], [3], [4]. However, in high magnetic fields, NI coils are subjected to unbalanced electromagnetic forces. This can cause deformation of the coil winding, resulting in mechanical failure [2], [3], [4], [5], [6], [7], [8].
Appropriate impregnation can suppress the deformation of a coil winding and degradation caused by thermal stress and/or Lorentz forces in an NI coil [9], [10]. It also affects on the coil stability, especially when the coil is conduction cooled [10], [11], [12], [13].
The test coil impregnated with electrically conductive epoxy resin demonstrated that the coil can be protected from quenching under a conduction cooling condition [13]. HTS windings of the toroidal field model coils were vacuum-impregnated with low-temperature solder on the SPARC project [14].
Since coated conductors easily delaminate because of their multilayer thin-film structure, it is difficult to adjust the impregnation conditions without degrading the conductor [15], [16]. To find appropriate materials for NI coils composed of coated conductors, ice, low-melting point metal, liquid metal have been tried [17], [18], [19]. We have tried to impregnate a layer-wound REBCO coil with a low-melting point metal. However, the coil deteriorated during thermal cycles [18]. 
[bookmark: OLE_LINK25][bookmark: OLE_LINK26]With respect to delamination strength, a (Bi,Pb)2Sr2Ca2Cu3O10 (BSCCO) tape is expected to exhibit better properties than a coated conductor because of its sheathed conductor structure: Silver matrix in BSCCO tape deforms without transferring the thermal stress to Bi-2223 filaments [20]. 
[bookmark: _Hlk156986766]Several NI coils using BSCCO tapes were fabricated to investigate the applicability to various applications [1], [21], [22], [23], [24], [25], [26]. Their winding method are dry or impregnated with epoxy resin. Since the layer-winding is effective in reducing the number of conductor joints and locating the joints outside the coil [27], [28], we fabricated and tested layer-wound NI BSCCO coils impregnated with low-melting point metal to verify the applicability.[image: ]
Fig. 3. Charging test results on coils with polycarbonate bobbin and casing #P
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Fig. 4. Charging test results on coils with aluminum alloy bobbin and casing (a) #A and (b) #A-PI.





Fig. 1. Photographs of coils: (a) dry and (b) after impregnation of coil #P, (c) dry and (d) after impregnation of coil #A, (c) polyimide sheet inserted between layers of coil #A-PI, and (d) after impregnation of #A-PI. Bobbin and casing materials were polycarbonate for #P and aluminum alloy for #A and #A-PI.
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Fig. 2. Schematic drawing of the experimental setup.
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Fig. 4. Charging test results on coils with aluminum alloy bobbin and casing (a) #A and (b) #A-PI.





Fig. 1. Photographs of coils: (a) dry and (b) after impregnation of coil #P, (c) dry and (d) after impregnation of coil #A, (c) polyimide sheet inserted between layers of coil #A-PI, and (d) after impregnation of #A-PI. Bobbin and casing materials were polycarbonate for #P and aluminum alloy for #A and #A-PI.

II. Coil Fabrication and Experimental Setup
A. Coil Fabrication
The employed HTS conductor was DI-BSCCO® type H manufactured by Sumitomo Electric Industries, Ltd. The width and thickness are 4.2 mm and 0.22 mm, respectively. The critical current (Ic) at 77 K in self-field was measured to be 185 A at an electric field criterion of 1 µV/cm. The n-value obtained by fitting the voltage-current data to the power-law model was 22. In-Bi-Sn eutectic alloy was used as the impregnation material. The composition of In, Bi, and Sn is 51, 32.5, and 16.5wt%, respectively. The melting point is 60 °C.
The procedure to fabricate the coils is as follows:
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]1. Wind the BSCCO tape in two layers on the bobbin. 
2. Assemble the casing with the wound coil.
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]3. Heat the assembled coil to 90 °C for impregnation.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]4. Pour the melted low-melting point metal between the casing and the bobbin.
5. Cool the impregnated coil down to room temperature.
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]We produced three coils, i.e., #P, #A, and #A-PI. The photographs are shown in Fig.1. The bobbin and the casing for #P was made of polycarbonate and was 3-D printed. They can be handled at the impregnation temperature of 90 °C, since the softening point of polycarbonate is about 120 °C. The material of bobbin and the casing for #A and #A-PI were aluminum alloy (A6063: Japanese industrial standards). For #A-PI, a polyimide sheet was inserted between layers as shown in Fig. 1(e). Each coil has an inner diameter of 80 mm and a length of 63 mm. The coils are layer-wound with 30 turns in two layers. The inductance is calculated to be 50 µH.
B. Experimental Setup
Fig. 2 shows a schematic drawing of the experimental setup. Voltage taps were soldered to the BSCCO tape to monitor the coil voltage as shown in Fig 1(d). The coil was charged by a current source. The applied current was monitored using a shunt resistor. Three Hall sensors were installed in the bore to measure the magnetic field distribution along the central axis of the coil. One of them was placed in the center of the bore and measured the central magnetic field, B0. Others (Bb and Bt) were placed 20 mm below and above the center, respectively. All tests were performed in a liquid nitrogen bath at a temperature of 77 K.
III. Experimental Results and Discussion[image: ]

Fig. 5. (a) Magnetic field decay at sudden discharging (SD) for coil #A. (b) Comparison of magnetic field decay at coil center for #A and #A-PI. 


Fig. 3 shows the applied current, coil voltage, and measured magnetic fields as a function of time on coils #P before and after impregnation. In the coil #P before impregnation, the measured magnetic field at the coil center (B0) at 100 A flat-top agreed with the calculated value. Voltages induced by the current ramp also agreed with designed values and were not eliminated from the voltage signals shown in Fig. 3 and Fig. 4. These results indicate that the dry coil was fabricated as designed.
After impregnation, the induced voltages of #P were not measured. The measured magnetic fields decreased to 0.02 kG corresponding to a coil of 1–2 turns. The ohmic voltages of #P at 100 A provides resistance values of 1.5 µΩ. The BSCCO tapes seemed to be seriously damaged in #P. Other coil with impregnated terminals also severely deteriorated. The impregnation boundary is not the cause of the degradation.
The coils #A and #A-PI that used aluminum alloy for the bobbin and the casing generated magnetic field after impregnation (Fig. 4). These results indicate that #A and #A-PI did not deteriorate as seriously as #P. #A-PI exhibited sufficient resistive, resulting in the observation of a voltage signal corresponding to Ics. After impregnation, the values of generated magnetic field at 100 A were 80% of the value impregnation in #A. 20% of the ied current did not seem to flow into the coil. This implies that the BSCCO tape deteriorated for some reasons. The overcurrent for the BSCCO tape bypassed through low-melting point metal, the bobbin, and the casing.[image: ]

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Fig. 6. Schematic illustration of thin cylinders models for (a) #P (the impregnated winding is circumferentially compressed) and (b) #A (the impregnated winding is subjected to tension).

In the coil #A, so-called magnetic field delay was observed. The measured magnetic fields did not increase linearly with increasing current linearly. The delay behavior of the etic field measured at three points was different each other. The delay  behavior at the top side of the coil (Bt) is longer than that at B0 and Bb. In a layer-wound NI coil without degradation, an azimuthal current is charged to increase from the coil terminal side [29]. Since the terminals are located at the top of the coil, the delay of Bt should be shorter than that of B0 and Bb. This discrepancy implies that turn-to-turn resistance may be distributed and/or that the bottom part of the coil may be deteriorated.
Fig. 5(a) shows time variation of magnetic fields during a sudden discharging (SD) of the coil #A. The values of magnetic field were normalized by the measured values at t = 0. The decay time constant was about 660 s at the coil center (B0). This corresponds to the characteristic resistance of 76 nΩ. The small characteristic resistance implies that it was affected by low-melting point metal and the bobbin.
Fig. 5(b) compares the magnetic field decay of the coils #A and #A-PI. The time constant of #A-PI was 17 s, which is 1/39 of that of #A. The inner and outer layers of #A-PI are insulated by a polyimide sheet as shown in Fig. 1(d). This result indicates that partial insulation is also effective in reducing the decay time constant of the magnetic field, even in a layer-wound NI BSCCO coil. Co-winding of metallic tapes could be also promising to shorten the time constant [30].
[bookmark: _Hlk156987718][bookmark: _Hlk156969746]A resistance between the inner and outer layers was estimated to be 76 nΩ from the characteristic resistance of #A. Assuming the contact area of 300 cm2 between the inner and outer layers, the estimated contact resistivity is 23 µΩcm2. This small contact resistivity probably affected the long time constant. 
Before impregnation of #A, the time constant was about 2 s. The increase of the time constant, i.e., the decrease of the characteristic resistance, due to the impregnation is probably caused by the increase of the pressure between the inner and the outer layers. The contact resistivity of BSCCO tapes decreases from 100 µΩcm2 in the absence of surface pressure to 25-50 µΩcm2 at pressures exceeding 1 MPa [31]. The estimated small contact resistivity of 23 µΩcm2 implies the appearance of the surface pressure larger than 1 MPa. 
For the three coils, the terminals were at the top of the coils. if the two terminals are placed at the top and bottom of the coil, the current could bypass the damaged area. 
Although we used low-melting point metal as impregnation material, other materials, e.g., solder, ice, electrically conductive epoxy resin, etc. should be attempted in future. However, tin pest should be concern if pure tin or tin-based alloys are used [32], [33], [34].
TABLE I
ESTIMATED STRAIN AND SURFACE PRESSURE
	(a) #P

	1: impregnated winding
	2: polycarbonate casing

	, mm
	8.0 
	2.0

	, %
	-0.48 [35]
	-1.3 [34]

	, MPa 
	6.0 x 103 [35]
	3.4 x 103 [37]

	, %
	-0.10
	0.73

	, MPa
	1.0



	(b) #A

	1: aluminum alloy bobbin
	2: impregnated winding

	, mm
	5.0 
	5.0

	, %
	-0.39 [36]
	-0.48 [35]

	, MPa 
	7.5 x 104 [38]
	6.0 x 103 [35]

	, %
	-0.0067
	0.084

	, MPa
	0.56



IV. Strain Estimation using Thin Cylinders Model
The coil with polycarbonate bobbin and casing #P showed serious degradation, while the coils with aluminum alloy bobbin and casing, #A and #A-PI, did not. To discuss this result, the thermal strain and the surface pressure were estimated using thin cylinders model.
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Fig 6 illustrates the thin cylinders models for #P and #A. Thermal contraction of polycarbonate is larger than that of metals in cool-down from 300 K to 77 K. The impregnated winding will be circumferentially compressed by the casing for #P. On the other hand, the impregnated winding will be subjected to circumferential tension for #A, because thermal contraction of low-melting point metal is larger than that of aluminum alloy [34], [35], [36]. 
For the thin cylinders model, deformation condition is
			(1)
and constraint condition is
		(2)
where  is circumferential strain,  is surface pressure,  is thickness of the cylinders,  is Young's modulus,  is difference in the diameters,  is diameter of contacting surface,  is coefficient of thermal expansion (CTE),  is initial temperature, and  is temperature in cooled condition. The subscripts 1 and 2 indicate the inner and outer cylinders, respectively. Solving for  and  from (1) and (2), we obtain
				(3)
and
				(4)
The estimated strain and surface pressure values were shown in Table I. It resulted in 0.1% circumferential compressive strain and 0.08% tensile strain in the impregnated windings. The 0.1% longitudinal strain does not degrade BSCCO tape significantly [39]. The surface pressures were estimated to be 1.0 MPa and 0.56 MPa for #P and #A, respectively. These values were sufficiently smaller than the transverse compressive stress of 50 MPa that causes degradation in a BSCCO tape [40]. The estimated strains and surface pressures were not large enough to degrade a BSCCO tape.
[bookmark: _Hlk156987885]In the case of #P, the bobbin contracts more than the low-melting point metal, suggesting that the surface pressure would not appear. Assuming that the winding is in the innermost of the low-melting point metal, the peeling stress is unlikely to be the cause of degradation, because the winding was not bonded to the bobbin.
The combination of the longitudinal (circumferential) compression and transverse (radial) compression may need to be considered.
The charging test results showed that the impregnated coils deteriorated. Among them, ones with the polycarbonate bobbin and casing deteriorated particularly severely. Assuming that the deterioration is caused by the bobbin and casing, removing them after impregnation (before cool-down) may reduce the thermal stresses in the winding during cooing down. In any case, a future task is to identify the deteriorated areas of the BSCCO tape unwound from the coils.
V. SUMMARY
This study presents the manufacturing method and experimental results of a layer-would NI BSCCO coil impregnated with low-melting-point metal (In-Bi-Sn eutectic alloy).
 In the charging tests of the coils, the difference in material of bobbin and casing yielded the different results. The coils wound on the polycarbonate bobbin and covered with the polycarbonate casings showed severe degradation after impregnation. The coil using aluminum alloy instead of polycarbonate showed less degradation. 
The degradation could not be explained by the thermal strain estimations with a simple model that accounts for differences in thermal contraction between the constituent materials. The deteriorated coil should be unwound and identify the location of the damage to further discuss the reasons of the degradation.
[bookmark: _heading=h.ji51hl1e8dp3]The impregnated NI coil showed a long decay time of the magnetic field during a sudden discharge. We endeavored partial insulation, specifically electrical insulation between adjacent layers. The efficiency of such insulation to decrease the long decay time was also demonstrated in the layer-would NI coil impregnated with low-melting point metal. 
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