Uniaxial Tensile Stress Tolerance of Ultra-Thin Nb3Sn Composite Wires and Twisted Cables
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Abstract—Ultra-thin A15 composite wires with a diameter of 0.03 –0.05 mm are being developed by National Institute for Materials Science (NIMS) to realize flexible Rutherford cables for high field superconducting accelerator magnets. Since the bending strain is approximately proportional to the wire diameter, a cable composed of thin wires can be bent to a smaller bending diameter without the degradation of critical current (Ic). Thus, react-and-wind cables with ultra-thin Nb3Sn wires are expected to be realized. In our previous study, the basic mechanical properties including fracture strength and Young’s modulus of 0.05-mm-thick bronze-processed Nb3Sn wires were evaluated by a single- fiber tensile test. As a next step, in this study, a tensile test was conducted for a twisted cable with 19 0.05-mm-thick wires at room temperature to confirm whether the mechanical strength of the twisted cable can be predicted from that of the single wire. The stress tolerance of the single wire and twisted cable was assessed by measuring Ic at 4.2 K after applying various uniaxial tensile loads at room temperature. The tensile stress limit of Ic was compared between the single wire and twisted cable.

[bookmark: bookmark=id.30j0zll]Index Terms—Ultra-thin Nb3Sn wire, a twisted cable, stress tolerance of critical current, stress–strain behavior

I. INTRODUCTION
R
EACT-and-wind Rutherford cables with A15 superconducting wires have been required for high field accelerator magnets, since they can reduce the fabrication cost of Nb3Sn coils. As a key technology to realize this goal, ultra-thin Nb3Sn wires are being developed by National Institute for Materials Science (NIMS) [1][2]. Bronze-processed Nb3Sn wires with diameters of 0.05 mm and 0.03 mm have been fabricated with piece lengths of 7000 m and　1000 m, respectively. Twisted cables composed of these thin wires were also fabricated [2]. In a 49-stranded twisted cable, the total critical current (Ic) equivalent to that expected from a single wire and the number of wires was achieved [2].
One of the advantages of twisted cables with thin wires is their small allowable bending radius. When a twisted cable is bent, each single wire can slide with each other. The bending strain is approximately calculated by dividing the wire radius by the bending radius. Thus, in principle, a twisted cable can be bent to a smaller radius than a monolithic wire with the same total diameter. This concept was proved by comparing the allowable bending radii of the twisted cables with or without solder impregnation [2]. [image: ]
Fig. 1. Cross section of the twisted cable composed of 19 single wires after heat treatment.

The allowable tensile stress limit for the wires and cables should be evaluated not only to determine the appropriate winding tension but also to obtain basic mechanical parameters for stress and strain analyses under bending deformation. For these purposes, the tensile stress–strain behavior of 0.05-mm-thick Nb3Sn single wires was studied in our previous work [3]. Mechanical parameters including fracture strength, 0.2% proof strength, and Young’s modulus were successfully measured by a single-fiber tensile test. In this study, the mechanical properties of a twisted cable under uniaxial loading were characterized to confirm if the fracture strength and the stress tolerance of Ic in the twisted cable can be predicted using a single wire.
II. Experimental Procedure
Nb3Sn single wires and twisted cables were used for this study. A single wire named SK217 with a thickness of 0.05 mm was fabricated by a bronze process. 19 Nb filaments were embedded in the bronze matrix before heat treatment. More detailed specifications are reported in [2][3]. The twisted cables consisted of 19 single wires. The cross section of the twisted cable after heat treatment is shown in Fig. 1. The twist pitch was 4 mm. Both the single wires and the twisted cables were reacted at 680oC for 48h.
A tensile test of the twisted cables was conducted. Two different setups were used for different purposes. A commercial tensile testing machine (Shimadzu, AG-5000C) was utilized for evaluating the fracture strength. For the mechanical protection of the gripping part of a specimen, both ends of a twisted wire were inserted into a brass tube with a cyanoacrylate adhesive. The specimen was gripped with the flat surfaces of the two chucks. Special care was taken for the alignment of the tensile axis and the specimen to avoid breakage at the grip due to stress concentration. First, the upper and lower chucks were aligned with an accuracy of 0.1 mm. Then, each end of the specimen was tentatively fixed along a scratch line on the surface of the chuck with a Kapton adhesive tape. Finally, the sample was clamped with a plate and the fixing bolts were fastened.  The gauge length of the specimen was 100 mm. The tensile speed was 0.3 mm/min. No strain measuring device was applied in this tensile test.
The second type of tensile test was conducted to evaluate the strain of the twisted cable. A noncontacting video extensometer (Instron, SVE2) was used for the strain measurement of a soft cable with another tensile testing machine (Instron, 5966). As shown in Fig. 2, two masking tapes were attached to a specimen as a marker with a spacing of around 60 mm. The sample was gripped with air chucks. Loading and unloading were carried out to evaluate Young’s modulus and the permanent strain at various loads. 
The stress tolerance of single wires and twisted cables was assessed as follows. A certain level of load was applied and the load was released before the overall fracture at room temperature. For the single wires, a wire was fixed on a paper frame and the side of the paper frame was cut before loading so that an applied load was carried by the wire [3]. For the twisted cables, the same setup for evaluating the fracture strength was used. The load level was varied in the range of 0.098–0.59 N (10–60 g) for the single wires and 3.9–10.8 N (0.4–1.1 kgf) for the twisted cables. The gauge length was 50 mm. The specimen after loading and unloading was fixed on a probe for Ic measurements. Both ends of the single wires and twisted cables were soldered on the current terminals. Silver paste was used to fix the voltage taps to avoid damaging the single wires, whereas the voltage taps were soldered to the twisted cables. The voltage tap spacing was 15 mm. Apiezon N grease was painted on the specimens and voltage taps to reduce voltage noise. The specimen was cooled slowly to 77 K and then inserted into the bore of the 15 T solenoid magnet filled with liquid helium. A magnetic field in the range of 4–12 T was applied in the direction perpendicular to the wire axis. Ic was determined on the basis of the criterion of 1 mV/cm.[image: ]
Fig. 2. Setup of a tensile test using a noncontacting video extensometer.

III. Stress–Strain Behavior of Twisted Cables
Fig. 3 shows the stress–strain curves of five twisted cable specimens. In this graph, the horizontal axis is the strain estimated from the machine stroke including the machine deformation. The stress was calculated by dividing the measured load by 19-fold the cross-sectional area of the single wire. Good reproducibility was confirmed below the strain of 1%. The fracture loads and strengths of the cable specimens are shown in Table I. Three out of the five specimens broke within the gauge. The inset in Fig.3 is an enlarged view of the curves at the overall fracture. A stress drop was observed in sample 2, in which the central wire of the twisted cable remained intact. The fracture strength of five cable specimens varied from 302 MPa to 333 MPa. In sample 9 with the maximum fracture strength, the stress reached the maximum and slightly decreased before the overall fracture, suggesting that necking occurred. As we reported previously [3], the fracture strength of the single wires is 333 MPa, which is the same as that of sample 9. This result shows that the fracture strength of the twisted cable is the same as that of the twisted cable when stress concentration at the grip is appropriately controlled.
Fig. 4 shows the fracture surface of sample 9. A ductile fracture manner was confirmed in the metal components, which is similar to that in the single wire [3]. The structure twisted cable was retained even after the overall fracture.[image: ]
Fig. 3. Stress–strain curves of the twisted cables.

TABLE I
FRACTURE LOADS AND STRENGTHS OF THE TWISTED CABLE .

Sample ID
Fracture
load
(N)
Fracture
strength
(MPa)
Fracture
position
Necking
SK217x19_GL100-1
11.8
317
Lower chuck
N
SK217x19_GL100-2
11.9
318
Within gauge
N
SK217x19_GL100-3
11.9
320
Lower chuck
N
SK217x19_GL100-4
11.2
302
Within gauge
N
SK217x19_GL100-9
12.4
333
Within gauge
Y


Fig. 5 shows the comparison of the stress–strain curve between the single wire and the twisted cable. The sample strain of the single wire was measured by a single-fiber tensile test [3]. The machine deformation was corrected on the basis of the machine compliance evaluated from the loading and unloading slopes for the specimens with different gauge lengths. On the other hand, a noncontacting video extensometer was used for the strain measurement of the twisted cable.
Young’s modulus was evaluated from the loading and unloading slopes below the strain of 0.85%, below which no Ic degradation occurred as described later. As shown in Table II, Young’s modulus of the twisted cable is 113 GPa, which is close to that (114 GPa) of the single wire. The 0.2% proof strength evaluated using Young’s modulus of the twisted cable is 155 MPa, which is lower than that of the single wire. In the Nb3Sn composite wires, Cu has already yielded in tension during cooling from the heat treatment temperature [4]. Therefore, the entire loading curves are in the plastic region. As shown in Fig. 5, the stress of the loading curve is lower in the twisted cable than in the single wire, even though Young’s moduli are almost the same. This implies that the twisted cable is softer than the single wire, but plastic deformation accumulates as the applied stress increases.
VI. Stress Dependence of Ic[image: ]
Fig. 4. Fracture surface of the twisted cable. (a) Overall view and (b) enlarged view of the central wire.

TABLE II
YOUNG’S MODULI AND 0.2% PROOF STRENGTHS OF THE SINGLE WIRE AND TWISTED CABLE. 
Single wire
Young’s modulus
(GPa)
0.2% proof strength
(MPa)
Single wire
114
213
Twisted cable
113
155

[image: ]
Fig. 5. Comparison of stress-strain curve between the single wire and the twisted cable.

Ic was measured for the single wires and twisted cables after applying stress at room temperature at various levels. Fig. 6 shows Ic as a function of the maximum stress experienced by the single wires at B=4–12 T. Ic is maximum at around 100 MPa. At a stress of 300 MPa, the Ic degrades sharply. In this study, the stress at which Ic becomes lower than 95% of Ic0 (Ic without loading) is defined as the degradation of Ic. The stress at the sharp Ic drop corresponds to 75–90% of the fracture strength. The same measurements were also conducted for the twisted cable. As shown in Fig. 7, Ic degraded between 263 MPa and 289 MPa, which is 78–87% of the fracture strength.[image: ]
Fig. 6. Ic as a function of the maximum applied stress for the single wire.

[image: ]
Fig. 7. Ic as a function of the maximum applied stress for the twisted cable.

Fig. 8 shows Ic normalized to its initial value as a function of the maximum stress. Ic starts to increase after unloading from 158 MPa (C’), takes the maximum at 211 MPa (D’), and starts to decrease at 263 MPa (E’). The decrease in Ic is much steeper at 289 MPa (F’). The change in Ic shows a magnetic field dependence. The higher the applied magnetic field is, the more marked the change in Ic is. The stress level at each measured point in Fig. 8 is the same as those in the stress-strain curve shown in Fig. 5. As indicated by point B’–F’, the higher tensile permanent strain accumulates as an applied stress increases. It is well known that Ic shows a parabolic strain dependence on axial tensile strain in Nb3Sn composite wires [5]–[7]. Such strain sensitivity is higher with increasing magnetic fields [5]. Therefore, the magnetic field dependence of Ic/Ic0 in the twisted cable can be accounted for by the increase in tensile permanent strain after unloading.[image: ]
Fig. 8. Ic normalized to its initial value as a function of the maximum applied stress for the twisted cable.

[image: ]
Fig. 9. Normalized Ic as a function of the maximum applied stress in the single wire and twisted cable.

The inset in Fig. 8 shows the electric field–current curve for each stress level. In the curve after unloading from 289 MPa, the slope of the electric field increase becomes much more gradual. This suggests that the filaments of Nb3Sn start to break at this stress.
The comparison of the stress dependence of Ic between the single wire and the twisted cable is shown in Fig. 9. In both conductors, the normalized Ic starts to degrade at the same stress level of 250–300 MPa. This result shows that the stress tolerance of Ic of the twisted cable can be predicted if that of the single wire is known.
V. Strain Limit of Ic
In this study, the stress dependence of Ic in the twisted cable was evaluated by loading at room temperature and the subsequent Ic measurement at 4.2 K, but the strain was not directly measured for these samples. From the Ic–stress curve in Fig. 8 and the stress-strain curve in Fig. 5, the strain dependence of Ic for the twisted cable was derived as shown in Fig. 10. Ic is the maximum at D’. The applied strain at D’ is determined by a compressive residual strain in Nb3Sn due to the difference in thermal contraction among the constituent components of the composite wire [5]. The absolute strain in Nb3Sn is defined as the intrinsic strain. From the criterion of the 95% retention of Ic after unloading, the Nb3Sn filaments in the twisted cable are still intact at E’, whereas the degradation of Ic was detected at F’. From these results, the intrinsic strain limit of the twisted cable was approximately evaluated to be 0.44%, as shown in Fig. 10.[image: ]
Fig. 10. Strain dependence of normalized Ic for the twisted cable.

The strain limit of Nb3Sn monolithic wires has been widely studied. For the wires fabricated by the restack-rod process (RRP) for accelerator use, the reversible intrinsic strain limit was reported to be 0.3–0.4% [8]. In this experiment, the strain limit was measured in liquid helium using a Walters spring. The strain limit of various Nb3Sn wires for application to toroidal field (TF) coils for International Thermonuclear Experiment Reactor (ITER) fabricated by different processes was compared by Nijhuis et al. [9]. The reversible intrinsic strain limit measured using a Pacman device [9] is reported to be 0.2–0.5% in internal tin wires and around 0.6% in bronze-processed wires.
The strain limit reported in this study cannot be directly compared with these previous results, since the definition of the strain limit varies among studies. However, the strain limit of 0.44% of the twisted cable is at least within the variation of the values reported for the monolithic wires. 
Ic under the bending strain of the same twisted cable has been reported by Wang et al. [10]. The cable was wound on the mandrel with different outer diameters at room temperature and then Ic was measured at 4.2 K. Ic was not degraded on the mandrel with a diameter larger than 25 mm, whereas a significant drop of Ic was confirmed on the mandrel with a diameter of 20 mm. The bending strains estimated for the wire diameter of 0.05 mm are 0.2% and 0.25% for the bending diameter of 25 mm and 20 mm, respectively. These values of the bending strains are smaller than the maximum applied tensile strain of 0.73% (E in Fig.5) without Ic degradation obtained in this study. One of the reasons for this discrepancy would be the winding tension. Another possibility is that the sliding of single wires in a twisted cable is partially constrained by friction. Further study will be necessary to understand the mechanical behavior under the bending deformation of the twisted cables.
V. CONCLUSION
The tensile stress-strain behavior and stress tolerance of Ic were evaluated for the twisted cables composed of 19 ultra-thin Nb3Sn wires with a diameter of 0.05 mm. The fracture strength of the twisted cable was equivalent to that of the single wire when the overall fracture occurred with necking. Young’s modulus of the twisted cable was almost the same as that of the single wire, whereas the stress in the plastic region was lower than that of the single wire. The stress tolerances of Ic in the single wire and twisted cable were at the same level of 250–300 MPa when the stress was applied at room temperature.
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