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Changes in Crystal Structures in RRP® Nb3Sn Wires across the Strain Irreversibility Cliff
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Introduction – Strain Irreversibility Cliff in Nb3Sn wires and its challenges

Nb3Sn superconducting wires made by the restacked-rod process (RRP®) exhibit a precipitous change in the intrinsic irreversible strain limit with heat-treatment temperature (, called the strain irreversibility cliff (SIC) [1]. Similar superconducting wires were utilized in the series-connected hybrid magnets, and will be used in the fabrication of accelerator magnets for the high-luminosity upgrade of the Large Hadron Collider (LHC). SIC occurs over a very narrow temperature range, less than 20 °C. Hence, it poses a real challenge for choosing suitable heat-treatment conditions that can optimize the wire’s transport, strain, and thermal properties all at once, especially for large, wind and react, magnet systems. 

The intent of this work is to identify the origin of SIC and thereby help make it possible to modify the wire design or heat treatment to avoid occurrence of SIC or push it to lower temperatures.
Experimental – Neutron diffraction for probing the wire 

We conducted neutron-diffraction experiments at the Japan Proton Accelerator Research Complex (J-PARC) on both unstrained and in-situ strained Nb3Sn wire samples [2]. This allows us to measure structural changes in both the Nb3Sn and the adjacent brittle Cu-Sn phases that may influence to the wire’s strain behavior. This tool, combined with in-house microstructural studies currently underway, can help elucidate the origins of SIC.
Results and Discussion – The brittle Cu-Sn ε-phase might be responsible for SIC 

Neutron data indicate that the crystal structure of Nb3Sn remained cubic for all heat-treatments investigated. This indicates that the cubic-to-tetragonal transformation mechanism is not the source of SIC. The most striking result is the large change with ( of the location of the Bragg peaks assigned to Cu-Sn ( and ε phases (Fig. 1). The α-phase (≤ 8 at. % Sn) is very ductile, whereas the ε-phase (≥ 19 at. % Sn) is very brittle [3]. Metallographic work at FSU on similar wires showed that these phases are at the cores of the Nb3Sn sub-elements. A mechanical crack occurring in the ε-phase may propagate to the adjacent brittle Nb3Sn. The Nb3Sn heat treatment consumes the ε phase until it disappears as ( is increased to the temperature onset of SIC and beyond [3].
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Although the neutron-diffraction tool probes a significantly larger volume of samples than metallography, it is difficult to discriminate between Cu-Sn ( and ε phases. Nevertheless, we found that Cu-Sn peaks broaden with ( before getting sharper as ( is increased further. The maximum for full-width half-max (FWHM) is fairly well defined and occurs at temperatures corresponding to the onset of SIC. We will correlate these results with metallography investigation once completed.


Data for strained samples are still under analysis, and should reveal information on local strain state of all the wire components.
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Fig. 1: Example of the neutron-diffraction peaks we obtained at 6 K for an RRP® Nb3Sn wire. The graph depicts the large change with heat-treatment temperature of the location of the Bragg peaks assigned to Cu-Sn (bronze) phases.









