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Suppressed Formation of Large Grain Nb3Sn in Powder in Tube Conductors for the Next Generation of Accelerator Magnets
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The Powder-In-Tube (PIT) process is a potential technology to produce Nb3Sn of sufficient performance and quantity for the next generation of accelerator magnets that can upgrade the Large Hadron Collider (LHC) at CERN. However, the critical current density, Jc, is limited by the formation of a large grain (LG) A15 layer which does not contribute to transport current, but occupies 25-30% of the total A15 area.  Understanding how this layer forms so it can be minimized is valuable. During heat treatment (HT), the NbSn2-rich powder core undergoes a complex reaction with the Cu sleeve between the powder and the Nb7.5wt%Ta tube to form a ternary Sn-Nb-Cu phase (“Nausite”). Upon further heating, the Nausite decomposes into NbSn2 + Cu at ~610 °C, which then rapidly forms Nb6Sn5 at 630 °C before finally transforming to Nb3Sn. We have made two critical new observations: 1.) The Nb6Sn5 is Cu-containing while NbSn2 is not (nor is A15 but this is well known) and 2.) LG relative to small grain (SG) A15 growth can be controlled over a wide temperature range. The first LG A15 can be clearly identified as a decomposition product of the Cu-containing Nb6Sn5 phase by the layer of rejected Cu around it. The LG A15 is thus not only of low pin density, but is disconnected by the layers of rejected Cu. For single step A15 reactions from 630-690 °C we have found that the maximum SG A15 layer thickness is about 2 μm before LG A15 and Cu precipitates form. We have also found that multistage HT’s in the same temperature range can increase the SG A15 layer thickness while suppressing the undesired LG A15 morphology. Our goal is to use such HT’s to greatly suppress the LG A15 and drive Jc (12 T, 4.2 K) to exceed 3 kA/mm2.
Experimental

Samples in sealed quartz tubes were heated to final temperatures of 630, 650, 670, or 690 °C and pulled from the furnace and quenched into ice baths at various points in the reaction so as to observe the conditions under which LG A15 forms. After reaction, the samples were imaged by FESEM, primarily using back scattered electrons. After imaging, we use the software package Fiji to quantify the average SG A15 layer thickness.
Results and Discussion

The SG A15 layer forms well before the LG A15 layer and has a maximum thickness (before LG A15 appears) dependent on temperature (Fig. 1).  At 630 °C the layer thickness is about 0.5 μm after 10 hours, but by 12 hours LG A15 begins to form while the SG A15 layer grows to 0.85 μm. In a single stage HT, the thickest SG layer so far without LG formation is 2.0 μm at 670 °C. However, it appears that higher temperatures will not produce a thicker SG A15 layer, because after 2 hours at 690 °C the SG layer is only 1.6 μm thick and LG A15 has begun to form. Based on these results, it was possible to design a multi-stage HT aimed at avoiding LG A15 formation. While these initial multi-stage HT’s still formed some LG A15, we achieved a SG A15 layer thickness of about 3.0 μm (higher than any single step HT).
Conclusions

Understanding the conditions surrounding formation of LG A15 will be important to prevent or minimize it so that the Jc can be increased. Here we demonstrate through microstructural studies that it is possible to control the LG/SG A15 ratio early on in the reaction. The next step is to optimize the early stages of the reaction to grow the thickest SG A15 layer. 
Acknowledgements

A portion of this work was performed at the NHMFL, which is supported by NSF Cooperative Agreement No. DMR-1157490 and the State of Florida. In addition, this work was supported by the US Department of Energy (DOE) Office of High Energy Physics (award DE-SC0012083), and by CERN (contracts KE1920 and KN2713). The PIT strand was supplied to us by the US LHC Accelerator Research Program (LARP), which is a BNL, FNAL, LBNL, and SLAC collaboration with CERN for the High Luminosity LHC program: http://www.uslarp.org/
�


Figure � SEQ Figure \* ARABIC �1�: Dependence of LG A15 formation in 8 samples as a function of temperature. In the short HT of the left column, only SG A15 has formed of varying thickness, while in the longer HT of the right column LG A15 and Cu precipitates have appeared.
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Figure � SEQ Figure \* ARABIC �2�: The layer thickness of SG A15 was increased before nucleation of LG A15 utilizing a multistage HT. 








