
IOP Conference Series: Materials Science and Engineering

PAPER • OPEN ACCESS

The Effect of Reinforcement Substrate Alloy Selection on Mechanical
Properties of REBCO Coated Conductors
To cite this article: K. J. Radcliff et al 2020 IOP Conf. Ser.: Mater. Sci. Eng. 756 012023

 

View the article online for updates and enhancements.

This content was downloaded from IP address 67.44.184.214 on 09/03/2021 at 18:28

https://doi.org/10.1088/1757-899X/756/1/012023
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstkKpxGJkiU2yctYI51JDUlI4rzqdFb-xx6qCXUsa7ByxDSINJ-4e4C9lpZqf_dEOf8CbxAOOPKtzWUuPT8nm2LSjnKyQna35Cfu7PE06kvCtQKGyN4ejhHZY8vdRokMut9lc6kRy16S5ptwIFEQ-nV0ZmCcWERrTrs4nit_hEakxupwj-EqktZ-HYp5ZDL8SqGqhZjHM_Y2I2yK-vXMFZpjHmdN9RDUnmzOB6a9IGL8tUH6FieslxYpXB9JrLISxwzV2CRFxBewlvt9oWsIuSTMf6NC78&sig=Cg0ArKJSzMaQzyF_jYvT&adurl=https://ecs.confex.com/ecs/240/cfp.cgi%3Futm_source%3DIOPPW%26utm_medium%3DBanners%26utm_campaign%3D240Abstract%26utm_content%3DApr9


Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

ICMC 2019

IOP Conf. Series: Materials Science and Engineering 756 (2020) 012023

IOP Publishing

doi:10.1088/1757-899X/756/1/012023

1

The Effect of Reinforcement Substrate Alloy Selection on 
Mechanical Properties of REBCO Coated Conductors

K. J. Radcliff1, R. P. Walsh1, D. C. Larbalestier1 and Seungyong Hahn1, 2

1National High Magnetic Field Laboratory, 2031 E. Paul Dirac Drive, Tallahassee, FL 32310, US

2Department of Electrical and Computer Engineering, Seoul National University, Gwanak-ro 1, Gwanak-gu, Seoul, Korea 08826

Abstract. Rare earth Barium Copper Oxide (REBCO) coated conductors are promising candidates for high field (>25 
T) user magnets. However, as the demand for higher fields increase, so does the potential to overstrain the conductors 
being used. Coated conductor substrates, such as 310s stainless steel and the super-alloy Hastelloy C276, serve as the 
backbone for mechanical strength in these conductors. Both substrate alloys share similar properties when optimally 
processed into strips prior to manufacturing of the REBCO coated conductor. We find that with subsequent REBCO 
manufacturing processes the strength of the substrate changes, the magnitude of which depends on whether Hastelloy 
C276 or 310s stainless steel is used. In this study, we investigate the stress-strain variability found in coated conductors 
and how the manufacturing process affects the mechanical properties. The manufacturing step of concern is the short 
time that the substrate is exposed to high temperature (700 to 800 C) during the REBCO deposition process. To better 
relate manufacturing processes and mechanical properties, we subjected bare substrates to different heat treatments at 
700, 750, and 800 C for 15 minutes each. With post heat-treatment room-temperature tensile tests, we found that the 
310s stainless steel substrate was sensitive to the variations of time and temperature, exhibiting yield strength 
reductions of 20 to 50 % depending on the heat treatment. By contrast, Hastelloy C276 did not weaken and initially 
showed strengthening effects with exposure to the lower temperature heat treatments. Coated conductor manufactures 
may prefer 310s stainless steel as their substrate due to cost and availability, however, moving to Hastelloy C276 will 
offer better mechanical robustness and reproducibility of mechanical properties within their coated conductor.

1. Introduction
REBCO coated conductors are increasingly becoming more popular for next generation high field magnets. With their 
high current density and relatively high operating temperature allowing a wide range of magnet applications.  
However, these tape conductors are quite sensitive to the effects of strain during manufacturing and in use operations. 
Mechanical properties of REBCO coated conductors show variable strength depending on the type of substrate used 
to reinforce the conductor. Evidence shows this variability could come from the vapour deposition process during 
manufacturing of the coated conductor. The two types of commonly used substrates are Hastelloy C276 and 310s
stainless steel are used to perform this systematic study on the effects of deposition temperature during the 
manufacturing process.

2. Material Properties
310s stainless steel is a high nickel austenitic steel alloy that allows increased resistance to strain induced martensitic 
transformations. Hastelloy C276 is a nickel- tungsten superalloy with high strength and non-magnetic properties [1].
Both alloys are used in high temperature applications for their strength allowing them to be strong candidates to 
handle annealing temperatures during the vapour deposition process. Table 1 shows the chemical composition of 
both 310s stainless steel and Hastelloy C276.
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Table 1: Chemical composition in wt % of 310s stainless steel and Hastelloy C276. 

Ni Mo Cr Fe W Mn Co C V P S Si
Hastelloy 
C276

Balance 15-
17

14.5-
16.5

4.0-7.0 3-
4.5

1.0 2.5 0.01 0.35 0.4 0.03 0.08

310s Stainless 
Steel

19-22 - 24-26 Balance - 2.0 - 0.25 - 0.045 0.030 1.50

The 310s stainless steel samples were 100 µm thick and four mm. The Hastelloy samples were 30 and 50 µm
thick and 12 mm wide.

3. Procedure
Four different conditions of both substrates were tested. Two samples for each substrate were tested in the as received 
condition, after 700 °C, 750 °C, and 800 °C heat treatment. To simulate the temperature excursions during the vapour 
deposition process, three heat treatment conditions were done on 100 µm 310s stainless steel and on 50 and 30 µm 
Hastelloy C276. Figure 1 shows the temperature profiles for each heat treatment; each heat treatment took about three 
hours to reach desired temperature was held at temperature for a total of 15 minutes inside an argon environment and 
then was air cooled. The temperatures were chosen due to a previous report on IBAD temperature during YBCO 
manufacturing being approximately 750 °C [2]. 

Figure 1: The annealing temperature profiles on bare 310s stainless steel and Hastelloy C276 substrates [9]. 

Room temperature tensile test are performed according to the ASTM E8 standard [2]. Tests are conducted 
in displacement control at a rate = 0.5 mm/min (for an elastic strain rate = 1.67*10-4

� s-1) using a clip-on 
extensometer. An unload cycle is performed during the tensile test at 0.15% strain for modulus determination and 
strain is measured with a 50 mm gage length clip-on extensometer.

4. Results and Discussion
The tensile test results are shown in Table 2. The initial results of the as received condition of the Hastelloy C276 and 
310s stainless steel seen in figure 2(A) shows that each substrate starts in the cold-worked condition. The 310s stainless 
steel has a yield strength of about 1237 MPa which corresponds to about 40 % cold worked [5] while the as-received
yield strength of Hastelloy C276 is approximately 1464 MPa, independent of Hastelloy C276 thickness. Figures 2(A) 
– (D) show the effect of heat-treatment temperature on the stress-strain relationship of the Hastelloy C276 and 310s
stainless steel substrates. Intuition suggest that relatively no change should occur to the substrates at after the 700 °C
heat treatment since both materials are used for high temperature applications. Figure 2(B) suggest that is not 

700 °C 

750 °C 

800 °C 
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necessarily the case for the 310s stainless steel. The yield strength of the 310s stainless steel dropped 22 percent to 
965 MPa from the as-received condition. 

Table 2: Tensile test results of bare 310s stainless steel and Hastelloy C276 substrates tested at 293 K 

Figure 2(A) : As received stress-strain relationship of Bare Hastelloy 
C276 and 310s stainless steel at 293 K [9].

Figure 2(B): 700 C heat treatment effect on stress-strain relationship 
of Bare Hastelloy C276 and 310s stainless steel at 293 K [9].

  

Figure 2(C): 750 C heat treatment effect on stress-strain relationship 
of Bare Hastelloy C276 and 310s stainless steel at 293 K [9]. 

Figure 2(D): 800 C heat treatment effect on stress-strain relationship 
of Bare Hastelloy C276 and 310s stainless steel at 293 K [9]. 
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The mechanical properties of Hastelloy C276 after the 750 °C heat treatment showed no apparent difference 
when compared to the 700 C heat treatment. The 310s stainless steel however, showed another distinct drop in yield 
strength. The yield strength of the 310s stainless steel dropped to 619 MPa, about half the strength of the as-received 
condition. Figure 2(D) shows the effects of heating the substrates at 800 °C. Surprisingly, Hastelloy C276 was affected 
by this annealing temperature causing a 240 MPa drop in yield from the as received condition. 310s stainless steel 
yield strength dropped to 510 MPa. One potential reason the Hastelloy C276 experience some weakening is possibly 
due to the 800 °C heat treatment is close the maximum precipitation temperature of 871 C [5]. Slight variation can 
also be seen in figure 2 (C-D) for Hastelloy C276 yield strength but with similar elastic modulus. This scatter in data 
has been previously reported in Clickner et. al [5] between batches of Hastelloy C276 substrate.

Figure 3 shown below, gives an average trend of the samples tested in each of the four conditions. It is 
immediately apparent that the 310s stainless steel is unmistakably affected by temperature excursions during the 
REBCO manufacturing process. Hastelloy C276 on the other hand is weakly effected by these temperatures in terms 
of yield strength. Interestingly, Hastelloy C276 had a strengthening effect on the elastic modulus from the 700 and 
750 °C heat treatment. It can also been seen that the 800 °C annealing on the 310s stainless steel gave it a slight 
curvature to the modulus. Barth et. al. [7] showed a similar rounding or curvature effect in REBCO coated conductors 
that utilized 310s stainless steel conductors. 

Figure 3: Average stress-strain trend of as received and heat treated 310s stainless steel and Hastelloy C276 bare substrate 
tested at 293 K [9].

The yield strength vs heat-treat temperature can be seen in figure 4 for both substrates. The trend of 
strengthening of the Hastelloy C276 and weakening of the 310s stainless steel becomes more apparent. When the 
310s stainless steel is compared to the Hastelloy C276, the difference of yield strength is striking. Over the range of 
temperatures, Hastelloy C276 outcompetes with the 310s stainless steel. The trend of which the 310s stainless steel 
weakens is similar to previously reported effects in the ASM handbook of stainless steels [5] and in Shi. L et al [8].     

Figure 4: Yield strength vs heat treatment on 310s stainless steel (black square) and Hastelloy C276 (red circle) [9].
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5. Conclusion
Simulating the temperatures that could be seen during the manufacturing of REBCO coated conductors shows how 
two common types of substrates are affected. 310s stainless steel being a high nickel and chromium alloy is no match 
in terms of retaining strength to Hastelloy C276. Hastelloy C276 suffered no drastic weakening effect, even though 
after the 800 °C heat treatment it was approximately the same yield strength of the 310s stainless steel in its initial 
cold-worked state. Substrates used for REBCO coated conductors should display no changes in mechanical properties 
after manufacturing to ensure strain tolerance of the coated conductor is ideal [10].
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