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Reversible axial-strain effect and extended strain limits in Y-Ba-Cu-O
coatings on deformation-textured substrates
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The dependence of transport critical-current denitgn axial tensile strais was measured at 76

K and self-magnetic field for YB&Zu;0;_ s (YBCO) coatings on buffered, deformation-textured
substrates of pure Ni, Ni—5-at. %-W, and Ni—10-at. %-Cr—2-at. %-W. Expectations have been that
the strain tolerance of these composites would be limited by the relatively low yield strains of the
deformation-textured substrates, typically less than 0.2%. However, results show that the
irreversible degradation aj;(¢) occurs at a strain equal to about twice the yield strain of the
substrate. Therefore, YBCO/Ni-alloy composites may satisfy axial-strain performance requirements
for electric devices, including the most demanding applications, motors and generators in which a
strain tolerance exceeding 0.25% is needed. Furthermore, the YBCO/Ni-5-at. %-W conductors
showed a reversible strain effect, which may be induced by a reversible strain-field broadening
around mismatch dislocations at the grain boundaries. This effect may contribute to the
unexpectedly large usable strain range of these conductor008 American Institute of Physics.
[DOI: 10.1063/1.1628818

The ongoing development of high-temperature superdrops below its initial value is substantially higher thgn,
conducting wires is stimulated by the prospect of their wideindicating that fractures in the ceramic layers do not occur
use in electric utility devices and industrial magnetsOf ~ simultaneously with substrate yielding for these systems.
significance, transport critical-current densitids over  Furthermoreg nseifor YBCO/Ni-alloy is about twice that for
1 MA/cm? were recently achieved in YB&wO;_; YBCO/pure-Ni. This allows the coated conductor-alloy to
(YBCO) coated conductors in lengths of 10°rklowever, a satisfy many of the strain-limit benchmarks for device appli-
challenging requirement for their application is that suchcations. For YBCO/Ni-5W, we also found a reversible strain
composites must experience little or no degradation) of effect that extends significantly beyorg, sc:
from the longitudinal, transverse, and bending strains to  YBCO films were grown on buffered Ni-5W, Ni-10Cr-
which they are subjected during strand fabrication and han2w, and pure-Ni RABITS by the use of a BaEx situpro-
dling, magnet winding and operation, and power-line cablingcess with either metalorganic deposition precurgsasnples
and installatiorf: A1-A3, B1-B3® or evaporated precursofsample C18

A previous study of]; versus transverse compressive Thicknesses of the substrates), YBCO (tygco), and Ag
stress, carried out in YBCO coatings deposited on bufferedit,,) layers are listed in Table I. About 10m of Ag was
rolling-assisted, biaxially textured substratéRABITS),>  added to the originall to 3 um) Ag layer in order to achieve
showed the benefit of using Ni-5-at. %-Wi-5W) sub-  |ow-resistivity electrical contactsThis procedure was fol-
strates instead of weaker pure Ni in these compoSitess  owed for all samples, except that for A3 and B3 the addi-
also known that YBCO/Ni-alloy withstands higher axial tional Ag was deposited only at the sample ends, where cur-
stressthan YBCO/pure-Ni before ceramic breakdglow-  rent contacts were attached. This was done to investigate
ever, for RABITS, no information is available on the axial whethert ag has any effect on strain properties of the com-
strain at which fractures occur, nor on the relation of this posite. Samples had widths of 3 to 4 mm and a length of 3.5
critical strain to the substrate stress—strain curve. cm.

In this letter, we present the effect of axial tensile strain  Tg measurel, versuse, the ends of the sample were
&, applied along the conductor axis, dg in YBCO films  spldered to two copper blocks in the test apparatus, which
deposited on buffered Ni-5W, Ni—10-at. %-Cr—2-at. %-W p|ocks served the dual purpose of electrical contacts and
(Ni-10Cr-2W), and pure Ni RABITS. Expectations have grips for applying strain. One grip was stationary and the
been that the strain tolerance of these composites would Rgher could slide onto a carriageway so that the sample could
severely limited by the relatively low yield straiipropor-  contract freely during cooling. Strain was measured directly
tional limit of elasticity sp) of the RABITS. However, our 4t the sample location using a calibrated extensometer at-
results reveal that the onset straignse; Where Je(e) firSt  tached to the two grips. All strain data are given in terms of
applied strain rather than a calculatedtrinsic strain that
dElectronic mail: cheggour@boulder.nist.gov takes into account prestress from differential thermal con-
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TABLE |. Electromechanical properties of coated conductors on Ni-5W, Ni-10Cr-2W, and pure-Ni RABITS.
Measurements were performed at 76X .and| values were determined at azv/cm criterion.

Sample typco® tagt  Initial I Initial I nitial  £neet £1067 5060 &
No. Substratets® (um) (um) (um) (MA/cm?) (Alcm-width) n-valu® (%) (%) (%) (%)

Al Ni-5W; 75 1 14 1.03 103.6 39 0.28 0.35 0.54 0.38
A2 " 1 14 0.98 97.8 31 0.32 043 062 -
A3 " 1 3 0.87 86.6 30 0.28 0.35 0.54 0.38
B1 Ni-10Cr-2W; 75 1 14 1.14 114.1 39 0.35 043 0.62 0.35
B2 " 1 14 1.16 116.2 42 0.26 0.32 0.50 0.26
B3 " 1 3 1.17 1171 41 0.33 041 054 0.33
C1 Pure Ni; 50 0.3 11 0.91 29.1 21 0.17 0.22 047 0.17

%s tvaco, tag: thicknesses of substrate, YBCO, and Ag components, respectively.

Pn-value: exponent in the fiv=1" of the V—I curves around the critical curreht.

“eonset. Strain at the beginning of the degradationl gfe).

dsl%, €50+ Strain corresponding to 1% and 5% reduction gf) from its initial value, respectively.
e . Strain up to which any degradation bf(¢) is reversible.

traction among the components of the composite, which prerandomly throughout the sample area. The crack density is
stress is not known. higher in YBCO/pure-Ni than in YBCO/Ni-alloy.

Uncertainty in the measurement of strain was about The mechanical properties of coated conductor compos-
+0.02%. Measurements were made in self-field, in liquidite and bare substrates are summarized in Table Il. Compari-
nitrogen at 76 K.J. was determined for an electric-field son of &, of a substrate and s Of the corresponding
criterion of 1 wV/cm. Uncertainties in determining the criti- coated conductor shows that the onsetldfe) degradation
cal currentl . and the YBCO cross section were, respectively,is greater than the onset of substrate yielding. This contrasts
about 1% and 10%. For stress—strain curves, coated and baséth, but does not contradict, data obtained for YBCO films
substrate sampleld cm wide and 30 cm longwere mea- coated on buffered Inconel-625 substrates using ion-beam-
sured with an apparatus designed for thin tapes. Uncertairassisted deposition, in which the two strains were about the
ties in estimating the Young’s modulus and yield strengthsame (-0.35%, similar to our results for YBCO on Ni-alloy
were about 10%. RABITS).1°We suggest that there exists a critical strairat

Samples were of high quality, with an initid}, of about  which YBCO fractures that is coincidentally close to the
1 MA/cm? andn-value (exponent in the five|" of thel-V  greater value ok, of Inconel-625. For substrates in which
curves aroundl;) between 20 to 4QTable ). Figure 1 shows &,<e., substrate yielding does not induce YBCO cracking
J.(e) for the two YBCO/Ni-alloy composites. These systemsso long as local strain remains smaller tlgarthroughout the
had very similar behavior, with an averaggs.; Of about entire YBCO/buffers/substrate interfaces. Fgy<e<e,
0.3%. We also used 1% and 5% criteria for degradation oinhomogeneous substrate yielding could drive local strain
J.(¢) to define straing o, andesq,, respectivelyesq, had
an average value of 0.56%. Both samples A3 and B3 (
=3 um) had similarJ, dependence or as compared to 1.0
samples A1-2 and B1-2t{,=14 um) up to a strain corre- i
sponding to about 10% reduction &f(¢), but exhibited a
more precipitous degradation df ase was increased fur-
ther. This suggests that a thick Ag layer may provide rela-
tively low-resistance current paths around dissipative strain-
induced defects in the YBCO layer, but does not affect the
strain characterizing the start 8f(¢) degradation.

Figure 2 compared.(&) for typical samples of YBCO/
Ni-alloy and YBCO/pure-Ni composites. It is evident that the
latter system is less tolerant to strain compared to the former
sincee gnseifor YBCO/pure-Ni, 0.17%, is only about half that
for YBCO/Ni-alloy. A bending strain study showed that a
thick YBCO layer is more prone to crackifigtherefore, as
tygco for YBCO/pure-Ni is one third that for YBCO/Ni-
alloy composites, the difference depicted in Fig. 2 is not
attributable to the difference iygco, but is probably due to
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after 1.2% to 1.5% strain showed cracks in the YBCO layer Axial Strain (%)
transverse to the applied-strain direction. Cracks of lengthgg, 1. 3 (¢) at 76 K and self-field for YBCO films ore) Ni-5W and (b)
from 1 to 15um and widths around 50 nm are distributed Ni-10Cr-2w RABITS.
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——— : —— TABLE II. Mechanical properties of coated conductor and RABITS mate-
B1 (YBCO/‘N}10at.%Cr-2at.%W) rials at 76 K.
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FIG. 2. Comparison of(s) at 76 K and self-field for typical YBCO films ~ suggests that for this composite, fractures of YBCO did not
on pure Ni, Ni-5W, and Ni-10Cr-2W RABITS. Strain at the onsetigfs)  occur untile;,,, which we identify with the critical straia.. .
degradation for YBCO/Ni-alloy is about twice that for YBCO/pure Ni. The full recovery ofJ, upon releasing strain was not ob-
served for either YBCO/Ni-10Cr-2W or YBCO/pure-Ni
higher thane., thus initiating crack formation. This unex- composites. The origin of this elastic behavior is still unclear
pected decoupling of; from &, is of particular importance at present. It is known that small grain misalignment nucle-
for YBCO on RABITS since the deformation-textured sub-ates periodically spaced dislocations at grain boundaries,
strates have relatively low values ef, (<0.2%). Due to  separated by “good” current-conductive channet$ Strain
this decoupling, YBCO/Ni-alloy composites may be used inassociated with misfit dislocations can be large and degrades
electric devices, including the most demanding of applicathe superconducting properties of the material around
tions: rotating machinery, both motors and generators, whicklislocations'* We suggest that fos<e;,, applied strain re-
require strain tolerance in excess of 0.25%. versibly widens the strain field around each dislocation core
Finally, we investigated whether amjasticstrain effect such that the conductive channels are reversibly narrowed.
on J. could be found at 76 K and self-field. To determine theThis channel narrowing may occur due to a degradation of
irreversible strain £;,) beyond which the conductor is per- the superconducting critical temperatufg of the material
manently damaged, all samplésxcept A3 were periodi- affected by the strain fielt: Besides its phenomenological
cally unloaded andl, remeasured. Results obtained for aspect, this reversible effect contributes to the significant ex-
sample A1(YBCO/Ni-5W) are presented in Fig. 3. Data tension of the usable strain range of these conductors.
when the sample was loaded and unloaded are labeled by )
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