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Large intrinsic effect of axial strain on the critical current of high-
temperature superconductors for electric power applications
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A remarkably large reversible reduction in the critical current of “second generation”
high-temperature superconductors for electric power applications has been measured with a new
technique over a wide range of mechanical strain. The effect amounts to a 40% reduction in critical
current at 1% compressive strain in self-magnetic field, and is symmetric for compressive and
tensile strains. The intrinsic effect is measured in highly aligned multigranular YBa,Cu;0,_, coated
conductors made by different processes, including superconductors with nanoscale pinning centers.
This effect and its magnitude are expected to have a significant impact on power applications and
provide a useful new parameter for probing the fundamental nature of current transport in
high-temperature superconductors. [DOI: 10.1063/1.2435612]

Considerable technical advances have been achieved
during the past several years in the development of high-
temperature superconductors (HTSs) for use in large-scale
applications.1 Research efforts have resulted in supercon-
ducting current densities (J,) in YBa,Cu3;0;_s (YBCO)
coated conductors of 2.5-3.0 MA/cm? in self-magnetic field
at 77 K, in conductor lengths exceeding 300 m.% Also, major
advances in the ability of HTS to carry a supercurrent at high
magnetic field have been achieved by enhancing their flux
pinning properties by introducing nanoscale defects.” How-
ever, not only the electrical performance of the conductors is
important for applications but also the conductor’s perfor-
mance when subjected to the mechanical strains expected in
service.

The effect of strain on the critical current has governed
the design of low-temperature superconductor applications
for decades. No reversible change in J,. with strain was ob-
served in HTSs in the first 17 years after their discovery in
1986. The superconducting current density of these brittle,
ceramic materials is affected very little by limited strains
(0.2%-0.4%), and, at higher strains, J, was observed to de-
grade irreversibly when the ceramic current paths start to
fracture.’ A possible reversible strain effect in the limited
elastic strain regime of early materials was most likely
masked by the multiplicity of current paths that result from
the granularity of the materials and their rather poor grain
alignment.

A relatively small reversible strain effect under tension
was first discovered in HTS in YBCO coated conductors in
2003.° Its observance is ascribed largely to an improved
grain-to-grain alignment in superconducting films [within
about 6° full width at half maximum (FWHM)] when depos-
ited on a metal substrate with ceramic buffer layers (“coated
conductors”). The effect of the strain on the critical current
was limited in magnitude, amounting to a J. decrease of
about 5%.”'°

The grain alignment in YBCO coated conductors im-
proved even further during the last two years and is mainly
responsible for the larger superconducting current densities
of 2.5-3.0 MA/cm? at 77 K in self-field. These highly
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aligned conductors (within 3°-5° FWHM) are currently be-
ing produced in lengths exceeding 300 m and have provided
the ability to conduct a higher strain investigation of the
reversible strain effect without encountering irreversible
fracturing of the superconducting film.? Here we report on a
reversible strain effect in highly aligned YBCO coated con-
ductors that is surprisingly consistent and of a magnitude that
has not been seen before in high-temperature supercon-
ductors.

Three types of coated conductors were investigated. The
first consists of ceramic buffer layers deposited on a 50 wm
thick Hastelloy C-276 substrate and a 1 um thick YBCO
layer deposited on top of the buffer layers by metal-organic
chemical-vapor deposition (MOCVD).""'? Coated conduc-
tors of this type have a columnar YBCO grain structure.
Grain alignment is introduced into the MgO buffer layer with
ion-beam-assisted deposition (IBAD),"® which results in an
average in-plane grain alignment in the YBCO layer of
3°-4° FWHM. A 2 um thick silver cap layer is deposited on
top of the YBCO layer for electrical and thermal stabilities.
These samples are designated MOCVD-IBAD. Some of the
MOCVD-IBAD samples are surround plated with 20 um of
copper for additional stability.

The second type of coated conductor investigated con-
sists of a 0.8 um thick YBCO layer deposited onto a buffer
substrate with metal-organic deposition (MOD).'*!* This
technique results in a laminar YBCO grain structure with
meandering grain boundaries.'® Grain alignment is intro-
duced with a 75 pm thick textured NiW substrate, produced
by a rollin_%—assisted—biaxially textured-substrate (RABITS)
technique,1 18 which results in an average in-plane grain
alignment of the top CeO, buffer layer of 4.5°-5.5° FWHM.
A 3 um thick silver cap layer is deposited on top of the
YBCO layer for stability. These samples are designated as
MOD-RABITS.

The third type of conductor investigated is of the MOD-
RABITS type, but fabricated with a double YBCO layer. It
consists of a 0.8 wm thick layer of YBCO that is doped with
a large amount of Dy nanoparticles that provide extra pin-
ning centers.'® A 0.6 pm thick undoped YBCO layer is then
deposited on top of the doped layer in a second step. These
samples are designated as hybrid MOD-RABITS. Additional
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FIG. 1. Illustration of method for applying large axial strains to the super-
conducting sample, which is soldered on top of a Cu 2 wt % Be bending
beam. Axial tension is applied by bending the beam in the direction shown
in (a), whereas axial compression is applied by bending the beam in the
opposite direction (b).

stability is provided to some of the MOD-RABITS samples
by soldering two 50 um thick copper strips on both sides of
the sample.

The superconducting current density was measured as a
function of both high compressive strain and high tensile
strain with a Cu 2 wt % Be beam in a four-point bending
apparatus at 76 K. Axial strain is applied to the sample,
which is soldered onto the bending beam, as illustrated in
Fig. 1. Critical current density is determined with a voltage
criterion of 1 «V/cm and an uncertainty of about +1%. The
axial strain in the 0.8—1.4 um thick YBCO layer is mea-
sured with a strain gauge and is homogeneous over the thick-
ness of the YBCO film to within one part in 1900-3300
(ratio defined by the thickness of the YBCO layer and the
distance of the layer from the neutral axis of the beam).

Figure 2 shows the results for the MOD-RABITS
samples. Under axial compressive strain, a reversible reduc-
tion of over 40% is measured at a compressive strain of
—0.95%, which has never been measured in HTS before. The
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FIG. 2. Dependence of the superconducting current density on applied axial
strain in a copper laminated MOD-RABITS sample at 76 K. The measure-
ment was first taken at axial compressive strains (left side of plot), and J.. is
plotted as a function of strain, as shown by solid symbols. The applied
compressive strain was released from —0.95% (as indicated by the left ar-
row) and J. was remeasured at zero applied strain (open symbol near £=0).
The applied strain did not return to zero, because of yielding in the sample
substrate. The bending beam was then turned over in the four-point bender,
while still submerged under liquid nitrogen, and J, was measured as a func-
tion of tensile strain (again shown by solid symbols on the right side of the
plot). The superconducting current density starts degrading irreversibly at an
applied tensile strain indicated by &;,. The irreversible loss of critical current
becomes evident when strain is partly released and J. is measured again
(open symbols on the right side the plot).
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FIG. 3. Normalized superconducting current density is plotted as function of
intrinsic strain g, over the range where J, changes reversibly for MOCVD-
IBAD samples in (a) and for (hybrid) MOD-RABITS samples in (b). No
irreversible degradation in J. is measured under axial compression in the

experiment. The solid data points represent samples with added copper sta-
bilizer, which is indicated in the legend of both graphs by “+Cu.” The solid
lines describe the power-law function: J,(£)/J.(gy)=1-aley|>. Values of
the strain-sensitivity parameter a are included in the figure.

full reversibility of the effect is confirmed by unloading the
sample and remeasuring J, at zero applied strain. Under ap-
plied tensile strain, J,. at first increases slightly to a maximum
at about 0.1% strain. With further tensile strain, J,. reversibly
decreases up to 0.52% strain (g;, in Fig. 2), at which strain J,.
starts to degrade irreversibly due to the breakage of the ce-
ramic superconductor.

A similar dependence of J,. on applied axial strain in
self-field was measured in the MOCVD-IBAD and hybrid
MOD-RABITS conductors. The different samples are com-
pared in Fig. 3. Here, the dependence of the superconducting
current density on axial strain is plotted over its reversible
range for MOCVD-IBAD [Fig. 3(a)] and (hybrid) MOD-
RABITS conductors [Fig. 3(b)] with and without the addition
of stabilizing copper. The critical current density is normal-
ized to its peak value and is plotted as a function of intrinsic
strain (defined by g,=&—¢,,). The intrinsic strain normaliza-
tion allows a direct comparison between the samples of dif-
ferent architectures because, during cooldown, the different
thermal contraction rates of the nonsuperconducting materi-
als in the conductor (and the bending beam) place the super-
conducting layer under different compressive prestrains &,
(0.03% for bare MOCVD-IBAD and bare MOD-RABITS
and between 0.08% and 0.11% for copper surround plated or
copper laminated conductors).
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The strain dependence of J,. in self-field for the three
different types of conductors can be described well by the
power-law expression J.(g)/J.(gy)=1-a|eo[>***** in both
the compressive and tensile ranges (shown by the solid lines
in Fig. 3). The sensitivity of J, to strain is expressed by the
strain-sensitivity parameter a (@=6918+210 for MOCVD-
IBAD, 9538290 for MOD-RABITS, and 8402+250 for hy-
brid MOD-RABITS).

The strain effect is symmetric for compressive and ten-
sile strains. The close fit to this power-law function and the
symmetry provide evidence that the mechanism behind the
reversible strain effect in YBCO coated conductors is inde-
pendent of the production process and is an intrinsic feature
of the YBCO grain structure (columnar for MOCVD-IBAD
and laminar for MOD-RABITS). A 20%-30% difference in
the strain-sensitivity parameter a is measured between the
MOCVD-IBAD and the (hybrid) MOD-RABITS samples,
and of 10% between the bare and the copper laminated
MOD-RABITS samples. This variation may be caused by
differences in the properties of the YBCO layer, such as av-
erage grain alignment or grain boundary morphology.

Although we do not rule out any intragranular contribu-
tions, a possible mechanism for the reversible strain effect in
self-field may be reversible strain fields surrounding disloca-
tions located at the grain boundaries, which arise from the
lattice mismatch of adjacent grains.l’8 These strain fields
have a direct effect on the superconducting properties of the
material through the superconducting order parameter and a
change in charge carrier concentration.'”* The results pre-
sented here support this picture. For instance, additions of
Dy do not significantly affect the strain sensitivity of J. in
self-magnetic field. Dy additions enhance the flux pinning of
the superconductor by changing the intragrain properties of
the YBCO layer in MOD-RABITS, but have no significant
effect of the YBCO grain boundaries when no external mag-
netic field is applied.

We have measured a remarkably large reversible strain
effect in highly aligned YBa,Cus0;_s coated conductors
through the use of a newly developed measurement tech-
nique that allows the superconducting properties to be
probed over a wide stain range. The magnitude of the effect
will have a significant impact on the design of applications.
These results are expected to lead to significant detailed stud-
ies into the origin of the reversible strain effect and also
indicate that strain may be a useful new parameter for prob-
ing the nature of current transport in highly aligned multi-
granular HTS materials.
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