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Abstract
In applications employing high-temperature superconducting conductors, various cyclic loading
(fatigue) conditions produced by mechanical, thermal, or periodic electromagnetic forces are
inevitable. Applying coated conductor (CC) tapes under fatigue loading conditions is expected to
critically affect the long-term reliability of its superconducting performance. Most studies evaluating
the mechanical and electromechanical characteristics use quasi-static uniaxial tensile tests. Few have
focused on the characterization of CC tapes under fatigue loading. In this study, the
electromechanical property characterization of Cu-stabilized GdBa,Cu30, (GdBCO) CC tapes
including fatigue behaviors were investigated at 77 K. High-cycle uniaxial fatigue tests were carried
out on GABCO CC tapes 4 and 12 mm in width, and the two were compared in terms of mechanical
and electromechanical aspects at a stress ratio of 0.1. The mechanical and electrical fatigue limits of
the CC tapes were determined at 77 K. The 4 mm wide CC tapes showed less fatigue limits when
compared to the 12 mm wide ones. However, regardless of the CC tape width, the sequence in the
obtained characteristic strengths at 77 K was the same: yield strength > irreversible stress
limit > mechanical fatigue limit > electrical fatigue limit. Fracture surface morphologies were
observed using scanning electron microscopy-energy dispersive x-ray spectroscopy and electron
probe micro-analysis to clarify the fatigue fracture mechanism and to examine the influence of the
architecture of the CC tapes on fatigue behaviors. Damage along the edges, caused by slitting during
fabrication of the 4 mm wide CC tapes, generated a stress concentration, eventually resulting in
earlier crack initiation not only on the substrate, reducing mechanical fatigue strength, but also on
the superconducting layer, degrading the measured critical current.

Keywords: coated conductor, fatigue behavior, mechanical and electromechanical properties,
electric fatigue limit, CC tape width

(Some figures may appear in colour only in the online journal)

1. Introduction (CC) tapes can transport current efficiently and are not parti-

cularly vulnerable to high magnetic fields, they are advanta-
Because second-generation (2G) high-temperature super-  geous compared to 1G HTS tapes. Their promising performance
conducting (HTS) (RE)Ba,Cu307, (REBCO) coated conductor has allowed a wide area of practical applications. They are now
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being utilized to device applications such as the 45-T super-
conducting magnet [1], a 10 MW-class superconducting wind
power generator [2], superconducting magnetic energy storage
units, and nuclear magnetic resonance reactors [3, 4]. Unlike the
1G HTS silver (Ag)-sheathed multifilamentary BSCCO tapes,
the REBCO tapes have a superconducting (SC) layer that is
deposited on a metallic substrate using a thin film-deposition
method, one expansively used with 2G CC tapes [4]. Various
deposition methods have been developed and have improved
both the performance of REBCO tapes and the process for mass
producing them [5-12].

Generally, the critical current, I., of CC tapes sensitively
depends on the strains and stresses applied during fabrication,
cooling, and operation. The mechanism by which I. degrades
can be attributed to various types of damage induced in the
SC layer, limiting the efficiency in current transport. An
important factor to be considered in device design is the stress
and/or strain induced in these tapes during fabrication. For
instance, mechanical deformation on CC tapes can be best
represented by mechanical response of the SC layer through
strain effect on the I, behavior. It is a well-known fact,
according to several literatures [13—15], asserting that when
the strain or stress induced to the CC tape exceeded the
irreversible strain/stress limit, the /. will significantly
degrade. Additionally, use of the superconducting device
subjects the tapes to repeated or cyclic loading such as the
thermal stress induced by repeated cool-downs and warm-
ups, Lorentz forces induced during coil operation, and alter-
nating centrifugal forces in a motor or generator application.
These types of cyclic loadings affect /. even when the max-
imum stress level applied was kept below the reversible stress
limit for /. degradation. As a result, the reliability of these CC
tapes is threatened.

In many studies, uniaxial tension tests were conducted to
evaluate the mechanical and electromechanical properties of
2G CC tapes. Of particular interest were design characteristics
regarding on the yield stress (o) and the irreversible stress/
strain limits (oy,/&r;) for I, degradation at 77 K and self-field
or at cryogenic temperatures and low or high magnetic field
conditions [16-20].

On the other hand, few studies have focused on evalu-
ating the reliability of CC tapes and their fatigue behaviors.
For instance, Ekin et al analyzed the transverse fatigue stress
tolerance of ion-beam assisted deposition (IBAD)/yttrium
barium copper oxide (YBCO) CC tapes used in magnet
applications and found that J. can degrade 2% after 2000
cycles of transverse-direction fatigue at 122 MPa stress
amplitude [21]. Sugano et al reported high-cycle fatigue
behaviors in IBAD/YBCO CC tapes, concluding that fatigue
damage in the Ag stabilizing layer is the primary cause of I,
degradation under high-cycle fatigue [22]. On the other hand,
Mbaruku et al applied strain-based fatigue, up to 10000
cycles with a stress ratio (R) of 0.2 or 0.5, to investigate the
irreversible I. degradation in IBAD/MOCVD YBCO CC
tapes (manufactured by SuperPower, Inc.) and found that
crack formations on tape edges initiated /. degradation [23].
Rogers et al investigated fatigue behaviors in YBCO CC
tapes from the same manufacturer [24] and GdBa,Cu30,
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Figure 1. Structure of the supplied ion-beam assisted deposition
(IBAD)/reactive co-evaporation by deposition and reaction (RCE-
DR)-processed GdBa,Cu30,, (GdBCO) coated conductor (CC) tape.

(GdBCO) CC tapes manufactured by SUNAM Co., Ltd [25],
finding that electrical failure was caused by the slitting pro-
cess used to reduce conductor width. However, in most cases,
those fatigue tests were conducted at room temperature, then
I. measurement at 77 K followed, using a multiple specimen
test method. It will show different /. degradation behaviors
when compared to the cases that specimens were fatigue
tested at 77 K. In addition, Chen et al recently investigated 1.
degradation with YBCO CC tapes fatigue applied at 77 K and
under a very low magnetic field, finding that electro-
mechanical fatigue properties became less sensitive to the
applied magnetic field [26].

Although these studies are relevant evaluations of the
fatigue properties of REBCO CC tapes, data that compre-
hensively characterizes the mechanical and electromechanical
fatigue properties of Cu-stabilized REBCO CC tapes (4 and
12 mm widths) at 77 K and their correlations with uniaxial
tension stress are currently limited or unavailable. Further-
more, the fatigue mechanisms in multi-layered tapes have not
been fully analyzed employing fractographic observations of
tape cross-sections and surface morphologies.

The authors’ group recently evaluated the electrical and
mechanical fatigue limits of various superconductors (e.g. Bi-
2223 [27], IBAD/EDDC-SmBCO [28], and IBAD/RCE-DR
GdBCO [29]) under high-cyclic loading as found in the
practical operating environment. In practical applications
where fatigue loading conditions are certain, the mechanical
and electrical fatigue strengths or limits are of great impor-
tance in the design of superconducting devices. However,
studies of high-cycle uniaxial fatigue tests on 2G CC tapes at
temperatures of 77 K or lower remain limited, and the defi-
nition of the electrical fatigue limit (oq eec) corresponding to
the irreversible I. degradation has not yet been established.
High-cycle uniaxial fatigue tests are difficult and time-inten-
sive, but these challenges must be faced to determine the
electrical and mechanical fatigue limits at cryogenic tem-
peratures. Nevertheless, the electrical and mechanical fatigue
strengths and limits should be determined at conditions that
represent practical applications. For example, 4 mm wide CC
tapes usually show fatigue cracks initiating at slit edges
regardless of the CC tape process, [29]; therefore, compara-
tive tests with 12 mm wide tapes without slit edges should be
conducted to clarify the fatigue fracture mechanisms of multi-
layered REBCO CC tapes under cyclic loading.



Supercond. Sci. Technol. 33 (2020) 025012

H-S Shin et al

Cu surround

w

EPMA

Ag surround

Stainless Steel substrate
GdBCO and Buffer layers

e

E

50 wm

SuS substrate

(a)

‘i hai Cu surround Sus substrate

\ Ag surround
Stainless Steel substrate
EPMA
GdBCO and Buffer layers
Burr due to slit edge
T ———— ]

50 um

(b)

Figure 2. Cross-sectional views of (a) an as-received 12 mm wide GdBCO CC tape and (b) the 4 mm wide CC tape formed by slitting. (a-1)
and (b-1) were obtained by scanning electron microscopy; (a-2) and (b-2) by electron probe micro-analysis.

In this study, the mechanical and electromechanical
characteristics of GABCO CC tapes were evaluated under
high-cycle uniaxial fatigue conditions at 77 K using two
widths of tapes to investigate their fatigue fracture mechan-
isms. To characterize their electromechanical fatigue beha-
viors and fatigue fracture mechanisms, micrographs of the as-
received specimens were observed simultaneously with the
fractography of specimens fatigued at 77 K using optical
microscopy, scanning electron microscopy-energy dispersive
x-ray spectroscopy (SEM-EDS), and electron probe micro-
analysis (EPMA). The influence of the architecture of these
tapes on their mechanical and electromechanical fatigue
strengths was explained by the initiation and growth beha-
viors of cracks or defect-like damages observed upon repe-
ated cycling.

2. Experimental procedure

2.1. CC tape samples

The structures and specifications of the IBAD/GdBCO CC
tapes fabricated by the reactive co-evaporation by deposition
and reaction (RCE-DR) process [30] are shown in figure 1
and table 1. A LaMnOj3-buffered IBAD-MgO on a ~100 pum
thick stainless-steel substrate was used as a template for the
GdBCO layer. The 12 mm wide tape was wrapped in ~2 ym
Ag by sputtering. Here, the 12 mm wide tape was compared
to a 4 mm wide tape produced by slitting the former using a
double-shearing process and rotary slitters. Each was

encapsulated in 15 pgm Cu stabilizer using an electroplating
process. The supplied samples were not of the same batch and
exhibited different I, values. A recently supplied sample of
the 12 mm width had a comparatively large I..

To examine the effect of slitting on the mechanical and
electromechanical properties, the edges of both widths of
tapes were observed. Figure 2 shows cross-sectional views of
the GABCO CC tapes used in the fatigue test, applying both
SEM-EDS ((a-1) and (b-1)) and EPMA ((a-2) and (b-2)).
Slitting process implants in the edges are visible on the 4 mm
wide tape. The deformed edges in the stainless-steel substrate,
clearly shown on the 4 mm wide sample, resemble a burr-like
structure (figure 2(b-2)).

2.2. Test procedures at 77 K

Prior to the fatigue test, monotonic uniaxial tension tests
using the set-up shown in figure 3(a) were conducted at 77 K
to determine o, and oy, for I, degradation in RCE-DR-pro-
cessed GABCO CC tapes. These values will be used as
references when determining the maximum stress level that
will be adopted in the high-cycle fatigue tests [26, 28]. The
experimental set-up for the high-cycle uniaxial fatigue test is
shown in figure 3(b). In both tests, the overall length of the
CC tapes was 120 mm, and the gage length between the
gripping holders was 60 mm. Glass fiber reinforced polymer
sheets were inserted between each gripping block and the tape
to provide electrical insulation, and emery papers were also
inserted to prevent the tape from slipping out of the holder
during testing.
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Table 1. Specifications of the IBAD/RCE-DR-processed GABCO CC tape.

Specification of CC samples

Fabrication process RCE-DR
Structure Ag/GdBCO/LaMnOs/
Homo-epi MgO/IBAD MgO/
Y,03/Al0;/Stainless steel/Cu stabilized
GdBCO film, ¢ ~1 pm

Substrate, ¢
Stabilizer, ¢
Dimension, ¢t X w
Critical current (1)
Manufacturer

Cu surround, ~15 ym

~850 A
SuNAM Co.

0.134 mm x 12.05 mm

Stainless steel, ~100 pm

0.130 mm x 4.05 mm
~230 A

Loading direction

Current
terminals

S—

-t Cugrip

cc
. Sample

Nyilas type
double
extensometers

Voltage taps
(20 mm
separation)

Cu grip

Current
terminals

Loading fixture

(b)

Figure 3. Testing the coated conductor (CC) tapes. (a) Set-up for the
monotonic uniaxial tension test. (b) Set-up for the high-cycle
uniaxial fatigue test including I. measurement at 77 K.

The monotonic uniaxial tension tests were performed first
using a universal testing machine (IS-5G with a load cell
capacity of 5 kN; Shimadzu) at a ramp rate of 1 mm min ™.
Nyilas-type double extensometers with a gage length of
25 mm was used to measure the tensile strain induced in the
CC tape sample. To measure /., two voltage taps were sol-
dered to the tape near the center of the gage length, 20 mm
apart. The four-probe method was used to obtain the voltage
(V)—current (I) curve at 77 K and self-field. The curve was
used to determine /. using an electric field criterion of
1 pV cm ! and the transition index (n-value) was obtained in
the voltage range of 0.5-2.5 uV cm™'. The reversibility of I,
degradation was checked using a loading—unloading scheme:
load was applied at 0.05% strain increments, unloading each
time to 10 N followed when ~5% I, degradation occurred
during testing [29, 31]. The irreversible stress/strain limit,
Oire/€ir» corresponding to crack initiation on the GdBCO
superconducting film was determined using the 99% I
recovery criterion [31]. In addition, the 95% I, retention
criterion during loading was determined for comparative
purposes.

In the fatigue test, a CC tape was subjected to cyclic
tension-tension stress using a hydraulic servo-testing machine
(type 8516 with a 5 kN load capacity; Instron). The stress
ratio, defined as the ratio between the minimum and maximum
stresses  applied (R = Ouin/0max)s Wwas set to R =0.1.
Maximum stress was determined based on o, obtained from
the monotonic uniaxial tension test. Here, at the maximum
stress level applied, a single sample was used to fatigue test
subjecting to repeated cycles continuously with simultaneous
I. measurement at specified repeated cycles. The . and n-value
at the unstrained initial state were measured before the first
fatigue cycle and referred to as I and n, respectively. During
the high-cycle uniaxial fatigue test, I, was measured at the
applied mean stress (Omean = (Tmax + Omin)/2), at respective
specified numbers of cycles (i.e. 10, 50, 100, 5 x 10%,1 x 10°
cycles, etc) using a single specimen. Fatigue loading fre-
quencies of 1 and 10 Hz were used: 1 Hz at below 10* cycles
and 10Hz at 10° cycles or more. Afterward, I, was con-
tinuously measured until 1 x 10° cycles was reached or until
current could no longer be transported (i.e. when I. has sig-
nificantly degraded even though the CC tape did not fail), or
until the CC tape failed. To prevent the failure due to soldering
the voltage taps, low-melting-point solder, Ins»Snyg (T, =
118 °C), was used.

The microstructures of the as-received CC tapes and the
fractography of the fatigued tapes were observed using optical
microscopy (SZ60; Olympus) and SEM-EDS (VEGA 1I
LMU; Tescan). The as-received GdBCO CC tapes were
cleansed using a two-step etching process wherein the Cu
layer was removed using 30/70 v/v HNOj3 in H,O and, after
rinsing in water and air-drying, the Ag layer was removed
using 25/25/50 v/v/v H,0,, NH,OH, and H,O. After again
rinsing in water and air-drying, microstructure observations
were made.

3. Experimental results

3.1. Evaluation of characteristic properties in GdBCO CC
lapes using uniaxial tension tests at 77 K

Figure 4 shows the tensile stress—strain curves obtained from
the uniaxial tension tests at 77 K. It demonstrates that o,
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Figure 4. Stress—strain curves obtained from the uniaxial tensile tests
at 77 K.

based on a 0.2% offset strain, was not distinctly different
between the 4 mm wide and 12 mm wide CC tapes, which
exhibited a mean value of 669 MPa and 693 MPa, respec-
tively. Young’s moduli, initially identical, began to diverge at
approximately 588 MPa, resulting in a greater yield stress in
the 12 mm wide tape by 24 MPa. The stress—strain curves can
be used to predict that damage onset, which might have
caused the I. degradation and presumably corresponds to the
start of plastic deformation, is closely related to o, in both
tape widths. The results were validated by carrying out
electromechanical tests and determining oy, for the /. degra-
dation induced during the loading portion of the loading—
unloading scheme. As shown in figure 5, when applying the
99% I, recovery criterion, o, was 660 MPa and 689 MPa for
the 4 mm and 12 mm wide tapes, respectively. Because oy,
conformed well to the mechanical yield strength, the op,ax
adopted for the fatigue test was determined based on the o,
obtained using the uniaxial tension test at 77 K.

3.2. Evaluation of the mechanical fatigue properties of CC
tapes (S—N curves) at 77 K

To examine the fatigue characteristics of GABCO CC tapes at
77K, high-cycle uniaxial fatigue tests were carried out at
R = 0.1. Figure 6 shows the S—-N curves representing the
relationship between o,,,x and the number of cycles to failure
(Ng). A near-linear relationship between the maximum stress
corresponding to the fatigue strength of CC tape and log Ny is
seen for both tape widths. The curve for the 4 mm wide tapes
is about 70 MPa lower at any given Ny compared to the
12mm wide tapes, indicating a lower fatigue strength.
Because both widths of tape are composed of essentially the
same layers and have the same structure, they are expected to
have the same fatigue strength. The only differing factor is the
slit edges on the 4 mm wide tapes; therefore, these edges are
suspected of influencing the fatigue strength, allowing earlier
crack initiation. Fatigued fracture surface morphologies were
observed to understand the differences. On the other hand, in
light of the conditions under which the CC tape is applied,
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Figure 5. Normalized critical current, 1./Io, as a function of tensile
stress obtained from electromechanical tests at 77 K.
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Figure 6. S—N curves obtained from fatigue tests at 77 K on RCE-DR
processed 4 mm and 12 mm wide GdBCO CC tapes. The sideways
pointing arrows — indicate that samples did not fail mechanically
and reached the mechanical fatigue limit at 1 x 10° cycles.

such as cyclic loading caused by Lorentz forces or alternating
centrifugal forces, the mechanical fatigue limit, o mecn, could
be defined as the fatigue strength at 1 x 10° cycles [27, 28].
This limit is 609 MPa for the 4 mm wide tape and 679 MPa
for 12 mm wide tape. When these CC tapes were tested at the
Omax lower than the ogmech, they did not fail at 1 x 10°
cycles and were deemed to have infinite lives.

3.3. Evaluation of I, degradation behaviors in GdBCO CC
lapes using high-cycle uniaxial fatigue tests

During the fatigue tests, /. was measured at specified repeated
number of cycles and then normalized by dividing by 1.
Figures 7(a) and (b) shows the variation of the normalized 1.
(I./1) at increasing number of cycles and respective opax
levels for 4 mm wide and 12 mm wide tapes, respectively.
Fatigue tests continued until either mechanical failure
occurred or current was not longer transported.
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Figure 7. Relationship between 1/1., and N, determined from fatigue
tests on (a) 4 mm wide and (b) 12 mm wide GdABCO CC tapes.
When mechanical failure occurred before measuring /. at the next
specified number of cycles, this is indicated by |. The sideways
pointing arrows — indicate that samples did not fail mechanically
and reached the mechanical fatigue limit at 1 x 10° cycles.

Figure 7(a) shows that I. did not degrade in the 4 mm
wide CC tapes when o, < 0.90 o, (602MPa) up to
1 x 10° cycles. However, it did degrade gradually, and this
degradation became irreversible after 1 x 10° cycles when
Omax = 0.94 o0, (629 MPa). On the other hand, when
Omax = 0.95 o, (636 MPa), fatigue life was 5 X 10* cycles,
where the arrow | indicates the case that mechanical failure
occurred before measuring /. at the next specified repeated
cycles. Upon increasing oyax to 1.0 oy (669 MPa), I. degra-
dation exceeded 5% Iy, even at 10 cycles, showing that the
number of cycles at which /. starts to degrade irreversibly
varied depending on o,,,. Because I. degradation was not
observed at o, < 0.90 oy, (602 MPa), the critical number of
cycles inducing irreversible /. degradation is expected to vary
between 0o = 0.910, and 0y = 0.930,. Nevertheless, I.
degraded gradually, suggesting that the cracks in the tapes
propagated slowly throughout repeated cycling, eventually
accelerating I. degradation. Comparatively, I. degradation
was sharp and fatigue life was shorter when o, > 1.05 oy,
as shown in figure 7(a). Electrical and mechanical fatigue
limits were reached in some samples even though the applied

stress did not incur significant /. degradation. These samples
did not electrically or mechanically fail even at 1 x 10° cycles.
The electrical fatigue limit, oqeec, Was obtained from the I,
degradation behaviors at 1 x 10° cycles using the 95% I,
retention criterion for each 0. This limit is corresponding to
0.90 oy, (602 MPa) for the 4 mm wide CC tape.

Figure 7(b) shows the I. degradation behaviors for
12 mm wide CC tapes at increasing numbers of cycles and
specified o,,.x levels, revealing that compared to 4 mm wide
tapes, /. degraded less even when o, was close to 1.0c,. Of
the two, the 12 mm wide tapes were superior in electrical
fatigue strength. Even at 0.970, (672MPa), I. did not
degrade, and the mechanical fatigue limit of 1 x 10° cycles
was reached. In fact, /. only begins to degrade, and in a
gradual manner, when oy,,x = 1.00,, but the tape ceased
transporting current at 1 x 10* cycles due to mechanical
failure before I. could be measured at the next specified
number of cycles. At that stress level, fatigue cracks on the
substrate initiated and propagated into the SC layer, resulting
in electrical failure. Upon further increasing o,,,, severe I.
degradation was observed as earlier fatigue failure, and the
electrical properties significantly decreased until sample fail-
ure. Damage might have occurred in the SC layer in a diverse
manner. To clarify the fatigue fracture mechanism, SEM
fractographs of fatigued CC tapes were observed in the fol-
lowing section.

To further investigate the fatigue behaviors of 1., the n-
value was derived from the V-I curve using a power law fit
(V = cI™). This n-value reflects the abruptness in the trans-
ition from the superconducting state to the normal state [32],
and it indicates indirectly the extent of damage induced in the
SC layer in CC tapes during fatigue loading [33]. Typically,
n-values range from 10 to 100 and highly depend on the
homogeneity in the CC tape, particularly in the SC layer. A
low n-value accompanied by scattered values/transitions is
associated with nonuniformity in the CC tape created by
cracking, etc [32]. Figure 8 shows, for each tape width, the
relationship between the normalized n-value, calculated by
dividing it by n,, and the number of repeated cycles. The two
tape widths show similar variations, supporting the I./I1.c—-N
behaviors observed in figure 7. The 4 mm wide tapes showed
no significant variation in n-value when o, < 0.94 oy;
cracks did not form, /. degradation was not seen, since the
fatigue test condition was below the mechanical fatigue limit
of the tape.

Figure 8(b) shows the n/ny-N relationships for the
12mm wide GdBCO CC tapes, demonstrating similarities
with the I./I.o—N relationships shown in figure 7(b), thereby
confirming an indirect relationship between the n-value
and possible damage to the SC layer, particularly when
Omax = 0.95 o,. Furthermore, broad scattering is seen in the
n-values over the specified numbers of fatigue cycles, more so
in the 12 mm wide CC tapes compared to the 4 mm wide
tapes. These variations can be linked to the microstructure in
the SC layer, where structural discontinuities found along the
width or length of the tape can cause changes in fatigue life
and in electrical and mechanical fatigue behaviors. This cor-
relation has been suggested by other researchers using similar
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Figure 8. Relationship between n/ng and N, determined from high-
cycle uniaxial fatigue tests on (a) 4 mm wide and (b) 12 mm wide
GdBCO CC tapes.

and different superconducting materials [24, 25, 34]. As a
whole, regardless of tape width, the n-value dropped sharply
when stress was greater (0max = 1.0 o).

4. Discussion

4.1. Fractographic observations of fatigued GdBCO CC tapes

Figures 9(a) and (b) shows the images, obtained using SEM,
of the GABCO films from the as-received 4 and 12 mm wide
CC tapes after etching away the Cu and Ag layers. The 4 mm
wide samples were subjected to the slitting process. Aside
from that, the tapes were identically handled: no strain or any
processing other than etching was applied to either tape.
Figure 9(a) shows that, on the 4 mm wide tape, microcracks
formed at the slit edge and propagated inward at an inclined
angle of ~45° averaging 60 pm in length, and that
approximately 20 pm from the edge, portions of the SC layer
were removed due to damage. It also shows that the burr
created at the tape edge during slitting pushed the SC layer,
causing it to deform or delaminate, consequently removing a
part of the SC layer at the edges and creating surface

microcracks (defects) near the edge. Comparatively, the
12 mm wide tape (figure 9(b)) shows no visible microcracks
or damage to the SC layer along the edge.

To examine how the microcracks observed in the as-
received 4 mm wide CC tapes evolved during the fatigue test,
images after fatigue tests at various o,,,,x levels were obtained
and shown on figure 10. At oy = 0.85 o, (569 MPa), the
surface morphology is nearly identical to that observed in the
as-received CC tape (figure 9(a)): microcracks were dis-
tributed randomly along the edge with an inclined orientation,
and portions of the SC layer along the edge were removed. At
this oax, I did not degrade up to the fatigue limit of 1 x 10°
cycles. At o = 0.900, (602 MPa), microcracks were
slightly more developed but limited to the edge of the tape
(figure 10(b)). Again, no /. degradation was observed up to
1 x 10° cycles. Finally, at oy, = 0.950, (636 MPa), the
damage induced in the SC layer by the microcracks was
severe and extended to the ceramic buffer layers of the tape
(figure 10(c)). A delaminated or detached SC layer was
observed, covering nearly 80 pum of the edge toward the
center of the tape. Instead, the localized regions where the SC
layers are randomly present, like at oy, = 0.900,, are no
longer observed. This observation is considered valid,
knowing that the failure mode in these CC tapes is caused
primarily by interfacial debonding of the layers (delamina-
tion). Furthermore, the electrical fatigue strength was quite
low at this opax, I. degraded momentarily after only
50 cycles, and the CC tape mechanically failed at
~1.35 x 107 cycles.

Surface micrographs, obtained using SEM, of the fatigue-
tested 12 mm wide CC tapes are shown in figures 11 and 12.
At Opax = 0.950, (658 MPa), no cracks are visible on the
surface of the tape. However, upon careful examination under
higher magnification, nano-sized cracks are found, scattered
transversely to the loading direction. These nano-sized cracks
are not considered to represent the initiation of cracks, as are
the microcracks visible at the surface edges of the 4 mm wide
tape. Additionally, no /. degradation occurred up to 1 x
10° cycles, confirming that the nano-sized cracks did not
represent the initiation of fatigue cracks that can ultimately
influence the electrical and mechanical fatigue behaviors of
the CC tapes.

When 0, = 1.00, (693 MPa), I. degraded significantly,
revealing that multiple cracks had formed on the SC layer of
the 12 mm wide fatigue-tested tape perpendicular to the load-
ing axis (figure 11(b)). Differing from observations seen at
lower values of 0,,,, significant microcracks were noticeable
and originated at the tape edge, where localized delamination
of the SC layer was evident. Cracks were also observed near
the center of the tape, indicating that the cracks initiating at the
edges propagated to the center as cycling progressed. The crack
density in the center of the tape was lower than that along the
edges. These cracks might be able to induce other forms of
damage such as delamination of the SC layer, which can
subsequently lead to electrical failure and apparent mechanical
failure as cycling continues.

Figure 12 shows the surface morphology of a 12 mm
wide CC tape that failed both electrically and mechanically
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CC tape length direction 7 : <' CC tape length direction

50 pm 20 pm

Figure 9. Surface microstructures of the GABCO superconducting layer in as-received (a) 4 mm and (b) 12 mm wide CC tapes, observed
using SEM after etching.

Figure 10. SEM micrographs at the surfaces of fatigue-tested 4 mm wide GdABCO CC tapes, observed after etching. Applied maximum stress
in the fatigue tests were (a) 0.85 o, (569 MPa), (b) 0.90 o, (602 MPa), and (c) 0.95 o, (636 MPa).

Figure 11. SEM micrographs of the surfaces of fatigue-tested 12 mm wide GABCO CC tapes after etching. (a) o0yax = 0.95 o, (658 MPa);
(b) omax = 1.0 0y (693 MPa).
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SC layer

SuS substrate

Figure 12. Surface morphology of a 12 mm wide GdBCO CC tape fatigue-tested at o,,,x = ~800 MPa, etched, then observed using SEM-
EDX. The overlay showing the elements at the edge suggests that delamination occurred during the fatigue test.

after a relatively small number of cycles at o
= ~800 MPa. Significant transverse cracks formed evenly on
the entire surface of the tape. Delamination of the GABCO
layer is also evident along the edge, as shown by the EDS
segment, identifying the elements of the image. The parallel
orientation of the cracks suggest that they proceeded from the
edge toward the center of the tape. The uniformity in the
crack pattern suggests that they might not have originated
from the grain boundaries in the GdBCO layer. Instead, it is
most likely that the fatigue crack initiation was influenced by
coalescence of microcracks in the stainless-steel substrate as
well as substrate yielding.

4.2. Comparisons of characteristic fatigue properties of
GdBCO CC tapes at 77 K

In this study, uniaxial tension tests and high-cycle uniaxial
fatigue tests were performed at 77 K to obtain reliability-
related characteristics of GABCO CC tapes. Additionally, test
procedures to obtain the characteristic properties of CC tapes
could be established. Certain correlations were found between
the mechanical and electromechanical properties obtained
using both tests.

Figure 13 shows the mechanical and electrical fatigue
strength behaviors for the two widths of CC tapes across a
specified range of fatigue cycles. The electrical fatigue
strength behavior was obtained from the stress value defined
using the 95% I, retention criterion over the range of cycles.
Because both widths of CC tapes were subjected to the same
fatigue conditions, their electromechanical fatigue behaviors
were expected to be similar. However, the 4 mm wide CC
tapes produced fatigue limits that were a bit lower than those
produced by the 12 mm wide tapes, both electrically and
mechanically. For instance, at o, (669 MPa for the 4 mm wide
tape and 693 MPa for the 12 mm wide tape), significant dif-
ferences were found in the number of cycles to electrical
failure (where I. degradation occurred below the 95% I.
retention) and mechanical failure (the stress at which failure
occurs). Also, compared to the mechanical fatigue strengths,
the electrical fatigue strengths were such that failure occurred
after quite a lower number of cycles. As o,,x decreases for

Mechanical Fatigue Strength
O 4 mm wide GdBCO CC tape

900 —| [ 12 mm wide GdBCO CC tape

850 -

), MPa

800 |-

o

max

750 |- o, =693 MPaJ

700 |-

Mechanical and electrical
fatigue limits obtained at

1x106 cycles

650 |-

600

Electical Fatigue Strength
550 |- ® 4 mm wide GdBCO CC tape
H 12 mm rvide Gd?CO cc txape

Maximum stress (c

500
10° 10" 10° 10° 10* 10° 10° 10’

Number of repeated cycles, N

Figure 13. Mechanical and electrical fatigue strength behaviors with
increasing number of fatigue cycles for 4 and 12 mm wide GABCO
CC tapes at 77 K.

each tape width, the number of cycles it takes to incur elec-
trical failure noticeably increases.

Table 2 shows all the characteristic properties determined
for the two tape widths from the uniaxial tensile and
high-cycle uniaxial fatigue tests at 77 K. For both widths,
the characteristic strengths follow a pattern: oy, > oy >
Ofi.mech > Ofielec, Where the lowest strength is demonstrated at
the electrical fatigue limit (oq ejec). In general, the 4 mm wide
tapes exhibited lower strength limits than the 12 mm wide
tapes. The difference became larger in the cases obtained
from high-cycle fatigue tests, which indicates that the damage
at slit edge was more affected the reliability related property
of fatigue strength.

Thus, it is apparent that the electrical fatigue strength of a
CC tape relied on the fracture characteristics of the SC layer,
but the substrate largely influenced the mechanical fatigue
strength. Because the SC layer is considered to be brittle, the
overall performance of a CC tape will be highly dependent on
the layer that will fracture or yield first. This suggests that the
surface structure of a CC tape must be carefully processed
during manufacturing of its constituent layers so that cracking
is suppressed, especially at the edges of the CC tapes.
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Table 2. Mechanical and electromechanical properties obtained from monotonic tensile tests and high-cycle uniaxial fatigue tests at 77 K.

Uniaxial tensile test High cycle uniaxial fatigue test
RCE-DR Yield stress (oy), MPa  Irreversible stress limit (oy,,), MPa Mechanical fatigue limit (o, ), MPa Electrical fatigue limit (o, _ ), MPa
GdBCO 0.2% offset strain) (99% I, recovery criterion) (at 1 x 10° cycles) (at 1 x 10° cycles)
4 mm wide 669 660 609 602
12 mm wide 693 689 679 672
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5. Conclusions

Through high-cycle uniaxial fatigue tests, the electrical and
mechanical fatigue performances of 4 mm wide and 12 mm
wide GdBCO CC tapes were investigated at R = 0.1 and
77 K. The width of the CC tape was found to influence its
strength characteristic properties. Damage caused to a CC
tape by slitting caused stress concentration at the edges of the
tape, becoming enough to cause crack initiation in the SC
layer, resulting in earlier /. degradation. The 4 mm wide tape
showed fatigue limits that were a lower than those shown by
the 12mm wide tape, both in electrical and mechanical
aspects. The 12mm wide tape showed superior fatigue
strength compared to the 4 mm wide tape, especially in
mechanical aspects. Microcracks observed at the edges of the
as-received 4 mm wide CC tape propagated across the width
of the tape as the applied stress increased during fatigue
loading, causing damage such as cracking and delamination
in the SC and buffer layers. The relationships between N and
both normalized /. and n-value behaved similarly for the
two tape widths, resulting in a sequence in the obtained
characteristic strengths that was the same for both:
Oy > Oir > Ofimech > Ofielec- Lhe electrical fatigue limit
(0qe1ec) exhibited the lowest strength. Through fractographic
observations, the electrical fatigue strength of a CC tape was
found to depend primarily on the fracture behavior in the SC
layer; the mechanical fatigue strength, on the other hand, was
predominantly influenced by the substrate.
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