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Strain Effects in High Temperature Superconductors
Investigated With Magneto-Optical Imaging

D. C. van der Laan, H. J. N. van Eck, B. ten Haken, H. H. J. ten Kate, and J. Sch8amior Member, |IEEE

Abstract—in order to determine the influence of intermediate TABLE |

deformation steps on the mechanical behavior of Bi-based tapes, SAMPLE PROPERTIES OF THEBSCCO TaPES AND YBCO CC.
the effect of longitudinal applied strain is investigated by means
of magneto-optical imaging. The strain is applied in a helium
flow-cryostat. Cracks appear soon after the critical current in Material Bi-2223 Bi-2223 Bi-2212 YBCO
Bi-based tapes is degraded. All filaments form multiple cracks
that grow into tape-wide cracks, running from one filament
to the next. The crack location is not caused by stress concen-
trations in the matrix, but by the mechanically weak colony I (sf. 4.2K) [A] - - 360
boundaries. Because of the absence of intermediate rolling steps
in the production of Bi,Sr,CaCu,O, tapes, a different crack
structure is observed compared to BjSr,Ca;Cus O, tapes. The
relation between the critical current and the formation of cracks

is studied. The degradation in critical current before the critical
strain is reached may be caused by microcracks that remain fluenced by the deformation steps in the production process.
undetected by magneto-optical imaging. The influence of strain \when rolling is used, a large number of microcracks are

on the microstructure of YBa,Cu3; 0, coated conductors is also . . ;
investigated with magneto-optical imaging. The formation of observed that run transverse to the rolling direction. When the

cracks is believed to be determined by the nickel substrate and deformation is done by pressing, the microcracks run along the

Sample 1 Sample 2 Sample 3 Sample 4

Matrix/Substrate AgMg Ag AghMg Ni
I (sf, 77K) [A] 30 20 - is

Filament number 19 61 19

related to the Ni-grain size. tape length.
Index Terms—Crack formation, longitudinal strain, magneto- Magneto-optical imaging (MOI) [4]-{6] is used to relate the
optical imaging, superconductors. formation of cracks in Bi-based tapes to the production process.

Similar studies have been performed [7], [8] where the samples
are bent at room temperature, and then inserted into the MOI
cryostat. In this work, longitudinal strain is applied to Bi-based
FTER the discovery of high temperature superconductdegpes within the MOI cryostat while at the same time the crack
and the possibility of producing them in long lengths, &éormation is observed. The relationship between the degradation
large number of power applications come to mind for these /. and the formation of cracks in the superconducting regions
ceramic conductors. In some of these applications, suchveas also investigated. The dependence of the critical current
insert magnets, motors, and generators, the conductor experi-applied strain was investigated using a U-shaped bending
ences large stresses. In the absence of proper reinforcemgmtng [9]. A similar study was done on YBCO coated con-
large strain results, and the brittle superconductor will faitluctors, where it is shown that the formation of cracks is not
Numerous publications report on the relation of the criticahfluenced by the superconducting layer, but dominated by the
straine,. at which the critical current degrades irreversibly, anghetallic substrate.
the pre-compression experienced by the superconductor [1].
In bismuth-based tapes, the pre-compression is induced when II. EXPERIMENTAL

t_he tape is cooled from _|ts reaction temperature to its opera-—, samples under investigation are BSCCO 2223 tapes
tion temperature. Experiments show [2] that precompressio

induces microstructural damage to the conductor with Ag matrix and AgMg matrix, BSCCO 2212 tapes with
. 9 : . . AgMg matrix produced by the powder-in-tube (PIT) method,
Earlier work showed [3] that the microstructure in
Bi,SLCaCW0, (BSCCO 2223) monocore tapes is in_and _YBCO coated conductors (YBCO CC). The YBCO CC
2 v consists of buffer layers of 10 nm Ce0250 nm YSZ and

15 nm CeQ deposited on a 5@m nickel substrate that is
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sample, GMP. Fiberglass patch
Indicator film,_ E

Strai_n gage

Grip on movable
stainless steel “--.....,
block

Helium-cooled

base Ta:pe Loéétion of the

Fig. 1. Sample holder and strain bench located within the helium flov.- indicator fllm
cryostat.

Fig. 2. BSCCO tape with strain gage and fiberglass patches on the bottom and
patches on the top, next to where the indicator film will be located.
the sample holder. Both ends of the sample are clamped on the

holder, using a stationary and a movable grip [10]. Longitudin
strain is applied to the sample by moving one grip using a lev
and a stepper motor, as in Fig. 1. The indicator film is locat
on top of the sample, under the cryostat window. This meth
enables one to apply strain to the sample while the crack for
tion is studied at the same time.

After mounting the Sample on the strain bench within th 19. 3. MO-images of etched sample 1 in remnant field. In the unstrained
MOl cryostat, the sample is cooled to 30 K. Although the samplge (a), supercurrents are running along the complete length of the filaments,
is mounted with both grips, no additional pre-compression is ishielding the superconductins from magnetic field. When strain is applied (b),
troduced by the sample holder. One of the grips can move fregixzks appear in the filaments, and interrupt the current. (c) Additional cracks

. .. . elop in the filaments, after more strain is applied. Scale bars argB00
during cool-down, and strain is only applied at 30 K when thgng.
stepper motor is activated. After the sample is cooled, magnetic

flux is trapped in thg sqperconducting regions of.the sample Byants are embedded in a Ag or AgMg matrix. The minimum
an external magnetic field of 120 mT. These regions are SUPglsiance between the filaments and the indicator film is ap-
conducting filaments in the case of BSCCO tapes, and the i, imately 20,m. To increase the resolution and details of
YBCO Iayer m_the case of coated copductors. Af_ter removinge images, the Ag- or AgMg matrix can be removed using a
the n?a_gnetlc field, the superconducting regions in the SamNﬁ4OH/H202 etching solution. Unetched samples are used for
are visible, even when they are embedded in a silver matrix @&iermining the crack formation as function of applied strain, al-

under an Ag cap-layer. _ _ . though with a poorer resolution.
Space limitations in the cryostat restrain us from determining Lastly, I, as function of strain is measured by soldering the
the applied strain on the strain bench itself. The applied Strasiample on a U-shaped bending spring.

is therefore measured using a strain gage that is glued on the
bottom of the sample as indicated in Fig. 2. Because the strain
gage reinforces the sample locally, a different type of deforma-
tion pattern occur under strain, compared to a bare sample idh this section, the micro-structural damage of the supercon-
observed. The reinforcement of a strain gage prevents the tapétor caused by the applied strain is investigated with MOI.
from failing under the gage. The tape will develop a single cradihie results are then compared to the degradation in critical cur-
at the border of the gage due to stress concentrations. To av&iat as function of applied strain.
failure outside the indicator film, fiberglass patches are glued L ,
on the tape. One set of patches is glued next to the strain gdge Cack Formation in BSCCO Tapes Investigated With MOI
on the bottom of the sample, while another set is glued on topFig. 3(a) shows the MO-image of sample 1, after the etched
of the sample. The patches on top of the sample run from ttage is zero-field-cooled (ZFC) to 30 K and then exposed to a
effective area of the strain gage to the point where they overlap0 mT field. The trapped magnetic flux in the superconducting
the patches located at the bottom. This configuration ensuresfitements is clearly visible in the unstrained tape. Trapped flux
absence of stress concentrations due to the strain gage.  appears as bright areas in the image, while the absence of field
The resolution of the images taken with MOI depends largetprresponds to dark areas. The filaments run horizontally in the
on the distance between the indicator film and the trapped flumage. Three complete filaments are visible, while half of a
When a BSCCO tape is investigated, the superconducting fifaurth flament can be seen at the bottom of the image. Filaments

Ill. RESULTS AND DISCUSSION
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Fig. 4. MO-image of intact sample 1 in remnant field, after a large amount of
strain is applied. The scale bar is 50t long.

0.15 mm

from lower layers in the tape are not visible. Detailed structures
f—t

in the trapped flux are visible, even in the case where no strain
is applied to the sample, which indicates that the filaments a#§. 5. Mo-image of a specific area of sample 2 in an external field of 25 mT,
not perfectly homogeneous. These structures are an indicati@rbefore and (b) after strain is applied.
for the presence of either microcracks or boundaries between
colonies of well-connected grains.

After the sample is strained crack formation in the filaments
is observed. Thisis indicated in Fig. 3(b). Shielding currents that
ran over the entire length of the filaments are stopped at cracks.
At these locations, trapped flux is released and cracks appear in
the image as dark areas. More cracks appear after the strain is
increased. Also, filaments that already formed cracks at a lower
strain level form new cracks along their length, as can be seen
in Fig. 3(c).

A second sample from the same batch with a strain gage
and patches is observed next. In this case the silver matrix is
left intact to ensure reliable strain data. Fig. 4 shows the re-
sulting MO-image after a large amount of strain is applied. The
micro-structural details that were visible in the MO-image of the
etched sample are absent in this picture, but the crack pattern is
clearly seen and identical to the one of the etched sample. The
first three cracks appear at strains of 0.65%, 0.73% and 0.77%.

Although adding a strain gage to, or removing part of
the silver sheet of a BSCCO tape influences its mechanical
properties, it is still possible to get the same crack pattern from
straining an intact sample. If reinforced properly or etched
evenly, BSCCO tapes under strain develop fractures With‘%. 6. MO-image of etched sample 3. (a) Before strain is applied in remnant
their filaments in a similar manner as a tape in its original statield; (b) In an external magnetic field of 25 mT, after strain is applied. The scale
As soon as the reinforcement is applied incorrectly, or if thear is 500um.
sheet of the tape is removed unevenly, the tape breaks at the
weakest point due to stress concentrations in the matrix.  cracks and colony boundaries within the filaments. These areas

The second BSCCO 2223 sample under investigation dppear bright in the image. Colonies of well-connected grains
sample 2. This sample has a lower critical current than sample seen, together with microcracks. It is hard to distinguish
1 and a pure Ag matrix with 61 filaments. The same procedubetween these two forms of micro-structural defects. These
as with sample 1 is used to investigate the formation of crackiefects grow into filament-wide cracks when strain is applied.
The levels of applied strain at which the first two cracks apped@his is shown in Fig. 5(b), where the same area of the filament
in the intact sample are 0.61% and 0.91%. The main differeniceFig. 5(a) is shown after a large amount of strain is applied.
between the images taken from samples 1 and 2 is the largé&ig. 6(a) and (b) show the MO-images of a BSCCO 2212 tape
amount of detail visible within the filaments of sample 2(sample 3) before and after strain is applied. These images are
The MO-image of a single filament of the sample where thieken when part of the AgMg sheet is removed. The filaments
silver matrix is removed is shown in Fig. 5(a). In this casm the tape are difficult to see in these images, since they are
an external magnetic field of 25 mT is applied perpendiculaery wide (~ 0.8 mm) and are partly overlapping each other.
to the tape surface when the image is taken. Well-connecfBlde MO-image of the unstrained tape is taken without an ex-
superconducting regions are shielding the external magnetcnal magnetic field present; while a magnetic field of 25 mT
field and appear as dark areas in the image. The extermahpplied perpendicular to the tape surface when the image of
magnetic field penetrates between the filaments and throutje strained tape is taken. The crack formation as a function of
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applied strain is again determined using a strain gage on an in- &
tact sample. The values of applied strain at which the first three
cracks appear are 0.41%, 0.75% and 0.77%.

B. Relating the Crack Formation to the Production Process

There is a distinct crack pattern in BSCCO 2223 tapes ob-
served with MOI at strain levels exceeding the critical strain.
First of all it is observed that the filaments in the tape show
multiple fractures. With increasing strain, more cracks appear in
each filament. Although the cracks seem to be distributed ran-
domly at low strain, an average distance between cracks appear
at high strain. An average distance between cracks of;200
is observed for both samples 1 and 2. The filament width of
sample 2 is approximately 2Q@m, resulting in square-shaped
filament blocks. The filament width of sample 1 is approxi-
mately 450um, but the average distance between cracks is still
200 pm, indicating that the filament width does not influence
on the fracture distance. Fig. 7. MO-image of sample 4 in remnant field. (a) The superconducting

Cracks that have formed in one filament migrate to neigﬁzai_ns_are clearly visible before strain is applied and (b) after a low amount of

. . . . . = strain is applied. After a large amount of strain is applied (c), cracks that run
boring filaments, growing into tape-wide cracks. The |0cat'oﬂﬂrough the colonies of well-aligned grains fill the tape.
where the cracks appear in the filaments is related to the bound-
aries of colonies that are formed between well-connected grains. §
These boundaries are mechanically weak and therefore most
likely to break. Ultrasonic fracturing of filaments in a different
study [11] gave the same average colonysize of 200

The formation of colony boundaries is influenced by the pro-
duction process of BSCCO tapes. Intermediate rolling steps are
applied to BSCCO 2223 tapes between heat treatments where
the 2223 phase is formed from the precursor powder. Not only
a better grain alignment is reached through these rolling stepig, 8. Smaller area of strained sample YBCO 4. An external magnetic field
but also microcracks are formed in the filaments. These Cra(g_(gs mT is applied perpendicular to the tape surface. Flux penetrates through

are healed partly by the heat treatment that follows the defdjgh angle boundaries and cracks.

mation step. These locations will form colony boundaries and . .
! P ! ! y Do ! The thin layer of YBCO that is grown on top of the buffer

are most likely to break. Itis possible that the deformation ste(fs

have a similar influence on the formation of colony boundari ayers of a coated conductor forms a detailed structure of grains

in neighboring filaments. Filaments will fail at the same |Oca@nd_gram boundaries. Grains, on average several mlcrometers
size, that are connected at low angle form colonies. These

tion over the width of the tape when strain is applied. The direg]-I . th in struct f the nickel substrate. Th
tion of the cracks is normal to the applied strain and the rollin onies copy the grain structure ot the nickel substrate. The
lonies themselves are 50-20M in size and are partly con-

direction. ected under high angle, determining the quality of the con-

Due to the absence of intermediate rolling steps in the p tor. Previ K121 sh d that col boundaries that
duction process, the colony structure in BSCCO 2212 tapes tictor. Frevious wor [12] showed that calany boundanes tha
e connected at an angle larger than 2—-3 degrees obstruct the

different from that in 2223 tapes. The 2212 phase is formé&y . .
from a liquid, and grain alignment is mediated from the intelsiupercurreljt N passing frqm one coloqy o the next_. .

face with the silver matrix. This results in a much different crack When using a sample W'th(_)m a strain gage we visualize t_he
pattern than in 2223 tapes. The cracks are not running perfe ck patterns that develop in the YBCO layer under strain.

normal to the tape direction but meander through the individ f? ._7(a) shovv_s sample 4, beforen strain s app!|ed. Magnetic
filaments. ux is trapped in the superconducting YBCO grains. These ap-

pear bright, while the grain boundaries appear dark. As seen in
) ) Fig. 7(b) and (c), cracks form in the sample after strain is ap-
C. Strain Effects in YBCO Coated Conductors plied. The cracks run normal to the tape direction and the di-
Applying homogeneous strain to YBCO coated conductorsction of the applied strain. A large number of cracks that cut
within the MOI setup is more challenging than in the case diirough superconducting colonies appear in the sample. It ap-
BSCCO tapes. First of all, the YBCO samples must be cut pears that the colony structure of the YBCO layer in the tape
length because their 10 mm width is too wide for the grips of thaoes not influence the crack locations.
strain bench. Second, gluing the fiberglass patches on top of th&ig. 8 shows part of the sample shown in Fig. 7(c), when
1 um thick silver cap layer is problematic. The silver cap layean external magnetic field of 25 mT is applied perpendicular
is peeled off by the patches when strain is applied, resultingtim the tape surface. The colonies of well-connected grains re-
a single crack in the conductor. main shielded from the external magnetic field, while the field
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penetrates the high angle grain boundaries and the cracks in the
YBCO layer. This image enables us to determine the distance
between cracks to range betweerb0 ym and 250um.

The cracks are directed perpendicular to the direction of the
applied strain, similar to the cracks in BSCCO tapes. The main
difference between the crack structure in YBCO CC compared
to BSCCO tapes is that the cracks do not only run over colony
boundaries, but also run through the colonies themselves. The
minimum distance between cracks is around 2080 which
is the average grain size of the nickel substrate. We therefore
conclude that the formation and location of cracks in YBCO
coated conductors is not determined by the colony structure in
the YBCO layer but by the grain structure in the nickel substrate.

D. Influence of Applied Strain oh.

Fig. 9(a) and (b) show the normalized critical current as a
function of applied strain for both BSCCO 2223 tapes (samples
1and 2). Itis clearly seen that the critical current degrades at low
strain values at 77 K, well before the critical strain is reached.
A slope of —7% in critical current per % strain is measured for
sample 1, and-14% critical current per % strain for sample
2. Tape 1 with AgMg matrix shows a critical strain of approx-
imately 0.4%, while tape 2 with a pure silver matrix shows a
critical strain of 0.38%. As mentioned earlier, precompression
of the filaments determines for both conductors. In this case
the sample holder has the same influence on both tapes, but the
matrix material and the filling factor are different. These two
factors also influence the pre-compression [13], although the in-
fluence of the much larger sample holder dominates.

To compare the crack vs. strain experiment done at 30 K with
MOI and thel. vs.e experiment on the brass sample holder, the
difference in pre-compression must be determined. Because a
strain gage is mounted on the samples for the MOI experiment,
the pre-compression of the BSCCO tapes can be determined by
measuring the resistance of the strain gage when the sample is
cooled from room temperature to 30 K. The change in strain
indicated by the strain gage is a combination of the change in
properties of the strain gage and the compression of the sample.
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The thermal output of the strain gage is calibrated by the marftg- 9- Critical current vs. strain of sample 1 at 77 K (a), compared with the
fact 1018 steel le. The th | . fl@ Its from the MOI experiment at 30 K. The dashed line is the normalized
ac ur_er ona stee _samp €. Ihe thermal expansion o ittcal current before the difference in pre-compression between both
steel is well-known, which enables us to calculate the therm&beriments was taken into account. The observed cracks are at an applied
output caused by the change in properties of the strain ga in of 0.65% (1st), 0.73% (2nd) and 0.77% (3rd). Also the results of sample
K . hi d . he th | . f gg:e shown (b); cracks are at 0.61% (1st) and 0.91% (2nd). The results for

nowing this, we can determine the thermal compression of t ple 3 are shown (c); cracks are at an applied strain of 0.41% (1st), 0.475%
BSCCO tape. (2nd) and 0.7% (3rd).

When cooling sample 1 from room temperature to 30 K, the
strain indicated by the strain gage-9.29%. We call this the resulting difference in pre-compression of samples 1 and 2 is
thermal output on BSCCQ3,01. The thermal output at 30 K, shown by a shift in thé.-< curves in Fig. 9. The shift for sample
measured on 1018 steel 4§, ., and is—0.144%. The pre- 1 is+0.1% and for sample 2 it is-0.168%.
strain of 1018 steel when cooled from 300 K to 30 K-i8.33%. Similar behavior in critical current as function of applied
This is determined using the thermal expansion coefficient sfrain is observed in sample 3. Below the critical strain of
1018 steel. The pre-strain of a tape at 30 K is thus: 0.25%, a small degradation iy of —13% critical current per
% strain is measured. This is shown in Fig. 9(c), for data at
Q) . . i o .

4.2 K. The difference in pre-compression is taken into account

The pre-compression of the brass bending springd$5% also for this conductor in a similar way as for samples 1 and 2.
at 77 K, and—0.78% at 4.2 K, when the sample is solderedhis results in a shift of the curve in Fig. 9(c) €0.04%.
on the spring at 450 K. With the assumption that the thermal The microcracks responsible for the small degradatioh.in
expansion is a linear function of temperature in the range béforee,. is reached cannot be observed with MOI. No change
30-450 K, we know the precompression of the bare tape. Timeflux penetration in the filaments is observed at these levels of

ETape = EMOI — (EGage - ESteel) .
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1.2 both types of BSCCO conducors form multiple cracks when
longitudinal strain is applied. The cracks run transverse to
PpT——— the strain direction, and grow into tape-wide cracks when the
o8 Y\ applied strain is increased. The crack location is determined by
- the mechanically weak colony boundaries and the presence of
2 06 microcracks. The average spacing of 200 between cracks in
=N BSCCO 2223, independent of filament width, agrees with the
= 04 average colony size found in ultrasonic fracturing experiments.
02 Cracks only appear in the filaments after the critical currentin
' the tape degraded by 15-25%. Microstructural damage that does
0 . B | not appear in the MO-images may cause the first degradation.
0 0.2 0.4 0.6 0.8 It may also be the case that filaments in lower layers which are
Strain [%] not visible with MOI form cracks before the filaments in the top

layer are damaged.

Although the colony boundaries in BSCCO tapes determine
the crack location under strain, in YBCO coated conductor the
strain. The thickness and roughness of the filaments keeps #figkel grain structure dominates the crack formation. This re-
MOI setup from revealing these micro-cracks. sults in a less pronounced degradationinwhen the critical

When the formation of cracks observed with MOI is comstrain is reached. When strain is applied to a coated conductor,
pared to the degradation of the critical current as function of agracks that run transverse to the strain direction appear. The
plied strain, some differences are evident. With BSCCO 22%2acks run through the colonies of well-connected grains of

Fig. 10. Degradation in critical current for sample 4.

and 2223 tapes, the first cracks are observed at higher stra®CO. The minimum distance between cracks of 20450
levels than the critical strain determined by the bending springsrrespond to the average nickel grain size.

even after the difference in precompression is taken into ac-
count. The critical current of the tapes degraded before any
change in flux penetration in the filaments was observed. The
critical current of sample 1 degraded 20% before the first crack!!!
was observed. The first crack in sample 2 was observed wheip;
the critical current degraded by 15%. For sample 3, the reduction
was 25%. The microcracks responsible for this initial degrada—[3]
tion can’t be observed by MOI. An alternative explanationis that [4;
the first cracks appear in filaments in different filament layers
than the top layer. Only the top filament layer is visible with (5
MOI.

The degradation as function of applied strain of sample 4 is[6]
shown in Fig. 10, determined on the brass bending spring. Thti17
Degradation after the critical strain is reached is less pronounce
compared to BSCCO tapes. Since the applied strain at which thég]
first cracks appeared within the MOI could not be measured, we

9

are unable to include these data. ol
[10]

IV. CONCLUSIONS [11]

The formation of colony boundaries in Bi-based tapes is
influenced by the production process of the tape, especially by
the intermediate deformation steps applied to BSCCO 22282]
tapes. The crack pattern in BSCCO 2212 tapes is different
compared to BSCCO 2223 tapes, which is attributed to interp 5
mediate rolling steps. Filaments in multiflamentary tapes in
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