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TransverseStress and Fatigue Effects in :~~~lw~
YBCO-Coated IBAD Tapes fM ?3z~~

J. W. Ekin, S. L. Bray, N. Cheggour, C. C. Clickner, S. R. Folt~ P. N. ArendL A. A. Polyanskii, o s.~~
D. C. Larbalestier and C. N. McCowan

AbsCraci-Measurements of the effects of static and cyclic
(fatigue) transverse stress on the critical current of YBCO-
coated IBAD tapes are reported at 76 K in self magnetic field.
YBCO tilrns (-1 P thiik) on Inconel substrates (125 jun thick)
with IBAD buffer layers had critical-current densities (JJ
exceeding 1 MA/cmz and n valuea of about 50 (where n is an
index of the sharpness of the superconductor-normal transition).
Under static loads of 100 MPa, the J. degradation was less than
5% (7% at 12(I Ml%). When sabjected to cyclic IOadin& there
was less than 2*A additional J=degradation after 2000 fatigue
cycles. Microscopic examination of the samplea indicates that
this Iimited J. degradation may have arisen from longitudinal
cracks forming near the edges of the sample after being
subjected to these high transverse pressure& This fracture
mode would indicate that longitudinal side support from hii-
yield substrates or epoxy impregnation of the magnet structure
may provide additional tolerance against J= degradation from
transverse stress.

Ina%x Tems-coated conductoq critical curren~ electro
mechanical, R?AD, mechanica _ transverse stress.

INTRODUCTION

HIGH critical current “&nsity (~.) in excess of 1 MA/cmz in
self field have been achieved recently at 77 K in flexible
YBCO coated conductors [1]-[6]. Little data are

available, however, on the electromechanical properties of
these conductom which can strongly afl’ect their ultimate
usefulness in applications. Even superconductors that show
high J=can have extremely different intiIc stress tolerance,
as shown earlier, for example, for Bi-2223 conductors [7]
Such electromechanical effkcts include J. degradation arising
f?om axial strain [10], bending strainj and transverse stress.
For the coated conductors, there are only a few bending
[8,4,9] and axial-strain data available. In this paper we
present the first transverse stress data for YBCO coated
conducto~ measured for thick YBCO films on NI alloy
substrates with IBAD buffer layers. Both static and cyclic
transverse stress effects on the critical current of these
conductors were measumd.

The effect of transverse stress CMthe critical current of
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Fig. 1. Transverse-stress test geometry side view with transport current
along the tapq end view with current traveling into the plane of the figore.

superconductors is a critical design parameter fm their
application in magnets fix high-energy physics accelerators,
moto~ generator% and superconducting magnetic energy
storage. In such devices, the superconductor can be subjected
to consi&rable transverse pmsaure, both from radial pressure
developed in the winding of magnet coils and from the radial
pressure of the Lorentz force when a magnet is energized. In
the case of high-energy physics magnets, a benchmark
transverse stress level is about 100 MPa.

SAh4PLE~pARATION

The tape samples were Edxicated using the technique
described in [11]. A 100pm thick Inconel 625 subatmte was
coated with a -0.9 pm YSZ IBAB layer and a 40 run
Y203 buffer layer. A YBCO layer 0.9 pm thick was then
deposited using pulsed laser deposition. Sample dimensions
were 3 mm wide by 3 cm long.

Low contact resistivity was obtained by lightly cleaning
the surface of the YBCO with an ion mill and then depositing
a thick (10 pm ) Ag contact layer by thermal evaporati~
which was later annealed in oxygen at 550 “C. The Ag
contact coating was 10 pm thick in order to prevent the
iridium sol&r tlom alloying completely through the Ag layer
and forming an iridium oxide banier at the superconductor
interface [12]. Notice that the YBCO layer is near the top
surface of the tape, aepamtd from the surfhce by only the
soft 10pm Ag contact layer.

EXPERIMENTALTECHNIQUES

In order to simulate the transverse stress environment these
conductors will experience in service, testing was carried out
in liquid nitrogen at 76 K by p=ing the tape between two
stainkss steel anvils shown in Fig. 1, and measuring the
voltage vs. current charactetitc of the test sample in self
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JB.4D buffer Iayew tested ‘mthe monotonic-boding mode (see text).

field while under load. Critical current was determined
within about +-2 YO using an electric field criterion of 1
pVlcm. .‘

Uniform transverse stress application was ensured by
constructing the top anvil so it was biaxially @mbsled to
conform precisely to the lower anvil surface. Stress
concentrations were mitigated at the edges of the top anvil by
making it wider than the tape width and flaring the edge% as
shown in Fig. 1. Transverse stress was determined from the
quotient of the applied load and the pressed area of the
sample (equal to the product of the tape width and the length
of sample under the upper anvil).

At each end of the sample, copper current-bus bars were
soldered (without flux) onto the top thick Ag contact layer
using eutectic In-3%Ag solder (Z’~, = 143 “C), using a
technique described in [12]. Solder flux is not needed to wet
the Ag layer if the Ag is fresh and not tarnisha it is omitted
to insure that the surfiwes of the test sample and pressure
anvils remain clean. One of the current bus bars is a high-
conductivity copper strip designed to flex and provi& axial-
stress-free coo~mg of the sample (that is, it eliminates axial
stress from diffenimtird thermal contraction between the
sample and stainless-steel anvils) [13]. No transverse stress
is a~lied during cooling so that the test sample is cooled in a
completely stress-h manner.

Voltage taps were soldered with In-3%Ag to the middle
of the top surface of the tape-sample about 2 mm outside the
pressing region. About 1 to 2 mm space was also allowed
between the voltage tapes and the edge of the current contacts
to eliminate current trrmsfa voltages [14].

TRANSVERSE fhESS RESULTS hlITL4L ~ADING

Two test modes we~ used for loading the conductors. In
the monotonic loading mode, transverse stress was applied to
Sample 1, a voltage vs. curreqt (V-1)characteristic m-e+
and thew without removing the bad, the pressure was
increased to a higher value and the V-I characteristic
measured again. This procedure was repeated until.pressures
exceeding 100 MPa wexe reached. We believe this is an
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Fig. 2b. Same as Fig. 2A exoept tested in tbe food-releose mode.

optimistic measuring mode wherein the sample does not
loose contact with the pressure anvils. The sample receives
fiictionrd support horn being pressed against the stainless
steel, providing additional strength against in-plane plastic
strain.

The results of this test are shown in Fig. % where the
critical current is plotted as a fimction of transverse stress.
Notice that the IBAD tape had a critical current density well
over 1 MAicm2. Also the sample had a very sharp
superconductor-to-normal transition characterized by an “n”
value of 47 (where V a ~), indicating the sample to be high
quality and free of appreciable non uniformity’s in the current
distribution along the tape[15]. For this test mode, the critical
current degradation was less than l% up to 120 MI@ which
is well beyond the design benchmark for accelerator magnets,
for example.

In the second Zoud-releuse test mode, transverse stress
was applied to Sample 2, J. was measured (shown by a
triangle in Fig. 2b), and then the load was then rekw.red. J.
was remessud at zero load and the result indicated by a
cross in Fig. 2b, which was plotted for comparison purposes
at the same load as its corresponding loaded-Jc value. The
sample was then loaded to a higher stress and the load-release
procedure repeated We believe this is a pessimistic, more
conservative testing mode in which the YBCO is released
from the upper stainless-steel snv~ allowing in-plain
expansion of the tape between loading steps. Nevertheless
the degmdadon in this case was leas than 5V0 at 100 MPa,
increasing to 7’% at 120 MFa.

Note that the J= on wdoading did not recover to the
initial J. value, indicating that the degradatim in J. was
irreversible.

DISCUSSION

The monotonic-loading test mode should be representative
of a tightly wound magnet structure wherein the coated
conductor is co-fabricated or co-wound with a high-yield
structural layer that would press against the YBCO
superconductor layer. The second load-release mode
represents a case where the coated conductor loses the
tiictional support of the pressure surthce between each
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Fig.3. comparison of the effect of IIWWeme stress on tie J=of various

Idgb-c tape conductors IBAD, Bi-2223 [with Ag and oxide d~pemioo
snengthened (ODS) Ag matrices], and Bi-2212 (with ODS Ag mx and
double sheathed with Ag and Ag-Al msakes). The results showm were
obtaimedin the more severe load-release testing mode.

energizing of the magm% and represents a worst case. Actual
magnet pefiormance is expecti to be in-betsw%n these two
situations. Since the envelope between the two sets of results
for the IBAD coated conductom is narrow, we would expect
the transverse stress tolerance for these IBAD tapes to be
excellen4 less than 570at 100 MPa in the worst-case.

Fig. 3 compares these data with similar transverse-stress
results obtained on several series of Bi-2223 andBi2212 tape
conductors. Here we compare the data for only the worst-
case Ioad-reIease mode, to provide a lower limit on expected
performance. The &ta fall into two distinct groupings. The
XBAD and Bi-2223 results show high transverse stress
tolerance, with less than 1O% degmdation at 100 MPa The
Bi-2212 performance was variable, between 209’oand 35% J.
degradation at 100 MPa transverse pressure. This is not to
say that the Bi-2212 conductors cannot be successfully
utilized at high transverse compressive loads in magnet
applications, which could be sccomplishd for example, by
providing good structud side support [16]. The resul@
however, show the intrinsic stress tolerance of these different
conductors and in that vein, the IBAD coated conductors on
NGalloy substrates look very robust. Note that Inconel has a
relatively high yield stress compamd with other substrate
materials, which may account for their superior intrinsic
stress tolerance.

FATIGUE RESULTS

Fig. 4 shows the effect of cyclic (fatigue) loading on the
same conductors whose static test resuhs are presented in Fig.
2. Cyclic testing was performed after the samples had been
subjected to static stress ftom the inii loading. Load was
cycled between 122 MPa and near zero at 0.33 I-Iq but never
fi.dly released (Jc was not m~ured at near zero-load). As
shown in Fig. 4, no further J degradation occurred afler @
addhional 2000 constant load cycles had been given to
Sample 1 (which showed less than 1% degradation in the
initial monotonic loading ). For Sample 2 (which’ showed a
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Fig. 4. Effkct of oyclic loading on IBAD tapes (samples 1 ond 2 correspond
to Figs. 2a and 2b respectively).

total of 79’o J= degradation on initial loading in the
incremental load-release mode) the effect of ao addtional
2000 constant load cycles resulted in ordy - 2’% further J.
degradation. Again, this represents high fatigue tolerance for
these NLalloy-substrate IBAD conductors.

MIclzosl—w—rcnlnwi,CHARA~TION

After all mechanical testing had been @ormed (both static
initial loading and fatigue tests), the samples were examined
using magneto-optical imaging (MO1.) [17] and scanning
electron microscopy (SEM). Fig. 5 shows the MOI nxults.
A comparison of Samples 1 and 2 shows no remarkable
difference% even though Sample 1 degraded a total of 9?!
(7% on ipitial loading plus 2% tlom tktigue), while Sample 2
had a total J= degradation of less than 1’%0. Magnetic flux

penetrated nearly uniformly and no obvious cracks were
imaged at the MOI spatial resolution for these samples, about
lop. Also, there was no observable difference between
the central pressed region of the samples and the ends which
received no transverse pressure.
After carefidly etching away the Ag using a solution of
(25%HZQ, 25%WOW 50% HZO, made fkesh each time),
the surface of the YBCO layer was examined using SEM. In
Fig. 6 we see that a series of relatively thin longitudinal
cracks (- 0.05 pm to -0.2 ym in width) formed in the
region near the tape edges for both samples. However,
Sample 1 (with less than 1% L degradation) had a cracked
region that extended only about 0.05 mm in from only one
edge, while Sample 2 (which showed 9% L degradation after
being subjected to the more severe load-release l~ding) had
a cracked region that occupied a much wider band about 0.2
mm wide along one tape edge and about 0.1 mm wide along
the other edge. Both crack bands extended unifbmdy the
entire length of the sample. The af%cted crossectional area
of the Sample 2 was measured to be about 4’?? of the tape
wid@ corresponding closely to the observed 9?! 4
degradation. The cracks were predominately m the
longitudinal direction (along the direction of the transport
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fig. 5. MaEneto
optical imaging of magnetic flux penetmtion at 800 gauat-into IBAD “&pes
after Wig subjected to static end cyclic transverse stress (samples initially
cooled to 15 K in zero field).

Fig. 6. Scarming electron micrograph showing surtkce of YBCO layer roller
static and cyclic transverse skess testing showing the pattern of longitudinal
cracks sIong the length of the tapes. For sample 1, the affected region wos
only about 0.05 MMwide and occurred along only one edge of the tops. For
Sample 2, the longitudinally-cracked region was much Wid= -0.4 MM in
width along one tape edge and 0.1 MMalong the other edge.

current), with occasional crosslinking. The center of the tape
was tie of any observable cracks.

CONCLUSION

These initial transverse stress tests of YBCO coated IBAD

tapes, show the conductors to exhibit strong transverse-stress

tolerance less than l% J. degradation when monotonically
pressed against a stainless-steel anvil at pressures up to 120
MPa , and about 7’% J= degra&tion when alternately
incrementally loaded and released at pressures up to 120
MPa. Two thousand fatigue-loading cycles at 120 MPa
produced less than 2V0 additional J= degradation.
Micrographic examination oflhese samples afler mechani~
testing indicates that transverse in-plane atmin near the tape
edges may play a significant role in determiig the J.
degradation from transverse pressure applied to the surface of
these IBAD tape conductors. Ilk would suggest that in

magnet applications, improvement in transverse stress

tolerance may be achieved by providing transverse support to

the conductors through the use of additional structural

material co-fabricated or co-wound with the coated

conductors, as well as from good lateral-side support in the

design of the magnet winding pack.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

REFERENCES

Y. IjimA N. Watanabe, O. Kohno, and Y. Ikerro, “In-plane aiigped
YBs2CU307- thin films deposited on polycrystalline metallic
substrates,”z@p/.Phys L.w. 60, pp. 769-771 (1992).
X. D. Wuj S. R. Fokyw P. Arendk J. Townsend C. A- I. H.
(%lpbd~ P. Tiwari, Y. COllk, and D. E. Petersou ‘T&h current
YBa2Cu307- thick films on flexible Ni substrates with textured buffer
layers,“ApplPIw. LAW65, pp. 1%1-1963 (1994).
A. Goy& D. P. Norton, J. D. Bud& IvLFraotharnq E. D. $rech~ D.
M. Kroeger, D. K. Christeq Q. He, B. Safiiq F. A. L@ D. F. ~ P.
M. MarthL C. E. Klabunde, E. Ikdttlel& and V. K. Sii Appl. Piys.
.%x. 69, p. 1975 (1996).
H. C. FcyhsrdtyJ. Hof&nOrrq J. WksrnaruU J. DZiC~ K. HeinemanrL

A. [sacev, F. Garcii-Moreno, S. Sievm and A. Usol@ YBaCuO thick
films on planar and curved technical substrate” IEEE Trans Appl.
Superc. 7, pp. 1426-1431 (1997).
S. K. Hsscgam H. M@ NLKod J. Fujikame, K. OhrnatsIAK

Hay@ IL Sate, S. Honjo, H, ~ Y. Sate, and Y. Iwa@ A&. in
Supercomfuctivityx Springer Verlay, TOkYO, p. 607 (1998).
S. R. Foltyu P. N. ArendL P. C. Dowdeq J. R Grov~ J. Y. Cooker,

Q. X. Jiz X. F. Zhan~ H. H. Kun~ J. F. Bmgerg E. J. Petersoq T. G.
Holesinger, M. P. Maley, snd D. E. Petersou High-T. coated
conductcm - performance of metsr-long YBCO/IBAD flexible tape%”
IEEE Trarrs. Appl. Superc. p. xxx (1999).
S. L. Bray, J. W. EkiIL C. C. Clickner, and L. J. Masur, “TX’SOSVSIW

compressive stress effects on the critical current of B&2223/Ag tapes
reinforced with pure Ag and oxiddispemion+rengthened Ag” Jour.
App]. Phys. 88, Pp. 1178-1180 (2000).
X. D. WU S. R Fol~ P. ArendtyW. R BlurnenthoLL H. Campbellj

J. D. Cottom J. Y. CQuker, W. L. Huks, M. P. Maley, H. F. Satkr, end
J. L. Sod& “Pqerties of YBs2CU307- thick films on flexible
buffered metallic substmtes” APPZ. PIIvs. L@. 67, pp. 2397-2399
(1995).

.-

DOE Annual 1998 Pe@ Ikview, presentation by Om July (1998).
C. L. H. ‘Ihieme, S. Fleshler. D. M. Buczek. N-LJowett. L. G.
Fritzemeier, P. N. kd~ S. R Fol~ J. Y. co~ter, and J. O; Wfl&
“Axial skain dependence at 77 K of the critical current of click
YBaCuO tihns on N&dloy substratm with IBAD butlkr layq” IEEE
Trans. Appl. Superc. 9, pp. 14941497 (1999).
Steve and Paul - Please let me know a good reference to put in here
that described more information about your fabrication process for
these samples. Thanks.
J. W. El@ “Superconductor Contac@” in the Handbook of
Superconducting Mzterials, Inst. of Physics Pub., England to be
published.
P. E. Kirkpatriclq J. W. Ekiw and S. L. Bray, ” A flexiile high-current
lead for use in high-magnetic-field cryogenic enviro~” J&E Sci.
Instr. 70, pp. 3338-3340 (1999).
J. W. E@ “Current transfer in muhifikmentary supercon&ctors: Part
I - tieary) Jour. Ap’fi Phys. 49, pp. 3406-3409 (1978).
J. W. El@ “Irregulari& in Nb-Ti filament area and electric field versus
current chsmcterMcs,” Cryogenics, Vol. 27, pp. 603-607 (1987).
D. tktIiC& . . . (waiting for ti)
A. A. Polyansu X. Y. @ D. M. Fe- D. C. Larbalestier, “Nano-
_e and * magnetic oxides”, ed. Ivan Nedkov and kfarcell
Ausloo~ Nato Science Series No. 3, High T@hnalogy 72, Klewer
Acad. Publisher p 353-370 (1989).


