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Evaluation of delamination strength of 
Yttrium-Based Superconductor

Shogo. MUTO,1 Shinji. FUJITA,1 Yasuhiro. IIJIMA,1 and Masanori. DAIBO1

Yttrium(Y)-based coated conductors (CCs) are expected to contribute to miniaturization and 
higher performance of superconducting applications by applying them to the superconducting 
coils, because of their high critical current characteristics in magnetic fields and high 
temperatures over 20 K. In the coil application, however, there is a problem that the mechanical 
strength in the direction perpendicular to the tape surface of the Y-based CCs (delamination 
strength) is relatively weak. In this work, we propose a new measurement method of the 
delamination strength for the Y-based CCs which has been difficult to quantitatively evaluate.

1. Introduction

1.1  Applications of Superconductor

Superconductivity is a phenomenon in which the 
electrical resistance of a substance becomes zero 
below a certain temperature, and the substances 
having such a property are called “superconductor”. 
Since the superconductor can send a current of 
electricity almost without energy loss in a 
superconducting state, superconductors have been 
promoted for use as an electric wire 1)-4). We have 
developed and manufactured Yttrium-based (Y) 
coated conductors (CCs; REBa2Cu3O7-d (RE: Y, Gd, 
etc.)). Since the critical temperature (Tc) and the 
critical current (Ic) characteristic in a magnetic field 
are superior to that of conventional metal-based low-
temperature superconductors, the application as a 
superconducting magnet has been actively  
promoted 5)-10). When applied to superconducting 
magnets, Y-based CCs are required to have high 
critical current characteristics, long-length uniformity, 
and high mechanical strength. We are proceeding 
with the development of Y-based CCs to further 
improvement of these characteristics.

1.2  Mechanical Properties of Superconductor

Since a superconducting magnet is operated at low 
temperature and in magnetic field, mechanical loads 
in various directions are applied to the conductor due 
to thermal stresses and electromagnetic stresses. 
Even if such loads are applied, the superconductor is 
required to have a high mechanical strength capable 
of maintaining the Ic characteristics. Y-based CC has a 
structure in which a superconducting layer is 

laminated on a high-strength metal substrate (Fig. 1). 
The strength in the longitudinal direction is high 
because the CC is reinforced by a metal substrate in 
that direction against the load. On the other hand, the 
strength in the direction perpendicular to the tape is 
relatively low because there is no reinforcement in 
that direction. The stress in the direction perpendicular 
to the tape (delamination stress) is mainly applied by 
thermal stress during coil cooling. The Y-based CC is 
required to withstand this stress.

Figure 2 shows the mechanism of the thermal stress 

Fig. 1. Schematic view of Y-based Coated Conductor.
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Fig. 2.   Mechanism of the thermal stress generation in the 
impregnated-coil by cooling.
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generation of a superconducting coil. The Coils are 
often impregnated with a resin to improve thermal 
conductivity and prevent a conductor movement 
during the magnet operation. General impregnation 
resins have a high coefficient of thermal expansion 
(CTE) and therefore shrink significantly under the 
cooling. On the other hand, the wound superconductor 
is made of metal and ceramic and therefore does not 
shrink much in the circumferential direction. As a 
result, thermal stresses are applied in the radial 
direction of the coil due to the anisotropy of the 
thermal shrinkage. The thermal stress is estimated to 
be about 10 MPa 11), which may be sufficient to break 
the Y-based CC. Therefore, it is necessary to develop 
the conductor having a high delamination strength 
without deteriorating the coil for practical use of 
superconducting magnets. Y-based superconductors 
are brittle ceramic materials, and the strength of 
ceramics depends on the size of defects contained in 
them 12). In other words, reducing the size and 
frequency of defects over a long length will lead to 
improve the delamination strength of the Y-based CC.

1.3  Evaluation of Delamination Strength

In order to develop high-strength Y-based CCs, it is 
necessary to evaluate the delamination strength 
accurately. Mainly, methods of evaluating the 
delamination strength using short samples has been 

proposed. For example, a stud-pull method13) 14) in 
which circular stud-pins are adhered to conductor 
surfaces and pulled by a dedicated machines, and an 
anvil method 15) in which rectangular anvils are bonded 
with solder and pulled, are available. However, the 
short sample tests show a value several times higher 
delamination strength than the actual coil tests using 
long-length CCs 11). Based on the fact that the strength 
of ceramics depends on the maximum defect size, it is 
considered that the short samples do not contain 
enough defects that lead to fracture in the coil. 
Therefore, long sample tests are required to evaluate 
the strength of a long-length CC.

Two main methods for evaluating the strength of a 
long-length CC have been proposed: a peel test 16) and 
a test in actual impregnated coil (an impregnated-coil 
test)11), 17). The peel test is a method of continuously 
cleaving the superconducting layer with a tensile 
tester. Although the strength can be measured 
directly, there is a disadvantage that it is difficult to 
correspond to the actual coil strength because the 
edges on both sides of the CC must be removed in 
advance. On the other hand, the impregnated-coil test 
is a method using thermal stress due to the anisotropy 
of the thermal shrinkage described previously. 
Specifically, the thermal stress is indirectly controlled 
by changing the ratio of the inner diameter to the 
outer diameter (OD/ID ratio) of the coil, and the 

Panel 1. Abbreviations, Acronyms, and Terms.

Y-based coated conductor 
An oxide superconducting wire whose 
superconducting layer contains Yttrium (Y), 
Gadolinium (Gd), and other rare earth elements. 
Compared to the other high temperayure 
superconductors, this conductor has high Ic in a 
magnetic field at a relatively high temperature of 
30 K or higher.

Critical temperature, Tc 
Maximum temperature that can keep a 
superconducting state.

Critical current, Ic 
Critical current (Ic) is the maximum current value 
that can flow in a superconducting state. This 
value depends on temperatures and magnetic 
fields.

n-value 
V-I characteristics of a superconducting wire 
around the critical current are expressed as  
V = Vc(I / Ic)n (Vc: Voltage criterion for critical 
current). This expression is referred to as an 
n-value model and the index is called n-value. 

This index is apparently decreased if a part of the 
superconducting wire is degraded. For this 
reason, this model is used as an index of 
soundness when manufacturing coils.

Superconducting magnet 
An electromagnet in which a superconductor is 
wound.

Transport Ic measurement 
A method of measuring the critical current from 
voltage-current characteristics (V-I characteristics) 
by energizing a superconductor. Usually, 
measurement is performed by the 4-terminal 
method.

Weibull analysis 
The probability distribution proposed by  
W. Weibull is called the Weibull distribution, 
which is a statistical analysis using it. Used to 
statistically analyze the strength of brittle 
ceramics.

Single pancake coil 
A flat coil in which the conductor is spirally wound 
outward from the center.
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stress criteria at which the conductor breaks is 
evaluated. Although it can be evaluated with good 
consistency because testing is performed with an 
actual coil shape, the problem is that the stress criteria 
vary and the accurate comparison is difficult 17).

This suggests that the strength of the ceramic is 
due to characteristics that are stochastically 
determined 12). Hence, we attempted to incorporate 
Weibull analysis into the impregnated-coil test. 
Weibull analysis is a statistical analysis method that 
can well describe the probabilistic strength of 
ceramics, and it is considered that comparing statistical 
parameters obtained by the analysis enables the 
conductor strength to be compared accurately. In this 
article, we perform statistical analysis of the 
impregnated-coil test by Weibull analysis considering 
the size effect and report the results of comparing the 
strengths of the old and new CCs 18).

2. Experimental

2.1  Specifications of Y-based Coated Conductor

Two types of superconductor were prepared for 
evaluation. One is a 5 mm wide GdBCO conductor 
manufactured in 2013, and the other is a 4 mm wide 
GdBCO conductor manufactured in 2016. The latter is 
a current standard conductor that has been reduced in 
the number of micro defects as much as possible by 
reviewed and improved all the manufacturing process. 
Both structures are the same except for the width of 
the conductor. The substrate thickness is 75 µm, the 
superconducting thickness is ~ 2 µm, and the copper 
plating thickness is 20 µm (Fig. 1). The Ic of both 
conductors is approximately 600 A/cm-wide, and the 
n-value is 35 at self-field and liquid nitrogen (LN2) 
temperature (77 K). The critical current characteristics 
are the same regardless of process changes.

2.2  Specifications of Impregnated Coil

The impregnated-coil tests were performed by the 
above conductors. The coil wound with 5 mm wide 
GdBCO coated conductor is called “Old” coil, and that 

with 4 mm wide coated conductor is called “New” coil. 
The specifications of the impregnated coils are shown 
in Table 1. Dozens of single pancake coils were 
fabricated and tested for each dimension. Details of 
thermal stress calculation will be described later, but 
the values of the thermal stress increase as the OD/ID 
ratio of the coil increases. Therefore, we determined 
the OD and the ID of the test coils so that the loading 
stress level became appropriate.

The coils were formed by winding the REBCO CC 
and a polyimide tape together and coating epoxy resin 
to them. The resin is a thermoset resin containing 
filler. After winding, the resin was cured by heat 
treatment.

2.3  Thermal stress test

The impregnated-coil tests were carried out by the 
following method. First, it was cooled to 77 K at a rate 
of 2-3 K/min. while supplying LN2 slowly. At this time, 
the delamination stress is applied by the thermal 
stress caused by cooling, and the conductor breaks 
when the thermal stress exceeds the delamination 
strength of the conductor. Next, the degradation of 
the conductor was judged by measuring the transport- 
Ic of the coil. When the superconducting layer is 
destroyed, a voltage is generated and the Ic and 
n-values decrease. Therefore, the degradation can be 
determined by comparing the Ic and n-values of a good 
coil. This time, we judged as degradation when the 
n-value was below 20. The electric field criteria for 
determining Ic was 0.1 µV/cm, and the fitting was 
performed in the electric field range of 1 - 0.03 µV/cm. 
The transport Ic measurement was performed once for 
each coil, and the failure probability at each stress 
level was obtained from the number of degraded coils 
of the same size.

2.4  Thermal Stress Analysis

It is difficult to experimentally measure the thermal 
stress distribution of the coil. Thus, we calculated the 
thermal stress of the coil by the finite element method 
(FEM) using ANSYS. The schematic view of the 

Coil Old - 1 Old - 2 Old - 3 Old - 4 New - 1 New - 2

Conductor width (mm) 5 5 5 5 4 4

Conductor length (m) 4.2 4.2 4.2 2.6 2.6 4.2

Inner diameter, ID (mm) 60.0 40.0 30.0 30.0 30.0 30.0

Outer diameter, OD (mm) 71.4 55.4 48.7 42.8 42.8 48.7

OD/ID ratio 1.19 1.39 1.62 1.43 1.43 1.62

Number of turns 20 28 34 22 22 34

Max. radial stress, sc (MPa) 1.4 4.2 8.5 4.8 4.8 8.5

Number of trials 21 24 23 58 80 42

Table 1. Specifications of the test coils.
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analysis models is shown in Fig. 3. The analysis model 
is 2-D axisymmetric and line symmetric in the width 
direction. We set the temperature condition to cool; 
300 K for the initial; 77 K for the final. The physical 
properties of the materials used for calculation are 
listed in Table II. The values of the epoxy resin were 
actually measured, and the others were used according 
to the references 19)-21). The calculated radial stress 
distributions of the Old coils are shown in Fig. 3. The 
stress distributions of the New coils are omitted from 
the figure because the results are equal to Old coils. 
The radial stress at the center of the width is shown in 
the figure since the stress distribution does not depend 
on the width direction. The FEM calculation results 
show that the maximum thermal stress increases 
depending on the OD/ID ratio. It means that it is 
consistent with the analytical results of the previous 
study 17).

3. Results and Analysis

3.1  Probability of Coil Degradation

The results of the n-values of each coil measured by 
the impregnated-coil tests are shown in Fig. 5 (a). It 
can be seen that the number of coils whose n-value 

falls below the criterion (the number of broken coils) 
increases as the OD/ID ratio increases. The Old coils 
have a continuous n-value distribution, while the New 
coils have a bimodal distribution. This suggests that 
the entire fracture occurred in the New coil. In the 
case of the New coil, the width was narrower than that 
of the Old coil, and the strength became stronger, so it 
is considered that the crack propagated throughout 

Young’s 
modulus

(GPa)

Poisson’s 
ratio

CTE
(10-6/K)

Thickness
(µm)

Copper 130 0.33 14 20 per side

Hastelloy 205 0.32 9.4 75

Epoxy 12.2 0.34 12 60

Polyimide

- Thickness 
direction

8.0 0.30 70 50

- Longitudinal 
direction

8.0 0.30 20 50

Table 2. Physical properties of analysis coil model. 19)-21)

Fig. 3.   2D axisymmetric analysis model for calculating the 
radial thermal stress.
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Fig. 4.   Results of the thermal stress of the coils by the FEM 
analysis.
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when the fracture occurred. Fig. 5 (b) shows the 
degradation probabilities of the coils obtained from 
Fig. 5 (a). The horizontal axis of Fig. 5 (b) represents 
the maximum value of the thermal stress of each coil 
obtained by FEM analysis. Closed and open symbols 
in the figure are different in the conductor length, the 
closed symbols are 4.2 m, and the open symbols are 
2.6 m. Additionally, error bars indicated 95% confidence 
intervals using the Wilson-score method 22) used for 
binomial distributions, assuming that the tests were a 
Bernoulli trial.

As can be seen from Fig. 5 (b), the degradation 
probability increases as the maximum stress increases. 
In addition, conductor length dependence was 
observed. It can be seen that the Old-2 coil (L = 4.2 m) 
and the Old-4 coil (L = 2.6 m) have low fracture 
probabilities of Old-4, even though the stresses are 
almost unchanged. Further, the fracture probabilities 
of the New coils are lower than that of the Old coils. 
This difference is thought to be due to the conductor 
width and the conductor strength. However, the 
conductor strength cannot be directly compared 
unless the area dependence of the conductor width is 
separated. Therefore, we performed Weibull analysis 
considering the size effect, so that the difference in 
strength between both conductors could be discussed 
directly, and extracted the comparable statistical 
Weibull parameters.

3.2  Weibull analysis considering the size effect

The Weibull function expressing the volume 
dependence and stress distribution can be written as 
follows 12):

　　　　　　　　　　　　　　　　　　　 (1)

　　　　　　　　　　　　　　　　 (2)

where F is the cumulative failure probability 
(degradation probability), sc is the delamination 
strength, s0 is the Weibull scale parameter (strength 
relative to unit size), m is Weibull modulus, V0 is the 
unit volume of 1 mm3 and VE is the effective volume 
which means dimension dependency. The integration 
of (2) was performed on the total volume of the 
superconducting layer using the stress distribution 
s(x) calculated by the FEM method. Here, it was 
assumed that the width and the thickness directions 
have uniform stress distribution. The m and s0 of the 
Weibull coefficients were obtained by two-parameter 
fitting of sc and VE to F given by the experimental 
results.

Figure. 6 shows a result of converting the cumulative 
fracture probability of the coil shown in the 
experimental result of Fig. 5 into the probability per 

unit volume by Weibull analysis. The Weibull 
coefficients obtained are shown in Table 3. Comparing 
the results of the Old coils and the New coils, we can 
see that the two m-values are equivalent. In general, 
different m-values suggest that the origins of the 
defects are different 12). Since both m-values are the 
same, it is indicated that they are breaking from the 
same defect type. On the other hand, s0 is higher in 
the New coils than in the Old coils. When the m-value 
is the same, s0 is proportional to the average value of 
the strength, which indicates that the overall strength 
is high. Therefore, the increase of strength corresponds 
to the decrease of defect size as a starting point of 
fracture, and it can be seen that the effect of defect 
reduction by process improvement appeared.

By comparing the coefficients obtained in the above 
Weibull analysis, we were able to separate the size 
dependence and obtained statistical information on 
the strength of the conductor. In addition, we were 
able to directly show that the new conductor is 
stronger than the conventional old conductor using 
this method. We have shown that the method proposed 
in this study is an effective method for evaluating the 
delamination strength of the Y-based CC.

4. Conclusion
A technique has developed to quantitatively evaluate 

the delamination strength of a long-length CC, which 
had been difficult to evaluate, by combining a Weibull 

F(sc,V )=1 −  exp  −
VE

m

V0

sc

s0

VE = dV
m

V

s(x)
sc

Weibull modulus m
Weibull scale parameter

s0 [MPa]

Old coil 1.88 35

New coil 1.88 68

Table 3. Weibull parameters.

Fig. 6.   Relationship between the cumulative fracture 
probability per unit volume (V0 = 1 mm3 ) and the 
delamination strength. The dashed line is the fitting 
curve.
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statistical analysis considering the dimensional 
dependence and an impregnation coil test. Using this 
technique, it was confirmed that the delamination 
strength of the CC was improved by process 
improvement. In the future, we would like to use this 
method to further develop high-strength CCs.
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