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Abstract  

      Transport current and n-value of DyBCO−coated conductor pulled in tension were 

measured experimentally and their relation to crack-induced current shunting was analyzed 

with the partial crack-current shunting model. The following features were revealed. The 

shunting current increases with increasing transport current and with increasing crack size. At 

low voltage where shunting current is low, the transport current of cracked sample normalized 

with respect to the transport current in non-cracked state is described with the modified ratio 

of non-cracked area to overall cross-sectional area of superconducting layer. At high voltage 

where the shunting current is high, the normalized transport current becomes higher than the 

modified ratio of non-cracked area. The increase in shunting current with transport current 

(and voltage) leads to a decrease in n-value at high current (voltage). This phenomenon is 

enhanced by crack extension. 
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1. Introduction 

 

During fabrication and in service, coated conductor tapes such as RE(Y, Sm, 

Dy)Ba2Cu3O7-δ systems as well as filamentary composite tapes such as Bi2Sr2Ca2Cu3O10+x 

(Bi2223), Nb3Sn and MgB2 systems are subjected to thermal, mechanical and electromagnetic 

stresses. When the subjected stress/strain is high, the superconducting layer/filament is 

cracked, resulting in loss of the superconducting properties in both coated [1-7] and 

filamentary [8-16] tapes. For safe and reliability design, it is required to describe the relation 

of cracks in coated layer to superconducting properties.  

The thermal, mechanical and electromagnetic stresses are three-dimensional in nature, but 

since the failure mechanism is transverse crack formation in most cases, the experimental 

work is done using uni-axial strain only. The voltage (V) - current (I) relation under an 

existent partial crack in a BSCCO filament embedded in stabilizer has been modeled by Fang 

et al [8]. Here, “partial crack” means the crack that exists in a part of transverse cross-section 

of the superconducting phase. Shin et al [14] have found that the measured V-I curves and 

change in critical current Ic as a function of applied tensile strain εT in BSCCO composite tape 

can be described with this model by using an effective relative crack size (ratio of the cracked 

cross-sectional area to overall transverse cross-sectional area) as a fitting parameter. Miyoshi 

et al [16] have applied this model to the V-I curves of the Nb3Sn filamentary composite tape 

containing collective cracks (cracks composed of successively fractured filaments in a 

transverse cross-section), and have found that this model captures the effect of diminishing Ic 

as a function of fractional decrease in the number of intact filaments. Recently, the authors [6] 

applied this model to analysis of V-I curve and to estimation of critical current Ic and n-value 

in the DyBa2Cu3O7-δ (DyBCO) coated conductor, since the current-shunting mechanism under 

existent cracks is common in both filamentary and coated conductors despite the difference in 

geometry. The measured V-I curves, critical currents and n-values at various applied strains 

were described well by this model.   

In the present work, the model of Fang et al [8] was extensively used to analyze the 

relation of transport current and n-value to shunting current in the voltage range of V=0.15∼15 

µV (corresponding to 0.1-10 µV/cm) in DyBCO-coated conductor. The analyzed results in 
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comparison with the experimental ones are presented in this paper.  

 

2. Procedures for experiment and analysis  

 

The DyBCO coated conductor, whose fabrication procedure has been shown elsewhere 

[17], was supplied by THEVA, Germany. The as-supplied sample consisted of Hastelloy 

C-276 substrate (thickness 90 µm), MgO buffer layer (3.3 µm) deposited by inclined substrate 

deposition (ISD) process, MgO cap layer (0.3 µm), DyBCO superconducting layer (2.5 µm) 

and Ag contact layer (0.5 µm). The as-supplied sample was electro-plated with copper at 

Kyoto University at room temperature with an electrolyte composed of CuSO4:210g/l, H2SO4: 

52.4g/l and pure water. The thickness of the plated copper layer was 60 µm. The 

copper-plated sample was used for experiment, and the results were analyzed. 

The voltage taps for measurement of the V-I curves were soldered with a spacing of L=15 

mm. The V-I curves under various applied strains were measured with the usual four-probe 

method at 77K in a self magnetic field. The V-I curve was approximated by 

 

V = AIn     (1) 

 

where n and A are the fitting constants. The n-value was estimated for the voltage range of V 

=0.15-15 µV(0.1-10µV/cm). Thus estimated n-value is, hereafter, noted as n(0.15-15 µV). 

The critical current Ic was estimated at a voltage of V=Vc=LEc=1.5 µV where Ec(=1 µV/cm in 

this work) is the electrical field criterion for critical current.   

The partial crack-current shunting model of Fang et al [8] was used for analysis of V-I 

curve of cracked DyBCO coated conductor, as in the preceding work [6]. Figure 1 shows a 

schematic representation of (a) current path and (b) simplified electrical circuit under an 

existent partial crack in DyBCO layer. In the present DyBCO coated conductor sample, 

DyBCO layer exhibits arrayed multiple cracks due to the Lüder’s deformation of Hastelloy 

C-276 alloy [3,6], as shown in Fig.2. The cracks are small in size in the early stage. They 

extend in transverse direction with increasing applied strain. In the preceding work [6], we 

replaced the arrayed multiple cracks by a single equivalent crack in application of the model, 

since the shunting of current occurs in the same mechanism in both single and multiple cracks. 
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The experimental results were described well by this replacement. Based on this result, 

multiple cracks were replaced by a single equivalent crack also in this work, as shown in 

Fig.1(a).  

In the transverse cross-section in which a partial crack exists, the cracked part in Fig.1(a) 

losing superconductivity and ligament (non-cracked) part keeping superconductivity co-exist. 

We define the ratio of cross-sectional area of cracked part to overall cross-sectional area of 

DyBCO layer as f. The ligament part with an area ratio 1-f transports current Id through 

DyBCO layer. At the cracked part with an area ratio f, current Is (=I-Id) shunts into Ag and Cu 

layers. In the shunting circuit, the electrical resistances at the DyBCO-Ag and Ag-Cu 

interfaces and resistances in Ag and Cu are included in the total resistance Rt (Fig.1(b)). The 

voltage developed in the ligament part that transports current Id is noted as Vd. The voltage 

Vs=IsRt, developed in the cracked part by shunting current Is, is equal to Vd since the ligament- 

and cracked parts constitute of a parallel circuit.   

The V-I relation of non-cracked DyBCO layer with a critical current Ic0 is expressed as  
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where L is the distance between the voltage taps (15 mm in this work), Ec is the electric field 

criterion for critical current (1µV/cm), and n0 is the n(0.15-15µV)-value in non-cracked state.  

The voltage Vd developed in the ligament part is given by Vd=Ecs[Id/{(Ic0(1-f))}]n0 [8],  

where s is the crack width. The overall voltage V is given by the sum of the voltage along the 

length of L-s in the non-cracked region and the voltage along the length s in the cracked 

region. Due to s << L, the overall voltage V is expressed as  
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The voltage Vd is equal to Vs (=IsRt), as stated above. The transport current I is the sum of the 

DyBCO ligament-transported current Id and shunting current Is, and is expressed as [8]   
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Equation (4) is modified into the following form [6],  
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As has been shown in our preceding work [6], the term (1-f) (L/s)1/n0 in Eq.(5) is the modified 

ratio of non-cracked area. This term and Rt can be obtained by fitting Eqs.(3) and (5) to the 

measured V-I curves. Once they are obtained, we can estimate Id, Is and Vd(=Vs) as a function 

of transport current I (and voltage V) [6].  

 

3. Results and Discussion 

 

3.1 Experimental results 

 

Figure 3 shows the measured V-I curves in logarithmic scale at various applied tensile 

strains (εT). From the V-I curves, the critical current Ic at V=Vc=EcL=1.5 µV and n(0.15-15 

µV)-value in the voltage range of V=0.15 to 15 µV were measured, as shown in Fig.4(a) and 

(b), respectively. The correlation of n(0.15-15 µV) to critical current Ic is shown in Fig.4(c). It 

is clearly shown that both Ic and n(0.15-15 µV) decrease significantly at high εT (Fig.4(a) and 

(b)) and the lower the Ic, the lower becomes the n(0.15-15 µV) (Fig.4(c)).  

The sharp decreases in Ic and n(0.15-15 µV) beyond εT=0.37% stem from cracking in the 

DyBCO layer [6]. The ranges of εT in non-cracked and cracked states in the present 

copper-plated sample are shown in Fig.4. For analysis of V-I curves with Eqs.(3) and (5) of 

cracked samples strained more than 0.37%, we need the original critical current Ic0 under a 
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criterion of Ec=1 µV/cm and original n-value, n0, estimated in the voltage range of 0.15 to 15 

µV in non-cracked state. The Ic0 and n0 for analysis were obtained as follows. The monotonic 

decrease in Ic0 with εT in the non-cracked range (0.1%<εT<0.37%) in Fig.4(a) was empirically 

expressed as  

 

Ic0=199.4-14.3εT   (εT :%)        (6)     

 

As an approximation, the Ic0 value, obtained by the extrapolation of Eq.(6) to each tested 

strain εT(>0.37%), was used as Ic0 in the present analysis. The strain dependence of n(0.15-15 

µV)-value in the non-cracked strain range (εT<0.37%) was not large in comparison with that 

in cracked range (εT>0.37%) as in Fig.4(b). The n0-value was taken from the average of the 

n(0.15-15 µV)-values in the strain range of 0.1%<εT<0.37% in Fig.4(b); n0=42.1.    

 

3.2 Estimation of (1−f)(L/s)1/n0 and Rt 

 

The values of (1−f)(L/s)1/n0 and Rt, obtained by fitting the measured V-I curves (Fig.3) to 

Eqs.(3) and (5) with n0=42.1 and Ic0 (obtained by substituting the corresponding εT into 

Eq.(6)), are shown in Fig.5. To examine the reproducibility of V-I curves with the estimated 

values of (1−f)(L/s)1/n0 and Rt, the V-I curve at each εT was back-calculated by substituting the 

estimated values into Eqs.(3) and (5). As shown in Fig.6, the V-I curves were reproduced 

successfully. Also using the reproduced V-I curves, we obtained the critical current Ic and 

n(0.15-15 µV)-values, as shown with open triangles in Fig.4. The experimental results (open 

circles) were reproduced well. Based on these results, the estimated values of (1−f)(L/s)1/n0 

and Rt were used to derive Is and Vd, as follows.  

 

3.3 Estimation of shunting current Is 
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Fig.7 (a) shows an example of the calculated change in shunting current Is (solid curve) 

and DyBCO ligament-transported current Id (dotted curve) as a function of total transport 

current I, together with the calculated values of I, Is and Id at V=1.5, 7.5 and 15 µV. In this 

example, the data of the sample strained by εT=0.449%, whose measured and calculated V-I 

curves are shown in Fig.6 and the values of (1−f)(L/s)1/n0 and Rt are shown in Fig.5, is taken 

up representatively. At low I (and low V), shunting current Is is low, while the DyBCO 

ligament-transported current Id is on high level. The total current is almost determined by Id in 

low I (low V) range. On the other hand, Is increases largely beyond around Ic (102.1 A) at 

V=1.5 µV in contrast to the gradual increase in Id; Is increases from 1.9 A at V=1.5 µV to 18.8 

A at V=15 µV, while Id increases only by 4.7 A in the range of V=1.5 to 15 µV. Accordingly, 

the ratio of Is to I, Is/I, increases with I especially beyond I=Ic (i.e. beyond V=Vc(=LEc=1.5 

µV)).  

In the same way, the Is/I values at V=1.5, 7.5 and 15 µV at each εT tested were calculated 

and plotted against εT, as shown in Fig.7(b). The variations of measured I values at 1.5, 7.5 

and 15 µV with εT are also shown for reference. The following features are read. (1) The Is/I 

increases and I decreases with increasing εT at any V, indicating that Is/I becomes larger when 

the sample is more severely cracked. (2) Is/I increases with increasing V in all samples. Is/I at 

V=15 µV is around 10 times higher than that at V=1.5 µV.   

 

3.4 Estimation of voltage Vd(=Vs) developed at cracked region  

 

Figure 8(a) shows two examples of V-I and Vd-I curves in normal scale, calculated by 

substituting the (1−f)(L/s)1/n0 and Rt values shown in Fig.5 into Eqs.(3) and (5). Example 1 

shows the case strained by εT=0.382%, whose Ic and Ic0 are 180.4 A(calculated by Eqs.(3) and 

(5)) and 193.9 A (calculated by Eq.(6)), respectively. The critical current Ic is by 7% reduced 

from Ic0 by cracking. Vd values are read to be 1.43, 6.89 and 12.7 µV at V=1.5, 7.5 and 15 µV, 

respectively. The ratios of Vd to V, Vd/V, are 0.95, 0.92 and 0.85, respectively. The result of 
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this example means that (1) the contribution of the term EcL(I/Ic0)
n0 to total V is small (Eq.(3)) 

and most voltage is generated at the cracked region even though the damage is small 

((1−f)(L/s)1/n0=0.93) and (2) Vd/V decreases with increasing V (and I) due to the enhanced 

current shunting at high V. On the other hand, in the example 2 strained by εT=0.394% where 

Ic (161.6 A) is by 17% reduced from Ic0(193.8 A), Vd at any V is almost equal to V (the V-I and 

Vd-I curves are almost overlapped in this example). This means that the overall voltage stems 

from the voltage developed at the cracked region when crack extends more ((1−f)(L/s)1/n0 is 

reduced from 0.93 at εT=0.382% to 0.83 at εT=0.394% ).  

In the same way, the Vd/V at V=1.5, 7.5 and 15 µV at each εT was calculated and plotted 

against εT, as shown in Fig.8(b). Except the Vd/V values at εT=0.382%, the Vd/V values were 

unity regardless the values of V and εT. Only the case at εT=0.382%, which had the highest Ic 

value in the cracked range in the present work, had the Vd/V values (0.95, 0.92 and 0.85 at 

V=1.5, 7.5 and 15 µV, respectively) slightly smaller than unity. This result shows that the total 

voltage V in the cracked sample stems mostly from the cracked region and the contribution of 

EcL(I/Ic0)
n0 in Eq.(3) is small. Consequently, Vd=V holds over almost the entire strain range 

where cracking occurs.  

 

3.5 Analysis of current I at V=1.5, 7.5 and 15 µV 

 

As has been shown in Fig.4(a), the measured critical current (Ic) values at V=1.5 µV(=1 

µV/cm) where Is/I (=Is/Ic) is less than several percent (Fig.7(b)) are reproduced well by the 

estimated values of (1−f)(L/s)1/n0 and Rt. In this subsection, first, whether the total current 

I(=Id+Is) at V=7.5 and 15 µV, where Is/I is high, can be described by Eqs.(3) and (5) with the 

estimated values of (1−f)(L/s)1/n0 and Rt or not was examined. Substituting the values of 

(1−f)(L/s)1/n0 and Rt shown in Fig.5, n0=42.1, and Ic0 obtained by Eq.(6) with the 

corresponding εT value into Eqs.(3) and (5), I values at V=7.5 and 15 µV were calculated for 
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each sample. The calculated I values at V=7.5 (▲) and 15 µV(■), together with those at V=1.5 

µV (●) taken from Fig.4(a) for reference, are shown in Fig.7(b). The measured I values at 

V=1.5(○), 7.5(∆) and 15 µV ( ) at all tested εT are well described by the calculation results. It 

is noted that the influence of increase in Is on I at high V is included in the calculated values 

of I in Fig.7(b).  

Next, we attempted to extract the influence of current shunting on I by using the result 

shown in Fig.8(b) where Vd=V holds in wide range of extent of cracking. Substituting Vd=V 

into Eq.(5), we have a simple expression of I as a function V, I(V), for cracked sample;  
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We define the current at arbitrary voltage V in non-cracked state as I0(V). Using Eq.(2), we 

have the relation of I0(V) to the critical current Ic0 in the form; 
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Substituting Ic0 derived from Eq.(8) and V(=Vd)/Rt=Is into Eq.(7), we have 
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The left term I(V)/I0(V) in Eq.(9) is the current at a voltage V in cracked state, normalized with 

respect to the current in non-cracked state at the same V. Equation (9) indicates that the  

normalized current I(V)/I0(V) is given nearly by (1−f)(L/s)1/n0 at low V where Is(V)/I0(V) is 

small, and it deviates upward from (1−f)(L/s)1/n0 at high V where Is(V)/I0(V) is large.    

The measured and calculated results of I(V) at V=1.5, 7.5 and 15 µV have been shown in 

Fig.7(b). I0(V) can be calculated by Eq.(8). The measured and calculated normalized currents 
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I(V)/I0(V) are plotted against (1−f)(L/s)1/n0 in Fig.9. In the case of V=1.5 µV(=1 µV/cm), I0(V) 

is Ic0 and I(V) is Ic, and Is/Ic0 is less than Is/Ic (<around 0.05). Accordingly, I(1.5 µV)/I0(1.5 

µV) is almost linear against (1−f)(L/s)1/n0 with a slope nearly unity; namely I(1.5 µV)/I0(1.5 

µV) is nearly equal to (1−f)(L/s)1/n0. In this way, the value of (1−f)(L/s)1/n0, obtained by curve 

fitting, can be used directly as a measure of normalized critical current under a criterion of 

Ec=1 µV/cm. On the other hand, I(7.5 µV)/I0(7.5 µV) and I(15 µV)/I0(15 µV) deviate upward 

from the linear relation due to the enhanced current shunting.  

 

3.6 Analysis of variation of n-value with current I and voltage V 

 

In the present work, n(V=0.15-15 µV) was estimated as the n-index in Eq.(1) for the V-I 

relation in the range of V=0.15 to 15 µV (corresponding to 0.1 to 10 µV/cm). The measured 

and calculated values of n(0.15-15 µV) have been shown in Fig.4(b). The experimental results 

are well reproduced by calculation. This result demonstrates that when the voltage range for 

estimation of n-value is fixed as in the present work, n-value in a given voltage range can be 

reproduced by the present approach.  

However, as the shunting current Is increases with increasing I (and V), the n-value is 

dependent on the V-I range for which n-value is estimated. In a very narrow V-I range, the 

n-value is expressed as n=∂ln(V)/∂ln(I), corresponding to the slope of V-I curve in logarithmic 

scale in Figs.3 and 6. In the case of non-cracked state (sample tested at εT=0.362% in Fig.3), 

the slope is almost constant within the V-I range investigated. On the other hand, in the case 

of cracked samples, their V-I relations in logarithmic scale are not straight but curved. The 

slope tends to be smaller with increasing I (and V) due to current shunting. The influences of 

current shunting on n-value are discussed below by using the two differently defined n-values. 

One is the n-value (noted as n(1.5-15 µV)) estimated by Eq.(1) in the voltage range of V=1.5 

to 15 µV (=1-10 µV/cm) where current shunting is enhanced. Another is the n-value (noted as 

n(I)) estimated from the slope in the range between I-1 and I+1 where voltage increases from 

V(I-1) (voltage at I-1) to V(I+1) (voltage at I+1).    
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Figure 10 shows the comparison of the measured n(1.5-15 µV) values with calculated 

ones, together with measured n(0.15-15 µV) values for comparison. Figure 11 shows 

examples of variation of n(I)-value with current I. Example 1 is taken from the data of the 

sample strained by εT=0.411%, whose measured Ic and n(0.15-15 µV) were 136.5 A and 20.8, 

respectively. Example 2 is taken from the data of the sample strained by εT=0.488%, whose 

measured Ic and n(0.15-15µV) were 74.0 A and 11.0, respectively. Open circles show the 

measured values and open rectangles show the calculation result by Eq.(3) and (5) with the 

(1−f)(L/s)1/n0 and Rt values shown in Fig.5. The following indications are read from Figs.10 

and 11. 

(1)As has been shown in Fig.7, the ratio of shunting current to total current, Is/I, increases 

with increasing I especially beyond critical current Ic. From this result, it is expected that the 

n(I) decreases with increasing I (and V) due to the enhancement of current shunting. The 

expected decrease in n(I) is actually found in both measured and calculated results in Fig.11.  

(2) In Fig.11, although the shunting current is low in the low I (low V) region below Ic, n(I) 

decreases evidently. n(I) is very sensitive to shunting current and, accordingly, shunting 

current cannot be ignored for description of n(I) in contrast to critical current.  

(3) As n(I) varies with I (and V) (Fig.11), each of n(0.15-15 µV) and n(1.5-15 µV) is obtained 

as a kind of average of varying n(I) in each corresponding voltage range. Actually the 

n(0.15-15 µV) values (20.8 and 11.0 for examples 1 and 2, respectively) are around average 

of the varying n(I)-value (Fig.11). The voltage range for determination of n(0.15-15 µV) 

covers both of high n(I) range below Ic and low n(I) range beyond Ic, while the voltage range 

for determination of n(1.5-15 µV) covers only low n(I) range beyond Ic. This results in lower 

n(1.5-15 µV) than n(0.15-15 µV) (Fig.10).  

 

4. Conclusions 

 

(1) The experimental results were analyzed using the model of Fang et al. The 

experimentally measured variations of V-I curve, critical current and n(0.15-15 µV)-value 
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with increasing applied strain and the correlation of n(0.15-15 µV)-value to critical current 

were reproduced well by this model.  

(2) The current shunting at cracked part is enhanced with increasing transport current (and 

voltage) especially beyond the critical current. Due to the increase in shunting current with 

transport current, n(I)-value decreases with increasing current. Such a tendency becomes more 

dominant with progress of cracking.    

(3) At critical current under a criterion of 1 µV/cm, shunting current is low and most of 

the current is transported by the DyBCO ligament part. As a result, the critical current of 

cracked sample normalized with respect to that of non-cracked state is described by 

(1−f)(L/s)1/n0. At higher voltages (5 and 10 µV/cm), the contribution of shunting current to 

total transport current becomes larger. As a result, the current, normalized with respect to the 

current of non cracked state, deviates upward from (1−f)(L/s)1/n0. 
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Figure Captions 

 

Fig.1 Schematic representation of (a) current path and (b) simplified electrical circuit under an 

existent partial crack.  

 

Fig.2 An example of arrayed multiple cracks in DyBCO layer.  

 

Fig.3 Measured V-I curves at indicated tensile strain εT.  

 

Fig.4 Change in (a) critical current Ic and (b) n(0.15-15 µV) with increasing applied tensile 

strain εT, and (c) correlation of n(0.15-15 µV) to critical current Ic. ○ and ∆ show the measured 

values and the calculated values by Eqs.(3) and (5) with the obtained (1−f)(L/s)1/n0 and Rt 

values, respectively. 

 

Fig.5 Obtained values of (1−f)(L/s)1/n0 and Rt, plotted against applied tensile strain εT. 

 

Fig.6 Typical examples of calculated V-I curves by substituting the obtained values of 

(1−f)(L/s)1/n0 and Rt into Eqs.(3) and (5) in comparison with the measured ones. The solid and 

dotted curves show the measured and calculated ones, respectively.    

 

Fig.7 (a) Calculated change in Is and Id as a function of transport current I for the sample 

strained by εT=0.449% as an example. (b) Calculated ratios of Is to I, Is/I, together with the 

measured and calculated values of I at V=1.5, 7.5 and 15 µV for all cracked samples 

investigated.    

 

Fig.8 (a) Example of the V-I and Vd-I curves and (b) estimated values of Vd/V at V=1.5, 7.5 and 

15 µV, plotted against tensile strain εT. 
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Fig.9 Measured and calculated values of normalized current I(V)/I0(V) of cracked samples 

plotted against (1−f)(L/s)1/n0. (a) V=1.5 µV. (b) 7.5 µV. (c) 15 µV. The solid lines refer to 

I(V)/I0(V)=(1−f)(L/s)1/n0. 

 

Fig.10 Measured and calculated n(1.5-15 µV)-values, together with n(0.15-15 µV)-values for 

comparison, plotted against tensile strain εT.  

 

Fig.11 Examples of variations of the measured and calculated n(I)-values with transport 

current I. (a) Example 1 (εT=0.411%) (b)Example 2 (εT=0.488%) 
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