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Abstract  Due to thermal contractions, tensions and electromagnetic forces, YBCO coated conductors in 
high-temperature superconductors apparatuses are subjected to mechanical strains. The strains cause the 
degradation of the critical current densities and influence thermo-electro-magnetic features in the conductors. 
Based on the dynamic process of thermo-electro-magnetic interaction, we report the results of numerical 
simulation of thermo-electro-magnetic phenomena in an infinite YBCO film subjected to a uniform in-plane 
strain in an alternating external magnetic field parallel to the sample surface. The numerical simulation 
shows the distributions of magnetic induction, electric intensity, current density and temperature in the film 
and their dependences on the uniform strain. The AC loss in the film is also calculated. We find that whether 
the magnetic field fully penetrates the superconductor is the key factor to influence the feature of AC loss. 
When the magnetic field cannot fully penetrate the superconductor the loss rises with increasing strain. 
When the magnetic field can fully penetrate the superconductor the feature is just opposite. 
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1. Introduction 
 
The second-generation high-temperature superconductors consisting of a YBCO film deposited on a 
metallic substrate, referred to as YBCO coated conductors, are promising materials for power 
applications, such as cables, fault-current limiters and transformers. During the past several years 
impressive development is being made for the conductors. Very high critical current densities of 

22.5 3.0 MA cm  at 77 K  have been reached in long conductor lengths [1]. Due to thermal 
contractions, tensions and electromagnetic forces, the coated conductors in high-temperature 
superconductors apparatuses are subjected to mechanical strains. The strains cause the degradation 
of the critical current densities and influence thermo-electro-magnetic features in the conductors. 
But it is impossible to avoid the strains. The effects of strains on the critical current densities have 
been reported by many researches. However, researches investigating the effects of strains on the 
other thermo-electro-magnetic features are relatively less. Osami Tsukamoto and his partners have 
done a series of studies on the AC losses in coated conductors subjected to strains [2-6]. But they 
have not studied the details of thermo-electro-magnetic phenomena in the coated conductors, such 
as the distributions of magnetic induction, temperature, electric intensity and current density. 
 
In this paper, we propose an approach to investigate the thermo-electro-magnetic features in an 
infinite YBCO film subjected to a uniform strain in an external AC magnetic field parallel to the 
surface of film. The approach is based on numerically solving the coupled magnetic and heat 
diffusion equations associated with the intrinsic nonlinear behaviors of ( , , )B T  , ( , , )cJ T B  , 

( )c T , etc., from which the details of thermo-electro-magnetic phenomena in the film and their 
dependences on the strain are obtained. 
 
2. Mathematical model and numerical analysis method 
 
We consider an infinite YBCO film in yz  plane with thickness 2d  in x  direction subjected to a 

uniform strain   in y  direction and an external magnetic field exB  parallel to the sample 
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surface in z  direction (see Fig. 1). 
 

 
Figure 1. Sketch of the model. 

 
The YBCO film is modeled as a slab, at which the distributions of the z  component of magnetic 
induction ( , )B x t , the y  component of electric intensity ( , )E x t , and the current density ( , )J x t  
are governed by the Maxwell equations 
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Here， 7 2
0 4 10  N A      is the permeability of free space. Considering the E J  relation of 

superconductor can be assimilated with that of normal conductor, i.e., 
 ( , , ) ,E B T J   (3) 

where ( , , )B T   stands for the effective electric resistance, hence Eqs. (1) and (2) can be reduced 
into the form 
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The temperature ( , )T x t  is satisfied with one-dimensional Fourier’s heat conducting equation 

 ( ) 0, ,
T T

c T W d x d
x x t

             
 (5) 

in which   represents the thermal conductivity, ( )c T  is the heat capacity, and W EJ  
indicates the heat source intensity. After the YBCO film is cooled to the temperature of the coolant 
in the zero magnetic field (i.e., the external magnetic field is equal to zero), the boundary and initial 
conditions of the magnetic field and the temperature field can be written as 

 : ( , ) ( ),exx d B x t B t    (6) 
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 00 : ( , ) 0, ( , ) ,t B x t T x t T    (8) 

where ( )h T  is the heat transfer coefficient， 0T  denotes the temperature of the coolant, and ( )exB t  
stands for the external magnetic field. Here, we apply a sinusoidal field 0( ) sin 2exB t B ft . 

At the temperature zone of liquid nitrogen，a power law 0 /( / )U kT
c cE E J J  is reasonable for 

describing electromagnetic constitutive relation of the high-temperature superconductor, where cJ  

is the critical current density defined by the reference electric field cE , 0U  denotes the activation 

energy and k  is the Boltzmann constant [7]. According to Eq. (3), the effective electric resistance 



3 
 

  is given by 
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The present research on the activation energy indicates that the energy is dependent on the local 
temperature and magnetic field, and it is explicitly expressed by [8] 

 4
0 00 2( , ) [1 ( / ) ][1 / ( )],c cU T B U T T B B T    (10) 

where 00U  denotes the barrier height in the zero magnetic field at 0 K , cT  is the critical 

temperature, and 2
2 2( ) (0)[1 ( / ) ]c c cB T B T T   stands for the upper critical magnetic field.  

For the samples of YBCO, the dependence of the critical current density on strain ( )cJ   is given 

by fitting the experimental data with relation [9, 10] 

 
2.2

( ) ( 0)(1 ),c cJ J a      (11) 

in which a  is the fitting parameter. After the temperature and magnetic field dependence of 
critical current density is taken into account [11, 12], i.e., 
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we can get the temperature, magnetic field and strain dependence of critical current density, i.e., 
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where the parameter 0cJ  is the critical current density when the temperature, magnetic field and 

strain are equal to zero, and B
 is a phenomenological parameter. 

 
Consequently, the system with thermo-electro-magnetic interaction can be described by the 
initial-boundary problem of Eqs. (4)-(8). It is hard to solve the nonlinear coupling problem 
analytically, so we propose a numerical code by means of the finite difference method and iteration 
to solve it. 
 
3. Results and discussions 
 
In this section, thermo-electro-magnetic phenomena in the YBCO film subjected to a uniform strain 
in an external magnetic field parallel to the sample surface at the temperature zone of liquid 
nitrogen are displayed by the numerical results which are obtained from the essential equations in 
the previous section. We investigate the distributions of magnetic induction, temperature, electric 
intensity and current density in the film and their dependences on the uniform strain. Two situations 
are taken into account. One is that the magnetic field does not fully penetrate the YBCO film. The 
other one is that the magnetic field fully penetrates the YBCO film. In addition, the AC loss in the 
film is calculated. In the numerical analysis, we select the parameters in their possible regions given 
in literatures [9, 13-18]: 9900a  , 11 2

0 6.4 10  A mcJ   , 62 0.8 10  md   , 92 KcT  , 

0 76 KT  , 2 (0) 200 TcB  , 00 0/ 54U kT  , 0.3 TB  , 4 110  V mcE   , 2 1 11 J m  s  Kh    , 
1 1 14 J m  s  K    , 2 2 3 4 1 3( ) 2.02 10 7.82 10  (J K  m )c T T T      . The external magnetic field 

frequency f  is selected as 50 Hz . 
 
3.1. The magnetic field does not fully penetrate the YBCO film 
 
Fig. 2 shows the distributions of the z  component of magnetic induction ( , )B x t , temperature 
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( , )T x t , the y  component of electric intensity ( , )E x t  and current density ( , )J x t  in the YBCO 

film at 0.2%   and 0 0.001 TB  . The curves at different times in a magnetization period cycleT  

are displayed. When the external magnetic field amplitude 0B  is applied to 0.001 T , the 

magnetic field cannot fully penetrate the film. From Fig. 2(a), one sees that the magnetic field 
penetration depth increases with increasing external magnetic field. When / 4cyclet T , the 
external magnetic field gets to the maximum. After the time, the external magnetic field decreases 
gradually. The magnetic induction in the film near the surface decreases with that. However, the 
magnetic field penetration depth does not decrease. This is because the pinning force hinders flux 
lines from moving out of the superconductor. After / 2cycleT , the external magnetic field increases 
in the opposite direction. When 3 / 4cyclet T  the external magnetic field gets to the maximum in 
the negative direction. The distribution of magnetic induction in the film at this time is just opposite 
compared with that when / 4cyclet T , which means the distributions at the two times have the 
same values, however, their directions are opposite. The distributions of magnetic induction at 

/ 2cycleT  and cycleT  have the same feature. Fig. 2(b) illustrates the temperature at every position in 
the film is the same during the magnetization period. Due to the AC loss in the film, the temperature 
of the film increases with time. But the increments of temperature are slight. From Fig. 2(c), one 
sees that the distributions of electric intensity are antisymmetrical about the middle layer of the film. 
At the surface of the film, the values of electric intensity at / 2cycleT  and cycleT  are larger than 
those at / 4cycleT  and 3 / 4cycleT . This is because the external magnetic field sweep rate /exdB dt  

at / 2cycleT  and cycleT  is faster than that at / 4cycleT  and 3 / 4cycleT , the vortex electric intensities 
generated are larger. The current density has the same direction with the electric intensity, so the 
distributions of electric intensity are also antisymmetrical about the middle layer of the film (see Fig. 
2(d)). 
 

 
Figure 2. The distributions of the z  component of magnetic induction ( , )B x t , temperature ( , )T x t , the 

y  component of electric intensity ( , )E x t  and current density ( , )J x t  in the YBCO film at 0.2%   

and 0 0.001 TB  . In Fig. 2(a), the magnetic induction B  is normalized by the external magnetic field 

amplitude 0B . 
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Fig. 3 demonstrates the dependences of the distributions of magnetic induction, temperature, 
electric intensity and current density on the uniform strain under the situation that the magnetic field 
does not fully penetrate the film. We find that their dependences on the strain are slight. Fig. 3(a) 
shows the distributions of magnetic induction at 0%, 0.2%, 0.4%   when the time is equal to 

/ 4cycleT . One sees that the magnetic induction in the superconducting film increases slightly when 
the strain increases. According to Eq. (13) the critical current density cJ  decreases with increasing 

strain  , so the pinning force decreases with increasing strain. When the pinning force decreases, it 
is easier for the flux lines to move into the superconductor. So the magnetic induction in the film 
increases. However, the increment is slight, which indicates the effect of strain on the pinning force 
is very small when the magnetic field does not fully penetrate the film. From Fig. 3(b) and Fig. 3(c), 
one sees that the strain almost has no effect on the distributions of temperature and electric intensity. 
The three curves at 0%, 0.2%, 0.4%   superpose. Fig. 3(d) illustrates the current density in the 
film near the surface decreases with increasing strain. At the deeper position in the film, the feature 
is opposite. We need to point out that only the range of reversible strain is considered in our 
simulations. When the strain exceeds the irreversible strain limit irr  ( irr 0.5%   in this paper), 

cracks begin to appear in the superconductor, which result in the irreversible degradation in critical 
current density [9]. This is not permitted in applications [10, 19, 20]. 
 

 
Figure 3. The dependences of the distributions of magnetic induction, temperature, electric intensity and 
current density on the uniform strain when 0 0.001 TB  . In Fig. 3(b) and Fig. 3(c), the three curves at 

0%, 0.2%, 0.4%   superpose. 
 
3.2. The magnetic field fully penetrates the YBCO film 
 
Fig. 4 shows the distributions of magnetic induction, temperature, electric intensity and current 
density in the YBCO film at different times when 0.2%   and 0 0.02 TB  . When the external 

magnetic field amplitude 0B  is applied to 0.02 T , the magnetic field can fully penetrate the film. 

The features of the evolutions of these distributions with time are similar to those when the 
magnetic field cannot fully penetrate the film. From Fig. 4(a), one also sees that after / 4cycleT  
although the external magnetic field decreases, the magnetic induction in the film closed to the 
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middle layer increases. According to this phenomenon, we can deduce the pinning force in the film 
closed to the middle layer reduces during the decrease of external magnetic field (Fig. 2(a) 
illustrates the same feature). 

 
Figure 4. The distributions of magnetic induction, temperature, electric intensity and current density in the 
YBCO film at 0.2%   and 0 0.02 TB  . 

 
Fig. 5 demonstrates the dependences of the distributions of magnetic induction, temperature, 
electric intensity and current density on the uniform strain under the situation that the magnetic field 
fully penetrates the film. It is found that the effects of strain on these distributions are more obvious 
than those when the magnetic field does not fully penetrate the film in the range of reversible strain. 
When the strain increases the AC loss in the film decreases, which results in the decrease of 
temperature in the film (see Fig. 5(b)). Fig. 5(c) and Fig. 5(d) indicate that the larger the strain is, 
the smaller the electric intensity and current density are. This feature is different from that when the 
magnetic field does not fully penetrate the film. 

 
Figure 5. The dependences of the distributions of magnetic induction, temperature, electric intensity and 
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current density on the uniform strain when 0 0.02 TB  . In Fig. 5(b), the red line and blue line superpose. 

 
3.3. The AC loss in the YBCO film 
 
After ( , )E x t  and ( , )J x t  in the YBCO film are numerically obtained, AC loss per unit volume 
per cycle Q  is obtained by the following formula 
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Fig. 6 shows curves of the AC loss Q  versus the uniform strain   at different external magnetic 
field amplitudes. It is interesting to find that when the magnetic field cannot fully penetrate the 
superconducting film ( 0 0.001 TB  ), the loss rises with increasing strain. However, the feature is 

opposite when the magnetic field can fully penetrate the film ( 0 0.02 TB  ). 

 

 
Figure 6. Curves of the AC loss Q  versus the uniform strain   when 0 0.001 TB   and 0 0.02 TB  . 

 
4. Conclusions 
 
By solving the nonlinear coupled equations of magnetic and heat diffusions numerically, we study 
thermo-electro-magnetic phenomena in an infinite YBCO film subjected to a uniform in-plane 
strain in an alternating external magnetic field parallel to the sample surface. The distributions of 
magnetic induction, temperature, electric intensity and current density in the film are investigated at 
different times under two situations. In one of the situations the magnetic field does not fully 
penetrate the film and in the other one the magnetic field does. In addition, we investigate the 
effects of the uniform strain on those distributions. It is found that the effects of the uniform strain 
are small in the range of reversible strain. At last, the AC loss in the film is reported. We find that 
whether the magnetic field fully penetrates the superconductor is the key factor to influence the 
feature of AC loss. When the magnetic field cannot fully penetrate the superconductor the loss rises 
with increasing strain. When the magnetic field can fully penetrate the superconductor the feature is 
just opposite. 
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