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Abstract.  Magneto-electro-elastic (MEE) materials under thermal environment exhibits pyroelectric and 
pyromagnetic coefficients resulting in pyroeffects such as pyroelectric and pyromagnetic. The pyroeffects on 
the behavior of multiphase MEE sensor bonded on top surface of a mild steel cylindrical shell under thermal 
environment is presented in this paper. The study aims to investigate how samples having different volume 
fractions of the multiphase MEE sensor behave due to pyroeffects using semi-analytical finite element 
method. This is studied at an optimal location on a mild steel cylindrical shell, where the maximum electric 
and magnetic potentials are induced due to these pyroeffects under different boundary conditions. It is 
assumed that sensor and shell is perfectively bonded to each other. The maximum pyroeffects on electric and 
magnetic potentials are observed when volume fraction is vf = 0.2. Additionally, the boundary conditions 
significantly influence the pyroeffects on electric and magnetic potentials. 
 

Keywords:  pyroelectric; pyromagnetic; magneto-electro-elastic sensor; cylindrical shell; semi-analytical 
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1. Introduction 
 

Magneto-Electro-Elastic (MEE) composite materials have the ability to generate magnetic, 

electric and mechanical responses when they experience a thermal stimulus due to its significant 

coupling between mechanical, electric, magnetic and thermal fields, which are potentially useful in 

smart or intelligent structure applications. MEE material exhibits magnetic-electric-mechanical 

coupling effect in such a way that they produce electric and magnetic fields when deformed and 

conversely, undergo deformation when subjected to electric and magnetic field. The 

magnetoelectric coupling effect which is absent in the constituent components is exhibited by this 

class of material. In addition to this, the pyroelectric and pyromagnetic coupling effects which are 

present with a thermal field are also exhibited by this class of MEE materials. This cross or 

product property is created by coupling of elastic deformations in the piezoelectric and 
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piezomagnetic phases and the elastic deformations may be induced directly by mechanical 

loading/temperature gradient or indirectly by an application of electric or magnetic field. This 

unique feature allows magnetic control of electric polarization, electric control of magnetization 

and control of electric and magnetic fields with mechanical stress. Due to the exceptional nature of 

these materials to convert one form of energy into another, find widespread applications in areas 

like magnetic field probes, acoustic devices, medical ultrasonic imaging, sensors and actuators Wu 

and Huang (2000). 

Aboudi (2001) has presented the effective moduli of magneto-electro-elastic composite by 

employing homogenization method with the assumption that composites have a periodic structure. 

Sunar et al. (2002) has presented finite element modeling of a fully coupled thermopiezomagnetic 

continuum with the aid of thermodynamic potential. Sirohi et al. (2000) investigated the 

piezoceramic (PZT) strain sensors by measuring the strain generated by direct piezoelectric effect. 

Mahieddine and Ouali (2008) have used finite element model to analyze beams with piezoelectric 

sensors and actuators based on first order Kirchoff theory. Various parametric studies were 

conducted to demonstrate the application of piezoelectric effect in active vibration control. Daga et 

al. (2009) has presented the transient sensory response of magneto-electro-elastic composite 

containing different volume fractions of Barium Titanate in a matrix of Cobalt Iron Oxide by using 

magnetic scalar potential approach. 

Soh and Liu (2005) has presented the recent research advances on the magnetoelectric coupling 

effect of piezoelectric-piezomagnetic composite materials and their fundamental mechanics issues 

are reviewed comprehensively. The eight sets of constitutive equations for magnetoelectroelastic 

solids and the energy functions corresponding to each set of constitutive equations are given. The 

mathematical properties of the thermodynamic potentials and the relations between the material 

constants are discussed. Ryu et al. (2002) investigated ME particulate composites and laminate 

composites and summarized the important results. They concluded that to obtain excellent ME 

property from the ME laminate composites, a high piezoelectric voltage coefficient, an optimum 

thickness ratio between piezoelectric layer and Terfenol-D layers, the direction of magnetostriction 

in the Terfenol-D disks, and higher elastic compliance of piezoelectric material were important 

factors. Nan et al. (2008) studied bulk and nanostructured multiferroic MEE composite consisting 

of ferroelectric and magnetic phases in experimental and theoretical perspectives. The effects of 

geometric size and mechanical boundary conditions on bilayered composites for magneto-electric 

coupling was investigated by Pan et al. (2009) using three dimensional finite element approach. 

The theoretical analysis of a multilayered magneto-electro-thermoelastic hallow cylinder under 

unsteady and uniform surface heating is presented by Ootao and Ishihara (2011). The exact 

solution of transient thermal stress problem with the assumption of plane strain state is obtained. 

Additionally without considering the pyroelectric and pyromagnetic effects, investigated the 

effects of coupling between magnetic, electric and thermoelastic fields. Guiffard et al. (2010) were 

studied room temperature magnetic field detection using single piezoelectric disk with a good 

sensitivity and linear response versus dc magnetic field change. This study validates that ME effect 

originates from the presence of eddy currents within the metal electrodes of the ceramic, thus 

yielding radial Lorentz stress which is transduced to the PZT. Kalamkarov et al. (2009) have 

presented the new trends in application of asymptotic homogenization techniques to the analysis of 

composite materials and thin-walled composite structures and their effective properties. In addition 

to review the existing results, they introduced a possibility of analytical solution of the unit cell 

problems obtained as a result of the homogenization procedure. Kalamkarov (2014) has developed 

micromechanical models by applying asymptotic homogenization technique and obtained 
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analytical formulae for the effective properties to composite materials and thin-walled composite 

structures. 

Recently, Hadjiloizi et al. (2013a) and Hadjiloizi et al. (2013b) have presented the effective 

pyroelectric and pyromagnetic coefficients in micromechanical analysis of 

magneto-electro-thermo-elastic composite for quasi-static model using the asymptotic 

homogenization method. The results of this model fully agree with Bravo-Castillero et al. (2008). 

Study of these pyroelectric and pyromagnetic coefficients resulting in pyroelectric and 

pyromagnetic effects on MEE sensor to account the thermal environment for enhancing the 

performance of the sensor was uncovered till date. Hence the present work is attempted. 

 

 

2. Theoretical formulation 
 

2.1 Constitutive equations 
 

In a cylindrical coordinate system (r, , z), the coupled constitutive equations for linearly 

magneto-electro-elastic three dimensional solid under thermal environment (where thermal field is 

not fully coupled with the magneto-electro-elastic field) can be written as (Gao and Noda 2004, 

Ganesan et al. 2007) 

 

j jk k mj m mj m j

l lk k lm m lm m l

l lk k lm m lm m l

c S e E q H

D e S E m H p

B q S m E H

 



 

    

    

    
                       

(1) 

where cjk, elk, qlk are elastic, piezoelectric, piezomagnetic, stress-temperature coefficients 

respectively and γj is the thermal stress coefficient being related with the thermal expansion 

coefficient β by γ = cβ. εlm, mlm, μlm, pl and τl represents respectively the dielectric, 

magneto-electric, magnetic permeability, pyroelectric and pyromagnetic tensors. These equations 

relate stress (σj), electric displacement (Dl) and magnetic flux density (Bl) to strain (Sk), electric 

field (Em), magnetic field (Hm) and temperature rise (Θ). 

 

2.2 Semi-analytical finite element formulation 
 
The semi-analytical finite element formulation discussed in this section pertains to an 

axisymmetic shell subjected to arbitrary temperature along the circumferential () direction of the 

shell. In addition, the arbitrary temperature distribution can be expanded using Fourier series in 

circumferential  direction. Even though the derivation here is given in general as the shell is 

subjected to constant temperature in the circumferential direction. For an axisymmetric cylindrical 

shell, the geometry and material properties does not vary in the circumferential () direction and 

semi-analytical finite element approach can be used for a simplified solution. For a general case 

the thermal displacements, electric potential and magnetic potential are expressed using Fourier 

series in circumferential direction as 
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(2) 

Solution corresponding to n = 0 pertains to an axisymmetric problem. The analysis has been 

reduced for finite element in radial (r) and axial (z) directions. ur, u and uz are the radial, 

circumferential and axial displacements respectively, ϕ is the electric potential and ψ is the 

magnetic potential. ur(r,z), u(r,z), uz(r,z), ϕ(r,z), ψ(r,z) are the amplitudes of the symmetric 

components of the primary variables. The semi-analytical finite element formulation of the 

coupled magneto-electro-elastic problem is derived by approximating the  displacement ({u}={ur, 

u, uz}
T), electric potential (ϕ), and magnetic potential (ψ) on element level using suitable shape 

functions and corresponding nodal quantities as 

  ( , ) e

uu N r z u  

 ( , ) eN r z      (3) 

 ( , ) eN r z      

where Nu, N and N are shape functions for mechanical, electrical, and magnetic fields 

respectively. Using the semi-analytical finite element approach, the shell geometry is modelled 

with four-noded isoparametric element having shape functions 

  
1

( , ) 1 1
4

i i iN              for  i = 1,2,3,4 

where ξ and η are the natural coordinates. 

The strain-displacement, electric field-electric potential and magnetic field-magnetic potential 

are used in the finite element analysis along with the constitutive Eq. (1). In cylindrical 

coordinates, the strain-displacement relation can be written as 

1
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(4) 

where Sij is strain component. The angular displacements are absent in axisymmetric problem, 

hence the derivatives of all parameters with respect to  are equal to zero. So the 

strain-displacement relations are re-written as 
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, , , , 0 0r r z z r
rr zz rz r z

u u u u u
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          (5) 

For obtaining the element level governing equations for strain (S), the strain vector within 

element can be expressed in terms of derivatives of shape functions and nodal quantities as 

    euS B u                              (6) 

where [Bu], the strain displacement matrix, can be written as 
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  for u = 1,2...4 

Similarly, the relation between electric field (E) and electric potential ( ); magnetic field (H) and 

magnetic potential ( ) can be written as 

1
, ,r zE E E

r r z


  



  
     

  
                    (7) 
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The electric and magnetic field vectors within element can be expressed in terms of respective 

derivatives of shape functions and nodal quantities to get element level governing equations as 

   eE B                                   (9) 

   eH B                                 (10) 

where [ B ] and [ B ] are the derivative of shape function matrices, can be written as 

    1 2 3 4
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 for i = ϕ, ψ 

The derivation of finite element equations for magneto-electro-thermo-elastic material by 

considering body force, traction and heat flux using virtual displacement principle is given by 

Ganesan et al. (2007) and it is written as 
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The above equation can be expressed in matrix form as 
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From Eq. (12), assembling all element contributions, the equation of motion can be written as 

          M v D v K v F  
                  

 (13) 
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Eq. (13) can be used to investigate the dynamic behavior of the magneto-electro-thermo-elastic 

material where the mechanical, electrical, magnetic and thermal fields are fully coupled. To 

investigate the pyroelectric and pyromagnetic effects on behavior of multiphase 

magneto-electro-elastic cylindrical shell, the above equation is reduced to static case along with 

the following assumptions, 

1. Thermal field of the system is uniform and not fully coupled with the 

magneto-electro-elastic field, i.e., the magneto-electro-elastic field can be affected by the 

temperature field through constitutive relations but the temperature field is not affected by 

the magneto-electro-elastic field. 

2. The mechanical, electric and magnetic fields are fully coupled. 

3. The externally applied mechanical force, electric charge and magnetic current are assumed 

to be zero. 

 

Based on the above assumptions, Eq. (13) can be written as 
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 (14) 

where {F
e
u}, {F

e
ϕ} and {F

e
ψ} corresponds to externally applied mechanical force, electric charge 

and magnetic current vectors respectively. {F
e
uΘ}, {F

e
ϕΘ} and {F

e
ψΘ} represents respectively the 

thermal, pyroelectric and pyromagnetic load vectors. (Note: The negative signs of {F
e
ϕΘ} and 
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{F
e
ψΘ} in Eq. (14) are taken care of by pyroelectric and pyromagnetic properties in Table 1). 

Without considering the applied {F
e
u}, {F

e
ϕ} and {F

e
ψ} load vectors, Eq. (14) can be written as
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 (15)
 

where, the matrix Kuϕ is stiffness matrix due to piezoelectric-mechanical coupling effect, and Kuψis 

stiffness matrix due to piezomagnetic-mechanical coupling effect, and Kϕψ is stiffness matrix due 

to magneto-electric coupling effect. KuΘ, KϕΘ and KψΘ are stiffness matrices due to 

thermal-mechanical, thermal-electrical and thermal-magnetic coupling effects respectively. The 

matrices Kuu, Kϕϕ and Kψψ are stiffness matrices due to mechanical, electrical and magnetic fields 

respectively.  

 

2.2.1 Evaluation of elemental matrices 

The different elemental stiffness matrices of Eq. (15) for magneto-electro-elastic cylindrical 

shell are further defined as 

    
T

e

uu u u
v

K B c B dv     ;    
T

e

u u
v

K B e B dv 
        ;    

T
e

u u
v

K B q B dv 
        ;  

 
T

e

v
K B m B dv  
            ;  

T
e

v
K B B dv              ;   

T
e

v
K B B dv               

The volume integration is replaced with dv = 2πrdrdz for axisymmetric problems. In the present 

study, axisymmetric temperature is considered to be the known quantity and hence the thermal 

load term, and pyroelectric load (electric load generated due to axisymmetric temperature) and 

pyromagnetic load (magnetic load generated due to axisymmetric temperature) terms can be 

treated as external loadings in the system equations. These can be solved for displacements, 

electric potential and magnetic potential. These external vectors used in the system equations are 

given as follows 

        
T

e e

u u u

v

F K B c dv 
                          (16)

 

where {Fe
uΘ} is the thermal load vector and is governed as a direct effect on displacements, and 

indirect effect on electric and magnetic potentials through constitutive equations. 

     
T

e e

v

F K B p dv   
                             (17)

 

where {Fe
ϕΘ} is the pyroelectric load vector and is governed as a direct effect on electric potential, 

and indirect effect on magnetic potential and displacement through constitutive equations.  

     
T

e e

v

F K B dv    
         

                  
 (18)

 

where {Fe
ψΘ} is the pyromagnetic load vector and it is governed as a direct effect on magnetic 
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potential, and indirect effect on electric potential and displacements through constitutive equations.  

The coupled formation of Eq. (15) can be written as 

uu u u u

u

u

K K K u F

K K K F

K K K F

 

   

   











    
     

      
          

                     (19) 

 

 

3. Results and discussion 
 

The semi-analytical finite element method is used to analyze pyroeffects on behavior of 

magneto-electro-elastic sensor bonded on top surface of a mild steel cylindrical shell subjected to 

uniform temperature rise of 50 K. The purpose of the sensor is to measure electric and magnetic 

response to applied thermal environment. The main objective of the present work is to find out how 

samples having different volume fractions of the multiphase MEE sensor behave due to pyroeffects 

using semi-analytical finite element method. The sensor bonded on top surface of the cylindrical 

shell at optimal location (clamped end) is considered based on optimal sensor placement as 

discussed in Section 3.2. The advantage of considering optimal sensor placement study is that there 

is no need to analyze the sensor behavior at selective locations such as clamped end, intermediate 

location, free end, etc. The multiphase magneto-electro-elastic cylindrical shell is made of 

piezomagnetic (CoFe2O4) matrix reinforced by piezoelectric (BaTiO3) material for different volume 

fractions from vf = 0 to 1. The vf = 1.0 corresponds to pure piezoelectric material and vf = 0.0 

corresponds to pure piezomagnetic material.  

The multiphase MEE cylindrical shell is analyzed with uniform axisymmetric temperature to 

study the pyroeffects under clamped-clamped and clamped-free boundary conditions. The 

pyroelectric effect can manifest through the pyroelectric loading term given in Eq. (17). The 

pyromagnetic effect can manifest through the pyromagnetic loading term given in Eq. (18). 

Influence of these two (pyrolectric and pyromagnetic loads) are called direct effect on electric and 

magnetic potentials. In contrast, due to thermal loading (Refer Eq. (16)) also electric and magnetic 

potential can be developed through constitutive equations. This is called indirect effect on electric 

and magnetic potentials (Refer Section 2.2.1). Whereas in the case of displacement, it is vice-versa. 

The sensor is bonded at an optimal location (clamped end) on outer surface of the shell under 

both clamped-free and clamped-clamped boundary conditions. It is assumed that the mild steel 

shell and the sensor are perfectly bonded to each other. Semi-analytical finite element method is 

used to model the structure. Fig. 1 schematically represents the mild steel cylinder with sensor 

patch bonded at optimal location on its outer surface. The dimensions of axisymmetric cylindrical 

shell used for analysis are as follows: length of the cylinder (l) = 4.0 m, inner radius (ri) = 0.995 m 

and thickness of the cylinder (t) = 0.01 m. The material properties are given in Table 1. The 

displacement, electric and magnetic potentials of the sensor are considered in the present analysis 

under both boundary conditions. To study the pyroeffects on bonded MEE sensor, the results are 

compared with conventional approach which presumed as without considering pyroelectric and 

pyromagnetic loads or in other words, the coefficients γ ≠ 0, p = 0 and τ = 0. 
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Table 1 Material properties of PZT5A and different volume fraction of multiphase magneto-electro-elastic 

BaTiO3-CoFe2O4 (Aboudi 2001, Hadjiloizi et al. 2012, Chen et al. 2007, Biju et al. 2011) 

 0.0vf 0.2vf 0.4vf 0.6vf 0.8vf 1.0vf PZT-5A 

Elastic constants 

c11=c22 286 250 225 200 175 166 99.2 

c12 173 146 125 110 100 77 54 

c13=c23 170 145 125 110 100 78 50.8 

c33 269.5 240 220 190 170 162 86.9 

c44=c55 45.3 45 45 45 50 43 21.1 

Piezoelectric constants 

e31=e32 0 -2.0 -3.0 -3.5 -4.0 -4.4 -7.2 

e33 0 4.0 7.0 11.0 14.0 18.6 15.1 

e24=e15 0 0 0 0 0 11.6 12.3 

Dielectric constants 

ε11= ε22 0.08 0.33 0.8 0.9 1.0 11.2 1.53 

ε33 0.093 2.5 5.0 7.5 10.0 12.6 1.5 

Magnetic permeability constants 

μ11= μ22 -5.9 -3.9 -2.5 -1.5 -0.8 0.05 0 

μ33 1.57 1.33 1.0 0.75 0.5 0.1 0 

Piezomagnetic constant 

q31=q32 580 410 300 200 100 0 0 

q33 700 550 380 260 120 0 0 

q24=q15 560 340 220 180 80 0 0 

Magnetoelectric constants 

m11=m22 0 2.8 4.8 6.0 6.8 0 0 

m33 0 2000 2750 2500 1500 0 0 

Pyroelectric constants 

p2 0 -3.5 -6.5 -9 -10.8 0  

Pyromagnetic constants 

τ2 0 -36 -28 -18 -8.5 0 0 

Thermal expansion coefficient 

β11= β 22 10 10.8 11.8 12.9 14.1 15.7 1.5 

β 33 10 9.3 8.6 7.8 7.2 6.4 1.5 

Density        

Ρ 5300 5400 5500 5600 5700 5800 7750 

cij in N/m2, eij in C/m2, εij in 10-9 C2/N m2 or 10-9C/V m, qij in N/A m, μij in 10-4Ns2/C2, mij in 10-12 N s/V C, pi 

in 10-7 C/m2 K, τi in 10-5 C/m2 K, βij in 10-6 1/K, ρ in kg/m3 

 

 
3.1 Validation of the proposed formulation 
 

A computer code has been developed to study the pyroelectric and pyromagnetic effects on the 

behavior of magneto-electro-elastic sensor bonded to mild steel cylindrical shell subjected to 

different boundary conditions. The arrangement consists of one electrode from the shell which is 

grounded and the other electrode which is kept on the top of the sensor patch. 
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(a) (b) 

Fig. 1 Schematic diagram of mild steel cylinder with sensor bonded at an optimal location (clamped end) 

for (a) clamped-free and (b) clamped-clamped boundary conditions 

 

0.000 0.008 0.016 0.024
0

9x10
-6

2x10
-5

3x10
-5

4x10
-5

u
r (

m
)

Sensor patch length (m)

 Code

 Ansys

 
(a) 

0.000 0.008 0.016 0.024
-2x10

-6

0

2x10
-6

4x10
-6

6x10
-6

8x10
-6

u
z (

m
)

Sensor patch length (m)

 Code

 Ansys

 
(b) 

Fig. 2 Validation of (a) radial (ur) and (b) axial (uz) displacement components along the length on outer 

surface of the sensor patch (C-F boundary condition) 
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The piezomagnetic materials can be modeled using ANSYS since the constitutive relations as 

well as the governing field equations (if free currents and transient effects are neglected) are of 

identical format with piezoelectric materials. Since ANSYS does not explicitly contain 

piezomagnetic relationships, it is unable to model fully coupled MEE materials which involves the 

combined contributions of both piezoelectric and piezomagnetic material models. Thus 

commercial finite element package ANSYS was used for validating the methodology adopted for 

solution procedure. Hence the present code is validated using piezoelectric material PZT-5A 

whose material properties (Chen et al. 2007) are given in Table 1. Figs. 2 (a) and 2(b) shows the 

validation of radial (ur) and axial (uz) displacement components along the length on the top surface 

of piezoelectric sensor bonded to mild steel cylindrical shell under clamped-free boundary 

condition. Figs. 3(a) and 3(b) shows the validation of electric potential of the sensor along the 

length on outer surface of the sensor patch for clamped-free and clamped-clamped boundary 

conditions respectively. The results obtained by ANSYS are found to be in good agreement with 

the present formulation. 
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Fig. 3 Validation of electric potential along the length on outer surface of the sensor patch for (a) C-F and 

(b) C-C boundary conditions  
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Fig. 4 Electric potential (ϕ) corresponding to the position of MEE sensor on outer surface of mild steel 

cylinder under clamped-free boundary condition 

 
 
3.2 Optimal placement of MEE sensor 
 

The optimal placement of MEE sensor on the outer surface of the mild steel cylindrical shell 

for obtaining maximum electric potential due to pyroeffects is studied. This study is carried out by 

implementing auto-mesh generation at different positions on outer surface along the length of the 

shell under clamped-free as well as clamped-clamped boundary conditions. It is assumed that the 

electric potential of the sensor is not arrested at clamped ends. Fig. 4 shows the electric potential 

(ϕ) corresponding to the position of the MEE sensor on outer surface along the length of the shell 

for clamped-free boundary condition. (Note: The effect on electric potential for clamped-clamped 

boundary condition is not shown in Figure, since the same trend as in for clamped-free boundary 

condition is observed). It is observed that the electric potential is maximum near the clamped end 

of the shell under both the boundary conditions. The pyroeffects on electric potential follows the 

same trend as in conventional approach. This optimal location of the sensor on outer surface of 

shell (clamped end) is considered to carry out the objective which discussed in Section 3 under 

both the boundary conditions. 

 

3.3 Clamped-clamped boundary condition with sensor at optimal location 
 

The pyroelectric and pyromagnetic effects on the behavior of multiphase 

magneto-electro-elastic sensor bonded on outer surface of cylindrical shell at the clamped end 

(optimal location) for uniform axisymmetric temperature under clamped-clamped boundary 

condition is studied. The study is carried out for different volume fractions of BaTiO3. Figs. 

5(a)-5(c) shows the variation of radial displacement component, electric and magnetic potentials 

on outer surface along the length of the sensor patch. (Note: The effect on axial displacement 

component is not shown in Figure, since the same trend as in radial displacement component is 
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observed). It is observed that the magnitude of radial displacement component is larger than the 

axial displacement component. There is no change in the magnitude of displacement components 

due to pyroelectric and pyromagnetic effects when compared to conventional approach. 

The magnitude of electric potential is maximum near the clamped end and decreases along the 

length of the sensor for all volume fractions. The magnetic potential is oscillating continuously 

along the length of the sensor with different magnitudes for different volume fractions of the 

composite. The variation of electric and magnetic potentials with pyroeffects follows the same 

trend as the conventional approach. Unlike the displacement components, electric and magnetic 

potentials are affected by the pyroeffects. There is a decrease in electric potential and an increase 

in magnetic potential due to pyroeffects when compared to conventional approach. The pyroeffects 

on electric potential is maximum for volume fraction vf = 0.2 (Fig. 5(b)), and on magnetic 

potential, is maximum for volume fraction vf = 0.4. (Fig. 5(c)) 

 

3.4 Clamped-free boundary condition with sensor at optimal location 
 
The pyroeffects on behavior of multiphase MEE sensor bonded on the outer surface of 

cylindrical shell at clamped end (optimal location) for uniform axisymmetric temperature under 

clamped-free boundary condition is studied. Similar observations are noticed for displacement 

components in the clamped-free boundary condition as in case of clamped-clamped boundary 

condition. Hence the displacement components are not shown. Figs. 6(a) and 6(b) shows the 

variation of electric and magnetic potentials on outer surface along the length of the sensor patch. 

Similar observations are noticed in the clamped-clamped boundary condition as in case of clamped 

free boundary condition. The exception being the pyroeffects on electric potential is maximum in 

clamped-clamped boundary condition than clamped-free boundary condition when compared to 

conventional approach. The reason for lower magnitude maybe due to lower stress (clamped-free) 

when compared to the case where both sides of the shell are clamped. 
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Fig. 5 Variation of (a) radial displacement component, (b) electric and (c) magnetic potentials with 

enlarged views along the length on outer surface of the sensor patch (C-C boundary conditions) 
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Fig. 6 Variation of (a) electric and (b) magnetic potentials with enlarged views along the length on outer 

surface of the sensor patch (C-F boundary conditions) 
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5. Conclusions 
 
The pyroeffects on behavior of magneto-electro-elastic sensor bonded to mild steel cylinder is 

evaluated using semi-analytical finite element method. The pyrolectric and pyromagnetic loads 

which are generated from applied uniform axisymmetric temperature rise are used to study the 

pyroelectric and pyromagnetic effects to account for the thermal environment. 

 It is seen that the radial and axial displacement components of the sensor patch are not 

affected by the pyroeffects. 

 There is an increase in magnetic potential for increasing volume fraction of the composite 

due to pyroelectric and pyromagnetic effects under the both clamped-free as well as 

clamped-clamped boundary conditions. 

 The pyroeffects on electric potential is maximum in the clamped-clamped boundary 

condition than clamped-free boundary condition when compared to conventional approach. 

The reason for lower magnitude maybe due to lower stress (clamped-free) when compared to 

the case where both the sides are clamped. 

 The maximum pyroelectric and pyromagnetic effects on electric potentials is observed for 

volume fraction vf = 0.2 in both the boundary conditions. This can be attributed to the induced 

strain because of the high elastic constants for vf = 0.2. 

 

These studies will be very significant in enhancing the sensitivity of MEE sensor's electric and 

magnetic potentials in shell type structures subjected to uniform axisymmetric temperature rise. 
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