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Abstract

:

The magneto-electro-elastic (MEE) medium is a typical intelligent material with promising application prospects in sensors and transducers, whose thermal contact response is responsible for their sensitivity and stability. An effective thermal contact model between a moving sphere and a coated MEE medium with transverse isotropy is established via a semi-analytical method (SAM) to explore its thermal contact response. First, a group of frequency response functions for the magneto-electro-thermo-elastic field of a coated medium are derived, assuming that the coating is perfectly bonded to the substrate. Then, with the aid of the discrete convolution–fast Fourier transform algorithm and conjugate gradient method, the contact pressure and heat flux can be determined. Subsequently, the induced elastic, thermal, electric and magnetic fields in the coating and substrate can be obtained via influence coefficients relating the induced field and external loads. With the proposed method, parametric studies on the influence of the sliding velocity and coating property are conducted to investigate the thermal contact behavior and resulting field responses of the MEE material. The sliding velocity and thermal properties of the coating have a significant effect on the thermal contact response of the MEE material; the coupled multi-field response can be controlled by changing the coating thickness between ~0.1 a0 and a0.
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1. Introduction


Owing to the multiple excellent coupled properties of mechanics, electricity and magnetism, a magneto-electro-elastic (MEE) material can convert energy from one to the other, making it widely used in sensors, transducers, generators, and medical equipment as an intelligent structure [1,2,3,4]. In practical engineering applications, the MEE material is usually applied in sensing and driving devices in the form of a thin film or layered structure [5,6,7], where friction contact occurs inevitably on its surface [8]. Friction contact is frequently accompanied by friction heat, making it necessary to take the physical discontinuity of the layered structure and the material’s transverse isotropy [9] into consideration, which affects its mechanical and electromagnetic coupling properties significantly [10,11]. Therefore, an effective thermal contact model of a coated MEE medium is valuable in analyzing the multi-physical field response, providing theoretical guidance for engineering applications of the MEE layered structure.



Research on layered MEE materials has been ongoing for a long time, and many attempts at theoretical general solution derivation, contact modeling, and damage analysis have been made. A general solution is an effective method of evaluating the field response of an MEE material, with high calculation efficiency and solid mathematical bases. For instance, Mousavi and Paavola analytically obtained closed-form expressions of the shear stress, electric displacement and magnetic induction in a functionally graded, coated MEE medium by using Fourier transform technology, which was applied to solve the damage problem of the coated MEE medium [12]. Li and Pan derived the analytical solution for an anisotropic multilayer MEE medium and studied the multi-field coupling response caused by the traction force and dislocation in a multilayer structure [13]. In addition to the analytical method used in the work mentioned above [12,13], the asymptotic homogenization method is another effective method of deriving a general solution for MEE materials [14]. With the asymptotic homogenization method, Sixto-Camacho et al. [15] developed the formal asymptotic solution for the linear magneto-electro-thermo-elastic field of heterogeneous media. Combining the asymptotic homogenization method and the cell-based smoothed finite element method, Zhou et al. [16] established a multi-physics coupling model for an MEE structure and the transient responses under dynamic loads were investigated. Different from those focusing on the multi-physical field, Chaki and Bravo-Castillero [17] studied wave propagation in an MEE laminated structure via dynamic asymptotic homogenization. Once the tribological behavior between bodies is considered, contact modeling is necessary to analyze the effects of friction. Some studies have focused on the contact responses due to the mechanical load and material parameters. For example, Zhang et al. established a semi-analytical model of the dynamic contact between a rigid ball and MEE film, and they analyzed the effect of the loading speed, film thickness and ball radius on the dynamic magneto-electro-elastic response [18]. Zhang et al. proposed a contact model of a functionally graded, coated MEE medium and studied the effects of the coating thickness and coating parameters on the elastic, electric and magnetic fields of the coated medium [19]. Some have also paid attention to the effects of the electromagnetic field on the contact response. Sui et al. [20] established a semi-analytical contact model for a 3D MEE material and found that the electric field can control the magnetic field via strain transfer but not vice versa. Under external loading, stress concentration means that damage to the material unavoidably occurs, becoming a concern for some researchers. Wan et al. studied the periodic interface damage problem of multilayer piezoelectric/piezomagnetic composites subjected to electric and magnetic loads, and they analyzed the effect of the material parameters on the stress intensity factor [21]. Arhani and Ayatollahi [22] derived an analytical solution for MEE dislocation in a cracked, functionally graded MEE material and investigated the dynamic stress intensity factor.



Sliding contact is usually accompanied by frictional heating on the contact interface; however, the thermal effect on the MEE material was not taken into account in the previous work mentioned above. It has been found that the thermal effect also affects the multi-field coupling effect of the MEE material [23,24,25], attracting increasing attention. Chen et al. derived the general solution for the elastic, electric, magnetic and temperature fields of an MEE material by considering the thermal effect, and the solution was used to solve the crack problem in infinite space [26]. Zhou et al. carried out research on the multi-field coupled response of an MEE cylindrical shell and plate structure undergoing a thermal effect and revealed the static characteristic of the MEE plate structure under a thermal load using the finite element method [27]. Similarly, Ni et al. deduced the analytical solution for an MEE cylindrical shell with a thermal effect and studied the influence of the geometric parameters, material volume fraction and external electric/magnetic/thermal loads on the buckling stresses and mode shapes of the shell structure [28]. Further considering the existence of a crack in the cylinder, Chang et al. [29] obtained exact solutions for the prediction of magneto-electro-thermo-elastic fields under thermal shock. The asymptotic homogenization method is also a good candidate for a solution for MEE materials when considering the thermal effect. Bravo-Castillero et al. [30] used the asymptotic homogenization method to study the three-dimensional boundary values of MEE composites when considering the thermal effect. Similar to the asymptotic homogenization method, a symbolic mathematics approach was used to derive quasi-harmonic solutions for MEE materials with transverse isotropy by Marmo and Francesco [31]. Regarding thermal contact for the MEE material, Çömez [32] developed a thermal contact model for a two-dimensional MEE layer, where the punches were treated as thermal insulators.



The above research on MEE materials considering the thermal effect has mainly focused on the mechanical and the electric and magnetic responses of the cylindrical and disk structures. Few studies have focused on the thermal contact behavior of the MEE coating. Although a thermal contact model for the two-dimensional MEE layer has been reported, this is still a problem for the half plane, where the heat partition at the contact interface has not been considered. Therefore, this paper puts forward an effective three-dimensional thermal contact model of the coated MEE medium considering heat partition, aiming to reveal the effects of the sliding velocity, thermal parameters and coating thickness on the coupled multiple physical fields (mechanics, electricity, magnetism and temperature). The main content of this work includes (a) the derivation of the frequency response functions (FRFs) of the coupled physical fields of the coated MEE medium considering the thermal effects; (b) the establishment of the thermal contact model between a sliding ball and the coated MEE medium considering heat partition; (c) the verification of the proposed model by comparing the results obtained from the finite element method; (d) the investigation of the effects of the sliding velocity and coating parameters on the mechanical, electromagnetic and temperature rise responses of the coated MEE medium.




2. Basic Formulation


2.1. Problem Description


Figure 1 presents a thermal contact model between a loaded sliding ball and a transversely isotropic coated infinite half-space composed of the magneto-electro-elastic (MEE) material. A Cartesian coordinate system is established, where the coating surface is set as the x–y plane. Rb represents the radius of the sliding ball, and h represents the thickness of the thin solid film that is perfectly bonded on the substrate. Both of the two contact bodies are composed of the MEE material, and the material properties of the ball are set to be the same as those of the substrate, while the material parameters of the coating are alterable. The contact ball is subjected to a normal load P sliding on the coating surface with a velocity vs along the x axis. Due to the friction contact effects, the contact pressure pz, the traction px and the heat flux q are thus generated on the coating surface. It is assumed that all of the frictional work is converted to heat completely, and then flows into the ball (q1) and the coated MEE medium (q2) through the contact area without heat dissipation. qb, gb are the electric and the magnetic charge distributed on the coating surface, respectively. Here, the transversely isotropic coated MEE medium is subjected to multiple surface loads (pz, px, q2, qb and gb), resulting in elastic, thermal, electric and magnetic coupled multi-field responses in both the coating and substrate.




2.2. Basic Formulation


Both the coating and the substrate are composed of the transversely isotropic MEE material, and their constitutive relations are given as follows [18]:


     σ  x x   =  c  11     ∂  u x    ∂ x   +  c  12     ∂  u y    ∂ y   +  c  13     ∂  u z    ∂ z   +  e  31     ∂ ϕ   ∂ z   +  d  31     ∂ ψ   ∂ z   −  β 1  T ,      σ  y y   =  c  12     ∂  u x    ∂ x   +  c  11     ∂  u y    ∂ y   +  c  13     ∂  u z    ∂ z   +  e  31     ∂ ϕ   ∂ z   +  d  31     ∂ ψ   ∂ z   −  β 1  T ,      σ  z z   =  c  13     ∂  u x    ∂ x   +  c  13     ∂  u y    ∂ y   +  c  33     ∂  u z    ∂ z   +  e  33     ∂ ϕ   ∂ z   +  d  33     ∂ ψ   ∂ z   −  β 3  T ,      σ  x z   =  c  44       ∂  u x    ∂ z   +   ∂  u z    ∂ x     +  e  15     ∂ ϕ   ∂ x   +  d  15     ∂ ψ   ∂ x   ,      σ  y z   =  c  44       ∂  u y    ∂ z   +   ∂  u z    ∂ y     +  e  15     ∂ ϕ   ∂ y   +  d  15     ∂ ψ   ∂ y   ,  σ  x y   =  c  66       ∂  u x    ∂ y   +   ∂  u y    ∂ x     ,    



(1)






     D x  =  e  15       ∂  u x    ∂ z   +   ∂  u z    ∂ x     −  ε  11     ∂ ϕ   ∂ x   −  g  11     ∂ ψ   ∂ x   ,      D y  =  e  15       ∂  u y    ∂ z   +   ∂  u z    ∂ y     −  ε  11     ∂ ϕ   ∂ y   −  g  11     ∂ ψ   ∂ y   ,      D z  =  e  31     ∂  u x    ∂ x   +  e  31     ∂  u y    ∂ y   +  e  33     ∂  u z    ∂ z   −  ε  33     ∂ ϕ   ∂ z   −  g  33     ∂ ψ   ∂ y   +  p 3  T ,    



(2)






     B x  =  d  15       ∂  u x    ∂ z   +   ∂  u z    ∂ x     −  g  11     ∂ ϕ   ∂ x   −  μ  11     ∂ ψ   ∂ x   ,      B y  =  d  15       ∂  u y    ∂ z   +   ∂  u z    ∂ y     −  g  11     ∂ ϕ   ∂ y   −  μ  11     ∂ ψ   ∂ y   ,      B z  =  d  31     ∂  u x    ∂ x   +  d  31     ∂  u y    ∂ y   +  d  33     ∂  u z    ∂ z   −  g  33     ∂ ϕ   ∂ z   −  μ  33     ∂ ψ   ∂ y   +  λ 3  T ,    



(3)




where σ, D and B denote the mechanical stresses, the electric displacement and the magnetic induction, respectively; u, ϕ, ψ and T are the displacement, electric potential, magnetic potential and temperature rise; cij, εij, eij, qij, dij, μij, p3 and λ3 represent the elastic, dielectric, piezoelectric, piezomagnetic, magnetoelectric, magnetic, pyroelectric and pyromagnetic constants of the material, respectively. Note that βi stands for the thermal modulus related to the thermal expansion αi in Ref. [25], and    c  11   =  c  12   + 2  c  66    .



In the absence of body sources, the equilibrium equations, the Maxwell equations and the heat conduction equations [33] are


      ∂  σ x    ∂ x   +   ∂  τ  x y     ∂ y   +   ∂  τ  x z     ∂ z   = 0 ,       ∂  τ  x y     ∂ x   +   ∂  σ y    ∂ y   +   ∂  τ  y z     ∂ z   = 0 ,       ∂  τ  x z     ∂ x   +   ∂  τ  y z     ∂ y   +   ∂  σ z    ∂ z   = 0 ,    



(4)






      ∂  D x    ∂ x   +   ∂  D y    ∂ y   +   ∂  D z    ∂ z   = 0 ,       ∂  B x    ∂ x   +   ∂  B y    ∂ y   +   ∂  B z    ∂ z   = 0 ,    



(5)






       ∂ 2    ∂  x 2    +    ∂ 2    ∂  y 2    +    k  33      k  11        ∂ 2    ∂  z 2    + P e  ∂  ∂ x     T = 0 ,  



(6)




where kij are the heat conductivities, Pe = vsls/(k11/ch) is the Peclet number, ls is the characteristic contact length, and ch represents the volumetric specific heat.



Substituting Equations (1)–(3) into Equations (4)–(6), the equilibrium equations can be expressed in terms of Ψ, G, uz, ϕ, ψ, T:


     c  66   Δ +  c  44      ∂ 2    ∂  z 2      Ψ = 0 ,  



(7)






  D      G       u z       ϕ     ψ     T      =      0     0     0     0     0      ,  



(8)






  D =        c  11   Δ +  c  44      ∂ 2    ∂  z 2        −    c  13   +  c  44      ∂  ∂ z       −    e  15   +  e  31      ∂  ∂ z       −    d  15   +  d  31      ∂  ∂ z        β 1        −    c  13   +  c  44     Δ  ∂  ∂ z        c  44   Δ +  c  33      ∂ 2    ∂  z 2         e  15   Δ +  e  33      ∂ 2    ∂  z 2         d  15   Δ +  d  33      ∂ 2    ∂  z 2        −  β 3   ∂  ∂ z            e  15   +  e  31     Δ  ∂  ∂ z       −    e  15   Δ +  e  33      ∂ 2    ∂  z 2           ε  11   Δ +  ε  33      ∂ 2    ∂  z 2         g  11   Δ +  g  33      ∂ 2    ∂  z 2        −  p 3   ∂  ∂ z            d  15   +  d  31     Δ  ∂  ∂ z       −    d  15   Δ +  d  33      ∂ 2    ∂  z 2           g  11   Δ +  g  33      ∂ 2    ∂  z 2         μ  11   Δ +  μ  33      ∂ 2    ∂  z 2        −  λ 3   ∂  ∂ z        0   0   0   0    Δ +    k  33      k  11        ∂ 2    ∂  z 2    + P e  ∂  ∂ x          



(9)




in which Δ = ∂2/∂x2 + ∂2/∂y2 is the two-dimensional Laplacian operator, D represents a differential operator matrix, and Ψ and G are two intermediate functions to simplify the expressions of Equations (1)–(3), defined as


   u x  =   ∂ Ψ   ∂ y   −   ∂ G   ∂ x   ,  u y  = −   ∂ Ψ   ∂ x   −   ∂ G   ∂ y   .  



(10)







Following the work of Chen et al. [18], the general solutions of the displacement, electric potential, magnetic potential and temperature rise can be obtained by operator theory as follows:


     u x  =   ∂ ψ   ∂ y   −    a 1     ∂ 6    ∂  z 6    +  b 1  Δ    ∂ 4    ∂  z 4    +  f 1   Δ 2     ∂ 2    ∂  z 2    +  g 1   Δ 3      ∂ F   ∂ x   ,        u y  =   ∂ ψ   ∂ x   −    a 1     ∂ 6    ∂  z 6    +  b 1  Δ    ∂ 4    ∂  z 4    +  f 1   Δ 2     ∂ 2    ∂  z 2    +  g 1   Δ 3      ∂ F   ∂ y   ,      u z  =    a 2     ∂ 6    ∂  z 6    +  b 2  Δ    ∂ 4    ∂  z 4    +  f 2   Δ 2     ∂ 2    ∂  z 2    +  g 2   Δ 3      ∂ F   ∂ z   ,     ϕ =    a 3     ∂ 6    ∂  z 6    +  b 3  Δ    ∂ 4    ∂  z 4    +  f 3   Δ 2     ∂ 2    ∂  z 2    +  g 3   Δ 3      ∂ F   ∂ z   ,     φ =    a 4     ∂ 6    ∂  z 6    +  b 4  Δ    ∂ 4    ∂  z 4    +  f 4   Δ 2     ∂ 2    ∂  z 2    +  g 4   Δ 3      ∂ F   ∂ z   ,     T =    n 0     ∂ 8    ∂  z 8    +  n 1  Δ    ∂ 6    ∂  z 6    +  n 2   Δ 2     ∂ 4    ∂  z 4    +  n 3   Δ 3     ∂ 2    ∂  z 2    +  n 4   Δ 4    F ,    



(11)




where the coefficients ai, bi, fi, gi and ni can be found in Ref. [18], and the functions Ψ and F need to satisfy the following equations:


    Δ +    ∂ 2    ∂  s 0 2   z 2      Ψ = 0 ,    



(12)






    Δ +    ∂ 2    ∂  s 1 2   z 2        Δ +    ∂ 2    ∂  s 2 2   z 2        Δ +    ∂ 2    ∂  s 3 2   z 2        Δ +    ∂ 2    ∂  s 4 2   z 2         Δ +   ∂  ∂ x   + P e    ∂ 2    ∂  s 5 2   z 2      F = 0 ,  



(13)




where    s 0  =    c  66   /  c  44      ,    s 5  =    k  11   /  k  33      , and    s k    (k = 1, 2, 3, 4) are the four roots (real positive parts) of the following algebraic equation:


   n 0   s 8  −  n 1   s 6  +  n 2   s 4  −  n 3   s 2  +  n 4  = 0 .  



(14)








2.3. Frequency Response Functions (FRFs)


To obtain the functions Ψ and F, the Fourier transform is performed on Equations (12) and (13), and it can be derived as


      Ψ ˜  ˜  =  A 0   e  − α  s 0  z   +   A ¯  0   e  α  s 0  z         F ˜  ˜  =   ∑  k = 1  4      A k   e  − α  s k  z   +   A ¯  k   e  α  s k  z       +  A 5   e  − r  s 5  z   +   A ¯  5   e  r  s 5  z      



(15)




in which   r =    α 2  − i m P e    , where i denotes the imaginary unit;   α =    m 2  +  n 2      with the frequency variables m and n corresponding to x and y in the time domain, respectively; and the unknowns Ak (k = 1, 2, …, 5) are determined by the specific boundary conditions.



Furthermore, solutions (in Equation (11)) for the displacement u, electric potential ϕ, magnetic potential ψ and temperature T in the frequency domain are given by


      u ˜  ˜      j    = i n    A 0   j     e  − α  s 0   j     z j    +   A ¯  0   j     e  α  s 0   j     z j      − i m   ∑  k = 1  4    ϖ  1 k    j       A k   j     e  − α  s k   j     z j    +   A ¯  k   j     e  α  s k   j     z j            − i m  ϖ  15    j       A 5   j     e  −  r   j     s 5   j     z j    +   A ¯  5   j     e   r   j     s 5   j     z j      ,       v ˜  ˜      j    = − i m    A 0   j     e  − α  s 0   j     z j    +   A ¯  0   j     e  α  s 0   j     z j      − i n   ∑  k = 1  4    ϖ  1 k    j       A k   j     e  − α  s k   j     z j    +   A ¯  k   j     e  α  s k   j     z j            − i n  ϖ  15    j       A 5   j     e  −  r   j     s 5   j     z j    +   A ¯  5   j     e   r   j     s 5   j     z j      ,       w ˜  ˜      j    = −   ∑  k = 1  4   α  s k   j     ϖ  2 k    j       A k   j     e  − α  s k   j     z j    −   A ¯  k   j     e  α  s k   j     z j        −  r   j     s 5   j     ϖ  25    j       A 5   j     e  −  r   j     s 5   j     z j    −   A ¯  5   j     e   r   j     s 5   j     z j      ,       ϕ ˜  ˜      j    = −   ∑  k = 1  4   α  s k   j     ϖ  3 k    j       A k   j     e  − α  s k   j     z j    −   A ¯  k   j     e  α  s k   j     z j        −  r   j     s 5   j     ϖ  35    j       A 5   j     e  −  r   j     s 5   j     z j    −   A ¯  5   j     e   r   j     s 5   j     z j      ,       φ ˜  ˜      j    = −   ∑  k = 1  4   α  s k   j     ϖ  4 k    j       A k   j     e  − α  s k   j     z j    −   A ¯  k   j     e  α  s k   j     z j        −  r   j     s 5   j     ϖ  45    j       A 5   j     e  −  r   j     s 5   j     z j    −   A ¯  5   j     e   r   j     s 5   j     z j      ,       T ˜  ˜      j    =  ϖ  55    j       A 5   j     e  −  r   j     s 5   j     z j    +   A ¯  5   j     e   r   j     s 5   j     z j      ,    



(16)




where j represents the coating (j = 1) and the substrate (j = 2), ‘≈’ denotes the double Fourier transform operation, and the coefficients    ϖ  1 k   , … ,  ϖ  5 k     (k = 1, 2, …, 5) are listed in Appendix A.



After performing the Fourier transform on the constitutive relations in Equation (1), and substituting Equation (15) into Equation (1), general solutions in the frequency domain of the mechanical stresses σij, the electric displacement Di and the magnetic induction Bi are obtained:


      σ ˜  ˜     x x    j    = − 2  c  66    j    m n    A 0   j     e  − α  s 0   j     z j    +   A ¯  0   j     e  α  s 0   j     z j          +   ∑  k = 1  4        m 2   c  11    j    +  n 2   c  12    j       ϖ  1 k    j    +  κ  1 k    j         A k   j     e  − α  s k   j     z j    +   A ¯  k   j     e  α  s k   j     z j            +      m 2   c  11    j    +  n 2   c  12    j       ϖ  15    j    +  κ  15    j    −  β 1   j     ϖ  55    j         A 5   j     e  −  r   j     s 5   j     z j    +   A ¯  5   j     e   r   j     s 5   j     z j      ,       σ ˜  ˜     y y    j    = 2  c  66    j    m n    A 0   j     e  − α  s 0   j     z j    +   A ¯  0   j     e  α  s 0   j     z j          +   ∑  k = 1  4        m 2   c  12    j    +  n 2   c  11    j       ϖ  1 k    j    +  κ  1 k    j         A k   j     e  − α  s k   j     z j    +   A ¯  k   j     e  α  s k   j     z j            +      m 2   c  12    j    +  n 2   c  11    j       ϖ  15    j    +  κ  15    j    −  β 1   j     ϖ  55    j         A 5   j     e  −  r   j     s 5   j     z j    +   A ¯  5   j     e   r   j     s 5   j     z j      ,       σ ˜  ˜     z z    j    =   ∑  k = 1  4    κ  2 k    j       A k   j     e  − α  s k   j     z j    +   A ¯  k   j     e  α  s k   j     z j        +    κ  25    j    −  β 3   j     ϖ  55    j         A 5   j     e  −  r   j     s 5   j     z j    +   A ¯  5   j     e   r   j     s 5   j     z j      ,    



(17)






      σ ˜  ˜     x y    j    = −  c  66    j       n 2  −  m 2       A 0   j     e  − α  s 0   j     z j    +   A ¯  0   j     e  α  s 0   j     z j          +   ∑  k = 1  4   2  c  66    j    m n  ϖ  1 k    j       A k   j     e  − α  s k   j     z j    +   A ¯  k   j     e  α  s k   j     z j        + 2  c  66    j    m n  ϖ  15    j       A 5   j     e  −  r   j     s 5   j     z j    +   A ¯  5   j     e   r   j     s 5   j     z j      ,       σ ˜  ˜     z x    j    = −  c  44    j    i n α  s 0   j       A 0   j     e  − α  s 0   j     z j    −   A ¯  0   j     e  α  s 0   j     z j          + i m   ∑  k = 1  4    κ  3 k    j       A k   j     e  − α  s k   j     z j    −   A ¯  k   j     e  α  s k   j     z j        + i m  κ  35    j       A 5   j     e  −  r   j     s 5   j     z j    −   A ¯  5   j     e   r   j     s 5   j     z j      ,       σ ˜  ˜     z y    j    =  c  44    j    i m α  s 0   j       A 0   j     e  − α  s 0   j     z j    −   A ¯  0   j     e  α  s 0   j     z j          + i n   ∑  k = 1  4    κ  3 k    j       A k   j     e  − α  s k   j     z j    −   A ¯  k   j     e  α  s k   j     z j        + i n  κ  35    j       A 5   j     e  −  r   j     s 5   j     z j    −   A ¯  5   j     e   r   j     s 5   j     z j      .    



(18)






      D ˜  ˜    x   j    = −  e  15    j    i n α  s 0   j       A 0   j     e  − α  s 0   j     z j    −   A ¯  0   j     e  α  s 0   j     z j          + i m   ∑  k = 1  4    κ  4 k    j       A k   j     e  − α  s k   j     z j    −   A ¯  k   j     e  α  s k   j     z j        + i m  κ  45    j       A 5   j     e  −  r   j     s 5   j     z j    −   A ¯  5   j     e   r   j     s 5   j     z j      ,       D ˜  ˜    y   j    =  e  15    j    i m α  s 0   j       A 0   j     e  − α  s 0   j     z j    −   A ¯  0   j     e  α  s 0   j     z j          + i n   ∑  k = 1  4    κ  4 k    j       A k   j     e  − α  s k   j     z j    −   A ¯  k   j     e  α  s k   j     z j        + i n  κ  45    j       A 5   j     e  −  r   j     s 5   j     z j    −   A ¯  5   j     e   r   j     s 5   j     z j      ,       D ˜  ˜    z   j    =   ∑  k = 1  4    κ  5 k    j       A k   j     e  − α  s k   j     z j    +   A ¯  k   j     e  α  s k   j     z j        +    κ  55    j    +  p 3   j     ϖ  55    j         A 5   j     e  −  r   j     s 5   j     z j    +   A ¯  5   j     e   r   j     s 5   j     z j      ,    



(19)






      B ˜  ˜    x   j    = −  q  15    j    i n α  s 0   j       A 0   j     e  − α  s 0   j     z j    −   A ¯  0   j     e  α  s 0   j     z j          + i m   ∑  k = 1  4    κ  6 k    j       A k   j     e  − α  s k   j     z j    −   A ¯  k   j     e  α  s k   j     z j        + i m  κ  65    j       A 5   j     e  −  r   j     s 5   j     z j    −   A ¯  5   j     e   r   j     s 5   j     z j      ,       B ˜  ˜    y   j    =  q  15    j    i m α  s 0   j       A 0   j     e  − α  s 0   j     z j    −   A ¯  0   j     e  α  s 0   j     z j          + i n   ∑  k = 1  4    κ  6 k    j       A k   j     e  − α  s k   j     z j    −   A ¯  k   j     e  α  s k   j     z j        + i n  κ  65    j       A 5   j     e  −  r   j     s 5   j     z j    −   A ¯  5   j     e   r   j     s 5   j     z j      ,       B ˜  ˜    z   j    =   ∑  k = 1  4    κ  7 k    j       A k   j     e  − α  s k   j     z j    +   A ¯  k   j     e  α  s k   j     z j        +    κ  75    j    +  λ 3   j     ϖ  55    j         A 5   j     e  −  r   j     s 5   j     z j    +   A ¯  5   j     e   r   j     s 5   j     z j      ,    



(20)




where the expressions of the shear stress, electric displacement, magnetic induction and the coefficients    κ  1 k   ,  κ  2 k   , … ,  κ  5 k     (k = 1, 2, …, 5) in Equation (16) are listed in Appendix A.



In order to solve the unknowns    A 0  ,  A 1  , … ,  A 5    and     A ¯  0  ,   A ¯  1  , … ,   A ¯  5   , the boundary conditions of the coating surface and the interface between the coating and the substrate are employed. At the coating surface (z1 = 0), the normal pressure p and the heat flow q are applied and the boundary conditions can be prescribed as


         σ ˜  ˜     z z    1        z 1  = 0   = −   p ˜  ˜  ,      σ ˜  ˜     x z    1        z 1  = 0   = −  μ f    p ˜  ˜  ,      σ ˜  ˜     y z    1        z 1  = 0   = 0 ,          D ˜  ˜    z   1        z 1  = 0   = −    q ˜  ˜  b  ,      B ˜  ˜    z   1        z 1  = 0   = −    g ˜  ˜  b  ,     k  33    1     ∂  ∂ z     T ˜  ˜      1        z 1  = 0   = −   q ˜  ˜  .    



(21)







In the present study, the displacement and the stress across the interfaces between the coating and the substrate are regarded as continuously transmitted; therefore, the stresses, displacement, electric potential, magnetic potential, electric displacements and magnetic induction should be transmitted continuously at the interface between the coating and the substrate as


         σ ˜  ˜     z z    1        z 1  =  h 1    =      σ ˜  ˜     z z    2        z 2  = 0   ,      σ ˜  ˜     x z    1        z 1  =  h 1    =      σ ˜  ˜     x z    2        z 2  = 0   ,          σ ˜  ˜     y z    1        z 1  =  h 1    =      σ ˜  ˜     y z    2        z 2  = 0   ,      u ˜  ˜     z z    1        z 1  =  h 1    =      u ˜  ˜     z z    2        z 2  = 0   ,          u ˜  ˜     x z    1        z 1  =  h 1    =      u ˜  ˜     x z    2        z 2  = 0   ,      u ˜  ˜     y z    1        z 1  =  h 1    =      u ˜  ˜     y z    2        z 2  = 0   ,          ϕ ˜  ˜    z   1        z 1  =  h 1    =      ϕ ˜  ˜    z   2        z 2  = 0   ,      φ ˜  ˜    z   1        z 1  =  h 1    =      φ ˜  ˜    z   2        z 2  = 0   ,          T ˜  ˜      1        z 1  =  h 1    =      T ˜  ˜      2        z 2  = 0   ,      D ˜  ˜    z   1        z 1  =  h 1    =      D ˜  ˜    z   2        z 2  = 0   ,          B ˜  ˜    z   1        z 1  =  h 1    =      B ˜  ˜    z   2        z 2  = 0   ,     k  33    1     ∂  ∂ z     T ˜  ˜      1        z 1  =  h 1    =     k  33    2     ∂  ∂ z     T ˜  ˜      2        z 2  = 0   .    



(22)







In addition, for the infinite half-space, the stress, displacement, electric displacement, magnetic induction and temperature are treated as zero at infinity (   z 2  → ∞  ), which can be described as


         σ ˜  ˜     i j    2        z 2  → ∞   = 0 ,        u ˜  ˜    i   2        z 2  → ∞   = 0 ,        D ˜  ˜    i   2        z 2  → ∞   = 0 ,        B ˜  ˜    i   2        z 2  → ∞   = 0 ,          ϕ ˜  ˜      2        z 2  → ∞   = 0 ,        φ ˜  ˜      2        z 2  → ∞   = 0 ,        T ˜  ˜      2        z 2  → ∞   = 0 ,      



(23)




and    A ¯    k   2    = 0   k = 1 , … , 5     can be obtained by substituting Equations (16)–(20) into the boundary conditions (Equation (23)). Therefore, based on the boundary conditions in Equations (21) and (22), the eighteen unknown coefficients for the one-layered MEE material can be determined by the following steps.



Firstly, we substitute a general solution of the temperature in the frequency domain (Equation (15)) to the boundary condition that relates to the temperature. They can be written in matrix form as follows:


       1    − 1    0         ϖ  55    1     θ 5     ϖ  55    2             ϖ  55    1       ϖ  55    2     θ 5        − 1        χ 2   θ 5      −  χ 2  /  θ 5      − 1              A 5   1           A ¯    5   1           A 5   2          =          q ˜  ˜    k  33    1     r 1   s 5   1     ϖ  55    1           0     0       



(24)






   χ 2  =    k  33    1     r 1   s 5   1     ϖ  55    1       k  33    2     r 2   s 5   2     ϖ  55    2      ,  θ 5  =  e  −  r 1   s 5   1     h 1     



(25)







Equation (24) only contains the unknown coefficients    A 5   1     ,    A ¯    5   1     , and    A 5   2     , which can be obtained independently.


      A 5   1    =     q ˜  ˜     ϖ  55    1    +  ϖ  55    2     χ 2       k  33    1     r 1   s 5   1     ϖ  55    1       ϖ  55    1    +  ϖ  55    2     χ 2  +    ϖ  55    1    −  ϖ  55    2     χ 2     θ 5 2           A ¯    5   1    = −      ϖ  55    1    −  ϖ  55    2     χ 2     θ 5 2     ϖ  55    1    +  ϖ  55    2     χ 2     A 5   1         A 5   2    =  χ 2   θ 5   A 5   1    −    χ 2     θ 5     A 5   1       .  



(26)







Then, by performing some operations, undetermined coefficients    A k   j      and    A ¯    k   j      k = 1 , … , 5     in the equations can be eliminated, and only    A 0   1     ,    A 0   2     , and    A ¯    0   1      are left in the following equations:


       1    − 1    0       θ 0      1 /  θ 0      − 1        χ 1   θ 0      −  χ 1  /  θ 0      − 1              A 0   1           A ¯    0   1           A 0   2          =         − i n  μ f    p ˜  ˜     c  44    1     α 3   s 0   1           0     0      ,  



(27)






   χ 1  =    c  44    1     s 0   1       c  44    2     s 0   2      ,  θ 0  =  e  − α  s 0   1     h 1    .  



(28)







By solving Equation (27), the expressions of    A 0   1     ,    A 0   2     , and    A ¯    0   1      can be obtained:


     A 0   1    =   − i n  μ f    p ˜  ˜    1 +  χ 1       c  44    1     α 3   s 0   1        1 +  χ 1    +   1 −  χ 1     θ 0 2           A ¯    0   1    = −     1 −  χ 1     θ 0 2      1 +  χ 1       A 0   1         A 0   2    =  χ 1   θ 0   A 0   1    −    χ 1     θ 0     A ¯    0   1       



(29)







Thus far, the unknowns are reduced from eighteen to twelve. Similar to the above, to solve    A 0   1     ,    A 0   2     , and    A ¯    0   1     , a set of equations that only include    A k   j      and    A ¯    k   j      k = 1 , … , 4     can be obtained. Combining other equations in the boundary conditions to calculate    A k   j      and    A ¯    k   j      k = 1 , … , 4    , the matrix can be written as


         N  1 k    1        U  N  1 k    1       0       N  1 k    1     θ k   1        U  N  1 k    1    /  θ k   1         N  1 k    2           N  2 k    1     θ k   1        − U  N  2 k    1    /  θ k   1         N  2 k    2                 A k   1           A ¯    k   1           A k   2          =        W 1         W 2         W 3         



(30)




where the submatrices U,    N  1 k    j     ,    N  2 k    j     , W0, W1, and W2 are listed in Appendix B (the expressions of    A 5   1     ,    A ¯    5   1     , and    A 5   2      contained in W0, W1, and W2 are shown in Equation (26)).    A k   j    =          A 1   j         A 2   j         A 3   j         A 4   j           T    j = 1 , 2     and    A ¯    k   1    =          A ¯    1   1         A ¯    2   1         A ¯    3   1         A ¯    4   1           T    are the submatrices of the undetermined coefficients. Hence, the remaining undetermined coefficients can be obtained by solving the linear equations in Equation (30).



The FRFs of the general solutions for the magneto-electro-thermo-elastic field of the layered material considering transverse isotropy have been obtained. Using this solution, the mechanical stresses, displacement, electric potential, magnetic potential and temperature rise can be obtained for a given load. The advantage of the general solution is that the FRFs can be determined efficiently based on the fast Fourier transform algorithm, and it is an elementary solution for a unit load that can be used for a distributed load by summarizing the effects from all loading units. The disadvantage of the general solution is that the interfacial defects and the inhomogeneity of the coating–substrate system are not considered. The general solution obtained in this section plays an important role in the semi-analytical model. For example, in the contact model, the surface displacement is necessary to calculate the contact equilibrium, and the thermal contact response (mechanical stresses, displacement, electric potential, magnetic potential and temperature rise) under a contact load is finally obtained by the general solution.





3. Semi-Analytical Model for Thermal Contact Problem


In the contact model, as shown in Figure 1, the elastic contact problem in the vertical direction between the sliding ball and the half-space can be described with the following system of equations and inequalities [34]:


       ∫   A c      p   x , y   d x d y = P ,        g   x , y   = 0 ,   p   x , y   > 0 ⇒ ∀   x , y   ∈  A c  ,     g   x , y   > 0 ,   p   x , y   = 0 ⇒ ∀   x , y   ∉  A c  ,    



(31)




where Ac is the contact area, p(x, y) is the vertical pressure in the z direction within the contact area, P represents the normal load acting on the ball, and g(x, y) denotes the gap between the two contact bodies. Zhang et al. [35] further introduced the effect of the surface charge and magnetic charge during contact processes, namely


       ∫   A c       q b     d x d y =  Q b  ,        ∫   A c       g b     d x d y =  G b     



(32)




where qb and gb denote the surface electric and magnetic charge densities, respectively; Qb and Gb are the surface total electric and magnetic charges. Note that the electric and the magnetic charges are assumed to be uniformly distributed on the surface of the half-space.



Sliding contact usually results in frictional heat generation, where all of the work generated by friction resulting from the sliding of the contact ball is ideally converted into heat, and the total heat flux in the contact area can be determined by q = pμfvs. Based on the hypothesis of an equal temperature on the surfaces between the two contact bodies [36], the total heat flux can be partitioned by the sliding ball and the half-space as follows:


      q ˜  ˜  =    q ˜  ˜  1  +    q ˜  ˜  2  ,        C ^    1 q  +  C ^    2 q       q ˜  ˜  1  =  C ^    2 q     q ˜  ˜  2  ,    



(33)




where q1 and q2 are the heat fluxes flowing into the ball and the half-space;    C ^    1 q    and    C ^    2 q    are the influence coefficient matrices of the temperature rise of the two contact bodies.



The surface gap g between the two contact bodies in Equation (31) includes the initial vertical gap g0, the relative rigid approach δ and the surface normal displacement caused by multiple loads that have the form of


  g =  g 0  +  u z p  +  u z q    x , y   +  u z   q b      x , y   +  u z   q g      x , y   − δ ,  



(34)




where    u z p   ,    u z q   ,    u z   p b     , and    u z   p b      are the surface normal displacement caused by the surface pressure, the heat flux and the electric and the magnetic charges. Furthermore, the contact equilibrium equation (Equation (31)) and the heat partition equation (Equation (33)) can be solved via the conjugate gradient method (CGM) [34]. The whole numerical thermal contact analysis procedure of the MEE material should include the following steps.



(1) Parameter initialization. The material parameters, including the elastic, electric, magnetic, and thermal parameters; the surface topography of the contact ball and the half-space, the multiple loads (normal force, sliding velocity, surface electric and magnetic charges); the calculation area; and the mesh size, need to be determined.



(2) Contact pressure calculation. CGM is adopted to solve the contact equilibrium equation (Equation (31)), thus obtaining the surface contact pressure p(x, y) with the effects of a normal load, and the surface electric and magnetic charges. The surface tangential force can be obtained by px(x, y) = μf p(x, y).



(3) Surface heat flux calculation. The total heat flux can be evaluated by q(x, y) = μf p(x, y) vs and further divided into the two contact bodies by Equation (33). With the aid of CGM, the surface heat fluxes q1 and q2 can be determined.



(4) Surface topography update. The surface displacements caused by multiple loads (   u z p   ,    u z q   ,    u z   p b      and    u z   p b     ) are calculated by the DC-FFT algorithm to address the gap in Equation (34), which is constantly updated by looping steps (3) and (4) until the multiple surface loads converge.



(5) Results calculation. The temperature rise, stress, electric potential and magnetic potential can be obtained by the DC-FFT algorithm with ICs. The specific implementation can be found in Ref [37].




4. Results and Discussion


A particular multi-ferroic composite material, BaTiO3-CoFe2O4, is selected, whose material constants are given in Ref. [38]. Note that the volumetric specific heat ch is obtained using the method described in Ref. [39], with a volume fraction of 50% for BaTiO3 and CoFe2O4. The substrate is composed of multi-ferroic composite material BaTiO3-CoFe2O4 for all simulations in this section, unless otherwise indicated. The radius of the loaded sliding ball is 50 mm, and the material constants are the same as in the substrate. The coating material constants and thickness are set according to different needs. In addition, the maximum Hertzian contact radius r, pressure p0 for transversely isotropic contact, equivalent electric potential ϕ0, equivalent magnetic potential φ0, and maximum surface temperature T0 are used to normalize the numerical results, which can be calculated as [33,35]


   a 0  = 0.9086     ∑  l = 1  2    ζ l    P  R b   3   



(35)






   p h  = 0.5784    P        ∑  l = 1  2    ζ l       2   R b 2     3   



(36)






   ϕ 0  =  p 0   a 0  /  e  33   ,  φ 0  =  p 0   a 0  /  q  33   ,  T 0  =  p 0   μ f   v 0   a 0  /  k  33    



(37)






   ζ l  =  1 2           s 1  +  s 2     c  11      s 1   s 2     c  11    c  33   −  c  13  2         l  , l = 1 , 2  



(38)




where P is the normal load, Rb is the radius of the elastic ball, v0 = 1 m/s is the sliding speed, and μf = 0.2 is the friction coefficient. Subscript l represents the ball (l = 1) and the half-space (l = 2), respectively.



4.1. Model Verification


In order to verify the effectiveness of the thermal contact modeling of the transversely isotropic MEE coating, comparative analyses are carried out by using the proposed model and FEM (provided by ABAQUS v2017). Note that for the existing commercial FEM software, there is no complete module to conduct the magneto-electro-thermo-elastic simulation. Therefore, comparative studies for piezoelectric and thermoelastic cases obtained with the degenerate solution of the proposed method and the FEM are implemented. Here, the coated material surface is subjected to an assumed Hertzian-type load p(x, y) (piezoelectric case) or a heat flux q(x, y) (thermoelastic case) as follows:


    p   x , y   =   1 −    x 2     r 2    −    y 2     r 2      ,     q   x , y   = 1000   1 −    x 2     r 2    −    y 2     r 2      ,    



(39)




where the radius of the load distribution r is set to be 1, and the coating thickness h = 0.5 r. Different coatings characterized by varying elastic constants cij and heat conductivities kij are employed within the contexts of the piezoelectric and thermoelastic cases, and other material properties can be found in Ref. [38]. In addition, in the piezoelectric case, except for the elastic constants cij and the electric constants eij, εij, the remaining parameters are set to be zero; two types of coatings are designed, namely a soft coating (   c  i j    1    /  c  i j    2    = 0.5  ) and hard coating (   c  i j    1    /  c  i j    2    = 2  ), for the piezoelectric case, while the rest of the coating parameters are the same as for the substrate. In the thermoelastic case, except for the elastic and thermal constants cij, kij, and βi, the remaining parameters are set to be zero; two types of coatings of different thermal conductivities,    k  i j    1    /  k  i j    2    = 2   and    k  i j    1    /  k  i j    2    = 0.5  , are also designed, while the remining coating parameters are identical to those of the substrate.



The whole calculation domain is chosen as 4 r × 4 r × 2 r and meshed into 128 × 128 × 256 cuboidal elements sharing an identical size. Accordingly, a corresponding example is given via the axisymmetric model of FEM as a benchmark. A larger calculation domain is selected as 30 r × 30 r × 30 r to simulate the half-space substrate accurately. At the bottom, the displacement and the potential/temperature are set to zero. The number of discretized quad-dominated piezoelectric/temperature–displacement elements is 88,020. The calculated results for the piezoelectric case and the thermoelastic case are illustrated in Figure 2, Figure 3, Figure 4 and Figure 5, respectively.



Figure 2 exhibits the obtained electric potential, the von Mises stress along the z axis, and their relative error utilizing the proposed model and the FEM. The relative error is defined as the ratio of the absolute difference in the values obtained with the two methods to the value obtained by the proposed method. In the coating, the electric potential is higher in the case with a soft coating (   c  i j    1    /  c  i j    2    = 0.5  ) than that with a hard coating (   c  i j    1    /  c  i j    2    = 2  ). The von Mises stress has a noticeable difference at the boundary between the coating and substrate, and its value in the case with a hard coating fluctuates more significantly than that with a soft coating. The reason for this phenomenon is that the material dissimilarity between the coating and the substrate leads to stress jumping at the interface. It is known that stress is the product of the elastic constants and strain. For the interface belonging to both the coating and the substrate, the strain is the same, while the stress is different due to the disparate elastic constants. The relative error for the electric potential and the von Mises stress obtained with the two methods is less than 3%, demonstrating the good accuracy of the proposed method. Both the electric potential and von Mises stress within the substrate are slightly affected by the coating material’s properties.



Figure 3 shows the calculation results of the electric potential and the von Mises stress in the x–z plane. When the coating material is softer than the substrate (   c  i j    1    /  c  i j    2    = 0.5  ), the electric potential is more concentrated near the surface, while the stress is more concentrated near the interface in the hard coating case. The distribution of the von Mises stress is discontinuous between the coating and the substrate, and the maximum stress occurs at the interface of the hard coating side.



The temperature rise, the von Mises stress along the z axis, and their relative error for the coatings of different heat conductivity are shown in Figure 4. Lower coating heat conductivity leads to a larger temperature rise near the surface. In the coating (z < h), the thermal stress caused by heat flux in the case of low heat conductivity is greater than that in the case of high heat conductivity. The relative error of the temperature rise and the von Mises stress obtained with the two methods is less than 2%, providing a verification of the good accuracy of the proposed method.



Figure 5 depicts the temperature rise and the von Mises stress contours for different coating thermal conductivities. The main stress concentration region in the case of low coating thermal conductivity is closer to the surface than that in the case of high coating thermal conductivity. All of the results obtained by the proposed model and FEM (both the piezoelectric and thermoelastic cases), illustrated in Figure 2, Figure 3, Figure 4 and Figure 5, agree well with each other, verifying the effectiveness of the proposed model.




4.2. Effect of Sliding Speed


The relative sliding velocity of the loaded ball is one of the key factors determining frictional heat flux. Its effects on the thermal contact behavior of the MEE material are explored, including the temperature rise, stress, and electric and magnetic potential distributions. Two types of coatings with different material parameters,    c  i j    1    /  c  i j    2    = 0.5   and    c  i j    1    /  c  i j    2    = 2  , are designed, while the remaining material parameters are set to be the same as those of the substrate. The relative sliding velocity of the loaded ball is allowed to vary from 0.1 v0 to 5 v0. The frictional coefficient μf = 0.2 and the simulated results are illustrated in Figure 6, Figure 7, Figure 8 and Figure 9.



It can be seen from Figure 6 that as the relative sliding velocity of the loaded ball increases, the frictional heat flux grows, which leads to an augmentation in the surface temperature rise and contact pressure for both the soft (   c  i j    1    /  c  i j    2    = 0.5  ) and hard coating (   c  i j    1    /  c  i j    2    = 2  ) cases. The temperature rise of the hard coating surface is slightly larger than that of the soft coating. This may be due to the higher contact pressure in the hard coating, accompanied by greater heat flux.



Figure 7 shows the temperature rise and contact pressure distribution for soft/hard coatings subjected to different sliding speeds. The faster the sliding speed, the more the surface temperature rises. The difference in the temperature rise distribution in different coatings is not obvious in the present cases, while some remarkable differences can be noticed in the von Mises stress contours for dissimilar coating materials. Stress discontinuity at the interface between the coating and the substrate exists for all cases. Stress concentration occurs in the coating in the soft coating case, but across the interface in the hard coating case.



The effects of the sliding speed on the electric and magnetic fields are shown in Figure 8 and Figure 9. In both the soft and hard coating cases, as the sliding speed increases, the contact pressure becomes higher, resulting in a rise in the surface electric and magnetic potentials within the contact area. The soft coating has higher electric and magnetic potentials than the hard coating, which means that the former has better piezomagnetic and piezoelectric performance. Regarding those outside of the contact area (x ≥ |a0|), in the soft coating case, an augmentation in the temperature rise makes the surface electric and magnetic potentials decrease slightly. However, the magnetic potential gradually increases at x ≥ a0 (see Figure 8). As shown in Figure 9, the electric and magnetic potentials in the coating material increase gradually with the sliding speed. Moreover, in the soft coating case, the electric potential is more concentrated on the contact surface, while, in the hard coating case, the magnetic potential is more concentrated on the contact surface.




4.3. Effect of Heat Conductivity and Thermal Modulus of Coating


The effect of the heat conductivity of the coating on the contact performance is investigated by changing the thermal conductivity ratio of the coating to the substrate,    k  i j    1    /  k  i j    2     , from 0.2 to 2, while the other material properties of the coating are identical to those of the substrate. The loaded ball slides on the coating surface with a velocity of vs = 5 v0 = 5 m/s. Figure 10 demonstrates the temperature, pressure, and electric and magnetic potential distributions on the coating surface with different coating thermal conductivities. The surface temperature decreases when the coating thermal conductivity becomes larger, as well as the contact pressure. Similar to the sliding speed, the surface thermal expansion resulting from the larger temperature rise leads to a slight increase in the contact pressure when the coating thermal conductivity is small (see Figure 10b). The temperature rise decreases with the coating thermal conductivity, which causes the surface electric potential (−a0 < x < 0) and the magnetic potential (x < 0) to decrease slightly, while they scarcely change in other regions, as exhibited in Figure 10c,d.



The ratio of the thermal modulus of the coating to the substrate    β  i j    1    /  β  i j    2      ranges from 0.2 to 2. The effects of the coating thermal modulus on the temperature, pressure, and electric and magnetic potential are portrayed in Figure 11. As the coating thermal modulus increases, the surface temperature and the contact pressure are augmented remarkably for the latter part of the contact area along the sliding direction, while the variation trend is the opposite and slight in the former part of the contact area. Although the surface electric potential shares similar regularity with the temperature and the contact pressure, the effect of the coating thermal modulus is more obvious in the former part of the contact area. It is noted that the increase in the coating thermal modulus leads to a reduction in the magnetic potential across the whole surface.




4.4. Effect of Film Thickness


In order to study the effect of the coating thickness on the thermal contact behavior of the MEE material, the thicknesses of the soft and hard coatings are set to be 0.001 a0 to 14 a0, and the sliding speed vs = v0 = 1 m/s. The rest of the coating parameters are set to be the same as those of the substrate. The calculation results of the maximum temperature rise, contact pressure, and electric potential and magnetic potential in the coating surface are shown in Figure 12. When the coating thickness is between ~0.1 a0 and 1 a0, the maximum surface temperature rise and the contact pressure are greatly affected by the thickness changes. Both the temperature rise and contact pressure in the hard coating case (   c  i j    1    /  c  i j    2    = 2  ) are higher than those in the soft coating case (   c  i j    1    /  c  i j    2    = 0  . 5   ). Correspondingly, when adjusting the thickness between ~0.003 a0 and 10 a0, the amplitudes of the electric potential and the magnetic potential change prominently. The electric potential and magnetic potential of the soft coating are higher than those of the hard coating. This phenomenon indicates that the temperature rise, contact pressure, electric potential, and magnetic potential on the surface of the MEE material can be controlled by adjusting the thickness of the coating material within a certain range (0.1 a0–1a0 for the temperature rise and the contact pressure; 0.003 a0–14 a0 for the electric and magnetic potential).





5. Conclusions


In the present work, a thermal contact model between a sliding ball and a coated MEE medium is established. To this end, the Fourier transform is performed on the general solutions of the magneto-electro-thermo-elastic field and then a set of analytical FRFs for the coated medium are derived. CGM and the DC-FFT algorithm are employed to enhance the proposed model. Furthermore, the proposed model is verified by comparing the results with those from the FEM (thermal case and piezoelectric case). A series of parametric studies are carried out with the proposed model, leading to the following conclusions.




	
As the sliding velocity increases, there is almost no difference in the temperature rise between the soft and hard coatings. The contact pressure increases more acutely for the material with a hard coating. For the electric and magnetic fields, both the electric and magnetic potentials increase gradually in the contact area. Outside of the contact area, the electric potential and the magnetic potential in the soft coating surface decrease slightly, but, in the hard coating surface, the electric potential decreases and the magnetic potential increases. In addition, the temperature and electric and magnetic potentials are continuous, and they are more concentrated in the soft coating. Meanwhile, the von Mises stress is discontinuous and is higher in the hard coating.



	
The greater the ratio of the thermal conductivity of the coating to that of the substrate, the lower the surface temperature rise, contact pressure, and electric and magnetic potentials. However, when the ratio increases, the surface temperature rise and the contact pressure increase, the magnetic potential decreases, and the electric potential only shifts slightly, with its value almost unchanged.



	
When the coating thickness increases within a certain range, the surface’s maximum temperature rises, and the contact pressure of the soft coating gradually decreases and is lower than that of the hard coating. The maximum electric and magnetic potentials in the soft coating case are augmented and are higher than those in the hard coating case. Moreover, when the coating thickness is smaller or greater than a certain range, the change in coating thickness has almost no effect on the MEE system.












Author Contributions


Methodology, Q.Z.; resources, R.Y.; validation, W.Y.; writing—original draft, Y.L.; writing—review and editing, C.X. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the National Natural Science Foundation of China (No. 52275205, No. U22B2080, No. 52305184, No. 51805289), the Joint Fund of the Ministry of Education for Equipment Pre-Research (No. 8091B032103), and the Starting Foundation of the University of Electronic Science and Technology of China in 2023 (No. Y030232059002036).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are contained within the article.




Conflicts of Interest


Author Yutang Li was employed by the Sichuan Aerospace Changzheng Equipment Manufacturing Co., Ltd. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Appendix A


The intermediate variables defined in Equation (16) have the following forms:


     ϖ  1 k   =  a 1   α 6   s k 6  −  b 1   α 6   s j 4  +  f 1   α 6   s j 2  −  g 1   α 6   ,         ϖ  15   =  a 1   r 6   s 5 6  −  b 1   α 4   r 4   s 5 4  +  f 1   α 6   r 2   s 5 2  −  g 1   α 6   ,         ϖ  2 k   =  a 2   α 6   s k 6  −  b 2   α 6   s k 4  +  f 2   α 6   s k 2  −  g 2   α 6   ,         ϖ  25   =  a 2   r 6   s 5 6  −  b 2   α 4   r 4   s 5 4  +  f 2   α 6   r 2   s 5 2  −  g 2   α 6   ,         ϖ  3 k   =  a 3   α 6   s k 6  −  b 3   α 6   s k 4  +  f 3   α 6   s k 2  −  g 3   α 6   ,         ϖ  35   =  a 3   r 6   s 5 6  −  b 3   α 4   r 4   s 5 4  +  f 3   α 6   r 2   s 5 2  −  g 3   α 6   ,         ϖ  4 k   =  a 4   α 6   s k 6  −  b 4   α 6   s k 4  +  f 4   α 6   s k 2  −  g 4   α 6   ,         ϖ  45   =  a 4   r 6   s 5 6  −  b 4   α 4   r 4   s 5 4  +  f 4   α 6   r 2   s 5 2  −  g 4   α 6   ,         ϖ  55   =  n 0   r 8   s 5 8  −  n 1   α 2   r 6   s 5 6  +  n 2   α 4   r 4   s 5 4  −  n 3   α 6   r 2   s 5 2  +  n 4   α 8  ,    



(A1)







The constants in Equations (17)–(20) are expressed as follows:


     κ  1 k   =  c  13    α 2   s k 2   ϖ  2 k   +  e  31    α 2   s k 2   ϖ  3 k   +  q  31    α 2   s k 2   ϖ  4 k    ,         κ  15   =  c  13    r 2   s 5 2   ϖ  25   +  e  31    r 2   s 5 2   ϖ  35   +  q  31    r 2   s 5 2   ϖ  45   ,      κ  2 k   =  c  13    α 2   ϖ  1 k   +  c  33    α 2   s k 2   ϖ  2 k   +  e  33    α 2   s k 2   ϖ  3 k   +  q  33    α 2   s k 2   ϖ  4 k    ,         κ  25   =  c  13    α 2   ϖ  15   +  c  33    r 2   s 5 2   ϖ  25   +  e  33    r 2   s 5 2   ϖ  35   +  q  33    r 2   s 5 2   ϖ  45   ,      κ  3 k   =  c  44   α  s k   ϖ  1 k   −  c  44   α  s k   ϖ  2 k   −  e  15   α  s k   ϖ  3 k   −  q  15   α  s k   ϖ  4 k    ,         κ  35   =  c  44   r  s 5   ϖ  15   −  c  44   r  s 5   ϖ  25   −  e  15   r  s 5   ϖ  35   −  q  15   r  s 5   ϖ  45    ,         κ  4 k   =  e  15   α  s k   ϖ  1 k   −  e  15   α  s k   ϖ  2 k   +  ε  11   α  s k   ϖ  3 k   +  d  11   α  s k   ϖ  4 k    ,         κ  45   =  e  15   r  s 5   ϖ  15   −  e  15   r  s 5   ϖ  25   +  ε  11   r  s 5   ϖ  35   +  d  11   r  s 5   ϖ  45    ,         κ  5 k   =  e  31    α 2   ϖ  2 k   +  e  33    α 2   s k 2   ϖ  2 k   −  ε  33    α 2   s k 2   ϖ  3 k   −  d  33    α 2   s k 2   ϖ  4 k    ,         κ  55   =  e  31    α 2   ϖ  25   +  e  33    r 2   s 5 2   ϖ  25   −  ε  33    r 2   s 5 2   ϖ  35   −  d  33    r 2   s 5 2   ϖ  45   ,      κ  6 k   =  q  15   α  s k   ϖ  1 k   −  q  15   α  s k   ϖ  2 k   +  d  11   α  s k   ϖ  3 k   +  μ  11   α  s k   ϖ  4 k    ,         κ  65   =  q  15   r  s 5   ϖ  15   −  q  15   r  s 5   ϖ  25   +  d  11   r  s 5   ϖ  35   +  μ  11   r  s 5   ϖ  45    ,         κ  7 k   =  q  31    α 2   ϖ  2 k   +  q  33    α 2   s k 2   ϖ  2 k   −  d  33    α 2   s k 2   ϖ  3 k   −  μ  33    α 2   s k 2   ϖ  4 k    ,         κ  75   =  q  31    α 2   ϖ  2 j   +  q  33    r 2   s 5 2   ϖ  25   −  d  33    r 2   s 5 2   ϖ  35   −  μ  33    r 2   s 5 2   ϖ  45   ,    



(A2)







The constant submatrices in Equation (30) are given as follows:


  U =      1   0   0   0     0   1   0   0     0   0   1   0     0   0   0    − 1       ,  N  1 k    j    =        κ  21    j         κ  22    j         κ  23    j         κ  24    j           κ  51    j         κ  52    j         κ  53    j         κ  54    j           κ  71    j         κ  72    j         κ  73    j         κ  74    j           κ  31    j         κ  32    j         κ  33    j         κ  34    j           



(A3)






   N  2 k    j    =        s 1   j     ϖ  21    j         s 2   j     ϖ  22    j         s 3   j     ϖ  23    j         s 4   j     ϖ  24    j           s 1   j     ϖ  31    j         s 2   j     ϖ  32    j         s 3   j     ϖ  33    j         s 4   j     ϖ  34    j           s 1   j     ϖ  41    j         s 2   j     ϖ  42    j         s 3   j     ϖ  43    j         s 4   j     ϖ  44    j           ϖ  11    j         ϖ  12    j         ϖ  13    j         ϖ  14    j           



(A4)






   W 0   =       −   p ˜  ˜  −    κ  25    1    −  β 3   1     ϖ  55    1         A 5   1    +  A ¯    5   1            −    q ˜  ˜  b  −    κ  55    1    +  p 3   1     ϖ  55    1         A 5   1    +  A ¯    5   1            −    g ˜  ˜  b  −    κ  75    1    +  λ 3   1     ϖ  55    1         A 5   1    +  A ¯    5   1            − i n  μ f    p ˜  ˜  /  α 2  −  κ  35    1       A 5   1    −  A ¯    5   1            ,  



(A5)






   W 1   =          κ  25    2    −  β 3   2     ϖ  55    2       A 5   2    −    κ  25    1    −  β 3   1     ϖ  55    1         A 5   1     e  −  r 1   s 5   1     h 1    +  A ¯    5   1     e   r 1   s 5   1     h 1               κ  55    2    +  p 3   2     ϖ  55    2       A 5   2    −    κ  55    1    +  p 3   1     ϖ  55    1         A 5   1     e  −  r 1   s 5   1     h 1    +  A ¯    5   1     e   r 1   s 5   1     h 1               κ  75    2    +  λ 3   2     ϖ  55    2       A 5   2    −    κ  75    1    +  λ 3   1     ϖ  55    1         A 5   1     e  −  r 1   s 5   1     h 1    +  A ¯    5   1     e   r 1   s 5   1     h 1             κ  35    2     A 5   2    −  κ  35    1       A 5   1     e  −  r 1   s 5   1     h 1    −  A ¯    5   1     e   r 1   s 5   1     h 1            ,  



(A6)






   W 2  =        r 2   s 5   2     ϖ  25    2     A 5   2    / α −  r 1   s 5   1     ϖ  25    1       A 5   1     e  −  r 1   s 5   1     h 1    −  A ¯    5   1     e   r 1   s 5   1     h 1      / α        r 2   s 5   2     ϖ  35    2     A 5   2    / α −  r 1   s 5   1     ϖ  35    1       A 5   1     e  −  r 1   s 5   1     h 1    −  A ¯    5   1     e   r 1   s 5   1     h 1      / α        r 2   s 5   2     ϖ  45    2     A 5   2    / α −  r 1   s 5   1     ϖ  45    1       A 5   1     e  −  r 1   s 5   1     h 1    −  A ¯    5   1     e   r 1   s 5   1     h 1      / α        ϖ  15    2     A 5   2    /  α 2  −  ϖ  15    1       A 5   1     e  −  r 1   s 5   1     h 1    +  A ¯    5   1     e   r 1   s 5   1     h 1      /  α 2         



(A7)








Appendix B


The process of determining the unknowns of the temperature solution (   A 5   1     ,    A ¯    5   1     ,    A 5   2     ) is to solve the linear equations (Equation (24)) as follows:


       1    − 1    0         ϖ  55    1     θ 5     ϖ  55    2             ϖ  55    1       ϖ  55    2     θ 5        − 1        χ 2   θ 5      −  χ 2  /  θ 5      − 1              A 5   1           A ¯    5   1           A 5   2          =          q ˜  ˜    k  33    1     r 1   s 5   1     ϖ  55    1           0     0      .  



(A8)







Equation (A8) can be written as


   A 5   1    −  A ¯    5   1    =    q ˜  ˜    k  33    1     r 1   s 5   1     ϖ  55    1      ,  



(A9)






     ϖ  55    1     θ 5     ϖ  55    2       A 5   1    +    ϖ  55    1       ϖ  55    2     θ 5     A ¯    5   1    −  A 5   2    = 0 ,  



(A10)






   χ 2   θ 5   A 5   1    −  χ 2  /  θ 5   A ¯    5   1    −  A 5   2    = 0 .  



(A11)







Equation (A10) is multiplied by    χ 2    minus Equation (A11) multiplied by      ϖ  55    1       ϖ  55    2       , resulting in


       ϖ  55    1       ϖ  55    2      −  χ 2     θ 5   A 5   1    +      ϖ  55    1       ϖ  55    2      +  χ 2    /  θ 5   A ¯    5   1    = 0 .  



(A12)







Simultaneously, Equation (A9) and Equation (A12) are grouped:


   A 5   1    −  A ¯    5   1    =    q ˜  ˜    k  33    1     r 1   s 5   1     ϖ  55    1      ,  



(A13)






       ϖ  55    1       ϖ  55    2      −  χ 2     θ 5   A 5   1    +      ϖ  55    1       ϖ  55    2      +  χ 2    /  θ 5   A ¯    5   1    = 0 .  



(A14)







Equation (A10) is multiplied by        ϖ  55    1       ϖ  55    2      +  χ 2    /  θ 5    plus Equation (A12), leading to


   A 5   1    =      ϖ  55    1    +  ϖ  55    2     χ 2      q ˜  ˜     k  33    1     r 1   s 5   1     ϖ  55    1         ϖ  55    1    +  χ 2   ϖ  55    2      +    ϖ  55    1    −  χ 2   ϖ  55    2       θ 5 2      .  



(A15)







After obtaining    A 5   1     ,    A ¯    5   1      can be obtained by Equation (A9):


   A ¯    5   1    = −      ϖ  55    1    −  ϖ  55    2     χ 2     θ 5 2     ϖ  55    1    +  ϖ  55    2     χ 2     A 5   1    .  



(A16)







After obtaining    A 5   1      and    A ¯    5   1     ,    A 5   2      is easy to obtain from Equation (A10) or Equation (A11):


   A 5   2    =  χ 2   θ 5   A 5   1    −    χ 2     θ 5     A 5   1     



(A17)
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Figure 1. Thermal contact model between a loaded sliding ball and the coated MEE medium. 
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Figure 2. Subsurface electric potential, von Mises stress, and their relative error for different coating materials obtained with the proposed model and FEM for piezoelectric case. (a) Electric potential, (b) relative error, electric potential, (c) von Mises stress along the z axis, (d) relative error, von Mises stress. 
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Figure 3. Electric potential and von Mises stress in the x–z plane for different coating materials for piezoelectric case. (a) Electric potential obtained by the proposed model, (b) electric potential obtained by the FEM, (c) von Mises stress obtained by the proposed model, (d) von Mises stress obtained by the FEM (the non-English words in the figure mean “average”). 
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Figure 4. Subsurface temperature rise, von Mises stress, and their relative error for different coating materials obtained with the proposed method and FEM for the thermoelastic case. (a) Temperature rise along the z axis, (b) relative error, temperature rise, (c) von Mises stress along the z axis, (d) relative error, von Mises stress. 
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Figure 5. Temperature rise and von Mises stress in the x–z plane for different coating materials for the thermoelastic case. (a) Temperature rise obtained by the proposed model, (b) temperature rise obtained by the FEM, (c) von Mises stress obtained by the proposed model, (d) von Mises stress obtained by the FEM (the non-English words in the figure mean “average”). 
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Figure 6. Temperature rise and contact pressure at the coating surface (the x axis) under different sliding speeds for “soft/hard” coating. (a) Temperature rise,    c  i j    1    /  c  i j    2    = 0.5  , (b) temperature rise,    c  i j    1    /  c  i j    2    = 2  , (c) contact pressure    c  i j    1    /  c  i j    2    = 0.5  , (d) contact pressure,    c  i j    1    /  c  i j    2    = 2  . 






Figure 6. Temperature rise and contact pressure at the coating surface (the x axis) under different sliding speeds for “soft/hard” coating. (a) Temperature rise,    c  i j    1    /  c  i j    2    = 0.5  , (b) temperature rise,    c  i j    1    /  c  i j    2    = 2  , (c) contact pressure    c  i j    1    /  c  i j    2    = 0.5  , (d) contact pressure,    c  i j    1    /  c  i j    2    = 2  .
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Figure 7. Temperature rise and von Mises stress on the x–z plane under different sliding speeds for “soft/hard” coating. (a) Temperature rise, (b) von Mises stress. 
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Figure 8. Electric and magnetic potentials at the coating surface (the x axis) under different sliding speeds for “soft/hard” coating. (a) Electric potential,    c  i j    1    /  c  i j    2    = 0.5  , (b) electric potential,    c  i j    1    /  c  i j    2    = 2  , (c) magnetic potential    c  i j    1    /  c  i j    2    = 0.5  , (d) magnetic potential    c  i j    1    /  c  i j    2    = 2  . 
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Figure 9. Electric and magnetic potentials of half-space on the x–z plane under different sliding speeds for “soft/hard” coating. (a) Electric potential, (b) magnetic potential. 
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Figure 10. Contact behavior at the coating surface (the x axis) for MEE coatings of different thermal conductivities. (a) Temperature rise, (b) contact pressure, (c) electric potential, (d) magnetic potential. 
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Figure 11. Contact behavior at the coating surface (the x axis) for MEE coatings of different thermal moduli. (a) Temperature rise, (b) contact pressure, (c) electric potential, (d) magnetic potential. 
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Figure 12. Effect of coating thickness on the contact behavior of MEE coating. (a) The maximum temperature rise; (b) the maximum contact pressure; (c) the maximum electric potential; (d) the maximum magnetic potential. 






Figure 12. Effect of coating thickness on the contact behavior of MEE coating. (a) The maximum temperature rise; (b) the maximum contact pressure; (c) the maximum electric potential; (d) the maximum magnetic potential.



[image: Materials 17 00128 g012]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file4.png
=0.5

722 Pl e

Y o

: 1)..2 —
proposed method. cgj).cgj) =0.5

FEM, c’:c? = 0.5

(o

- @

=2

/ cl(jz)

(1)
i

c

N

Vizzzzzz228 %

777227722777
7722277
772222772
7727222227270
7272227772
772222722
772222277

el

i

i
222

w

-t

ag}

% | @ J0.LId IANEY

O

=2

2 -

proposed method. cg%cg?) =2
“y

V  FEM. ()«

(o

substrate

coating

- D

w

1.0
z/r

0.5

15000.00

12000.00

£
S

6000.00

3000.00 f

0.00
0.0

<
S

2.0

(a)





media/file26.jpg
050 180
nss o =2 160
o0 L
& £
g T ¢
05, 2
o) m
azs) o3
T TR T i T oor o
hlas hlay
@ (b)
wig o
o drp =05
g 006
iz
o0
$om B
o0
m
003
o) oz
T TR Y] 0 0 LCTa—T 0
Hlas

(©)






media/file27.png
0.50
- cl(.jl):cl(.jz) = (.5
0.45 | c,(.jl):c,(.jz) =2
0.40
&
~
A
. . v‘s\\og\o_om
0.30 F
0.25 L s aaaal L M e | L M Er e | L PRI
0.001 0.01 0.1 1 10
h/ao
(a)
0.16
e cl(jl):cl(jz) =0.5
D, .(2) —
cl(j).cl(j) =2
012 | )
=]
§;008- 3
0.04
0.00 M T | M 2 2 3 322l M 2 2 3 322l M 2 2 3 322l
0.001 0.01 0.1 1 10

hlao

e cl(.jl):cl(.jz) = (.5
D, .2) —
1.60 | cyxy—z
1.40 F
(o)
S _
<,
1.20 F
1.00 |
0.80 N a2l N a2l M | i
0.001 0.01 0.1 1 10
h/ao
(b)
0.007
—_— cl(jl):cl(jz) = (.5
0.006 c,(}):c,(f) =2
)
0.005 |
(=]
S
S
0.004¢
0.003 |
0.002 N MR | N MR | 1 N |
0.001 0.01 0.1 1 10
h/ao
(d)





media/file13.png
proposed
K.

FEM

M.

(d)

: — A
. 1D).7.2) — ~
\ - k§j>.k§j> —2

A

s

SEERNRNL AN
Sk ines IR
SRSt

Illll

LN

- "
A?
T
o
th
=
S

TR

Srmwhkows

. . ol o
fo 0o i da O 00
QO L= O da
[ s Ty

== = A-1
=S e 0D

S, Mises
CF¥9: 75%)

ana ANRERE S

Q:-D—H-‘HIQNHEH.IL_GHI_LH h

sinsihchiohohionis
S S oYe e eC oW





media/file12.jpg
.40
A,,.‘.k;.,.'—z i

(<) (d)





media/file3.jpg
e

|

o
o

T——

o o5 10 15

©

Reative rtor 0,)/%

Relte rroria 1%

x s u.uui!i&lil !{ I Il
s E&
L Il






media/file18.jpg
a-0sg

ET)

o m

ao

(®)

En

BT}

I w
ao

()

B

BT

[
ao

(d)

T B





media/file9.png
S, Mises
(F13: 75%)

FEM
D g,

j =Ty

0.07
0.00






media/file14.jpg
-2
2
o =05
140 e
-
I3 o vs=Sm
S

lao lav

@ (b)






media/file20.jpg
)

(b)

(1

(a)





media/file7.jpg





media/file23.png
0.12

0.09

—— kPIKD = 0.2
o kPIK = 05
~— KPIKD =1
—o— kPIK?D =2

—o— kPIKD = 0.2
— kPIKD = 0.5
~ kPIKD =1
—o— kPIKP =2

—— kPIKD = 0.2
— kPIKD = 0.5
—— kl(.jl)/kl(.jz) =1
—o—- kI =2

AcAA A nAnA A AnAuAnA A A

0.008

0.006

VAV VWV VNV

—— kDI = 0.2
—— kPIKD = 0.5
—— kl(jl)/kl(jz) =1
—o— kgjl)/kf.jz) =2






media/file5.png
HEEEEEhEHhH Y @
AR TR TT..
AT .
AIRRR T .
AN
AR
AMMRNRRR TNy
AMANRRR.N

2

TS 2

W

e ol My v
v AN [/ A A Vo M.
4 AN o 2222222 < SOONNNINN (N 07222222277
)_ AN Il wzs D__ —_ Sty D__
SN AN L Yz oS —_—T rr,y,T,es:ss o7
Py TS © 777 =~ SONNN 2~
= (LI - 2222 QT AN =T
L F ANNNNNN . 727 - N\ .Y 7
N ERUTRIN: 2277 N W . = \
N AN D 7 S SIS Z
o N 7, AN
AN /74 AN
RASNNNNY 7, NN
S 7 AN
W : AN
QN ¢ A\ I8
L " 0.
| o 1o ]
b ] N
8 Z N
N % R
= Z AN
Y - R
ANNRNRNN % L A L V. A < L L L 1
L s L L L - L L . . L = S i T en N
- = N - o w - G o® »
1 o/ /(" 0) J0.LIJ dANR]D
0 / (“'0) 10019 dAICPY % / HEPY
v <
o o T
Il Il
S S
S S
O O
o) S od e
27T 27 ~
 8x Y O
5 © 2 %
o 8. T & :
O « O
& 2 a 2
S m 2 M| RS
a, B 8 ° i b
-t
1
—
o) > 7
b L
=
wn
d N
S
on
=
= .
]
=]
N
L 1 1 1 klv“ 0.
o o o o =) =<
< xR 2 -, N <
— = = . = "
eJIN/ O

[l i
U i iz sz
iz zzzgzzgzg2zz

2.0

LA,
[/ /7 S
U/ /A
77
777
777777

ATty

1.5

1.0

0.5

z/r

(d)

(c)





media/file15.png
2.40

1) _ 2
cl(j) = 0.501(1-)

—o— Vs = 0.5v0
—— Vs = V0

—— Vs =310

cl(jl) = 0.5c§j2)
3.00 |
—o— Vs = 0.5v0
—_
240l —A— YPs = V0
—— Vs = 3V0
\Q‘I.SO | o Vs = 5V0
S
1.20 |
0.60 |
0. 00 SOOI ! BRI
2.0 -1.0 0.0 1.0 2.0
x/ao

2.40

2.00

cl(jl) = 201(1-2)
—o— Vs = 0.5v0
—&— Vs = V0
—v— Vs =3V0
—o— Vs = 5V0

...........

2.40 |
K180}
Y

1.20

0.60 |

1) _~.2
cl(j)—Zc,(j)

—o— Vs = 0.5vo
—4— VYPs = Vo
—v— Vs = 3Vo
—o— Vs = SVo

AnAA A A A A A A A A

Onn AnA A A
o UV ¥V VY

NSNS

VA ASASASAINS NSNS NSNS N NN,





media/file19.png
0.15

c,(,.l) = 05"1(1'2)

—o— Vs = 0.5v0
A Vs = V0
—v— Vs =310

2

0.15

0.12 |

N _ 2
) =2dp

—o— Vs = 0.5V0
A Vs = V0

Vs = 30

0.008

0.006 |-

n_ 2
o =2

—o— Vs = 0.5V0
Vs = Vo
—v— Vs =3V

3
S <
0.002 K
i SH200 TYLYIvIviy:
0.000 -
~0.002 | I I .
L N - 1.0 2.0
x/ao





media/file2.jpg
coning

1500000 5
1 —
R ]
e e sl b A
s i el £ {ume Ll
3 ¢ e
W o






nav.xhtml


  materials-17-00128


  
    		
      materials-17-00128
    


  




  





media/file11.png
=0.5
o7
i
N
1
=2
0.5
2
é
g
1
2):2

K

2)
?
é
7
2)

)
2)

y
%r
/
K
K
)
?
’

D
el

20 KD/
7
.
%
2

722 k!
097
.

I
w
NN 4§
%

7

%

7%

1

L 1 1
['g] e ag]

1 1 1 1 L 1 1 L 1 1 1 1
e ag] (o] v w - e ['g] e e (o] v

o / () J0013 AN RY o, / (.0 J10419 A RPY
=
- < =
) N 1K
o o v
Il I o ol
DS PN I I
o (/=N X o
= ﬂn, Jw T T w0
S o S ol Yo . —
4% 4q Ee Zg
= i~
R R T as~ % 4.
T Sa T O 8§ %X 8 ¥
2 < 2 = T S P Sa
8 s & 3 {1=% 2 5 8 = SRS
: b S m @ - b2 —_ m._ S &S 1=
B W B o = < S @ o ™ = 2
= ~ a8 o & m = ~
@ >
. o] > 2
; »
- O_“ ‘ — 5
i <
g i=
£ b =
g .-
| 7 =) . [
- -'
3 : o g8
T Tz = @ = 3
g =
[ S = = S =
= £ 5 % § & = § £ § % &
(= o ol o0 -+ o
o v IUO\..H ol ] dmz\tu.—uo





media/file6.jpg
FEM |©
)= 0,51






media/file24.jpg
200 a0
o e
e Thies
™ ThE i
e A Th
& .
S Sia
o
000 san 0.00;
@ (b)
< BB =02 PP
7 oot BT =5y
oes pe: 1 3] 85, k)
. X G
s, Y
Lo 0.002]
oom
o
o
slan slan
(c) (d)





media/file1.png
coatmg ( ( contact area 4,

D

v

i I

substrate A7\”

|
|
!
“y





media/file10.jpg
- — rnt P05 | = gp-os
i o FouH0s o -
i -
i v M S I ﬁﬂ'?’ iRBigauas,
3 A R
o0 b T
an .
1
i e TR O
R
@ (b)
: i
*
3 AAnERRRRE R AR
& T caaang
EL o i 3 £l
£ g2
contng | subatrate {{ —— e
: R
'y r o i T % . ) i =

o

(c) (d)





media/file16.jpg
)

(b;

(a)





media/file22.jpg
40, 340
< KR -2 T,
o KD w05 ' 7
™ oy 2 i
PR - K
o KD =2 P
IS <
S Sim
