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A two-element model of braking process for a tribosystem consisting of the pad (the strip) sliding with the time-dependent velocity (braking at uniform retardation) on a surface of the disc (the semi-space) is studied. The dependences of temperature and thermal stresses on the boundary conditions on upper surface of the ceramic-metal strip were investigated. It was proved that there is a possibility of applying the obtained results to modelling of a thermal cracking of the frictional elements during braking.

NOMENCLATURE

Introduction

As a result of friction on the contact surface of the pad and disc the kinetic energy transforms into heat. Elements of brakes are heated and, hence, the conditions of operation of the friction patches become less favorable: their wear intensifies and the friction coefficient decreases, which may lead to emergency situations [START_REF] Day | Heat flow and temperatures in friction material during braking[END_REF]. Thus, the problem of calculation of temperature and thermal stresses is one of the most important problems in the design of brakes [START_REF] Chichinadze | Calculation and Study of External Friction during Braking[END_REF].

The axi-symmetric and three-dimensional transient temperature field models of brake shoe with using of the integral-transform method have been proposed in articles [START_REF] Qi | Investigation of disc/pad interface temperatures in friction braking[END_REF][START_REF] Rowson | The interfacial surface temperature of a disc brake[END_REF][START_REF] Barber | Implications of thermoelastic instability for the design of brakes[END_REF][START_REF] Yevtushenko | Determination of heat and thermal distortion in braking systems[END_REF][START_REF] Yevtushenko | Determination of temperatures for sliding contact with applications for braking systems[END_REF][START_REF] Matysiak | Contact temperature and wear of composite friction elements during braking[END_REF], and with using of the finite elements method in article [START_REF] Zhu | Three-dimensional transient temperature field of brake shoe during hoist's emergency braking[END_REF].

However, most often temperatures and stresses are obtained from a solution of a onedimensional contact problem with transient frictional heat generation [START_REF] Fasekas | Temperature gradients and heat stresses in brake drums[END_REF][START_REF] Ho | Effect of frictional heating on braking materials[END_REF][START_REF] Olesiak | Determination of Temperature and Wear during Braking[END_REF][START_REF] Yevtushenko | Calculation of the contact temperature of frictional elements of brakes[END_REF][START_REF] Yevtushenko | Exact formulae for determination of mean temperature and wear during braking[END_REF][START_REF] Pyryev | The influence of the brakes friction elements thickness on the contact temperature and wear[END_REF]. The onedimensional models correspond to those cases when the Peclet number is large and, consequently, the frictional heat flux is normal to the contact surface. The verification of many analytical solutions with the results from the experimental data, which refers to the work of the braking devices, shows that the one-dimensional models are the sufficiently good approximation for the computation of the temperature during braking [START_REF] Santini | Experimental investigation of surface temperatures and wear in disk brakes[END_REF][START_REF] Chichinadze | Calculation, Testing, and Selection of Frictional Pairs[END_REF][START_REF] Balakin | Heat Calculations of Brakes and Friction Joints[END_REF].

All the above mentioned solutions obtained allowed to define the temperature only during braking at

s t t ≤ ≤ 0
, where s t is the time of a stop. The solutions, allowing to calculate the temperature both at heating at a stage of braking, and at cooling after a stop, are proposed in articles [START_REF] Evtushenko | Thermal problem of friction at braking of coated body[END_REF][START_REF] Matysiak | Temperature field in the process of braking of a massive body with composite coating[END_REF][START_REF] Yevtushenko | Frictional heating during braking in a three-element tribosystem[END_REF].

The heating on a surface of friction during braking leads to temperature shock that generates surface cracks [START_REF] Mackin | Thermal cracking in dick brakes[END_REF][START_REF] Yamabe | Development of disc brake rotors for heavy-and medium-duty trucks with high thermal fatigue strength[END_REF]. Cleavage of the material in the process of thermal cracking results from tensile stresses when the friction elements are heated by the moving heat flux.

When the stresses value exceeds the tensile strength of material, then cracks arise on the contact surface. Low thermal conductivity of friction patch materials is the reason why considerable thermal stresses are generated in a thin subsurface layer during braking. As a result, destruction of the friction surface can take place both during heating at braking, and during cooling after a stop. The mathematical model of thermal splitting of homogeneous and piece-wise homogeneous bodies at assumption of laser or frictional heating of their surface by a thermal flow of known intensity was proposed in articles [START_REF] Yevtushenko | Laser-induced thermal splitting in homogeneous body with coating[END_REF][START_REF] Evtushenko | Initiating of thermal cracking of materials by frictional heating[END_REF].

The aim of this paper is to analyse the temperature fields and thermal stresses in the tribosystem consisting of two frictional elements: the pad (the strip) sliding with the velocity
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(braking with constant retardation) on a surface of the disc (the semi-space). The obtained solution determines the temperature and thermal stresses in the tribosystem both in the heating phase during braking and in the cooling phase after a stop.

The numerical results for the temperature and thermal stresses are obtained for the metalceramic pad and the cast-iron disc. The metal-ceramic frictional materials are now extensively used in brake systems because of their high thermal stability and wear resistance [START_REF] Blau | Compositions, Functions, and Testing of Friction Brake Materials and Their Additives[END_REF][START_REF] Daehn | Co-continuous composite materials for friction and braking applications[END_REF].

Statement of the problem

The problem of contact interaction of a plane-parallel strip (the pad) and semi-space (the disk) is under consideration. The scheme of contacting bodies is shown in Fig. 1. It is assumed, that at the initial time moment 0 = t the outer surface of the strip and the foundation in infinity are subjected to the action of a constant pressures 0 p . The strip slides over the surface of semi-space along the y -axis of the Cartesian coordinate system Oxyz with the centre at the plane of contact. The velocity of sliding V decreases linearly in time t from initial value 0 V at 0 = t to zero at the stop time moment s t , so that the deceleration is constant
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The sliding is accompanied by frictional heat generation on a contact plane 0 = z . The sum of the intensities of the frictional heat fluxes directed into each component of friction pair is equal to the specific friction power [START_REF] Ling | Surface Mechanics[END_REF]:
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where, taking the equation (1) into account, we have
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Generally, the contact surfaces of the strip and the semi-space are rough and the contact is imperfect. In this paper we consider the limiting case of the perfect contact between these surfaces. We also assume, that the temperature on the external surface of the strip is equal zero (the coefficient of heat transfer tends to infinity).

Further, all values and the parameters concerning the strip and the foundation will have bottom indexes "s" and "f ", respectively. In such statement, the transient temperature fields in the strip and in the foundation can be found from the solution of the one-dimensional heat conduction problem of friction during braking:

, 0 , 1 0 , ) , ( ) , ( 2 2 > < < ∂ ∂ = ∂ ∂ * * τ ζ τ τ ζ ζ τ ζ T T (4) , 0 , 0 , ) , ( 1 ) , ( 2 2 > 
< < ∞ - ∂ ∂ = ∂ ∂ * * * τ ζ τ τ ζ ζ τ ζ T k T ( 5) , 0 ), , 0 ( ) , 0 ( > 
- = + * * τ τ τ T T (6) , 0 ), ( 0 0 > = ∂ ∂ - ∂ ∂ * + = * - = * * τ τ ζ ζ ζ ζ q T T K (7) , 0 , 0 ) , 1 ( > = * τ τ T (8) , 0 , , 0 ) , ( > -∞ → → * τ ζ τ ζ T (9) , 1 , 0 ) 0 , ( ≤ < ∞ - = * ζ ζ T ( 10 
) where 0 ), ( 1 ) ( ≥ - - = * τ τ τ τ τ τ s s H q , ( 11 
) , d z = ζ , 2 d t k s = τ , 2 d t k s s s = τ , s f K K K = * , s f k k k = * , 0 0 s K d q T = 0 T T T = * . ( 12 
)

Temperature

Taking the linearity of the boundary-value problem of heat conduction ( 4)-( 10) and the form of function ) (τ * q (11), the dimensionless transient temperature in the strip and in the foundation may be written in the form of superposition [START_REF] Yevtushenko | Frictional heating during braking in a three-element tribosystem[END_REF]:
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where the upper indexes (0) and ( 1) correspond to solutions of the problem under consideration for the dimensionless temporary profile of the heat flux intensity in the boundary condition ( 7)
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We obtained the solutions of the parabolic boundary-value problem of heat conduction ( 4)-( 10) with heat flux intensities ( 14) in the right-side of a boundary condition [START_REF] Yevtushenko | Determination of temperatures for sliding contact with applications for braking systems[END_REF], by using the integral Laplace transform technique [START_REF] Sneddon | The Use of Integral Transforms[END_REF] with respect to the dimensionless time τ in the form:
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The dimensionless parameter ∞ < < ε 0 (18) is known as "the coefficient of thermal activity of the material of the foundation relative to the material of the strip" [START_REF] Luikov | Analytical Heat Diffusion Theory[END_REF].

The solutions ( 15)-( 19) of heat problem of friction during braking ( 4)-( 10) are obtained for zero temperature on the upper surface 
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and the solutions of heat conduction equations ( 4) and ( 5) satisfying boundary and initial conditions ( 6), ( 7), ( 8), [START_REF] Fasekas | Temperature gradients and heat stresses in brake drums[END_REF] and [START_REF] Matysiak | Temperature field in the process of braking of a massive body with composite coating[END_REF] are also found in the form (15) at:
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The solutions ( 16) and ( 21) of the problem under consideration for the case of uniform sliding (when the upper index ) 0 = k have been obtained in the article [START_REF] Yevtushenko | Influence of convective cooling on the temperature in a frictionally heated strip and foundation[END_REF].

Thermal stresses

Experimental examinations of the surface of the frictional elements of brakes proved that among the three normal components of the stress tensor -lateral x σ , longitudinal y σ and in the direction of heating z σ -only the x σ component exerts the most influence on thermal cracking [START_REF] Evtushenko | Initiating of thermal cracking of materials by frictional heating[END_REF]. It results in the material cracking into the direction of sliding (the heat flow motion). If the lateral component x σ is greater enough than the tensile strength of materials, then the microcracks oriented at various angles to the direction of cracking are created, and divergence between the line of cracking and the direction of heat flow movement occurs. The normal component of stress tensor z σ has no essential meaning in one-dimensional problem [START_REF] Dostanko | Technology and technique of precise laser modification of solid-state structures[END_REF].

On the base of these data, the quasi-static longitudinal x σ stress in the tribosystem, induced by the non-stationary temperature field ( 15)-( 19) can be determined from the equations, which describe the thermal bending of thick plate of the thickness c with free ends (see Fig. 1) [START_REF] Timoshenko | heory of elasticity[END_REF]:
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where the dimensionless stress ) , ( τ ζ σ * can be found from the equation [START_REF] Evtushenko | Initiating of thermal cracking of materials by frictional heating[END_REF]:
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In the equation ( 23 16), respectively:
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In equations [START_REF] Ling | Surface Mechanics[END_REF] and further, the top sign we shall choose for the strip and the bottom sign for a semi-space.

From formulas ( 26)-( 28 
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Numerical analysis

The numerical results have been obtained for the friction couple a FMK-11 metalceramics pad (the strip) and a cast iron disk (the semi-space) for which [START_REF] Chichinadze | Calculation, Testing, and Selection of Frictional Pairs[END_REF]:
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-. The ceramic-metal frictional material FMK-11 consists of 64% Fe, 15% Cu, 9% C, 3% 2 SiO , 3 % asbestos and 6%
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BaSO [START_REF] Balakin | Heat Calculations of Brakes and Friction Joints[END_REF]. The metal components of FMK-11 (Fe, Cu) provide to a material high heat conductivity and wear-in, and the non-metallic component (C,

SiO , et al.)

increase the coefficient of friction and reduce propensity to jamming. The frictional material on the basis of FMK-11 is intended for work in the hard loaded wheel disk brakes of planes [START_REF] Balakin | Heat Calculations of Brakes and Friction Joints[END_REF].

The friction conditions are: the pressure 1 0 = p MPa, the initial sliding speed

30 0 = V m s 1
-, the coefficient of friction 

is observed for thermal insulation of the upper surface of the strip (Fig. 3b). In the heating phase at the time interval for the disc, the compressive superficial stresses occur. In this case, the level of tensile stresses in a disc is greater than in case of zero temperature on the upper surface of a strip.

The initiation of superficial cracks generation is accompanied with the monotonic increase of tensile normal stresses. In heating of frictional elements during braking, it is the change of sign of superficial stresses that plays key role in forecasting initiation and preventive maintenance of thermal splitting [START_REF] Evtushenko | Initiating of thermal cracking of materials by frictional heating[END_REF]. The dependencies of the thermal stresses of the pad and the disc on time are alike in case of maintenance of the initial temperature on the upper surface of the strip (Fig. 4a). It results from the fact, that the distribution of the temperature in these elements is alike, too (Fig. 3a). The distribution of the temperature in the pad and the disc differs a lot in case when the upper surface of the strip is insulated. The temperature reaches significant values on the whole depth of the pad, and its maximal value on the contact surface is 200 C higher than in case of the initial temperature on the upper surface of the strip (Fig. 3b). It induces different values and evolution of the thermal stresses (Fig. 4b). In the case of thermal insulation of the upper surface of the strip, the magnitude of surface tensile stresses in the cast iron disc is much greater, than in case of zero temperature on this surface (Fig. 4). The most endangered element is the pad, since there are much bigger (than in the disc) tensile stresses occurring within it. With increase in time of braking s t , the time c t of change of sign on normal stress increases (Fig. 5). At fixed time of braking, whereas the upper surface of the strip is maintained at the zero temperature (is thermally insulated), the time of change of sign on normal stress for the pad is less (greater) than the same time for the cast-iron disc. The greatest difference between times of occurrence of tensile stresses on a surface of friction is observed in the case of the thermal insulation of the upper surface of the strip (Fig. 5b). 

Conclusions

The analytical solution of the transient heat conduction problem of friction during braking for the plane-parallel strip (the pad) sliding over the semi-infinity foundation (the disc) has been obtained. The temperature field and the thermal stresses for the friction couple metalceramic pad and cast iron disc have been studied. The influence of the boundary conditions on the upper surface of the pad on the distribution of temperature and thermal stresses has been investigated.
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 1 Fig. 1. Scheme of the problem.

  ) it follows, that the dimensionless normal deformation * on the dimensionless distance ζ from the surface of friction, substituting at the right side of formulas (28) the functions )

  and integrating, we find:
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 233 Fig.2a,b. Accordingly to the boundary condition[START_REF] Yevtushenko | Determination of heat and thermal distortion in braking systems[END_REF], the temperatures of the strip and the foundation on the contact surface 0 = z are equal. Provided that the braking starts, the temperature increases quickly, then it reaches its maximum and begins to decrease. The largest value of the temperature on the surface is reached in the case of thermally insulated

Fig. 4 .

 4 Fig. 4. Evolution of the dimensionless lateral stress * σ on the contact surface.

Fig. 5 .

 5 Fig. 5. The time c t of the sign change of lateral stress x σ on the surface of friction 0 = z

Analysis of the evolution of thermal stresses in the frictional elements during braking proves, that when it is heated considerable normal compressive stresses occur near the contact surface. The value of this stresses decreases with an increase of time and after some time moment c t the sign changes -which means that the tensile stresses take place. The time when it happens increases monotonously with increase of a time braking s t .

On the basis of achieved numerical data it is established, that the possible initiation of the superficial crack during braking can be described as the series of the following phases:

due to local intensive frictional heating near a contact surface the field of compressive stresses is formed; -after the beginning of braking in the some time moment c t the tensile normal stresses occur near the subsurface region; -when these stresses exceed the tensile strength of the material, the initiation of the surface cracks is possible.