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The work is devoted to the modeling of electromagnetic processes during wire electric discharge machining and calculation of electromagnetic force. The Maxwell-Ampere's law was used as the mathematical model; the numerical solution was performed by the finite element method. It is shown that the electromagnetic force significantly increases in relation to its initial value in the course of machining due to a decrease of an average distance between the wire tool electrode (WTE) and workpiece surfaces. The results of modeling characterize the effect of machining conditions (workpiece and WTE materials, diameter of WTE, interelectrode gap, parameters of current pulse, length of slit in the workpiece, etc.) on the electromagnetic force.

Introduction

Wire electric discharge machining (WEDM) is an industrially well established machining process for advanced materials [1 -3]. The accuracy of WEDM depends on lag and vibration of low rigid wire tool electrode (WTE) under forces acting on it [START_REF] Herrero | Proc. ISEM XV[END_REF]. In WEDM, four kinds of forces are applied to the wire electrode [START_REF] Tomura | [END_REF]: discharge reaction force caused by rapid expansion of a dielectric fluid bubble at the discharge spot during discharge duration, electrostatic force when open voltage is applied between the wire and workpiece during ignition delay time, electromagnetic force caused by discharge current flowing through the wire, arc column, and workpiece during discharge duration, and hydrodynamic force generated by the flow of dielectric fluid. The electromagnetic force due to the interaction between currents passing through WTE and workpiece can contribute considerably to the total force acting on WTE, especially in the micro-WEDM. In several works, the numerical modeling of the electromagnetic field taking into account electromagnetic induction was performed by the 2D finite element method [START_REF] Tomura | [END_REF]6]. In this case, the worpiece surface was taken to be plane, which corresponds only to the initial instant of time of machining. In the course of machining, the workpiece geometry varies essentially; this will have an effect on the electromagnetic force. However the regularities of electromagnetic processes at WEDM considering change of geometry (a shape and the sizes) of the processed preparation in processing in details are not investigated. This work is devoted to the modeling of electromagnetic processes during wire electric discharge machining and calculation of electromagnetic force with taking into account of the changes of the workpiece shape and size during machining.

Mathematical Model

Fig. 1 presents the scheme WEDM (Fig. 1a), and also the shape and the relative positioning of WTE and the workpiece at the beginning of machining (Fig. 1a), at partial deepening of WTE (Fig. 1b) and at full deepening of WTE (Fig. 1c). It is supposed that the direct current flows along WTE, i.e. along an axis z. When machining of the workpiece from diamagnetic or paramagnetic material (for example, copper or aluminum) the distribution of the magnetic flux is almost symmetric concerning the axis of WTE, and the magnetic field are directed counterclockwise as WTE and workpiece have almost identical magnetic permeability. When machining of the workpiece from ferromagnetic material (for example, steel) the magnetic flux is not symmetric concerning the WTE axis, because magnetic permeability of the workpiece is much more, than WTE. The magnetic flux in the bottom part of WTE is higher, than in the top. Thus, the resulting electromagnetic force acting on WTE is directed to the workpiece. When the current in WTE increases, the magnetic flux increases and the electromagnetic induction in the workpiece is resulted by eddy currents which flow parallel to the WTE axis. Thus the repulsive electromagnetic force acts on WTE. At the reduction of the current at the end of the pulse the direction of eddy currents in the workpiece changes to the opposite, and the attracting electromagnetic force acts on WTE [START_REF] Tomura | [END_REF]. This phenomenon arises both in paramagnetic, and in ferromagnetic materials. For calculation of the electromagnetic force acting on WTE we will use the system of the Maxwell equation: 
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where D is the electric displacement; J is the current density; H, B are intensity and induction of the magnetic field, respectively;  is density of electric charge; t is the time.

Between the variables characterizing an electromagnetic field there are following ratios:
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where r 0     is the magnetic permeability of the material; 0  is the magnetic permeability of vacuum; r  is the relative magnetic permeability;  is the specific conductivity.

Considering that the magnetic field does not depend on z coordinate, instead of the variable B it is possible to enter the potential A connected with В by the following ratio:
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Substituting Eq. 3 in the first equation of the system of the Maxwell equations (1), we will receive the equation for the potential of the magnetic field:
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From the third equation in the system (1) when using the assumption that only one component of the electric field directed along WTE axis is other than zero, we will receive:
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and  <<1, we will receive:
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Where z J is the full density of current; 0 J is the current density in WTE at the pulse created by the pulse generator. The equation ( 7) can be solved with the following initial and boundary conditions:
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where B is the boundary of computational domain.

The components of the electromagnetic force acting on WTE can be calculated with the use of the following equations:
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where WTE S is the cross section of WTE.

Owing to the symmetry the component of F

x has to be equal to zero. The positive F y value corresponds to the repulsive electromagnetic force, and the negative value to the attracting electromagnetic force.

Results

The numerical solution of the boundary value problem (7, 8) was carried out by the finite element method with the use of the FlexPDE program. By the results of the numerical solution the value of the electromagnetic force acting on WTE was calculated. Three various relative positions of the workpiece and WTE were considered: the starting position of the tool-electrode at the beginning of the machining (Fig. 1b), at the partial deepening of WTE to the workpiece (Fig. 1c), at a full deepening of WTE to the workpiece (Fig. 1d). From these three arrangements of WTE the greatest interest is presented by the scheme with WTE being in the working position (to Fig. 1d) as when the tool electrode is in this situation practically all the time during machining. The calculations of the electromagnetic force acting on WTE when passing the pulse of the current duration 1 μs with the forward and back fronts having duration on 50 ns for the three various materials of the workpiece were carried out: ferromagnetic (steel), paramagnetic (aluminum) and diamagnetic (copper) (Fig. 2). On the basis of the published data the amplitude value of the current was accepted equal 5 A [START_REF] Tomura | [END_REF]. The tungsten wire with a diameter of 30 microns was used as WTE. From the obtained results (Fig. 2) it is well visible that the greatest value of the electromagnetic force acting on WTE takes place when the machining of ferromagnetic material (steel). When the machining of copper and aluminum the values of the electromagnetic force significantly less and are almost equal among themselves. It is caused by the fact that the magnetic permeability of these materials is approximately equal. The negative F y value when the machining of steel, corresponds to WTE attraction to the workpiece. When the machining of copper and aluminum F y accepts positive values, i.e. under the acting of the electromagnetic force of WTE repelled from the workpiece. Let's consider the major factors of WEDM influencing the electromagnetic force. One of such parameters is the value of the current. From Fig. 3a one can see that with the increase in the current the electromagnetic force increases. Depending on the magnetic permeability, the force acting on WTE is the attraction force for ferromagnetic (Fig. 3a, curve 1) and repulsive force for paramagnetic and diamagnetic materials (Fig. 3a, curves 2 and 3). One can see that when machining a ferromagnetic material the electromagnetic force increases in the process of deepening of WTE in the workpiece, and when processing paramagnetic and diamagnetic, on the contrary, decreases. At rather big deepenings the value of the electromagnetic force is stabilized and reaches the constant value not depending on the deepening. It proves the correctness of the choice of this scheme of the calculation (Fig. 1d).

Conclusion

The theoretical analysis is carried out and the numerical calculations of the value of the electromagnetic force acting on WTE at electric discharge micromachining are conducted. It is shown that the electromagnetic force has essential impact on WTE during machining. The key parameters influencing this force are: the current, the diameter of WTE, the interelectrode gap, deepening of WTE in the workpiece. By the numerical calculations it is shown that the electromagnetic force acting on WTE most depends on the workpiece material: when processing the workpiece from ferromagnetic material the greatest value of this force which attracts WTE to the workpiece is reached; when machining the workpiece from paramagnetics and diamagnetics this force is much less and it causes pushing away of WTE from the workpiece.
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 1 Fig. 1: Geometric models for the analysis of electromagmetic processes in WEDM: (a) at initial WTE position; (b) at partial deepening of WTE; (c) at fully deepening of WTE; (1) WTE; (2) workpiece; (3) dielectric fluid; h is the deepening of WTE in the workpiece; s is the interelectrode gap
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 2 Fig. 2: The dependence of the electromagnetic force of F y on time at h=60 μm, s=10 μm when the machining of the workpieces from various materials: (1) steel, k=1; (2) copper, k=10; (3) aluminum, k=10.

Fig. 3 :

 3 Fig. 3: The dependences of the electromagnetic force F y from (а) current; (b) diameter of WTE; (c) deepenings of WTE into the workpiece On Fig. 3d the influence of the relative position of the workpiece and WTE on the value of the electromagnetic force is shown.One can see that when machining a ferromagnetic material the electromagnetic force increases in the process of deepening of WTE in the workpiece, and when processing paramagnetic and diamagnetic, on the contrary, decreases. At rather big deepenings the value of the electromagnetic force is stabilized and reaches the constant value not depending on the deepening. It proves the correctness of the choice of this scheme of the calculation (Fig.1d).
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