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Summary: Investigation of the electrical-thermal energy conversion is of key importance in electrical discharge machining (EDM). This paper takes a different approach towards the identification of the thermal process of the EDM by using the inverse heat conduction problem. The inverse problem was used for modeling and analysis of thermal energy conversion processes in order to improve machining efficiency. In addition to the temperature field, this method allows the determination of heat flux density distribution on the workpiece. By using surface temperature and heat flux, the thermal inverse problem allows efficient identification of discharge energy parameters to achieve the highest possible productivity and quality.
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1. INTRODUCTION

Electrical discharge machining (EDM) is a very common type of non-conventional machining process in manufacturing industries. This method is primarily used for machining advanced materials and parts which are difficult to produce with traditional techniques. The use of EDM is especially suitable for the production of forming tools, dies, molds and other products with irregular shapes and complex geometry [1,2].
However, EDM process has certain drawbacks, such as the high costs of production and low technological performance. These threats primarily stem from the physical/electrical principles by which material removal is based [3]. In EDM, material is removed through a series of discrete electrical sparks between the electrically conductive tool and workpiece submerged in a dielectric medium. Within a small zone of the discharge machining process, all the electrical energy is transformed into heat energy. This excessive heat forms hot plasmas with temperatures from the 10.000 °C to 40.000 °C. Such very high temperatures cause heating, melting and vaporization of a small amount of material from the surfaces of the workpiece.
Extremely-high temperature of the plasma in the EDM process immediately reaches the maximum level, has short period and exert a pronounced negative effect on the quality and accuracy of the workpiece. Since the primary task of the EDM is to achieve satisfactory machining quality with highest productivity as possible, special attention is focused on the effect of the discharge temperature to the change of material modifications in the workpiece surface layer. If the generated temperature is high enough to cause structural transformations in the material, the workpiece surface layer shall suffer from a number of disadvantages, which can substantially reduce exploitation features of the machined parts.
Most attempts to explain the nature and principles of EDM process reported in the literature have been based on theoretical concepts of physics. The first analysis included thermal one-dimensional analytical models [4]. Then followed more elaborate approaches utilizing different two or three dimensional numerical methods of heat transfer [5,6].
A review of the recent research shows that processes involving intense heat transfer, such as the EDM, can be solved using approach based on the inverse problems of heat conduction [7]. However, in the case of EDM the thermal inverse problems are so far rarely used [8,9]. Therefore, in the present paper the EDM thermal model based on inverse heat conduction problem has been developed. The main aim in using the inverse method was to predict the thermal performance of the EDM process for determination of the most favourable discharge energy parameters.
2. THERMAL INVERSE PROBLEM IN EDM PROCESS
The electrical-thermal energy conversion in EDM process represents the basic effect of heat source. Characteristics of this parameter depend on the machining conditions as well as the chemical-physical properties of the electrodes and dielectric fluid.

The quantity of thermal energy generated of a single electrical sparks in the EDM process is equivalent to the discharge energy Ee, namely:
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where Ue is the discharge voltage, Ie is the discharge current and te is the discharge duration.
Total quantity of thermal energy is transformed into heat flux density:
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where re is the radius of the heat source in the discharge zone.
The first step in the mathematical analysis of the thermal process is development of a model that adequately describes the real process. Fig. 1. shows simplified inverse thermal model of a single electrical discharge of the EDM process. In case of the heating of a small volume of material, the heat of the discharge zone can be treated as a uniformly distributed with heat transfer only by conduction.
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Fig. 1. Inverse thermal model of EDM process
The thermal inverse problem represents an innovative access in research of thermal processes and systems involving intense heat exchange [7,8]. For a known temperature within the workpiece surface layer, numerical methods are used to simulate the total temperature field, as well as the unknown heat flux density into the discharge zone. For the predetermined  permitted range loading on the workpiece surface layer, it is possible to arrive at optimal machining conditions in EDM by controlling the heat flux density.
To define the inverse thermal model of EDM is set up the differential equation of heat conduction in a cylindrical coordinate system:
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with initial:
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and the boundary conditions:
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where T is the temperature, r is the radial coordinate, z is the axial coordinate, t is the time, k is the thermal conductivity, ( is the material density and c is the specific heat.
An additional condition is the fact that at the point z=H (0(H(∞) there is a known  workpiece critical temperature heat affected zone (HAZ):
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The final solution of the inverse problems is the unknown heat flux density on surface workpiece qe(t) and total temperature field T=T(r,z,t) throughout elementary part of workpiece, area D.
To solve the partial differential equation (Еq. (3) to (6)) the finite element method (FEM) was chosen. Finite element analysis is conducted using ANSYS software.
Solving the inverse heat conversion problem requires the initial task to be divided into two separate problems: the inverse problem D1 and the direct problem D2, Fig. 1. First is calculated the temperature distribution T=T(r,z,t) within the area D2. Once vector T2 is determined, one can determine vector T1. This vector represents the unknown heat flux qe(t) and the temperature within the area D1.

If known heat flux density qe(t), it is possible to obtain the optimal machining conditions by using the control function approach. Inverse optimal control theory defines how solutions may be found for such ill-posed problems. One method for determining these solutions are related to approach via constrained minimization of a chosen functional, so that the argument of the function attains its infimum [7]:
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where the procedure is considered finished if the calculated Tq and the known temperatures Tc may be considered substantially identical.
3. 
RESULTS AND DISCUSSIONS
The inverse thermal modeling of EDM process is conducted using the experimental results and mathematical approach.

Measuring material removal rate (MRR) and metallographic examination of the heat affected zone (HAZ) were conducted in different machining conditions [3]. The experiments were conducted on a die-sinking Fanuc EDM machine tool. The workpiece material was manganese tool steel AISI O2 with a hardness of 62 HRC. The tool was made of 99.9% pure electrolytic copper.

The model geometry of electrodes and the location where heat flux is applied is selected for a single pulse. In the model, the heat input radius was symmetrical and constant regardless of the discharge conditions and is estimated on the basis of the previous papers [8,9]. Thereby, following input parameters were taken: the initial condition is ambient temperature of T0=20 (C, the boundary condition is heat flux on the lower surface of the workpiece of q∞=0 W/m2 and the additional condition is the known critical temperature of the selected steel of Tc=520 (C inside the workpiece at the depth H=0.2 mm which was without heat affected zone in the EDM process.
The temperature distribution in the workpiece of a single EDM pulse based on inverse heat conduction problem is shown in Fig. 2. While Fig. 3 shows the unknown boundary condition, namely the heat flux density to the workpiece surface qe(t).
[image: image10.png]


 
Fig. 2. The temperature distribution in the workpiece obtained by the inverse problem
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Fig. 3. Inverse heat flux calculation to the workpiece
Based upon the previously determined heat flux (qemax=10.6·1010 W/m2), the most favourable EDM machining parameters are calculated through gradual approach to the optimum level via constrained minimization of a chosen functional. In this case, for the selected input parameters (Ue=20 V) was found to be the optimal discharge current Ie=30 A which corresponds to a discharge duration te=7 µs.
The proposed inverse thermal model of EDM process provides the precise selection of the input machining parameters with the highest possible productivity and the desired quality of finished product. It can thus be concluded that inverse heat conversion problem gives satisfactory EDM performance compared to the other analytical and experimental models [3,10].
3. CONCLUSION
The inverse heat conduction problem is practical way to determine the temperature field and the heat flux density distribution in the EDM discharge zone. The inverse thermal modeling was solved using finite element method. The stability of the inverse numerical solution largely depends on the initial, boundary and additional conditions, the thermal-physical properties of machining process and choices of the spatial discretization scheme.

By using known values of temperature heat affected zone, the inverse optimal thermal problem allows efficient identification of discharge energy parameters in order to improve machining efficiency. Discharge current and discharge duration predicted by the inverse approach agree with the experimental results. 
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