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Abstract - This paper studies about the effect of input parameters on the thermophysical property of the copper electrode 

and deposition parameters for multi discharge electric discharge deposition (EDD) process. Copper is taken as tool electrode 
and stainless steel is taken as a workpiece. For deposition of copper, ZNC die sinker EDM with reverse polarity has been 
used. Finite element analysis software COMSOL Multiphysics has been used to understand the thermal and deposition 
model. Air is used as dielectric to avoid the bubble formation, which is not favorable for EDD. A plasma channel is 
established between tool and workpiece, which liberates high heat energy. This energy is involved in melting and 
vaporization of tool and workpiece material. The temperature distribution in the copper electrode is observed during the 
multi discharge. The main reason for the deposition of material is temperature. When the temperature of the electrode 
reached to melting point temperature, electrode gets melt and deposited over the substrate. In the deposition, the process 

temperature is the very first parameter and analyzed for different input parameters.   
  

Keywords - EDD, Electrode gap, Air, Dielectric, COMSOL Multiphysics. 

 

I. INTRODUCTION 
 

Electric discharge deposition is one of the recently 

developing manufacturing processes which are used 

to create 3D micro products by layer-layer deposition. 

EDD is just reverse of EDM process and is achieved 

by reversing the polarity of tool and workpiece. In 

EDM tool is connected to negative polarity and 

workpiece is connected to positive polarity. Fig.1 

represents the schematic diagram Electric discharge 

deposition process. The working principle of Electric 

discharge deposition (EDD) is similar to EDM 

process, the only difference is deposition of material 
in place of machining.  

In EDD process similar to EDM, tool and workpiece 

are come closer to generate a spark. As the applied 

voltage in discharge gap reached to break down 

voltage dielectric behaves like conducting medium 

and current is flowing through it which generate the 

spark for few microseconds. When sparking take 

place dielectric fluid is ionized and accelerated 

towards the electrodes and due to applied reverse 

polarity electrons are accelerated to a positive 

polarity (tool). Due to the collision of electrons with 
tool surface intense heat is generated at 

microscopically small region and this tends to melt 

and vaporization of the tool. The vaporized and 

melted material from the tool deposited over the 

substrate-air is used as a dielectric medium to fend 

off bubble mechanism which generally takes place in 

EDM process when liquid is used as a dielectric. The 

temperature at the core of plasma is reached around 

8000 to 12000 degree centigrade when spark takes 

place [23].Due to this temperature, some of the 

dielectricsis vaporized and formation of bubble takes 

place to create turbulence in the dielectric tank. As 
bubble gets collapse turbulence occurs, due to the 

pressure difference, which is not favorable in case of 
deposition.  

 
Fig. 1.Schematic diagram of EDD process [11]. 

 

II. MATHEMATICAL MODELING AND 

SIMULATION 
 

2.1. THERMAL MODEL 

The electrical discharge in the EDM process is highly 

complex and uncertain in nature; so, in order to 

simplify the mathematical model, the following 

assumptions are formulated:  

 The analysis is done for five successive 

discharges. 

 Workpiece and tool are considered to be 

homogeneous and isotropic. 

 Gaussian distribution of heat flux is assumed as 
heat source [24]. 

 To model, this periodic heat load is considered as 

a heat source. 

 EDM spark channel is considered as a cylindrical 

column and the spark radius is assumed to be a 

function of discharge current and time [8]. 

 Only a fraction of total spark energy goes to tool 

and workpiece, the rest energy is lost into 

dielectric by convection and radiation. 
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 The properties of electrodes like thermal 

expansion, density and element structure are not 
temperature dependent. 

 Modeling has been done by considering 

axisymmetric domain. 

 Heat transfers between the electrodes are 

considered to be through conduction. 

 The heat source is supplied for a known time 

interval. 

 A non-linear transient thermal expression is 

taken into consideration to explain EDD process. 

The thermal heat diffusion equation is taken as 

governing equation. 
 
1

r

∂

∂r
 or

∂T

∂r
 +

∂

∂z 
 k

∂T

∂z
  = ρC

∂T

∂t
              (1)  

 

The initial condition means before the start of the 

process when tool and workpiece do not come closer. 

At t = 0, the initial temperature of the electrode is T0 

(298 ºK) with the surrounding pressure of 101.325 

KPa because the electrode is surrounded by air at 

room temperature as a dielectric medium. The initial 

condition means before the start of the process when 
tool and workpiece do not come closer. At t = 0, the 

initial temperature of the electrode is T0 because the 

electrode is surrounded by air at room temperature as 

a dielectric medium. The initial temperature (T0) of 

the tool domain is room temperature which is 

assumed to be 298 ºK with the surrounding pressure 

of 1 atm.  

 

           
Fig. 2.axisymmetric thermal models for EDD. 

 

The thermal model with boundary conditions shows 

in the Fig.2.The area ABCD represents the tool which 
is axisymmetric about the z-axis. The radius of 

plasma is shown in Fig. 2 where heat flux is applied 

which is in Gaussian in nature. Electric discharge 

deposition is carried in a dry medium, i.e. air is 

dielectric medium.  

 

The conductive boundary b1 which is in contact with 

air is modeled. The boundaries b2, b3 are assumed to 

be insulated because the temperature gradient is zero 

and the heat transfer through these boundaries is 

considered to be zero. The boundary b4 is the axis of 

symmetry and also no heat transfer through this 

boundary. The boundary condition is represented as 

follows: 
At boundary surface b1      

 k
∂T

∂z
  =    

q r              if r ≤  R

hc T − T0   if r >  R
           0                   pulse off time  

 

  

 

On boundaries b2, b3 and b4       
∂T

∂n
 = 0 

 

q r  represents the Gaussian Heat flux applied at 

anode surface (W/m2), hc  represents the convective 

heat transfer coefficient of dielectric medium 

(W/m2K), R is the Spark radius (m), T is the ambient 

temperature (K), T0 is Dielectric temperature (K), ‘r’ 

represents Coordinate axes, ‘n’ represents direction 

normal to the boundary. The radius of plasma 

depends on operating input parameters. The radius of 

spark is not measurable due to complexity in spark 

discharge process and also sparking is occurs for the 

very short duration, for microseconds. Many 
researchers proposed a different method to calculate 

the plasma radius. An empirical expression is 

proposed by Erdenet al. [3], the radius of spark is 

depending on applied current and pulse on time. An 

anode model is purposed by Patel et al. [18] in 1989 

and he told that the spark radius is the product of 

some constant and time exponent. Also, spark radius 

is purposed on the basis of boiling point by Panday et 

al [17]. 

 

The equation purposed by Ikai and Hashigushi, [8] is 

taken into consideration to simulate this model. The 
expression for the radius(R) is expressed as a function 

of applied current (I) and pulse on time (Ton). The 

expression of radius for heat input is given by; 

 

      R=(2.04 × e−3) × (I0.43 × Ton
0.44)                (2) 

 

In this simulation, Gaussian heat is taken in 

consideration Ikai and Hashigushi, [8] and the 

expression for heat flux is given byq r ; 
 

        q r  = qo × exp  −4.5 × (
r

R
)2                    (3) 

 

Whereq r is the heat flux at radius r (W/m2),qo  is the 

Maximum heat flux at the center of the tool (W/m2). 

In the present simulation, modeling is done for 

consecutive five discharges. The expression 3.3, we 

can rewrite in terms of V, I and  FA as follow; 
 

   q r  = 
4.45×FA ×V×I

π×R2 × exp  −4.5 ×  
r

R
 

2

         (4) 

 

FA = Fraction amount of heat input to the copper tool 

surface, V is the applied discharge voltage (V), Iisthe 

applied discharge current (A). To apply periodic heat 

input, we will introduce an analytic function pulse (x) 

for duty factor equal to three and Ton  equal to 0.75 
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that uses the Boolean expression: (x<3.75e-7) 

||(x>1.875e-6) and multiply pulse(x) with q(r) to 
generate periodic heat load. 

For different duty factor, the expression for the 

pulse(x) has been changed. The graphical 

representation of periodic pulse(x) is shown in Fig.3. 

The amount of heat goes to the tool, workpiece and 

dielectric are also one of the important factors, which 

is taken into consideration during modeling. Many 

researchers considered that equal amount of heat 

transferred to electrodes. DiBitonto et al. [18] 

reported that 0.8% of total heat is transferred to the 

anode. Also, it is reported that 4.8% and 2.2% of total 

heat energy is transferred to the anode, by Xia et al. 
[23] and Yeo et al. [25] respective. In this simulation 

different values of FA are taken into consideration 

and analyzed and it is found that 22% establish a 

goodrelationship between simulated and experimental 

results. 

 
Fig. 3.Pulse function for Ton = 0.75 and t = 3. 

 

2.2. DEPOSITION MODEL 

The mass deposition model is done to get the height 
and weight of the deposited material. The volume of 

deposited material is obtained by thermal model 

during every single spark. The volume of deposited 

material is represented as a 3D domain as shown in 

Fig.4. The 3D domain of deposition model is 

considered as a hemisphericl cap. Also, the inter-

electrode gap is added to the domain with air as a 

dielectric medium. The melted material is consisting 

of both liquid and vapor state of metal. Analysis of 

deposition model is done based on “Theory of heavy 

species transport by Kee et al. [10], and Patel et al. 

[18]. 

 
Fig. 4.Domain of the Deposition model 

There is a different type of formulations is available 

for modeling of mass transport phenomenon of a 
species. The Maxwell-Stefan formulations conserve 

the total mass in the system along with a few 

auxiliary constraints by  Hagelaar et al. [6].One 

approximation is to make the diffusive mass transport 

a function of the gradient of mass fraction rather than 

mole fraction. The behavior of chemical kinetics 

controls the plasmas behavior more than diffusive 

transport. This allows the model to adopt 

formulations of the Maxwell-Stefan equations. 

Solution methodology for the deposition model is 

made by adopting the principles and formulations as 

per the literature Kee et al. [10]. 
The multi-component diffusion equation for a flow 

reaction which has k=1 to Q species and j=1 to N 

reactions. For the first species, transport of the heavy 

species (non-electron species) is determined by 

solving a modified form of the Maxwell-Stefan 

equations is given by equation (5); 

 

    ρ
∂

∂x
 wk + ρ u ⋅ ∇  wk = ∇ ⋅ jk + Rk                (5)    

 

Where, jk  is the diffusive flux vector, Rk  is the rate 

expression for kth species (kg/m3s), u is the mass 

averaged fluid velocity vector (m/s), ρ is the  density 

of the mixture(kg/m3), wk is mass fraction of the 

kthspecies.The diffusive flux vector for the Maxwell-

Stefan equation is expressed as in equation (6) 

 

     jk = ρwkvk                                                         (6) 

 

vk= multi-component diffusion velocity for species k. 

Multi-component diffusion velocity for a species is 

defined by equation (7) 

 

     vk =  DKjdk −  
Dk

T

ρwk

Q
j=1 ∇lnT                    (7) 

 

Where DKj Multi-component Maxwell-Stefan is 

diffusivities (m2/s), T is the gas temperature (K), Dk
T 

is the thermal diffusion coefficient (kg/ms), dk  is the 
diffusion driving force (1/m).Eq. The reaction rate of 

surface species  is determined by the Eq. (3.8). The 

exact amount of melted and vaporized copper 

material, which is deposited over the substrate, is 

determined by surface reaction rate. The surface 

reaction rate for reaction qi is given by equation (8);  

  

      qi = kf,i  Ck

vk  ,iK
k=1                                       (8) 

 

The rate constant, kf,i is given by Eq. (9); 

 

      Kf,i =  
γ i

1−
γ i
2

  
1

Γtot
 m

 
1

4
 

8RT

πMn
 

1

2
                    (9) 

 

ck is the molar concentration ofkthspecies which may 

be a volumetric or surface species, m is reaction order 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 7, Issue-9, Sep.-2019, http://iraj.in 

Thermal Simulation of Multi Sparks Electric Discharge Deposition Process 

 

122 

minus 1, T is surface temperature(K), R is the gas 

constant, Mn  is mean the molecular weight of the gas 

mixture (kg/mole), γi is the dimensionless sticking 

coefficient. The surface site concentration for a 

surface species is determined by solving equation 

(10); 

 

        
dΓ

dt
=  qi∇ςi

N
i=1                                              (10) 

 

Γ is surface the site concentration (mole/m2), qi is the 

reaction rate for ith reaction (mole/m2), ∇ςi change in 

site occupancy number for ithreaction 

(dimensionless). The surface reaction rates are 

obtained by solving equation (11), which specifies the   

site fraction number. 

 

      
dZk

dt
=

R

Γtot
                                                          (11) 

 

Γtot  is the total surface site concentration (mole/m2), 

Zk  isthe site fraction (dimensionless), R is the surface 

rate expression (mole/m2). The height of deposited 
material over the surface is determined by the 

equation (12). The following equation is solved for 

the deposition of height, for bulk surface species, 
 

       
dh

dt
= −

RMw

ρ
                                               (12) 

 

Where ‘h’ is total growth height (µm), Mw is 

molecular weight (kg/mole); ρ is the density of the 
bulk species (kg/m3). 

 

III. RESULTS AND DISCUSSION 

 

3.1. THERMAL MODEL 

The temperature distribution in the copper electrode 

is observed during the multi discharge. The main 

reason for the removal of material is temperature. 

When the temperature of the electrode reached to 

melting point temperature, electrode gets melt and 

deposited over the substrate. In the deposition, the 
process temperature is the very first parameter; and 

analyzed for different input parameters. Fig.5 shows 

the temperature of the copper electrode for five 

consecutive discharges. 

 

 

 
Fig. 5.Temperature distribution in tool electrode for five consecutive discharge. 
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The value of temperature is more at the center of the 

electrode and as we move far from the center 
temperature gets decreased. The temperature within 

the electrode is increased after each spark because of 

the residual temperature. The residual temperature 

comes in the picture due to very less time interval 

between two consecutive discharges. Due to very less 

time tool not able to dissipate heat to the ambient. 

The melting point of copper is 1356 K, thus the 

region above the melting point of electrode gets 

melted. The region which is above the melting point 
of the copper electrode is shown in the figure by 

yellow color. Fig.6 shows the variation of 

temperature for five consecutive discharges with 

respect to the electrode radius and the Fig.7 shows 

how residual heat energy increase the temperature of 

the core of electrode with respect to time and number 

of spark. 

 

 
Fig. 6.Variation of the temperature of the electrode with respect to the radius. 

 

 
Fig. 7.Variation of the temperature of the electrode with respect to time 

 

3.2 DEPOSITION MODEL 

Fig.8 shows the deposition thickness growth after five sparks in parametric extruded view for the input 

parameter I = 1.5, Ton = 0.75 and t = 3 and V= 60. From figure at the center i.e. the dark red colour shows the 

maximum deposition thickness, as we moves out ward from the center deposition thickness gets decreased. 
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Fig.8. Deposition thickness growth after five sparks. 

 

The Fig.9 shows the variation of deposited material thickness with radius. The Fig.10 shows the parametric 

extruded view of deposition weight for the five consecutive discharges. In 1st discharge .86ng copper is 
deposited on the substrate. During 2nd discharge some of the deposited material (1st discharge) is eroded due to 

this total deposition of mass after 2nd discharge is not multiple of number of discharge and same phenomenon is 

happened till the end. The Fig.11 shows the graphical representation of deposited weight with respect to time of 

spark.  

 

 
Fig.9. Deposited material thickness with radius. 

 

 
Fig.10. Deposition weight for the five consecutive discharges. 
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The density of the deposited material (2710 kg/m^3) is much less than the pure copper (8700 kg/m^3) because 

the deposited material is not a pure copper because during spark copper reacts with O2 present in atmosphere 

and forms Cu2O.It is observed by Muralidharan et al Error! Reference source not found.that when the air is 

used as a  

 

 
Fig.11. Deposited weight with respect to time of spark. 

 

dielectric medium the chemical composition of deposited layer by weight percentage is, Carbon(C)-46.80%, 

Copper (Cu)-38.63, Ferrous (Fe)-3.45%, Oxygen(O)-9.8%, Chromium (Cr)-1.12%, because of these 

composition of deposited material density gets decreased. The Fig.12 shows the density of the deposited 

material. 

 

 
Fig.12. Density of the deposited material. 

 

IV. CONCLUSIONS 
 

This In the present work, the deposition of material 

through EDM process for multi-spark discharge is 

modeled and analyzed the height and the weight of 

the deposited copper material through COMSOL 

Multiphysics software.  

A thermal model has been developed in order to see 

the volume of melted material removed from the tool. 

The simulation of the multi-spark discharge 

deposition process is carried out in presence air as a 

dielectric. Summarizing, the main features, we draw 

the following conclusions: 

1. A thermo-physical model is developed assuming 

Gaussian heat distribution and the Heavy species 

transport phenomenon is applied to understand 

the deposition process.  

2. Experimental values of height and weight can 

predict using the developed thermo-physical 

model. 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 7, Issue-9, Sep.-2019, http://iraj.in 

Thermal Simulation of Multi Sparks Electric Discharge Deposition Process 

 

126 

3. The weight of the deposited material is not 

multiple of number of discharge because during 
every discharge some material is eroded from the 

substrate. 

4. The density of the deposited material (2710 

Kg/m3) is less than the density of copper because 
the deposited material is not a pure copper 

(8700Kg/m3) because during spark copper reacts 

with 𝑂2 present in atmosphere and forms Cu2O. 
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