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ABSTRACT: In this research, material deposition on an aluminium mould 
and die material was carried out via electrical discharge coating (EDC) with 
a tungsten powder suspension. The effects of EDC parameters, such as peak 
current (IP), pulse-on time (TON) and discharge voltage (V), on the weight 
percentage of deposited elements and micro-hardness and surface topography 
of aluminium were experimentally investigated. Results showed that five 
elements, including carbon, aluminium, tungsten, oxygen and copper, were 
deposited on the aluminium surface. The amount of deposited materials was 
strongly affected by IP, TON and V. Bulk deposition and globules formed on the 
material surface after EDC, and the micro-hardness of the material increased 
twofold compared with that of the base aluminium under the conditions of IP 
= 3 A, TON = 150 µs and V = 40 V. 
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1.0 INTRODUCTION

The aluminium 6000 series is a group of promising metals that are 
widely used to manufacture mould and die materials. The series confers 
excellent properties, such as high hardness, tensile and yield strength, 
to moulds and dies[1]. However, aluminium corrodes and wears off 
with time. Wear and corrosion on the surface of aluminium moulds and 
dies may cause defects and decrease the service life of the workpiece 
due to reductions in its thickness and hardness [2]. Therefore, material 
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deposition on the aluminium workpiece is necessary to improve the 
hardness and thickness of the coated surface. 

Numerous technologies have been used to achieve material deposition, 
including dip coating [3], gel spin coating [4] and physical vapour 
deposition [5], all of which can improve the surface properties of the 
material. Electrical discharge coating (EDC) is a novel process that 
can rapidly deposit a coating material on the surface of a workpiece 
under a high current electrical pulse and in the presence of a dielectric 
fluid [6]. By using suitable control parameters, EDC can modify the 
surface of a workpiece by depositing a thick or thin layer of material as 
necessary [7].

Although some research works have been carried out by using EDC 
with different powder suspension, such as powder hydroxyapatite [8], 
aluminium [9] and titanium [10], surprisingly, the use of a tungsten 
powder suspension to modify the surface of aluminium via EDC 
has rarely been reported. Therefore, the main objective of this study 
is to investigate the effect of various EDC parameters, including 
peak current (IP), pulse-on time (TON) and discharge voltage (V), on 
the weight percentage of the deposited elements on aluminium. The 
micro-hardness and surface topography of the surface obtained after 
EDC were then determined and analysed.

2.0 METHODOLOGY

2.1 Equipment and Materials

EDC was conducted by a Sodick AQ35L die-sinker EDM (Electrical 
Discharge Machining) machine, which consisted of a 3-axis linear motor 
drive system with a fast-response and vibration-free servo system. 
Aluminium 6061 specimens measuring 30 mm × 50 mm × 15 mm were 
selected as the workpiece material in this research. A copper electrode 
with a diameter of 6 mm was also obtained. Prior to the experiments, 
the electrode was polished and cleaned to achieve a flat surface. Some 
typical properties of the aluminium workpiece and copper electrode 
are listed in Tables 1 and 2, respectively.
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Table 1: Properties of aluminium 6061[11]
Properties Values

Density, ρ (g/cm³) 2.7
Modulus of elasticity, E (GPa) 68.9

Vickers hardness (HV) 69.95–139.70
Melting point (K) 800

Thermal conductivity (W/m ºC) 154–180

Table 2: Properties of the copper electrode[11]
Properties Values

Density, ρ (g/cm³) 8.95
Young's modulus, E (GPa) 129.8

Vickers hardness (HV) 44–180
Melting point (K) 1083

Thermal conductivity (W/m ºC) 399

2.2 Experimental Conditions

The dielectric fluid was prepared by mixing tungsten powder and 
the surfactant Span 83 into EDM low-smell kerosene oil. Span 83 was 
used to prevent agglomeration of the tungsten powder [12]. The effect 
of IP, TON and VON the weight percentage of deposited elements was 
experimentally investigated, and the micro-hardness and surface 
topography of the deposited surface were examined after EDC. The 
experimental conditions are summarised in Table 3.

Table 3: Experimental conditions of the EDC process
Workpiece Aluminium 6061
Electrode Copper electrode

Dielectric fluid EDM low-smell kerosene oil

Polarity Aluminium workpiece – negative
Copper electrode – positive

Powder Tungsten powder
Powder concentration 8 g/L

Surfactant Span 83
Machining time 30 min
Peak current (IP) 3, 4, 5 A

Voltage (V) 20, 25, 30, 35, 40 V
Pulse-on time (TON) 150, 200, 250 µs
Pulse-off time (TOFF) 20 µs
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2.3 Measurement and Analysis 

After the experiment, each sample was cleaned with ethanol by an 
ultrasonic cleaning machine to eliminate debris and dust. A scanning 
electron microscope (Zeiss EVO 50) was used to determine the surface 
topography of the deposited surface. Micro-hardness measurements 
were repeated thrice at different areas of each sample using a micro-
hardness tester (Shimadzu HMV-G21) with a load of 9.807 N and 
duration of 10 s. The weight percentage of deposited elements was 
measured by an EMAX X-act energy dispersive X-ray detector.

3.0 RESULTS AND DISCUSSION

3.1 Material Deposition 

Figure 1 shows that five elements were deposited on the aluminium 
surface: carbon, aluminium, tungsten, oxygen and copper. Tungsten 
particles deposited on the surface of the aluminium workpiece 
originated from the tungsten powder suspended in the dielectric fluid, 
while carbon may have been generated during the decomposition of 
kerosene oil at high temperature, which is necessary for EDC. The 
presence of carbon on the deposited surface is supported by Collins [13]. 
The kerosene oil used in the EDC process contains long hydrocarbon 
chains of C6–C16, and its boiling point is within the range of 150–300 
°C. The EDM die sinker generates a spark at temperatures within the 
range of 8,000–12,000°C between the electrode and the workpiece, as 
reported by Abdulkareem et al. [14]. Therefore, the hydrocarbon chains 
of kerosene oil decompose under the extremely high temperature of 
the plasma channel and cause deposition of carbon particles on the 
workpiece, similar to the results of Syed and Palaniyandi [15]. 

Aluminium and copper were found on the deposited surface. These 
two elements mainly originated from the workpiece and electrode, 
respectively. However, the weight percentage of copper deposited on 
the aluminium surface was insignificant, and some results showed a 
negative weight percentage of copper, which means the signal level 
of copper is even lower than the background noise of the qualitative 
analytical instrument [16]. Oxygen was also detected by qualitative 
analysis as an oxide layer on the aluminium surface. This result is 
supported by Wang et al.'s study [17], which observed that oxygen is 
absorbed by the deposition layer during the cooling process when it is 
exposed to the atmosphere after EDC. 
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As shown in Figure 1, among the depositions observed, the weight 
percentage of carbon was the largest, followed by those of oxygen, 
aluminium, tungsten and copper. Therefore, the following analysis 
will focus on carbon and tungsten powder.
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3.2 Effect of Peak Current  
 

Figure 2 shows the effect of IP on the weight percentage of deposited 
tungsten and carbon. The average weight percentage of tungsten 
increased as IP rose from 3 A to 5 A. IP is a highly important parameter 
in the setup of the discharge system and helps achieve a suitable 
sparking temperature. This parameter allows for the easy transfer of 
the material suspended in the dielectric fluid to the surface of the 
workpiece [18]. Moreover, increases in IP could result in large 
segments of melted material and promote powder deposition and 
decomposition during EDC [19]. Therefore, a higher weight 
percentage of tungsten is deposited on the workpiece as IP increases. 

 
Interestingly, the average weight percentage of the deposited carbon 
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Figure 1: EDX spectral analysis of the deposited surface (IP = 3 A, TON = 
200 µs, V = 30 V)

3.2 Effect of Peak Current 

Figure 2 shows the effect of IP on the weight percentage of deposited 
tungsten and carbon. The average weight percentage of tungsten 
increased as IP rose from 3 A to 5 A. IP is a highly important parameter 
in the setup of the discharge system and helps achieve a suitable 
sparking temperature. This parameter allows for the easy transfer 
of the material suspended in the dielectric fluid to the surface of the 
workpiece [18]. Moreover, increases in IP could result in large segments 
of melted material and promote powder deposition and decomposition 
during EDC [19]. Therefore, a higher weight percentage of tungsten is 
deposited on the workpiece as IP increases.

Interestingly, the average weight percentage of the deposited carbon 
decreased as IP rose from 3 A to 5 A. This result may be due to the 
occurrence of sparking on the surface of workpiece, which became 
stronger as IP increased and ejected more molten material from the 
surface of the workpiece [17–20]. This result can also be explained by 
the low deposition rate observed under a high IP supply, which results 
in a low-quality discharge and improper cooling of the workpiece, 
similar to Ranjan’s findings [24]. 
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TON increased. According to Ekmekci et al. [19], the diameter of the 
plasma channel expands as TON increases, and, hence, the distance 
travelled by the particle suspension towards the surface of the 
workpiece increases. Another study on the effect of TON on an 
aluminium workpiece was carried out by Tijo and Manoj [25]. 
According to Tijo and Manoj [25], a rough and brittle coating was 
achieved at high TON, causing poor bonding of the deposited material 
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3.3 Effect of Pulse-On Time 

The effect of TON on the weight percentage of deposited tungsten and 
carbon is shown in Figure 3. To conduct this experiment, IP, TON and V 
were fixed to 5 A, 20 µs and 40 V, respectively. Figure 3 reveals that the 
average weight percentage of tungsten and carbon decreased as TON 
increased. According to Ekmekci et al. [19], the diameter of the plasma 
channel expands as TON increases, and, hence, the distance travelled by 
the particle suspension towards the surface of the workpiece increases. 
Another study on the effect of TON on an aluminium workpiece was 
carried out by Tijo and Manoj [25]. According to Tijo and Manoj [25], 
a rough and brittle coating was achieved at high TON, causing poor 
bonding of the deposited material to the workpiece. These previous 
studies provide mixed evidence of why the weight percentage of 
tungsten and carbon decreases as TON increases from 150 µs to 250 µs.
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Figure 3: Effect of pulse-on time on the weight percentage of deposited 
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3.4 Effect of Discharge Voltage  
 

Figure 4 shows the average weight percentage of tungsten and carbon 
as a function of V. The weight percentage of tungsten and carbon 
decreased as V increased from 20 V to 40 V. V is an important 
parameter related to the spark gap and breakdown strength of 
dielectric fluids. The open gap voltage increases to form a plasma 
channel before the current flow. Once the current starts to flow, the 
voltage drops to maintain and stabilise the spark gap. The gap size 
between the electrode and surface of the workpiece is controlled by 
the V. Thus, as V increases, the material removal rate also increases, 
resulting in poor material deposition on the surface of the workpiece 
due to the increase in electric field strength. This explanation is 
supported by Ranjan [24]. Liew et al. [26] also noted that V influences 
the size of the spark gap. Hence, molten elements are easily removed 
and flushed away by the circulating kerosene oil. Therefore, the 
weight percentage of the tungsten and carbon decreases as V 
increases.  
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3.4 Effect of Discharge Voltage 

Figure 4 shows the average weight percentage of tungsten and carbon 
as a function of V. The weight percentage of tungsten and carbon 
decreased as V increased from 20 V to 40 V. V is an important parameter 
related to the spark gap and breakdown strength of dielectric fluids. The 
open gap voltage increases to form a plasma channel before the current 
flow. Once the current starts to flow, the voltage drops to maintain and 
stabilise the spark gap. The gap size between the electrode and surface 
of the workpiece is controlled by the V. Thus, as V increases, the material 
removal rate also increases, resulting in poor material deposition on the 
surface of the workpiece due to the increase in electric field strength. 
This explanation is supported by Ranjan [24]. Liew et al. [26] also noted 
that V influences the size of the spark gap. Hence, molten elements 
are easily removed and flushed away by the circulating kerosene oil. 
Therefore, the weight percentage of the tungsten and carbon decreases 
as V increases. 
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Figure 4: Effect of discharge voltage on the weight percentage of deposited 
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3.5 Micro-Hardness  
 

Table 4 depicts the micro-hardness of the aluminium workpiece 
before and after EDC. The base workpiece had an average micro-
hardness of 106.67 HV. However, after EDC, the micro-hardness of 
the aluminium surface increased to 218.33 HV, which is the optimal 
average obtained by using machining parameters of IP = 3 A, V = 40 V 
and TON = 150 µs. The micro-hardness obtained after EDC is twofold 
that of the original aluminium workpiece. This increase in micro-
hardness may be explained from the viewpoint of oxidation. 
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3.5 Micro-Hardness 

Table 4 depicts the micro-hardness of the aluminium workpiece before 
and after EDC. The base workpiece had an average micro-hardness of 
106.67 HV. However, after EDC, the micro-hardness of the aluminium 
surface increased to 218.33 HV, which is the optimal average obtained 
by using machining parameters of IP = 3 A, V = 40 V and TON = 150 
µs. The micro-hardness obtained after EDC is twofold that of the 
original aluminium workpiece. This increase in micro-hardness may 
be explained from the viewpoint of oxidation.

Table 4: Micro-hardness of the workpiece before and after EDC 

Workpiece
Micro-hardness (HV)

Before machining After machining % increase
3A, 150 µs, 40V 106.67 218.33 104.86

Oxidation occurs when the exposed aluminium (base material) 
spontaneously reacts with air and forms aluminium oxide during 
cooling; this explanation is supported by Knight [27] because 
aluminium is a reactive metal. Equation (1) shows the chemical reaction 
of aluminium oxide formation [28].
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4Al (s)  4Al3+ (s) + 12e- 

3O2 (g) + 12e- 6O2- (s) 
--------------------------------------------- 

4Al (s) + 3O2 (g)                 2Al2O3 (s) 
 

Table 5: The Vickers hardness of the tungsten, carbon and  
aluminium oxide [29] 

Element Hardness – Vickers (GPa) 

Tungsten 3.04 

Carbon 0.0686 

Aluminium oxide 13.39 

 
Besides, based on Table 5, aluminium oxide, which has a Vickers 
hardness of 13.39 GPa, is harder than tungsten and carbon. Therefore, 
the formation of oxides on the surface of aluminium leads to an 
increase in its micro-hardness from 106.67 HV to 218.33 HV. 
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under various TON and IP, respectively. As TON and IP increased, bulk 
deposition, globules and micro-cracks formed on the deposited 
surface. Material deposition was non-uniform on the surface of the 
workpiece, and this phenomenon is supported by Ahmed [30]. When 
IP and TON increase, the discharge energy generated between the 
workpiece surface and the electrode is strengthened; hence, more 
material is melted per discharge and deposited on the surface of 
workpiece, resulting in bulk deposition and globules. This finding is 
similar to the research results of Algodi and his co-worker [31], who 
found that the width of micro-cracks is elongated, cracks formed 
become interconnected, and voids become larger and denser as IP and 
TON increase.  
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Besides, based on Table 5, aluminium oxide, which has a Vickers 
hardness of 13.39 GPa, is harder than tungsten and carbon. Therefore, 
the formation of oxides on the surface of aluminium leads to an increase 
in its micro-hardness from 106.67 HV to 218.33 HV.

3.6 Surface Topography

Figures 5 and 6 show the surface topography of the deposited surface 
under various TON and IP, respectively. As TON and IP increased, bulk 
deposition, globules and micro-cracks formed on the deposited surface. 
Material deposition was non-uniform on the surface of the workpiece, 
and this phenomenon is supported by Ahmed [30]. When IP and TON 
increase, the discharge energy generated between the workpiece surface 
and the electrode is strengthened; hence, more material is melted per 
discharge and deposited on the surface of workpiece, resulting in bulk 
deposition and globules. This finding is similar to the research results 
of Algodi and his co-worker [31], who found that the width of micro-
cracks is elongated, cracks formed become interconnected, and voids 
become larger and denser as IP and TON increase. 
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4.0 CONCLUSION 

In this research, material deposition on aluminium was experimentally 
investigated using different EDC parameters, including IP, TON and 
V, with a tungsten powder suspension. After EDC, the deposition 
materials, micro-hardness and surface topography of the aluminium 
workpiece were investigated. The following conclusions can be drawn:

i. When TON and V are increased, the average weight percentages of 
deposited carbon and tungsten decrease. 

ii. When IP increases, the average weight percentage of tungsten 
increases whereas that of carbon decreases. 

iii. After EDC, the micro-hardness of the aluminium workpiece 
improves to 218.33 HV, which is approximately twofold that of the 
original value.

iv. As TON and IP increase, bulk deposition and globules form on the 
deposited surface.
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