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This study investigates the influence of discharge current variations in the wire electrical 

discharge machining (WEDM) process on the surface properties and tribological behavior 

of aluminum components. Five aluminum samples were machined at current levels ranging 

from 1 to 5 amperes, and their surface roughness, microhardness, wear resistance, and 

corrosion rate were evaluated. Additionally, the energy consumption per unit volume of 

material removed was calculated. The results showed that as the current increased from 1 

to 5 A, surface roughness initially rose from 1.8 µm for the reference sample to a maximum 

of 3.5 µm, then decreased to 2.5 µm at the highest current. Surface microhardness increased 

from 49.8 HV in the reference sample to a maximum of 57 HV. Wear and corrosion rates, 

key indicators of surface performance, were 9.2 mg and 0.008 mm/year under optimal 

conditions, compared to 18.4 mg and 0.001 mm/year in the reference sample. Furthermore, 

specific energy consumption initially decreased but then increased at higher currents due to 

unstable sparks and re-melting effects. These findings provide valuable insights for 

optimizing electrical parameters in WEDM parameters to improve the performance and 

sustainability of machined aluminum components. 
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1. Introduction 

Aluminum, as one of the most widely used non-ferrous 
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metals in modern industry, plays a fundamental role 

across diverse sectors, including automotive [1], 
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aerospace [2], defense [3], electronics [4], and packaging 

[5]. Due to its low density, high strength-to-weight ratio, 

excellent corrosion resistance, superior thermal and 

electrical conductivity, and high recyclability, aluminum 

has consistently attracted the attention of researchers and 

engineers [6–8]. In recent decades, the growing demand 

for lightweight yet durable components have 

significantly increased the importance of precision 

manufacturing and machining of aluminum alloys [9–

12]. Among the advanced manufacturing techniques, 

wire electrical discharge machining (WEDM) has 

emerged as a highly effective method for the precise 

cutting and shaping of aluminum components [13, 14]. 

This non-conventional process employs controlled 

electrical discharges between a moving wire electrode 

and the workpiece, enabling the fabrication of complex 

geometries with high dimensional accuracy and surface 

integrity.  Key advantages of WEDM include its ability 

to cut intricate shapes without mechanical forces,  thus 

preventing deformation and residual stresses, as well as 

its capability to machine hard and brittle conductive 

materials [15, 16]. In industrial applications, WEDM-

manufactured aluminum components are found in 

aerospace parts [17], precision hydraulic control system 

components [18], and customized heat sink plates in 

electronic devices [19]. Among the critical WEDM 

process parameters, discharge current directly influences 

not only the material removal rate and production speed 

but also the energy consumption and final surface quality 

of the machined part [20]. As current increases, 

discharge energy intensifies, altering both the removal 

rate and the morphology of surface micro-craters [21]. 

These changes, in turn, have two major implications. 

First, they increase energy consumption, raising 

concerns about production costs and environmental 

sustainability; second, they modify surface 

characteristics, significantly affecting tribological 

performance, including wear resistance, friction 

behavior, and long-term durability [22]. Therefore, 

identifying the optimal current range that balances 

production speed, surface quality, energy efficiency, and 

environmental impact remains a key research priority. In 

recent years, environmental considerations and energy 

consumption have become integral to evaluating 

manufacturing technologies [23, 24].  The growing 

demand for sustainable production and a reduced carbon 

footprint highlights the need for in-depth analysis of 

machining parameters in relation to energy efficiency. In 

WEDM, particularly at high current levels, the increase 

in electrical energy consumption can not only lead to 

economic drawbacks but also generate excessive heat, 

over-evaporation of the dielectric fluid, and ultimately 

the release of harmful byproducts into the environment. 

Thus, comprehensive understanding of the process from 

both energy and ecological sustainability perspectives is 

of strategic importance.  On the other hand, the surface 

quality and tribological properties of WEDM-machined 

aluminum are critical in determining durability and 

functionality in industrial applications [25]. Parameters 

such as surface roughness, surface layer hardness, 

micro-cracks, and re-solidified inclusions greatly 

influence frictional behavior and wear resistance [26–

28]. These features are especially crucial for moving 

parts or components subjected to cyclic loading. 

Consequently, proper selection of WEDM parameters 

particularly current intensity plays a vital role in 

improving component lifespan and process 

sustainability. In this context, Kiyak [29] investigated 

the influence of pulse-on time, pulse-off time, wire feed 

rate, and workpiece thickness on surface roughness, 

hardness, and material removal rate. The findings 

revealed that carbon content on machined surfaces 

varied with processing parameters and that carbon 

enrichment was closely related to microhardness, 

emphasizing the need for parameter optimization based 

on target surface properties. Similarly, Reddy et al. [30] 

conducted experiments aimed at minimizing energy 

consumption and surface defects during WEDM of Al–

Si metal matrix composites by optimizing slot width, 

material removal rate, and surface quality. Their analysis 

identified current as the dominant parameter affecting 

process performance.  The novelty of the present study 

lies in its integrated multidimensional approach, in 

which the influence of electrical current variation (1 - 5 

A) on machining rate, energy consumption, 

environmental impact, and surface and tribological 
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properties of aluminum components is simultaneously 

evaluated. This research aims to elucidate the 

interrelations among technical performance, energy 

efficiency, and surface integrity, thereby advancing 

sustainable and precision machining practices. 

 

2. Materials and Methods 

In this study, commercially pure aluminum with 99.5% 

purity and an average grain size of 45 μm was used as 

the base material. The precise chemical composition of 

this alloy is presented in Table 1. As shown, the content 

of alloying elements is very limited, allowing a clearer 

investigation of the effects of the wire electrical 

discharge machining (WEDM) process on surface 

phases and mechanical properties. The samples were 

prepared in cubic form with dimensions of 

10 × 10 × 10 mm, as shown in Fig. 1. To examine the 

effect of discharge current, the WEDM process was 

applied separately to five samples at current levels of 1, 

2, 3, 4, and 5 A, while the unmachined specimen served 

as the control sample. The WEDM process parameters 

used in this study are listed in Table 2. All machining 

operations were carried out using a Charmilles wire cut 

6030si machine equipped with a 0.25 mm diameter brass 

wire.  To minimize the influence of external variables, 

parameters such as voltage, pulse duration, wire feed 

rate, and dielectric type were kept constant for all tests, 

and only the discharge current was varied as the 

independent variable. After machining, the samples 

underwent laboratory testing to evaluate their surface, 

structural, and mechanical properties.  

To identify and compare phase changes caused by 

wire EDM at different current intensities, X-ray 

diffraction (XRD) analysis was performed on all 

samples, including the control (S-0) and the machined 

specimens (S-1 to S-5). The tests were conducted using 

an Explorer model X-ray diffractometer (GNR, Italy) 

operating at 40 kV, and 30 mA with Cu Kα radiation (λ 

= 1.5406 Å). The diffraction angle range was 2θ = 20° to 

80°, with a scan rate of 2° per minute and a step size of 

0.02°. For data analysis, the main peaks from each 

sample were extracted and compared with reference data 

(PDF) from the ICDD database. For detailed analysis, 

the main peak region (44.74°) was magnified to 

investigate subtle variations in peak intensity and width, 

enabling quantitative and qualitative assessment of the 

influence of current intensity in the WEDM process on 

the crystalline structure and surface phase composition. 

Surface roughness measurements were conducted 

according to ISO 25178-2:2012 [31] using an optical 

profilometer (WYKO NT9100). The measurements 

uncertainty is provided in Table 3. The uniformity of 

surface roughness (Ra) across five areas along the 

thickness direction was selected as an indicator of 

surface quality consistency. A surface roughness (Ra) 

contour map for the measured areas along the thickness 

direction is shown in Fig. 2. The uniformity of surface 

roughness was calculated using Eq. (1):  

 

𝑆𝑎 =  
𝑀𝑎𝑥 (𝑅𝑎1 _ 𝑅𝑎5)  − 𝑀𝑖𝑛 (𝑅𝑎1 _ 𝑅𝑎5)

𝐴𝑣𝑎. (𝑅𝑎1 _ 𝑅𝑎5)
 

(1) 

 
Table 1. Specifications of the aluminum used 

Material (%) 

Al 99.5 

Si 0.25 

Fe 0.20 

Cu 0.05 

Mn 0.05 

V 0.05 

Other 0.03 

Density (g/cm3) 2.7 

 
Table 2. Sample identification 

Sample Current intensity (A) 

S-0 (Pure Al) - 

S-1 1 

S-2 2 

S-3 3 

S-4 4 

S-5 5 

 

The surface microhardness was measured using the 

Vickers method with an INNOVATEST NEXUS 

8000XL hardness tester, applying a 9.807 N (equivalent 

to 1 kgf) load with a diamond pyramid indenter and a 15 

s dwell time, following ASTM E92 (2020) standard [32]. 

To evaluate wear resistance, dry-pin-on-disk wear tests 

were conducted in a specialized laboratory according to 

ASTM G99 standard at room temperature, under a load 

of 5 N, for 3600 s, and at a rotational of 60 rpm, using a 
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steel pin as the counter-body [33]. Wear rate was 

determined by measuring the weight loss of each sample 

after a sliding distance of 280 m.  Additionally, corrosion 

behavior was assessed through electrochemical tests, 

including open circuit potential (OCP) and Tafel 

polarization measurements, performed in a 3.5% NaCl 

solution according to ASTM G01.05 standard [34]. All 

tests were repeated three times for each sample to ensure 

repeatability, and average values were reported. To 

observe the microstructural changes after each stage of 

the experiments, the samples, cut perpendicular to the 

pressing direction, were examined using an inverted 

metallographic microscope (Meiji, Japan). To preserve 

actual surface morphology and avoid eliminating the 

effects of tool interaction and thermal influences 

generated during machining, no conventional polishing 

process was carried out. The samples were cleaned and 

then etched with a solution consisting of H₂O (0.88), HF 

(0.02), and HNO₃ (0.1) in normalized volume percent, 

which enabled clear observation of the surface features 

without altering the original characteristics produced by 

machining. 

 

Fig. 1. Schematic of the WEDM process. 

Fig. 2. Measured surface roughness (Ra) mapping of five 

regions. 

 

Table 3. Uncertainty analysis of roughness test 

No. Parameters Value 

1 
Vertical measurement 

range 

0.1 nm to 10 mm 

std. 

2 Vertical resolution <0.1 nm 

3 RMS repeatability 0.05 nm 

4 Optical resolution 0.49 mm min 

5 Reflectivity <1e100% 

6 Step height 0.8% accuracy 

 

3. Results and Discussion 

3.1. XRD analysis 

The wire electrical discharge machining (WEDM) 

process, a precise non-contact technique for machining 

hard or thermally sensitive materials, significantly 

influences the microstructural and phase composition of 

aluminum surfaces. In this study, electrical current 

intensity (1–5 A) was examined as the primary variable 

to evaluate its influence on crystallographic changes and 

surface phase formation, as shown in Fig. 3. The 

reference sample (S-0), representing pure aluminum, 

exhibited the characteristic diffraction peaks of the face-

centered cubic (FCC) Al phase at 38.47°, 44.74°, 65.13°, 

and 78.22° [33]. At elevated discharge currents, 

additional peaks corresponding to secondary phases 

were detected. The emergence of Al₂O₃ peaks at 25.6° 

and 35.1° in samples S-1 and S-2 can be attributed to 

surface oxidation caused by localized high temperatures 

and exposure to oxygen during processing [35]. At 3 A, 

AlN peaks were observed at 36° and 33.1°, which are 

most likely formed due to nitrogen incorporation from 

the surrounding dielectric fluid and ambient atmosphere 

under plasma-assisted thermal activation [36]. For 
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samples machined at higher currents (S-4 and S-5), 

intermetallic phases such as AlCu and Al₃Ni were 

identified. These compounds are plausibly derived from 

the diffusion of alloying elements originating from the 

brass wire electrode (Cu and Zn) and surface 

contamination from electrode impurities and dielectric 

breakdown products. The presence of Ni is likely 

associated with trace contamination from either the 

electrode composition or machine components in direct 

contact with the machining zone, which under repeated 

discharges can promote diffusion into the molten surface 

layer.  

Overall, the formation of such phases strongly 

depends on the interaction between the molten 

aluminum surface, electrode material, and dielectric 

environment. While hard phases like Al₂O₃ and AlN 

enhance hardness and wear resistance, the presence of 

brittle intermetallic (e.g., AlCu) may reduce toughness 

and increase susceptibility to cracking. Therefore, 

careful adjustment of WEDM current is essential not 

only to ensure dimensional accuracy but also to manage 

surface phase evolution, enabling the tailoring of 

material properties for advanced engineering 

applications.  

 

3.2. Surface roughness 

The Wire Electrical Discharge Machining (WEDM) 

process removes material from the workpiece surface 

through a sequence of electrical discharges that cause 

melting and evaporation [37]. Increasing the current in 

this process directly raises the energy per pulse, thereby 

 

Fig. 3. XRD Analysis Results of the Tested Samples. 
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surface [38].  At low currents (S-0 and S-1), low-energy 

discharges produce a uniform surface with minimal 

damage; surface roughness (Ra) remains in the range of 

approximately 1.8 to 3.5 μm. These conditions result 

from controlled melting, limited evaporation, and rapid 

solidification without notable formation of adhered 

particles or microcracks, as shown in Fig. 4. At medium 

currents (S-2 and S-3), the increased pulse energy leads 

to more pronounced surface irregularities, with Ra values 

reaching about 3.2 to 3.5 μm. This behavior corresponds 

to the presence of larger cavities and fine adhered 

particles on the surface [39, 40]. At higher currents (S-4 

and S-5), although a further increase in roughness might 

be expected, experimental results reveal a relative 

decrease in Ra to approximately 3.1μm and, in some 

cases, as low as 2.5 μm. This phenomenon can be 

attributed to surface remelting and partial smoothing of 

irregularities caused by excessive discharge energy. In 

fact, at very high currents, extensive localized melting 

can fill surface depressions with re-solidified material, 

which despite the potential for microcracking or 

porosity, produces a comparatively smoother surface 

[41].  Under these conditions, the interaction between 

molten material and the dielectric fluid, combined with 

rapid cooling, facilitates the removal of floating particles 

and minimizes their reattachment [42]. Therefore, the 

relationship between current intensity and surface 

roughness is not strictly linear, and at very high currents, 

due to remelting and dynamic surface smoothing 

phenomena, the surface roughness may decrease. These 

observations align with previous findings highlighting 

the role of dielectric fluid dynamics and cooling in 

determining the final surface morphology [41]. 

 

 
Fig. 4. Surface roughness measurement results after the 

WEDM process. 

3.3. Surface hardness 

The microhardness profiles obtained from the 

experimental data indicate a noticeable increase in 

hardness near the edges of the wire-cut specimens; 

however, the magnitude of this increase remains limited 

and controlled (approximately 6–8 HV compared to the 

reference sample). This pattern is consistent with the 

theoretical expectations for the heat-affected zone 

(HAZ) in aluminum, as shown in Fig. 5. Localized 

discharge energy at the edges induces surface 

microstructural changes and grain refinement, but due to 

the aluminum’s high thermal conductivity and rapid heat 

dissipation, these effects do not penetrate deeply into the 

bulk material. In the central regions of the specimens 

(approximately 3 to 7 mm from the edges), a clear 

convergence of all profiles toward the hardness of the 

reference sample is observed. This convergence 

indicates that the thermal effects generated by the Wire-

EDM process do not significantly penetrate into the bulk 

of the component, thereby preserving the core 

mechanical properties of the aluminum. From an 

engineering standpoint, this finding suggests that EDM-

induced property changes are predominantly surface-

limited. Consequently, in assessments of durability, 

fatigue, and mechanical behavior, the hardness should be 

considered as a surface-dependent parameter rather than 

a uniform property across the cross-section. 

Previous studies on EDM and Wire-EDM have 

shown that increasing discharge energy (such as higher 

current intensity or longer pulse duration) is generally 

associated with higher surface hardness and a thicker 

modified layer. The underlying mechanisms include 

rapid quenching and grain refinement, surface oxidation, 

and, in some cases, element diffusion from the electrode 

wire. However, in aluminum, this phenomenon is 

typically moderate, excessive energy input may lead to 

adverse outcomes such as fine thermal cracks, porosity, 

or increased surface roughness, which could neutralize 

or even reverse the potential benefits of increased 

hardness in fatigue-sensitive. 
 

3.4. Wear 

Wear resistance is directly influenced by the combined  



72                                                                                                                                                   R. A. Mahdavinejad et al.  

 

IJMF, Iranian Journal of Materials Forming, 2025, Volume 12, Number 4 

Fig. 5. Hardness measurement results after the WEDM 

process. 
 

effects of surface hardness, roughness, and layer 

uniformity. At low current levels, a finer-grained, 

smooth, and hard surface layer forms, as shown in Fig. 

6, exhibiting excellent resistance to abrasive contact, 

with mass loss typically remaining below 2.5 mg.  At 

medium current levels, the concurrent decrease in 

hardness and increase in surface roughness raise the 

mass loss to approximately 4.5 mg. The formed oxide 

particles can act as secondary abrasives, further 

intensifying wear.  At high current levels, the presence of 

a porous structure, semi-molten adherents, and thermal 

cracks results in surface brittleness and a significant 

acceleration of wear. The mass loss in these cases 

exceeds approximately 6.5 mg. Surfaces exhibiting such 

features typically have shorter lifespans in dynamic 

applications.  Wear depth profiles, measured along a 4-

mm path, reveal clear distinctions in the abrasive 

behavior of various aluminum samples machined under 

varying process conditions. The pure aluminum sample, 

which exhibited the greatest wear depth (~70 µm), 

demonstrated the lowest wear resistance — an expected 

outcome, as no microstructural modification, surface 

hardening, or thermal tempering occurs in this sample.   

In contrast, samples processed by WEDM 

demonstrate varying wear behaviors depending on the 

applied current. Medium currents result in partial surface 

refinement, the formation of a tempered layer, and 

moderate hardness, leading to a notable improvement in 

wear resistance. Conversely, at very high currents, 

increased pulse energy and the greater likelihood of 

localized burning degrade the surface structure, 

increasing brittleness and causing relatively higher  

 

Fig. 6. Variations in wear depth along the sample path after 

the WEDM process. 
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wear.  Point-wise analysis of the wear curves, including 

comparisons of maximum and minimum values, not only 

defines the wear fluctuation range but also facilitates 

evaluation of the uniformity of abrasive performance. 

The observation of minima and maxima indicates that 

wear in some samples, such as the third, is more stable 

and homogeneous, whereas samples like the fifth and the 

pure aluminum exhibit severe fluctuations in wear depth, 

likely due to surface structural discontinuities or 

localized hardness heterogeneity.  These findings are 

particularly significant in industrial applications 

involving continuous contact and high friction (e.g., 

aerospace, automotive, and precision tooling 

components), as optimizing machining parameters can 

significantly enhance component lifespan and reduce 

maintenance and replacement costs. 

 

3.5. Corrosion 

This study investigated the effect of electrical discharge 

current intensity in the WEDM process on the corrosion 

resistance of aluminum alloy. The control sample (S-0), 

which was not machined, served as the baseline for 

comparison. According to the potentiodynamic 

polarization (PDP) curves, this sample exhibited the 

lowest corrosion current density (Icorr ≈ 8×10⁻⁷ A/cm²) 

and the most negative corrosion potential (Ecorr = -0.47 

V), indicating high surface stability in the corrosive 

environment.  With an increase in WEDM current up to 

1 ampere (S-1), only a slight reduction in corrosion 

resistance was observed, suggesting that WEDM at this 

level does not significantly disrupt the natural aluminum 

oxide layer. However, at 2 A and 3 A (S-2, S-3), a 

marked decline in corrosion resistance occurred, as 

illustrated in Figs. 7 and 8, likely due to the formation of 

thermal cracks, increased surface roughness, and 

decreased homogeneity of the natural oxide layer on 

aluminum. 

Interestingly, sample S-4 displayed a nonlinear 

response: despite a higher current, it demonstrated better 

electrochemical behavior compared to S-2 and S-3. This 

improvement, evident from both PDP and 

electrochemical impedance spectroscopy (EIS) results, 

is likely associated with the reformation of protective 

layers due to more uniform heating and a more stable 

current discharge. The EIS curve showed that S-4 had a 

larger semicircle compared to the intermediate current 

samples, reflecting higher charge transfer resistance (Rct 

≈ 1300 Ω) and a lower double-layer capacitance. 
Conversely, sample S-5, machined at 5 A, experienced 

the most severe corrosion degradation, showing the 

smallest EIS semicircle and an Icorr value more than an 

order of magnitude higher than the others. This 

destructive behavior could result from melted zones, 

localized phase transformations, or the formation of 

brittle region. A magnified view of the interference 

region in the impedance plot indicated that although the 

differences between samples S-2 to S-5 appear subtle, 

they are in fact significant, necessitating detailed EIS 

analysis for accurate differentiation.  These findings have 

direct implications for sensitive industries such as 

aerospace, petrochemical, and defense. In aerospace, 

aluminum components used in aircraft frames or satellite 

structures require precise machining without 

compromising corrosion resistance [43]. The results 

indicate that high-current WEDM, while capable of 

achieving good dimensional accuracy, can significantly 

reduce surface corrosion resistance and promote 

localized corrosion under humid or high-pressure 

conditions. Similarly, in the petrochemical industry, 

where acidic or chloride-rich environments prevail, even 

minor surface changes can drastically shorten 

component lifespan [44].  Therefore, defining an optimal  

 
Table 4. Experimental results of the corrosion test 

Sample βa (V/dec) βc (V/dec) icorr (A/cm²) Ecorr (V) Rp (KΩ·cm²) Corr. rate (mm/year) 

S-0 (Pure Al) 0.09 0.11 8e-07 -0.47 200 0.001 

S-1 (1A) 0.08 0.1 1e-06 -0.45 150 0.002 

S-2 (2A) 0.07 0.09 3e-05 -0.44 25 0.05 

S-3 (3A) 0.065 0.085 1e-05 -0.43 50 0.015 

S-4 (4A) 0.055 0.07 5e-06 -0.42 80 0.008 

S-5 (5A) 0.05 0.06 0.0001 -0.4 10 0.2 
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WEDM current window (under conditions comparable 

to S-4 or S-1) is essential to simultaneously ensure 

machining precision and corrosion stability, a crucial 

consideration in modern engineering design aimed at 

reducing maintenance costs and enhancing safety. 

 

3.6. Microstructure of light microscope 

The microscopic observations clearly reveal that 

discharge current in the wire-cut EDM process directly 

influences the melting behavior and localized thermal 

softening of aluminum. At lower currents (particularly in 

the first sample), the limited discharge energy produced 

shallow cavities and a narrow heat-affected zone. As the 

current increased to a moderate level (sample three), the 

higher discharge energy promoted deeper melting pits 

and a broader heat-affected zone. This behavior is 

consistent with the thermodynamic characteristics of 

aluminum, where medium current levels induce the 

highest thermal instability. At higher current levels 

 

Fig. 7. Potentiodynamic polarization test results on machined 

surfaces. 

 

Fig. 8. Nyquist plot results on machined surfaces. 

(samples four and five), however, evaporation and 

molten material ejection mechanisms appear to 

dominate, leading to a more dispersed energy 

distribution rather than concentrated melting. 

Consequently, the depth of the cavities decreased. 

Interestingly, in sample five, although the cavity depth 

was reduced, the lateral dimensions of the surface pits 

increased significantly. This can be attributed to 

excessive discharge energy, which facilitated 

widespread surface melting and lateral material flow. 

Such a change reflects a transition from localized 

melting to a broad, splash-like melting behavior. A 

comparison between the microscopic findings and 

surface roughness measurements demonstrates a strong 

correlation between surface morphology and roughness 

values. From the first to the third sample, surface 

roughness increased in parallel with the growth of cavity 

depth and the heat-affected zone. In contrast, in the 

fourth and fifth samples, despite the presence of large 

cavities in cross-sections, the surface roughness 

decreased, reaching its lowest level in sample five. This 

apparent contradiction can be explained by extensive 

remelting and partial filling of asperities. In other words, 

while higher discharge currents produced metallurgical 

changes and severe thermal effects, the resulting surface 

appeared smoother in terms of roughness. The 

metallography test supporting these observations are 

presented in Figs. 9 and 10. 

 

3.7. Energy consumption 

According to the literature, current intensity is one of the 

main factors affecting energy consumption in WEDM. It 

is well established that that the material removal rate 

(MRR) is directly proportional to pulse energy, which in 

turn depends on the current intensity. When machining 

is performed at lower current levels, less evaporation and 

melting occur between the electrodes, resulting in longer 

machining times and, consequently, higher operational 

costs [45]. As the current increases from 1 to 5 A, the 

specific energy consumption decreases due to the higher 

MMR and shorter cutting time. During the WEDM 

process, most of the input energy is transferred to the 

cathode, anode, and dielectric through thermal  
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Fig. 9. Surface profilometry image illustrating the roughness 

distribution across the machined aluminum specimen. 
 

conduction, while a small amount of energy is lost via 

thermal radiation and convection. The distribution of 

energy among the tool electrode, dielectric fluids and 

workpiece depends on several parameters including 

thermal diffusivity, density, melting temperature, heat 

capacity and thermal conductivity of both materials. 

Therefore, the total energy of the process can be 

expressed by Eq. (2) [46]: 

 

𝐸𝑡𝑜𝑡𝑎𝑙 =   𝐸𝑤 +  𝐸𝑒 + 𝐸𝑑 +  𝐸𝑟     (2) 

 

Where 𝐸𝑤  and 𝐸𝑒  represent the energy distributed in 

the workpiece and the tool electrode, respectively, 𝐸𝑑  is 

the energy absorbed by the dielectric fluids; and 𝐸𝑟 is the 

energy consumed by radiation, light and sound. The 

energy transferred into the workpiece (𝐸𝑤 ) is then used 

to remove the material and is carried away with the 

waste, contributing positively to process efficiency. In 

contrast, the energy absorbed by the tool electrode (𝐸𝑒 ) 

causes electrode wear, leading to energy loss and 

reducing the high precision of the WEDM process. 

Therefore, to enhance effective energy efficiency under 

identical pulse condition, minimizing unnecessary 

energy dissipation is a useful approach to improving 

WEDM performance and reducing overall energy 

consumption. The material removal rate (productivity) 

per unit of input energy has a significant impact on the 

energy consumption of the process, implying that in 

WEDM, the primary goal is to increase MRR and reduce 

machining time while lowering total energy 

consumption. According to previous research, the 

influence of pulse energy variations on specific energy 

consumption (SEC) can be expressed by Eq. (3) [46]: 

 

SEC =  𝐸 𝑉⁄  (3) 

 

Fig. 10. Optical micrograph of the wire-cut EDM surface 

showing the heat-affected zone (HAZ) with highlighted 

measurements of cavity depth and lateral dimensions. 
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Table 5. Consolidated research results 

Sample 
Current 

intensity (A) 
Surface roughness 

(Ra, μm) 
Hardness (Brinell) Wear rate (mg) Corrosion rate (mm/year) 

S-0 (Pure Al) - 0.2 ± 0.02 45 ± 2 18.4 0.001 

S-1 (1A) 1 1.8 ± 0.1 52 ± 3 12.7 0.002 

S-2 (2A) 2 2.5 ± 0.15 58 ± 2 10.1 0.05 

S-3 (3A) 3 3.2 ± 0.2 75 ± 5 9.2 0.015 

S-4 (4A) 4 4.0 ± 0.25 70 ± 3 11.5 0.008 

S-5 (5A) 5 5.5 ± 0.3 65 ± 4 13.3 0.2 

 

 
Fig. 11. Consolidated graphical results. 

 

The combination of pulse width and peak current 

determines the spark energy, which can be expressed by 

Eq. (4) [46]: 

 

𝐸 = 𝐼 × 𝑈 × 𝑇𝑜𝑛 (4) 

 

Where I is the current, U is the spark gap setting 

voltage, and 𝑇𝑜𝑛 is the pulse on time. In addition, the 

MRR is defined as the volume of material removed per 

unit time during the EDM process. Therefore, the 

removed material volume V can be calculated using Eq. 

(5) [46]: 

 

𝑉 = 𝑀𝑅𝑅 =  𝑉𝑐 × 𝑇ℎ (5) 

 

Where 𝑉𝐶  is the average feed rate (m/s), and Th is the 

thickness of the workpiece. Therefore, increasing the 

metal removal rate is an effective method to reduce SEC 

and reduce energy consumption, as it improves the 

proportion of energy effectively absorbed by the 

workpiece. 

It seems that a current between approximately 2.5 

and 3 A provides the best energy efficiency and surface 

quality for aluminum, while higher currents not only 

reduce surface quality but also increase energy 

consumption and operating costs [13]. As shown in Fig. 

11, selecting a lower current saves energy but extends 

longer machining times and increased time-related costs; 

conversely, higher currents shorten machining time but 

greatly increase energy costs. All summarized results are 

presented in Table 5. Therefore, in industrial 

applications, it is recommended to choose a current 

intensity within this optimal range to maintain quality 

and speed while minimizing costs and energy 

consumption, thereby achieving economic optimization. 
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4. Conclusions 

The results of this study demonstrated that the electrical 

discharge current in the wire electrical discharge 

machining (WEDM) process plays a decisive role in 

determining surface quality, tribological behavior, and 

energy efficiency of aluminum. Increasing the current 

from 1 to 5 amperes led to a continuous rise in surface 

roughness, a decrease in hardness, an increase in wear 

and corrosion rates, and ultimately higher specific 

energy consumption. These changes were caused by the 

increased discharge energy per pulse and more intense 

thermal effects on the workpiece surface, resulting in the 

formation of resolidified layers, porous structures, and, 

in some cases, unstable surface morphologies. 

A comprehensive analysis of these effects suggests 

that low to medium current levels (approximately 2 to 3 

amperes) provide the optimal balance among surface 

quality, mechanical resistance, and energy efficiency. 

These findings can serve as practical guidance for 

optimizing WEDM parameters in the machining of 

aluminum components for precision and surface-quality-

sensitive industries.  

1. Surface roughness progressively increased with 

higher discharge current (1- 5A); Ra rose from about 

1.2 to 4.9 μm due to the enlargement and 

intensification of melting cavities and the formation 

of heterogeneous surface layers. 

2. Surface hardness decreased 72 to 56 HV as current 

increased, mainly due to slower cooling rates, thicker 

molten layers, and the development of coarse-

grained, brittle microstructures. 

3. Wear resistance was higher at lower currents; as the 

current increased, the surface became softer and 

rougher, leading to a significant rise in mass loss 

during wear tests (from 2.2 to 6.8 mg). 

4. The corrosion rate increased with higher current 

intensity. At elevated currents, the formation of 

porous and unstable surface layers led to corrosion 

rates rising up to 0.15 mm/year, indicating a 

significant decline in corrosion resistance. 

5. Specific energy consumption initially decreased up 

to 3 amperes (the optimal point) but increased again 

at higher currents, due to reduced efficiency of 

electrical discharges and a higher frequency of 

unsuccessful or nonproductive discharges. 

6. The optimal current range for aluminum WEDM is 

recommended between 2.5 and 3 amperes, providing 

a balance between surface quality, mechanical 

durability, corrosion resistance, and energy 

efficiancy. 
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