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Certain mechanical properties, such as tensile strength, depend on the surface finish, 

which is itself influenced by the material removal process used. In sheet metal 

manufacturing, tensile test specimens can be cut by abrasive water jet (AWJ), wire 

electrical discharge machining (WEDM), laser, or plasma machining, rather than by 

conventional milling. This work aims to evaluate the effect of the test piece extraction 

method on surface condition, dimensional accuracy, and mechanical performance 

through tensile tests performed on 2024-T3 aluminum alloy plates. The test pieces were 

prepared using different techniques: AWJ, WEDM, and conventional milling. The 

surface roughness was measured using a roughness tester, and tensile tests were then 

carried out to determine the mechanical properties. The results revealed that the total 

roughness (Rz) varied significantly depending on the extraction method: milling 

produced the smoothest surfaces (Rz: 12.4-14.7 µm), followed by WEDM (Rz: 27.3-33.3 

µm), and abrasive waterjet (Rz: 37.3-46.3 µm). Despite these differences, the impact on 

tensile properties remained within 5%, with the largest deviation recorded for elongation 

at break (-4.87% for AWJ) and the smallest for yield strength (± 1.9%). These findings 

suggest that WEDM and AWJ can serve as viable alternatives to milling for specimen 

extraction when deviations up to 5% are acceptable. 
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1. INTRODUCTION

Tensile testing is one of the most widely used mechanical 

characterization methods for evaluating the behavior of 

structural materials under uniaxial loading [1, 2]. The quality 

and representativeness of the results obtained depend not only 

on the testing conditions but also, and critically, on the method 

used to extract the specimens from the base material. To date, 

milling remains the only internationally standardized method 

for producing flat tensile specimens from sheet metal, as 

prescribed by ASTM E8/E8M [3, 4], and ISO 6892-1, and it is 

widely used in industry  

However, recent advances have introduced a variety of 

material removal processes, such as electrical discharge 

machining (EDM) [5], beam-based machining techniques 

(laser beam machining [6], plasma beam machining, etc.), as 

well as abrasive jet machining [7], water jet machining, and 

abrasive water jet (AWJ) machining [8]. These techniques 

represent potential alternatives to milling for specimen 

extraction, offering advantages in productivity, time efficiency, 

cost reduction, and cutting precision [9]. 

While milling ensures high dimensional accuracy and 

surface quality, it presents several practical limitations, 

including the need for a dedicated clamping system for each 

specimen geometry, the requirement to use cutting tools whose 

diameter does not exceed the specimen fillet radius, and an 

inherently low material removal rate [3]. These constraints 

translate into increased production time and cost, particularly 

when large batches of specimens are required. 

Recent advances in non-conventional machining have 

introduced a variety of alternative material removal processes 

that may overcome these limitations. Wire electrical discharge 

machining (WEDM) enables the cutting of electrically 

conductive materials with high dimensional accuracy and 

without mechanical contact, making it particularly well-suited 

for stacking and batch cutting of sheet metal [3]. Laser beam 

machining (LBM) is a well-established industrial process 

widely used in sheet metal fabrication since the early 1980s 

[10-12]; it offers high cutting speed and flexibility, though it 

generates a heat-affected zone (HAZ) that may alter the 

surface and subsurface properties of the material [13]. Plasma 

beam cutting is another thermally intensive process applicable 
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to a broad range of metallic materials regardless of their 

hardness or refractory nature, and is extensively used in heavy 

industry [14]. Abrasive water jet (AWJ) machining, first 

applied industrially in 1983 [3], has grown steadily and 

enables the cutting of hard and tough materials, including 

steels, titanium alloys, and aluminum alloys, up to 200 mm in 

thickness, at relatively high feed rates and without thermal 

effects [15]. 

Several studies have examined the influence of cutting 

parameters associated with these alternative processes on 

surface integrity and mechanical properties. For fiber laser 

cutting of AA2B06-T4 aluminum alloy, the effects of laser 

parameters on cut-edge microfeatures and tensile performance 

were systematically studied [13]. The optimization of AWJ 

machining parameters for Al 7071 was investigated [16], 

while the effect of AWJ on the properties of aluminum-matrix 

nanocomposites was explored [17]. Regarding WEDM, its 

influence on the surface finish of aluminum alloys and on the 

mechanical performance of Inconel 939 was examined in the 

studies [18, 19], respectively. The effect of cutting methods on 

surface microstructure and hardness was also reported for Al-

6061 alloy [20]. At a broader level, Krahmer et al. [3] 

evaluated the suitability of WEDM, laser cutting, and AWJ as 

alternatives to milling for extracting flat tensile specimens 

from low-carbon steel sheets and Inconel 718, concluding that 

the deviation in mechanical properties was acceptable for most 

industrial applications.  Similarly, the laser cutting process 

was assessed for the preparation of standard flat tensile 

specimens from thin galvanized steel sheets, with attention to 

dimensional accuracy, TAZ characteristics, and mechanical 

properties (tensile strength, yield strength, and elongation) 

[11]. 

At present, several researchers employ WEDM for the 

extraction of tensile test specimens [21, 22]. In contrast, AWJ 

is used to prepare specimens for mechanical testing other than 

tensile loading [23].  

Despite this body of work, the literature addressing the 

specific case of 2024-T3 aluminum alloy, a material widely 

used in aeronautical structures, high-strength non-welded 

assemblies, and armament applications, with ultimate tensile 

strength reaching up to 485 MPa, remains limited.  

In particular, no study has yet simultaneously and 

systematically compared milling, WEDM, and AWJ as 

extraction methods for flat tensile specimens from this alloy, 

considering both surface integrity (roughness, microstructure, 

hardness) and mechanical performance (tensile strength, yield 

strength, elongation at break). This gap is the primary 

motivation for the present work. 

The objective of this study is therefore to evaluate the effect 

of three specimen extraction techniques: conventional milling, 

WEDM, and AWJ, on the surface condition, microstructural 

characteristics, Vickers microhardness, and tensile properties 

of 6 mm-thick 2024-T3 aluminum alloy sheets. The results are 

intended to provide practical guidelines for production and 

quality control engineers regarding the admissibility of non-

standard extraction methods in industrial and research contexts. 

 

 

2. MATERIALS AND EXPERIMENTAL METHODS 
 

2.1 MATERIAL 

 

The material investigated in this study is a 2024-T3 

aluminum alloy sheet, 6 mm in thickness. This alloy belongs 

to the 2xxx series (Al-Cu-Mg system) and is supplied in the 

T3 temper condition, which corresponds to solution heat 

treatment, cold working, and natural aging. Its nominal 

chemical composition and mechanical properties, as specified 

by the manufacturer and consistent with ASTM B209, are 

summarized in Tables 1 and 2. 

 

Table 1. Chemical composition (in wt. %) of the studied alloy 

 
Alloy Si Fe Cu Mn Mg Zn Ti Cr Al 

AA2024-T3 0.5 0.5 4.09 0.43 1.44 0.25 0.15 0.1 Bal 

 

Table 2. Mechanical properties of the studied alloy 

 
 Tensile Strength, MPa Yield Strength, MPa Elongation, % 

AA2024-T3 435 290 15 

 

 
 

Figure 1. Dimensions of tensile test specimens, mm 
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2.2 Specimen geometry and preparation 

 

Flat tensile test specimens were extracted from the 2024-T3 

aluminum alloy sheets in accordance with ASTM E8/E8M-25 

[4]. All specimens were oriented parallel to the rolling 

direction in order to minimize anisotropy effects on the 

measured mechanical properties. The nominal gauge 

dimensions were: gauge length L₀ = 50 mm, width w = 12.5 

mm, and thickness t = 6 mm. A schematic of the specimen 

geometry is provided in Figure 1. 

Three specimen extraction techniques were evaluated, 

described in detail in the following subsections. 

 

2.3 Cutting techniques and process parameter 

 

2.3.1 Conventional milling (reference process) 

Milling was used as the reference process, in accordance 

with the standard requirement of ASTM E8/E8M [4]. 

Specimens were machined using a four-flute carbide end mill 

(Ø8 mm, Z = 4) under the following cutting conditions: cutting 

speed Vc = 75.4 m/min and feed per tooth fz = 0.067 

mm/tooth/rev. Cutting was performed under dry conditions. 

Milling was selected as the baseline because it is the sole 

internationally accepted method for producing flat tensile 

specimens from sheet metal. 

 

2.3.2 Abrasive waterjet machining 

AWJ specimens were cut using a high-pressure waterjet 

system operating at a water pressure of 3200 bar. Garnet 

abrasive particles (mesh size 80 -100) were used as the cutting 

medium, delivered through a nozzle of 0.8 mm diameter, 2 mm 

standoff and 350 g/min mass flow rate. The traverse speed was 

set to 600 mm/min, which was determined based on 

preliminary trials to ensure complete penetration of the 6 mm 

sheet without excessive taper deviation. 

 

2.3.3 Wire electrical discharge machining 

WEDM specimens were produced using a 0.25 mm 

diameter copper wire electrode. The machine was operated 

with a discharge voltage in the range Vd = 80 V and a wire 

feed rate of 3.988 mm/min. No flushing fluid other than the 

standard deionized water dielectric was used. A single cutting 

pass was applied for all WEDM specimens. 

 

2.4 Dimensional verification 

 

The dimensional conformity of the extracted specimens was 

verified using a digital caliper with a resolution of 0.01 mm. 

Width and length measurements were performed at three 

positions along the gauge section of each specimen, and the 

mean value was retained. Dimensional tolerances were 

assessed against the requirements of ASTM E8/E8M (width: 

12.5 ± 0.1 mm). 

 

2.5 Surface roughness measurement 

 

Surface roughness was characterized using a contact-type 

roughness tester (TR-100) with a stylus tip radius of 5 µm. The 

total height of the roughness profile (Rz) was chosen as the 

evaluation parameter, as it is sensitive to extreme peaks and 

valleys introduced by the cutting process and is therefore more 

discriminating than the arithmetic mean roughness Ra for 

comparing machining processes. Measurements were 

performed on the cut lateral faces of the specimens, over an 

evaluation length of 6 mm with a cut-off length λc = 0.8 mm, 

in accordance with ISO 4288. A minimum of five 

measurements were taken per specimen face, and mean values 

with standard deviations are reported. 

 

2.6 Metallographic analysis 

 

To assess the influence of each cutting technique on the 

near-surface microstructure, cross-sectional metallographic 

specimens were prepared from each cutting method. Samples 

were sectioned perpendicular to the cutting direction, hot-

mounted in epoxy resin, and mechanically polished through 

successive grades of SiC abrasive papers (120, 320, 600, 1200, 

and 2500 grit), followed by final polishing with 1 µm diamond 

paste. Microstructural features were revealed by chemical 

etching using Keller's reagent (2.5 ml HNO3, 1.5 ml HCl, 1.0 

ml HF, 95 ml H2O) for 15-30 seconds at room temperature. 

Observations were carried out using an optical microscope at 

magnifications of ×20. 

 

2.7 Microhardness measurements 

 

Vickers microhardness (HV) was measured on the polished 

cross-sections using a microhardness tester with an applied 

load of 100 gf (HV0.1) and a dwell time of 15 seconds, in 

accordance with ASTM E384. Measurements were performed 

along a line perpendicular to the cut surface. A minimum of 

five indentations were made at each measure point, and mean 

values are reported. 

 

2.8 Tensile testing 

 

Uniaxial tensile tests were performed on a servo-hydraulic 

universal testing machine, at a constant crosshead 

displacement rate of 1 mm/min, in accordance with ASTM 

E8/E8M [4]. For each cutting condition, a minimum of three 

specimens were tested to ensure statistical repeatability. The 

following mechanical properties were determined from the 

engineering stress-strain curves: ultimate tensile strength (Rm, 

MPa), 0.2% offset yield strength (Re, MPa), and elongation 

after fracture (A, %).  

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Dimensional accuracy 

 

The dimensional conformity of the extracted specimens was 

assessed by measuring the gauge width at three positions along 

the gauge section using a digital caliper (resolution: 0.01 mm). 

The target width, as specified by ASTM E8/E8M, is 12.5 ± 0.1 

mm. The results are summarized as follows: 

Milling produced specimens with the highest dimensional 

accuracy, with a maximum deviation of ≤ 0.07 mm, well 

within the prescribed tolerance of ± 0.1 mm. WEDM yielded 

the most precise results among the three techniques, with a 

maximum deviation of ≤ 0.05 mm, confirming the known 

capability of this process for tight-tolerance cutting. Abrasive 

waterjet cutting exhibited the largest dimensional deviation, 

reaching up to 0.3 mm, which exceeds the ASTM E8/E8M 

tolerance of ± 0.1 mm. This deviation is primarily attributed to 

the jet taper effect, which results from the loss of kinetic 

energy of the abrasive particles as they traverse the full 

thickness of the material [3]. As reported in the literature, the 
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taper error in AWJ machining is strongly dependent on the 

traverse speed and the standoff distance [16]; optimizing these 

parameters could bring the dimensional deviation within 

acceptable limits, as demonstrated by Krahmer et al. [3] for 

steel sheets. 

It should be noted that, while the AWJ specimens did not 

strictly comply with the dimensional tolerance of ASTM 

E8/E8M in the present configuration, this deviation can be 

systematically reduced through process parameter 

optimization and does not, per se, invalidate the comparative 

analysis of surface condition and mechanical properties 

presented in the following sections. 

 

3.2 Surface morphology and macroscopic appearance 

 

The macroscopic surface appearance of specimens 

produced by the three cutting techniques is shown in Figure 2. 

Clear visual differences in surface texture can be observed, 

consistent with the distinct material removal mechanisms 

involved. 

 

 
 

Figure 2. The macroscopic surface appearance of tensile 

test specimens 

 

The milled specimen exhibits a regular, striated surface 

topography characteristic of chip-based machining, with well-

defined and uniformly spaced tool marks aligned in the cutting 

direction. This regularity reflects the deterministic nature of 

the milling process and is associated with the lowest surface 

roughness among the three methods. The WEDM specimen 

displays the isotropic, cratered surface texture that is 

characteristic of electro-erosive material removal [3], resulting 

from the superposition of successive discharge craters of 

relatively uniform size. No preferential directionality is 

observed on the EDM surface, which is consistent with the 

spark discharge mechanism. The AWJ specimen presents the 

most irregular surface, with clearly visible abrasive particle 

trajectories and lateral striations resulting from the deflection 

of the jet as it penetrates the material thickness. Taper-induced 

geometric imperfections are also visible along the specimen 

perimeter, as previously noted in the dimensional analysis. 

These macroscopic observations are in qualitative 

agreement with the surface roughness measurements reported 

in Section 3.3 and with the findings of Krahmer et al. [3] for 

steel and Inconel specimens. 

 

3.3 Surface roughness 

 

The total surface roughness parameter Rz was measured on 

the cut lateral faces of each specimen using a TR-100 contact 

profilometer, over an evaluation length of 6 mm and a cut-off 

wavelength λc = 0.8 mm, in accordance with ISO 4288. The 

Rz parameter was selected in preference to Ra because it 

captures the extreme peak-to-valley height within each 

sampling length and is therefore more sensitive to the localized 

damage introduced by non-conventional cutting processes. 

The minimum and maximum Rz values recorded for each 

process are presented in Table 3. 

Milling produced the smoothest and most consistent 

surfaces, with Rz values ranging from 12.4 to 14.7 µm and a 

narrow dispersion indicative of a stable and repeatable 

process. Wire EDM generated intermediate roughness values 

(Rz: 27.3-33.3 µm), approximately 2.2 times higher than 

milling on average. Abrasive waterjet cutting yielded the 

highest roughness (Rz: 37.3-46.3 µm), approximately 3.1 

times higher than milling, with greater dispersion reflecting 

the inherent stochasticity of the particle-based material 

removal mechanism. 

These results are consistent with the general trend reported 

in the literature for comparative cutting studies on metallic 

alloys [3, 18, 20]. The roughness hierarchy, milling < WEDM 

< AWJ, is directly attributable to the respective material 

removal mechanisms. In milling, the tool geometry imposes a 

well-defined and periodic surface texture. In WEDM, the 

superposition of thermal discharge craters generates a more 

irregular, though still relatively fine, surface. In AWJ, the 

combination of micro-cutting, micro-ploughing, and micro-

cracking induced by the impacting abrasive particles generates 

a highly irregular surface with both macro-scale striations and 

micro-scale pitting [15]. 

 

Table 3. Total roughness range 

 
Methods Rz min (μm) Rz max (μm) Mean Rz (µm) 

Milling 12.4 14.7 13.6 

WEDM 27.3 33.3 30.3 

AWJ 37.3 46.3 41.8  

3.4 Microstructural analysis 

 

Optical micrographs of the cross-sections obtained for the 

three cutting methods are presented in Figure 3. The 2024-T3 

alloy exhibits a characteristic elongated grain morphology in 

the rolling direction, with visible intermetallic precipitates 

(primarily Al2Cu Mg, S-phase) dispersed within the aluminum 

matrix. 

Importantly, based on observation under an optical 

microscope at 20× magnification, for all three cutting 

processes- milling, WEDM, and AWJ -the grain morphology 

in the near-surface region is preserved and shows no evidence 

of plastic deformation, recrystallization, or thermally induced 

microstructural alteration. No heat-affected zone (HAZ) is 

detectable at the optical microscopy level for any of the three 
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methods, which is consistent with the relatively moderate 

thermal conditions generated during these processes. 

 

 
(a) 

 

(b) 

 
(c) 

 

Figure 3. The grain morphology of the 2024-T3 aluminum 

alloy after specimen extraction: (a) milling, (b) AWJ, (c) 

WEDM 

 

This observation deserves further discussion in light of the 

thermomechanical conditions associated with each process. 

During milling of AA2024-T351, cutting temperatures at the 

tool-chip interface can reach approximately 225 ℃ at feed 

rates comparable to those used in the present study [24]. In 

WEDM, the temperature of the copper wire has been reported 

to reach approximately 240 ℃ [25]. Both values remain well 

below the solution heat treatment temperature of the 2024 

alloy (~493 ℃), which explains the absence of microstructural 

alteration. AWJ machining is essentially a non-thermal 

process, as the waterjet provides continuous cooling of the 

cutting zone, further ruling out thermally induced 

microstructural changes. These findings are in agreement with 

those of Krahmer et al. [3] for low-carbon steel and Inconel 

718 specimens, and with the observations of Akkurt [20] for 

Al-6061 alloy. 

It should be noted that a more in-depth microstructural 

analysis with precision equipment and greater magnification 

may reveal microstructural modifications. 

 

3.5 Vickers microhardness 

 

The Vickers microhardness values measured on the 

polished cross-sections of specimens produced by the three 

cutting methods are summarized in Table 4. 

 

Table 4. Percentage deviation of mechanical properties 

relative to milling (reference process) 

 
Methods δ𝐀% (%) δ𝐑𝐦 (%) δ𝐑𝐞 (%) 

WEDM +3.38 -0.45 +1.87 

AWJ -4.87 -2.52 -1.33 

 

The microhardness values are virtually identical across the 

three processes, with a maximum difference of less than 1 HV 

(< 0.7%). These results confirm that none of the cutting 

techniques introduced significant work hardening or thermal 

softening in the near-surface material. This observation is 

consistent with the microstructural analysis presented in 

Section 3.4, and further supports the conclusion that the 

thermal and mechanical effects of all three cutting processes 

are too limited to alter the bulk properties of the 2024-T3 alloy. 

This finding contrasts with results reported for higher-

energy processes such as laser cutting or plasma cutting, which 

are known to induce significant hardness gradients in the near-

surface region of aluminum alloys due to the formation of a 

heat-affected zone [13, 14]. The thermal stability of milling, 

WEDM, and AWJ surfaces thus constitutes a key advantage 

of these processes for specimen preparation applications. 

 

3.6 Tensile properties 

 

The engineering stress–strain curves for specimens 

produced by milling, WEDM, and AWJ are shown in Figure 

4. All three curves exhibit the characteristic elastic-plastic 

behavior of the 2024-T3 alloy, with a well-defined elastic 

slope, a progressive transition to plastic deformation, and a 

strain-hardening plateau prior to fracture. No anomalous 

features (premature fracture, irregular serrations) are observed 

in the curves for WEDM or AWJ specimens, suggesting that 

the surface condition introduced by these processes did not act 

as a critical stress concentration site under the loading rates 

applied. 

The percentage deviations of the mechanical properties, 

ultimate tensile strength (Rm), yield strength (Re), and 

elongation after fracture (A%), relative to the milling reference 

are summarized in Table 5. 

The results demonstrate that the influence of the cutting 

technique on the tensile properties of the 2024-T3 alloy is 

Milling 

AWJ 

WEDM 
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modest. The maximum deviation is recorded for elongation at 

break (−4.87% for AWJ), followed by tensile strength 

(−2.52% for AWJ) and yield strength (−1.33% for AWJ). 

WEDM induces even smaller deviations, with a maximum of 

+3.38% for elongation at break. 

 

 
 

Figure 4. The Stress–strain curves of specimens cut by 

milling, WEDM, and AWJ from 2024-T3 aluminum alloy 

 

Table 5. Vickers hardness values for surfaces cut by milling, 

WEDM and AWJ 
 

Methods Hv 

Milling 147 

WEDM 148 

AWJ 147.5 

 

The slight reduction in elongation and tensile strength 

observed for AWJ specimens can be plausibly attributed to the 

higher surface roughness generated by this process (Rz up to 

46.3 µm), which introduces more severe stress concentration 

sites at the specimen edges compared to milled or WEDM 

specimens. This interpretation is consistent with the well-

established relationship between surface roughness and 

fatigue or ductility in aluminum alloys [3, 20]. However, the 

magnitude of the effect (< 5%) suggests that the influence of 

roughness on quasi-static tensile properties remains limited for 

the present material and specimen geometry. 

The slightly positive deviation in elongation observed for 

WEDM (+3.38%) may appear counterintuitive given the 

higher roughness of WEDM surfaces compared to milling. 

This could reflect specimen-to-specimen variability in the 

absence of full statistical analysis (n ≥ 5 per condition), and 

warrants further investigation with a larger sample size. 

These findings are in broad agreement with those of 

Krahmer et al. [3], who reported deviations of less than 5% in 

the tensile properties of low-carbon steel and Inconel 718 

specimens extracted by non-standard methods, and support the 

conclusion that WEDM and AWJ are viable alternatives to 

milling for non-critical tensile specimen preparation. 

 

 

4. CONCLUSION 

 

This study investigated the influence of three specimen 

extraction techniques - conventional milling, WEDM, and 

abrasive waterjet machining (AWJ) - on the surface condition, 

microstructural integrity, Vickers microhardness, and tensile 

properties of 6 mm-thick 2024-T3 aluminum alloy sheets. 

Based on the experimental results presented and discussed in 

the preceding sections, the following conclusions can be 

drawn: 

- Dimensional accuracy: Milling and WEDM both 

satisfied the dimensional tolerance requirements of ASTM 

E8/E8M (± 0.1 mm), with maximum deviations of 0.07 mm 

and 0.05 mm, respectively. AWJ cutting exceeded this 

tolerance (deviation up to 0.3 mm) due to the jet taper effect; 

however, this deviation can be reduced through optimization 

of the traverse speed and standoff distance, and does not 

preclude the use of AWJ in applications where moderate 

dimensional tolerances are acceptable. 

- Surface roughness: The three processes produced 

significantly different surface finishes, following the 

hierarchy: milling (Rz: 12.4 -14.7 µm) < WEDM (Rz: 27.3 -

33.3 µm) < AWJ (Rz: 37.3 - 46.3 µm). The roughness 

generated by WEDM and AWJ is approximately 2.2 and 3.1 

times higher than that of milling, respectively. These 

differences are directly attributable to the distinct material 

removal mechanisms of each process. 

- Microstructural integrity: Optical microscopy 

revealed that none of the three cutting processes induced 

detectable microstructural alterations (including grain 

deformation, recrystallization, or heat-affected zones) in the 

near-surface region of the 2024-T3 alloy. This result is 

consistent with the moderate thermal conditions associated 

with milling (≈ 225 ℃) and WEDM (≈ 240 ℃), both of which 

remain well below the solution heat treatment temperature of 

the alloy (≈ 493 ℃), and with the essentially a thermal nature 

of AWJ machining. 

- Microhardness: Vickers microhardness 

measurements confirmed the absence of near-surface work 

hardening or thermal softening for all three cutting techniques, 

with values remaining stable at approximately 147–148 HV 

regardless of the process used. This further validates the 

microstructural observations and indicates that the mechanical 

integrity of the material is preserved during specimen 

extraction by any of the three methods. 

- Tensile properties: The deviations in ultimate tensile 

strength (Rm), yield strength (Re), and elongation after fracture 

(A%) relative to the milling reference remained within ± 5% 

for both WEDM and AWJ. The largest deviation was observed 

for elongation at break (−4.87% for AWJ), followed by tensile 

strength (−2.52% for AWJ). Yield strength was the least 

affected property (maximum deviation: ±1.87%). The small 

reduction in ductility observed for AWJ specimens is 

consistent with the higher surface roughness generated by this 

process, which introduces more pronounced stress 

concentration sites at the specimen edges. 

On the basis of these results, WEDM and AWJ can be 

considered viable alternatives to milling for the extraction of 

flat tensile specimens from 2024-T3 aluminum alloy sheets in 

contexts where a deviation of up to 5% in tensile parameters is 

acceptable. These processes offer notable practical advantages 

over milling, including the elimination of dedicated clamping 

fixtures, the ability to cut complex geometries and stacked 

sheets in unattended mode, and reduced preparation time and 

cost. However, for critical structural or certification 

applications where strict compliance with ASTM E8/E8M 

dimensional and property requirements is mandatory, milling 

remains the recommended method. 

These findings provide actionable guidelines for production 
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engineers, quality control specialists, and researchers working 

with 2024-T3 aluminum alloy and related high-strength 

aluminum sheet materials.  

 

 

ACKNOWLEDGMENT 

 

The authors would like to acknowledge the financial 

support from Ministry of Higher Education and Scientific 

Research of Algeria, and technical support of ‘Research Unit 

Materials, Processes and Environment’ (UR MPE) University 

of Boumerdes Algeria and Process and Materials Sciences 

Laboratory (LSPM-CNRS) France. 

 

 

REFERENCES  

 

[1] Haryanto, I., Bagastomo, R.S., Ismail, R., Siregar, J.P., 

Cionita, T. (2025). Computational assessment of 

orthopedic implant durability using finite element 

analysis. Advance Sustainable Science, Engineering and 

Technology, 7(3): 02503028. 

https://doi.org/10.26877/asset.v7i3.1977 

[2] Djili, A., Bezzazi, B., Zioui, N., Haboussi, M. (2023). 

Effect of natural aging on the tensile properties and the 

toughness of friction stir welds of 2024-T3 aluminum 

alloy. Journal of Advanced Joining Processes, 8: 100153. 

https://doi.org/10.1016/j.jajp.2023.100153 

[3] Krahmer, D.M., Polvorosa, R., López de Lacalle, L. 

(2016). Alternatives for specimen manufacturing in 

tensile testing of steel plates. Experimental Techniques, 

40: 1555-1565. https://doi.org/10.1007/s40799-016-

0134-5 

[4] ASTM E8/E8M-25. (2025). Standard test methods for 

tension testing of metallic materials. ASTM International. 

https://doi.org/10.1520/e0008_e0008m-25 

[5] Kumar, N., Kumar, J. (2023). Investigation of machining 

characteristics and surface integrity for trim cut WEDM 

of hybrid metal matrix composite [Al 6061, SiC, and 

TiB2]. Journal of Engineering and Applied Science, 70: 

117. https://doi.org/10.1186/s44147-023-00289-3  

[6] Muthuramalingam, T., Moiduddin, K., Akash, R., 

Krishnan, S., Mian, S.H., Ameen, W., Alkhalefah, H. 

(2020). Influence of process parameters on dimensional 

accuracy of machined Titanium (Ti-6Al-4V) alloy in 

Laser Beam Machining Process. Optics & Laser 

Technology, 132: 106494. 

https://doi.org/10.1016/j.optlastec.2020.106494 

[7] Zhu, Y., Yang, X., Wang, S. (2023). Numerical and 

experimental investigations on the effect of particle 

properties on the erosion behavior of aluminum alloy 

during abrasive air jet machining process. The 

International Journal of Advanced Manufacturing 

Technology, 126: 3831-3848. 

https://doi.org/10.1007/s00170-023-11322-3 

[8] Gunamgari, B.R., Kharub, M. (2022). Experimental 

investigation on abrasive water jet cutting of high 

strength aluminium 7068 alloy. Materials Today: 

Proceedings, 69: 488-493. 

https://doi.org/10.1016/j.matpr.2022.09.180 

[9] Liu, P.H.T. (2024). Versatility of Waterjet Technology: 

Machining Materials from Macro-to Microscale. Jenny 

Stanford Publishing. 

https://doi.org/10.1201/9781003510468 

[10] Lamikiz, A., de Lacalle, L.L., Sanchez, J.A., Del Pozo, 

D., Etayo, J.M., Lopez, J.M. (2005). CO2 laser cutting of 

advanced high strength steels (AHSS). Applied Surface 

Science, 242(3-4): 362-368. 

https://doi.org/10.1016/j.apsusc.2004.08.039 

[11] Krahmer, D.M., Paredes, A., Maceira, G. (2002). El 

proceso de corte laser aplicado a la manufactura de 

probetas planas de tracción normalizadas obtenidas a 

partir de chapas finas de acero galvanizado. In Sam 

Simposio Materia, Santiago de Chile, pp. 389-393. 

https://doi.org/10.13140/2.1.4119.2965 

[12] Goffin, N., Jones, L.C., Tyrer, J.R., Ouyang, J., 

Mativenga, P., Li, L., Woolley, E. (2024). Industrial 

energy optimisation: A laser cutting case study. 

International Journal of Precision Engineering and 

Manufacturing-Green Technology, 11(3): 765-779. 

https://doi.org/10.1007/s40684-023-00563-y 

[13] Ullah, S., Li, X., Guo, G., Riveiro, A., Li, D., Du, J., Cui, 

L., Wei, L., Liu, X. (2022). Influence of the fiber laser 

cutting parameters on the mechanical properties and 

cut−edge microfeatures of a AA2B06−T4 aluminum 

alloy. Optics & Laser Technology, 156: 108395. 

https://doi.org/10.1016/j.optlastec.2022.108395 

[14] Sidorov, E.A., Grinenko, A.V., Chumaevskii, A.V., 

Rubtsov, V.E., et al. (2024). Surface structure formation 

in plasma cutting of aluminum and titanium alloys using 

direct current straight and reverse polarity. Physical 

Mesomechanics, 27(5): 518-528. 

https://doi.org/10.1134/S1029959924050023 

[15] Gupta, K., Kumar Jain, N., Laubscher, R. (2017). 

Chapter 2 - conventional manufacturing of cylindrical 

gears. In Advanced Gear Manufacturing and Finishing. 

Classical and Modern Processes, pp. 35-51. 

https://doi.org/10.1016/B978-0-12-804460-5.00002-X 

[16] Gowthama, K., Somashekar, H.M., Suresha, B., Rajole, 

S., Ravindran, N. (2022). Optimization of abrasive water 

jet machining process parameters of Al 7071 using 

design of experiments. Materials Today: Proceedings, 52: 

2102-2108. https://doi.org/10.1016/j.matpr.2021.12.380 

[17] Kumar, S. P., Shata, A.S., Kumar, K.P., Sharma, R., 

Munnur, H., Rinawa, M.L., Kumar, S.S. (2022). Effect 

on abrasive water jet machining of aluminum alloy 7475 

composites reinforced with CNT particles. Materials 

Today: Proceedings, 59: 1463-1471. 

https://doi.org/10.1016/j.matpr.2022.01.095 

[18] Hammami, D., Louati, S., Masmoudi, N., Bradai, C. 

(2023). Influence of WEDM process parameters on 

aluminum alloy’s surface finish. The International 

Journal of Advanced Manufacturing Technology, 126(1): 

453-469. https://doi.org/10.1007/s00170-023-10929-w 

[19] Ozaner, O.C., Dursun, G., Akbulut, G. (2021). Effects of 

wire-EDM parameters on the surface integrity and 

mechanical characteristics of additively manufactured 

Inconel 939. Materials Today: Proceedings, 38: 1861-

1865. https://doi.org/10.1016/j.matpr.2020.08.486 

[20] Akkurt, A. (2015). The effect of cutting process on 

surface microstructure and hardness of pure and Al 6061 

aluminium alloy. Engineering Science and Technology, 

an International Journal, 18(3): 303-308. 

https://doi.org/10.1016/j.jestch.2014.07.004 

[21] Dhanaraj, P.S., Rathinasuriyan, C. (2022). Optimization 

of fiber laser welding parameters for high strength 

aluminium alloy AA7075-T6. Materials Today: 

Proceedings, 52: 283-289. 

113



 

https://doi.org/10.1016/j.matpr.2021.08.276 

[22] Akhavan Malayeri, N., Zarei-Hanzaki, A., Moshiri, A., 

Abbasi, A., Abedi, H.R. (2025). Heterogeneous 

microstructure enables strength-ductility synergy in 2219 

aluminium alloy fabricated by wire arc additive 

manufacturing (WAAM). Progress in Additive 

Manufacturing, 10(9): 6437-6452. 

https://doi.org/10.1007/s40964-025-00985-x 

[23] Ravikumar, R.N., Rajesh, G.H. (2021). The mechanical 

properties and microstructure behavior of aluminium 

alloys subjected to shock waves. Materials Today: 

Proceedings, 46: 9132-9138. 

https://doi.org/10.1016/j.matpr.2021.05.412 

[24] Atlati, S. (2012). Développement d'une nouvelle 

approche hybride pour la modélisation des échanges 

thermiques à l'interface outil-copeau: Application à 

l'usinage de l'alliage d'aluminium aéronautique AA2024-

T351. PhD Thesis. Université de Lorraine. 

https://doi.org/10.70675/bb652d69z040fz4691zb6d8z24

c45aecea66 

[25] Mohammedazharudeen, J., Siva Subramanian, R. (2014). 

An experimental study on tool materials for wire eletric 

discharge machine. International Journal of Engineering 

Research, 3(3). 

https://doi.org/10.17577/IJERTV3IS030955 

 

 

NOMENCLATURE 

 

HV vickers microhardness, Hv 

Rz total roughness, μm 

Rm ultimate tensile strength, Mpa 

Re 0.2% offset yield strength, MPa 

A elongation after fracture, % 

Vc cutting speed, mm/min 

fz feed per tooth, mm/tooth/rev 

Vd discharge voltage in the range, V 

λc cut-off wavelength, mm 

 

Subscripts 

 

HAZ heat-affected zone 

LBM laser beam machining 

AWJ abrasive water jet 

EDM electrical discharge machining 

WEDM wire electrical discharge machining 
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