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This study experimentally investigated the effects of tool rotational speed and initial workpiece 

temperature on energy consumption, surface hardness, and corrosion behavior of AA6061 aluminum 
alloy during milling. The results showed that energy consumption exhibited a nonlinear trend, initially 

decreasing and then increasing with increasing tool rotational speed and initial workpiece temperature, 

with minimum and maximum values of approximately 100–120 J and 170–190 J, respectively. Increasing 
energy input generally enhanced surface hardness up to an optimum level, whereas severe 

thermomechanical loading caused a slight reduction in hardness. XRD analysis also revealed a reduction 

in crystallite size and an increase in lattice strain under higher energy conditions. Overall, the controlled 
adjustment of machining parameters and energy consumption can effectively optimize surface hardness 

and microstructural evolution in AA6061. 

Keywords: 
 
Milling, 
Aluminum, 
Corrosion, 
Hardness, 
Temperature, 
Tool Rotational Speed 

 

  https://doi.org/10.30501/acp.2026.582016.1196   

   

1. INTRODUCTION 
 

Milling is one of the key processes in metal 

machining, playing a decisive role in achieving 

dimensional accuracy, surface quality, and desirable 

mechanical properties (Zhenjing et al., 2025; Ullah et 

al., 2025). Owing to its high flexibility, capability for 

automated operation, and applicability to complex 

geometries, milling has been recognized as one of the 

fundamental manufacturing methods in modern 

industries, including automotive, aerospace, medical 

equipment, and tool manufacturing (Kundiya et al., 
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2025). Among engineering metals, aluminum occupies a 

prominent position due to its low density, high thermal 

conductivity, corrosion resistance, and excellent 

machinability (Mishra et al., 2025; Nyabadza et al., 

2025). However, the unique thermal behavior of 

aluminum, along with its tendency for adhesion in the 

tool–workpiece contact zone, has made precise control 

of its machining conditions highly critical (Yadegari et 

al., 2025; Rathod & Wankhade, 2025; Zakaria et al., 

2025). In the milling of aluminum, the quality of the 

final product is not only dependent on the intrinsic 

properties of the material but is also strongly influenced 

by process parameters such as cutting speed and the 

initial thermal condition of the workpiece (Nguyen & 

Le, 2025; Zhang et al., 2025). These factors 

simultaneously affect the material removal rate, heat 

distribution within the contact zone, frictional behavior 

at the tool interface, and ultimately the surface hardness 

and metallurgical structure of the machined component 

(Alsoufi & Bawazeer, 2025; Bai et al., 2025). In fact, 

milling can be considered a multivariable 

thermomechanical system in which thermal, 

mechanical, and kinematic effects interact with each 

other in a nonlinear manner (Michelacci et al., 2025). 

Tool rotational speed is a critical parameter that 

directly influences cutting forces, strain rate, chip 

morphology, and surface roughness (Yang et al., 2025; 

Shanu et al., 2025). Excessive increases in rotational 

speed may lead to process instability and premature tool 

wear, whereas excessively low speeds reduce 

productivity and increase machining costs (Zhao et al., 

2025). On the other hand, tool rotational speed, or 

cutting speed, governs the rate of heat transfer within 

the tool–workpiece interface and, if improperly 

adjusted, may result in excessive temperature rise, 

localized material softening, and deterioration of surface 

hardness (Guarise et al., 2025). Therefore, identifying 

an optimal balance among machining parameters 

remains a significant challenge from both industrial and 

academic perspectives. In most previous studies, it has 

been assumed that the initial temperature of the 

workpiece at the beginning of the milling process is 

equal to ambient temperature (Suresh Kumar et al., 

2025; Bouhali et al., 2025). However, under actual 

manufacturing conditions, workpieces may be exposed 

to cold environments or pre-cooling processes prior to 

machining. Under such circumstances, an initial 

temperature lower than ambient temperature, for 

example, within the range of −3°C to room temperature, 

may significantly alter the thermal properties, 

coefficient of thermal expansion, and thermal 

conductivity of aluminum (Ali et al., 2025). A reduction 

in the initial temperature leads to a localized increase in 

yield strength, reduced ductility, and modifications in 

the chip formation mechanism (Damir et al., 2025). On 

the other hand, lower temperatures may reduce tool 

wear severity, as friction at the contact interface 

decreases and the stability of the cutting edge improves 

(Jaffery & Khan, 2025). These dual effects highlight the 

scientific importance of establishing an accurate 

relationship between initial temperature and final 

surface quality. 

Over the past two decades, numerous researchers 

have focused on optimizing the milling conditions of 

aluminum alloys. For instance, several studies have 

employed the Taguchi method and analysis of variance 

(ANOVA) to determine the optimal levels of cutting 

speed and feed rate for minimizing surface roughness 

(Ayyıldız, 2025). Other researchers have utilized 

artificial neural networks and genetic algorithms to 

predict thermal behavior and cutting forces during the 

milling process (Hadjira et al., 2025). In addition, 

numerical simulations based on the finite element 

method have been developed to investigate stress and 

temperature distributions within the tool–workpiece 

interaction zone (Liu et al., 2025; Qian et al., 2025). 

Despite these advancements, limited studies have 

comprehensively examined the simultaneous effects of 

feed rate, tool rotational speed, and initial temperature 

on the mechanical behavior and final hardness of 

aluminum. 

From a metallurgical perspective, the temperature 

distribution along the milling path, from tool entry to 

tool exit, may cause hardness heterogeneity across 

different regions of the machined component (Li & Li, 

2005; Shen et al., 2021). Investigating hardness 

variations along the tool path can provide valuable 

insights into process stability, stress distribution, and 

microstructural evolution. In industrial environments, 

maintaining a stable initial workpiece temperature and 

accurately monitoring cutting speeds are among the 

major challenges. Factors such as environmental 

fluctuations, variations in cooling system performance, 

and tool wear can lead to unpredictable changes in 

machining outcomes (Niaki & Mears, 2017). Moreover, 

the interdependence among process parameters is such 

that a variation in one parameter may either amplify or 

mitigate the effect of another. This is particularly 

important in industries such as aerospace and 

automotive, where lightweight components with strict 

thermal tolerances are required (Sun et al., 2010). On 

the other hand, investigating sub-zero initial 

temperatures facilitates a deeper understanding of 

machining under cold conditions or in thermally 

controlled environments and may provide a foundation 

for the development of advanced cold machining 

technologies on an industrial scale. The novelty of the 

present study lies in investigating the combined effects 

of tool rotational speed and initial workpiece 

temperature, as well as analyzing their influence on 

process energy consumption and the evolution of 

surface hardness along the entire tool path, from tool 

entry to exit. 
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2. Materials and Methods 
 
2.1. Raw Materials and Equipment 

 

In this study, high-purity Aluminum Alloy 6061 was 

used as the base material. The precise chemical 

composition of this alloy, determined by SpectroMaxx 

Optical Emission Spectrometer (OES) analysis, is 

presented in Table 1. 

 
Table 1. Specifications of the Aluminum Used 

 

Prior to the machining process, the specimens were 

cut into uniform dimensions of 100 × 50 × 10 mm using 

a wire-cutting process and subsequently polished with 

1200-grit abrasive paper in order to eliminate initial 

surface effects. The milling experiments were 

performed using a three-axis CNC milling machine. A 

schematic illustration of the process setup and the 

experimental equipment is presented in Fig. 1. The 

cutting tool employed in this study was a tungsten 

carbide end mill coated with titanium aluminum nitride, 

featuring three active cutting edges, a positive rake 

angle, and a diameter of 10 mm. During the 

experiments, three primary process variables were 

investigated, including feed rate, tool rotational speed, 

and initial workpiece temperature. The initial 

temperature of the workpiece was controlled within a 

range from −2 °C to ambient temperature. To achieve 

sub-zero temperature conditions, a dry cooling chamber 

was employed in combination with a Type-K 

thermocouple sensor, with a measurement accuracy of 

±0.1 °C. Table 2 shows the processing conditions of the 

specimens. 

 

 
Figure 1. (a) Performing the Milling Process and (b) Real-

Time Temperature Monitoring 

 
Table 2. Nomenclature and Processing Conditions of the 

Specimens 

 

3. Experimental Procedure and Characterization 
 

During the experimental investigations, all parameters 

other than the selected variables were maintained 

constant in order to ensure an accurate comparison of 

the independent effect of each factor. To further 

investigate the phases present in the machined samples, 

XRD analysis was performed using an Explorer XRD 

manufactured by GNR Analytical Instruments Group 

under operating conditions of 40 kV and 30 mA. At the 

end of each machining path, the specimens were 

sectioned from the tool–workpiece contact region to the 

cutting exit zone, and localized surface hardness 

measurements were carried out along the feed direction. 

The hardness of the samples was measured using the 

Vickers hardness method with an INNOVATEST 

NEXUS 8000XL hardness tester, applying a load of 

9.612 N and a dwell time of 15 s, in accordance with 

ASTM A370. To obtain reliable average values, each 

hardness test was repeated at least three times for every 

sample. In addition, corrosion behavior was evaluated in 

a simulated electrolyte environment using the 

potentiodynamic polarization technique. The 

electrochemical data, including corrosion potential, 

corrosion current density, and corrosion rate, were 

subsequently extracted and analyzed. 

 
 
 
 

Impurity content (mass%) material 

96.85 Al 

0.9 Mg 

0.7 Si 

0.6 Fe 

0.3 Cu 

0.25 Cr 

0.2 Zn 

0.1 Ti 

0.1 Others 

2/7 Density (g/cm3) 

45 Particle size (um) 

Sample Initial temperature Tool rotation speed 

0                            Non Machined  

1 -2 1000 

2 -2 1750 

3 -2 2500 

4 42 1000 

5 42 1750 

6 42 2500 
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4. Results and Discussion 
 

Fig. 2 shows the XRD results and magnified view of 

the main peak for the different machined aluminum 

samples. Based on the XRD patterns of the different 

machined aluminum samples, significant changes were 

observed in the position, intensity, and broadening of 

the diffraction peaks. In the reference sample (pure 

aluminum), the characteristic diffraction peaks were 

detected at 2θ values of approximately 38.4°, 44.6°, and 

65.1°, corresponding to the (111), (200), and (220) 

crystallographic planes of the FCC aluminum structure, 

respectively (Sedehi et al., 2024). In the samples 

subjected to different milling conditions, an increase in 

tool rotational speed resulted in peak broadening, 

indicating changes in the surface crystallographic 

structure and a reduction in structurally disordered 

regions (Sedehi et al., 2025). On the other hand, the 

broadening of diffraction peaks may also indicate an 

increase in lattice strain and a reduction in effective 

grain size caused by the combined thermal and 

mechanical effects within the machined zone (Sedehi et 

al., 2022). The influence of the initial workpiece 

temperature was also clearly evident in the XRD 

patterns and was manifested through peak shifts relative 

to the reference sample, a phenomenon that has been 

attributed to lattice distortion in previous studies 

(Sedehi et al., 2022). Furthermore, in some samples 

machined under high rotational speeds, new diffraction 

peaks appeared within the range of 50° to 52°, which 

may be associated with the formation of aluminum 

oxide or intermetallic phases, or with surface phase 

transformations induced by localized high temperatures 

(Lisboa et al., 2014). These observations demonstrate 

the high sensitivity of the crystalline structure of 

aluminum to the combined thermal and mechanical 

conditions of the milling process. Overall, the XRD 

results confirmed that temperature and tool rotational 

speed exert a synergistic effect on surface 

microstructural evolution. 

 

 

 

 

Figure 2. XRD Results and Magnified View of the Main Peak 

 
The observation of the effects of cutting parameters 

on grain size is of particular importance, as grain 

refinement is considered a critical indicator for 

understanding process mechanics, especially the 

evolution of shear strain (Fergani & Liang, 2015). With 

increasing tool speed, the combined effects of elevated 

cutting temperature and strain rate significantly 

influence dynamic recrystallization; however, beyond a 

critical threshold, excessive thermal input may 

substantially suppress grain refinement (Fergani & 

Liang, 2015). Excessive rotational speed increases 

localized temperature and facilitates recrystallization, 

whereas the increase in thermal energy also intensifies 

lattice strain and contributes to grain size reduction 

(Fergani & Liang, 2015). Conversely, reducing the 

initial workpiece temperature limits atomic mobility, 

leading to the formation of defect-rich microstructures 

(Nwaokafor et al., 2021). 

Therefore, it can be concluded that an optimal 

combination of these two parameters can establish a 
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desirable balance among crystallographic density, grain 

size, and residual lattice strain. These findings provide a 

fundamental basis for interpreting hardness 

measurements and correlating crystallographic 

evolution with the mechanical behavior of the machined 

samples in the subsequent stages of this researc   (Kumar 

et al., 2016). 

 

4.1. Variation of Hardness with Temperature, 
Tool Rotational Speed and Along the Tool Path 

 

Fig. 3 shows the hardness variations in terms of tool 

rotational speed and initial temperatures and Table 3 

shows hardness variations along the processing path. 

The analysis of hardness variations with respect to tool 

rotational speed and initial temperature indicates that 

the starting temperature of the process can 

fundamentally alter the influence of rotational speed. At 

low initial temperatures, increasing the tool rotational 

speed leads to pronounced fluctuations in hardness 

along the tool path, reflecting a high sensitivity of the 

material to abrupt thermal changes (Samples 1 to 3). 

Under these conditions, any increase in rotational speed 

significantly elevates the heat generation rate, resulting 

in microstructural inhomogeneity due to non-uniform 

thermal exposure and localized deformation. In contrast, 

at elevated initial temperatures, the effect of increasing 

tool rotational speed on hardness variation becomes 

noticeably more moderate (Samples 4 to 6). In this 

regime, the material is already in a thermally activated 

state in which recovery and dislocation rearrangement 

are facilitated; therefore, the additional thermal input 

induced by higher rotational speeds does not lead to 

severe hardness fluctuations. Furthermore, the results 

indicate that at higher temperatures, even at elevated 

rotational speeds, the reduction in hardness toward the 

end of the tool path is less pronounced. This behavior 

can be attributed to a reduced thermal gradient and a 

more homogeneous distribution of thermally induced 

stresses. The convergence of these observations 

suggests that selecting tool rotational speed without 

considering the initial temperature can lead to 

inaccurate predictions of surface mechanical behavior, 

as thermomechanical coupling plays a dominant role in 

governing hardness evolution. 

 

 
Figure 3. Hardness Variations as a Function of Tool 

Rotational Speed and Temperature Changes 

 

4.2. Corrosion Variation Along the Tool Path as a 
Function of Temperature and Tool Rotational 
Speed 

 
Table 3. Hardness Variations Along the Processing Path 

Sample entry point    exit point 

1 42/5 42.5 42.2 41.8 42.3 

2 42/9 41.4 40.9 41.0 41.7 

3 42/6 42.1 42.6 41.3 41.7 

4 40.8 40.6 40.3 40.0 40.4 

5 41.1 39.8 39.4 39.6 40.1 

6 40.7 40.2 40.6 39.5 39.9 

 

The corrosion variation results as a function of 

temperature and tool rotational speed are shown in Fig. 

4 and summarized in Table 4. The Tafel polarization 

profiles indicate that the specimens under three 

optimized machining conditions (based on the hardness 

results) exhibit significantly different corrosion 

behaviors. Specifically, the corrosion potentials were 

measured as −0.421 V for Sample 1, −0.578 V for 

Sample 2, and −0.599 V for Sample 3, indicating 

noticeable differences in the electrochemical stability of 

the surface layer. The anodic slope of Sample 2 was 

approximately 0.0940, while its cathodic slope was 

0.0698, suggesting more stable oxidation and reduction 

reactions and the formation of a more uniform passive 

layer. This behavior is consistent with previous reports, 

which attribute such improvements to grain refinement 

and a more homogeneous distribution of surface 

stresses, facilitating the formation of a more stable 

oxide layer (Wei et al., 2025). 

The calculated corrosion rates based on the corrosion 

current density (icorr) also show significant differences 

among the samples. Sample 3 exhibited the best 

https://doi.org/10.30501/acp.2026.582016.1196
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corrosion resistance, with a rate of 0.0079 mm/year, 

while Sample 2 and Sample 1 showed higher rates of 

0.024 mm/year and 0.031 mm/year, respectively. The 

higher corrosion rate of Sample 1 can be attributed to 

the presence of micro-discontinuities and surface 

heterogeneities, which enhance chloride ion penetration. 

In Sample 2, machining-induced heat likely promoted 

the formation of relatively weak and less stable oxide 

layers, which may act as initiation sites for localized and 

pitting corrosion (Zhang et al., 2026). 

 

 

Figure 4. Corrosion Results as a Function of Tool 

Rotational Speed and Temperature Variations 

 

Table 5. Values of the Corrosion Test Results 

S3 S2 S1 Parameter 

-0.599 -0.578 -0.421 
Ecorr 

(V vs. Ag/AgCl) 

1.0441×10-6 1.4532×10-6 2.9615×10-6 icorr (A) 

0.06845 0.0940 0.0938 ba (V/decade) 

0.09458 0/0698 0.10635 bc (V/decade) 

16518 12975 8311.9 Rp (ohm) 

0.0079 0.024 0.031 
Corrosion rate 

(mm/year) 

 

A comparison of anodic and cathodic behavior further 

reveals that Sample 3, with a higher polarization 

resistance (Rp ≈ 15974 Ω), exhibits superior 

electrochemical stability, as evidenced by a slower 

increase in current density in the anodic region, 

indicating a more stable passive film and a reduced 

tendency for selective dissolution. Additionally, the 

higher hardness and the presence of compressive 

residual stresses in this sample reduce the number of 

active anodic sites, thereby shifting the corrosion 

mechanism from an aggressive localized mode to a 

more controlled uniform mode. Previous studies have 

also confirmed that compressive stresses and refined 

grain structures reduce passive film breakdown and 

slow its growth and rupture processes, ultimately 

enhancing corrosion resistance (Yelwa et al., 2025). 

 

4.3. Potentiodynamic Polarization Curves under 
Linear Sweep Voltammetry (LSV) 

 

The potentiodynamic polarization curves shown in 

Fig. 5 illustrate the electrochemical behavior of the 

samples in a NaCl environment. In chloride-containing 

media, Cl⁻ ions directly attack the naturally formed 

aluminum oxide layer, leading to localized defects in 

the Al₂O₃ passive film. 

 

 

Figure 5. Linear Sweep Voltammetry (LSV) Polarization 

Curves of the First to Third Specimens 

 

From the current–potential plots, it can be observed 

that Sample 2 departs from the near-zero current regime 

earlier than the other two samples, indicating faster 

chloride ion penetration and an earlier onset of localized 

dissolution. This behavior is typically associated with a 

higher density of defects, increased porosity, or reduced 

passive film thickness. Sample 3 maintains a low 

current response over a wider potential range, and its 

current increases more gradually, indicating greater 

stability of the passive film against chloride adsorption 

and a delayed initiation of pitting corrosion. In contrast, 

although Sample 1 shows relatively stable behavior up 

to approximately −0.45 V, once the critical potential is 

reached, it exhibits a very sharp increase in current 

density. This reflects sudden passive film breakdown 

and rapid pit propagation, which in NaCl environments 

is commonly attributed to localized chloride 

accumulation at surface weak points and the 

acceleration of the anodic reaction Al → Al³⁺. 

From an engineering perspective in NaCl solutions, 

the key controlling parameters are the breakdown 

potential and the magnitude of the current density after 

breakdown. Sample 2 activates earlier due to its lower 

breakdown potential, making it more susceptible to 

pitting corrosion. Sample 1, although exhibiting a 

higher breakdown potential, undergoes severe 

dissolution once degradation begins, potentially leading 
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to deep and hazardous pit formation, which is critical 

for components exposed to high electrochemical stress. 

Sample 3 demonstrates more balanced behavior, neither 

activating prematurely nor showing an abrupt current 

surge, indicating a more stable passive film and a more 

uniform distribution of electrochemical stresses in the 

presence of chloride ions. Therefore, in terms of overall 

resistance to pitting corrosion and controlled 

degradation in NaCl environments, Sample 3 exhibits 

superior engineering performance. Fig. 6 shows the 

SEM images of the three optimized specimens in terms 

of hardness and corrosion properties. To further 

investigate the microstructure developed during the 

machining process, SEM images were obtained for the 

first three specimens. The presence and distribution of 

the observed pores provide a basis for correlating the 

SEM observations with the corrosion results, as these 

pores can facilitate localized corrosion and consequently 

reduce the corrosion resistance of the specimens. 

 

 

Figure 6. SEM Images of the Three Optimized Specimens 

in Terms of Hardness and Corrosion Properties 

 

4.4. Effect of Initial Temperature and Tool 

Rotational Speed on Energy Consumption 

Machining processes, which are predominantly 

composed of machine tool operations, are widely used 

across various industrial applications and generally 

exhibit low energy efficiency. Consequently, they 

present significant potential for energy savings and the 

reduction of greenhouse gas emissions. To achieve such 

energy savings, accurate prediction of machining energy 

consumption is essential. Moreover, it can serve as a 

decision-support tool for defining energy quotas, 

optimizing cutting parameters for energy efficiency, and 

evaluating overall energy performance. Several relevant 

studies on machining energy prediction have been 

reported. Dietmair and Verl (Dietmair et al., 2009) 

proposed a modeling framework for predicting machine 

tool energy consumption and provided strategies for 

applying the model to energy optimization. Kara and Li 

(Kara et al., 2011) developed an empirical approach for 

constructing unit process energy consumption models 

for material removal processes, which was validated 

across eight different CNC turning and milling 

machines. Their model was able to predict machining 

energy consumption with an accuracy exceeding 90%. 

The combined effect of initial temperature and tool 

rotational speed on energy consumption indicates that 

these two parameters are strongly coupled and 

significantly influence both power demand and process 

efficiency. Increasing rotational speed generally leads to 

higher instantaneous energy consumption; however, the 

initial temperature can either mitigate or amplify this 

effect. At low temperatures, a larger portion of energy is 

required to overcome plastic deformation resistance 

(Samples 1 to 3) (Lu et al., 2015). At higher initial 

temperatures, part of the required deformation energy is 

supplied by the stored thermal energy within the 

workpiece. As a result, even at higher rotational speeds, 

energy consumption does not increase linearly (Samples 

3 and 6). At the same time, the more uniform hardness 

distribution along the machining path indicates that the 

input energy is being consumed more uniformly 

throughout the process. Finally, the overlap among 

hardness, corrosion, and energy analyses suggests that 

conditions leading to severe hardness fluctuations and 

hardness degradation at the exit region are generally 

associated with higher energy consumption and lower 

process efficiency. Therefore, simultaneous control of 

initial temperature and tool rotational speed is not only 

essential for improving mechanical properties but also 

crucial for optimizing energy consumption and 

enhancing overall machining efficiency. 

 

4. Conclusion 

 

In this study, the effects of two key parameters, initial 

workpiece temperature and tool rotational speed, on the 

microstructural evolution and surface hardness of 

aluminum were systematically investigated. The results 

clearly demonstrated that the hardness evolution along 
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the dry-machining path of aluminum is strongly 

influenced by the combined effects of initial workpiece 

temperature and rotational speed. The effect of each 

parameter was found to depend on the level of the other, 

indicating that independent evaluation of these 

parameters cannot fully describe the mechanical 

response of the material. The data indicate that initial 

temperature plays a critical regulatory role, capable of 

either amplifying or mitigating the effects induced by 

increasing tool rotational speed. 

Among the investigated interactions, the synergistic 

effect of temperature and cutting speed showed the most 

significant influence on hardness stability along the 

machining path. Higher initial temperatures, particularly 

when combined with elevated rotational speeds, resulted 

in a more uniform hardness distribution, reduced local 

fluctuations, and improved energy behavior of the 

process. This highlights the importance of controlled 

preheating or proper thermal conditioning prior to 

machining. It was also observed that excessive increases 

in tool rotational speed, regardless of other conditions, 

can lead to hardness degradation at the end of the 

cutting path and higher energy consumption. Therefore, 

process optimization should not be based solely on 

increasing kinematic parameters but rather on achieving 

a balance among strain rate, heat generation, and tool–

workpiece interaction time. Overall, this study 

demonstrates that, through intelligent selection of 

process parameter combinations, it is possible to 

simultaneously reduce energy consumption and improve 

surface quality and hardness uniformity in the dry 

machining of aluminum. These findings can serve as 

practical guidelines for designing stable and cost-

effective process windows in industries relying on 

coolant-free machining operations. 
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