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Abstract 

Aluminum alloys are widely used in various industries due to their high mechanical properties and low specific gravity. 

However, inappropriate cutting parameters can lead to built-up edge (BUE) formation, degrading the workpiece's surface 

quality and reducing tool life. This study investigates the effects of conventional and trochoidal milling methods on response 

variables, including surface roughness (Ra), circularity, and cutting forces (Fr), for AA 7075-T6 aluminum alloy. 

Experimental work was carried out using two cutting methods (trochoidal and conventional), three cutting speeds (175, 225, 

and 275 m/min), and three feed rates (0.09, 0.12, and 0.15 mm/tooth). The Taguchi method and Grey Relational Analysis 

(GRA) were used for multi-response optimization, and Analysis of Variance (ANOVA) was used to assess the effect of 

control factors on machining performance. The results indicate that cutting methods influence the performance of the 

response variables. Feed rate influenced surface roughness (Ra) by 57.28%, while the milling method influenced circularity 

and cutting forces by 73.73% and 68.97%, respectively. In addition, the trochoidal milling method exhibited a stable cutting 

force profile with fewer harmonic components than the conventional method. This stability and the shorter cycle time 

achieved by trochoidal milling highlight its efficiency advantages. These results suggest that the trochoidal method offers 

potential applications and efficiency benefits in precision-demanding industries such as automotive and aerospace. 

© 2025 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved 
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1. Introduction 

Efficiency is a crucial factor for industries in the 

manufacturing sector, as it has a direct impact on 

profitability and success. To increase productivity in 

producing goods and services, businesses continuously 

seek ways to optimize their processes[1,2]. In CNC 

machining centers, a critical technology in manufacturing, 

achieving high machining quality requires optimizing 

parameters such as cutting methods, machining 

parameters, and the tools used. Milling operations are 

widely preferred in the manufacturing sector, and reducing 

per-part production costs necessitates optimizing surface 

roughness, precise tolerances, and cutting parameters [3]. 

In the literature, various studies have been conducted to 

improve the efficiency of milling processes. These studies 

focus on optimizing cutting parameters in machine tools, 

designing tools, developing cutting tool materials, 

selecting workpiece materials, and planning cutting 

strategies [4–10].The trochoidal (TR) toolpath strategy 

enhances tool life and machining efficiency by reducing 

tool loads and heat generation during machining[11]. 

Current TR toolpaths are generally created using one of 

two approaches: the circular and trochoidal models (see 

Figure 1). The circular model utilizes successive circular 

pathways with either constant or varying diameters, while 

the trochoidal model typically follows a continuous, 

intricate path without straight-line components[12]. In 

conventional milling, contour-parallel toolpaths are a high-

speed milling method for roughing operations, calculated 

according to contour offset and the cutting operation. 

However, without pre-treating corners and narrow areas, 

the contact angle or arc length between the tool and the 

uncut material can increase significantly. This raises the 

tool-to-material contact ratio, causing load increases on the 

tool at varying wavelengths, which can lead to tool fatigue 

and reduced tool life [13]. An innovative toolpath strategy, 

the TR cutting method is well-suited for controlling load 

fluctuations on the tool by keeping the tool contact angle 

within a stable range [14]. 

TR milling method guarantees control of the material 

contact angle, improved tool life, high depths of cut 

without increasing the risk of tool breakage, and stable 

machining conditions [15]. The performance of trochoidal 

milling can be further enhanced by optimizing cutting 

parameters [16]. Methods like data analytics are 

commonly used to optimize cutting parameters [17–
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19].Consequently, the TR cutting strategy provides high 

precision and short cycle times for machining difficult 

materials, yielding lower force, temperature, and tool wear 

compared to conventional milling methods [20,21]. 

Nevertheless, it may be beneficial to conduct additional 

research in order to gain a more comprehensive 

understanding of the potential benefits and effectiveness of 

the trochoidal method [22].  

 

 

Figure 1. Schematic representation of circular and trochoidal 

toolpath 

Pateloup et al. [23]proposed a new method for toolpath 

generation, calculating corner radius based on the machine 

tool's kinematic behavior and radial depth of cut variation. 

According to experimental results, this method reduced 

machining time by 15-25% by increasing the feed rate at 

the corner edges of the machined part. In their study, Wu 

et al. [24] examined the effects of toolpath strategies on 

the machinability of nickel-based super alloys. These 

alloys are commonly used in high-temperature 

applications, such as aircraft engines, defense, and weapon 

industries, due to their exceptional strength. The authors 

conducted a comparative experimental analysis of the wear 

on tool cutting edges during conventional milling and 

trochoidal milling. According to experimental findings, it 

was observed that the wear on the cutting edge during 

conventional milling operations was four times higher than 

that of trochoidal milling operations. Rauch et al. [25]also 

explored cutting parameter selection to facilitate trochoidal 

milling on CNC machines. They calculated the maximum 

radial depth based on toolpath parameters and compared it 

with two interpolation models. Experimental tests with a Ø 

32 mm two-flute end-mill on aerospace aluminum alloy 

(5086) showed increased tool life and reduced machining 

time. Their findings indicate that trochoidal milling 

improves tool life and machining efficiency on CNC 

machines. 

In a related study, Luo et al. [26] developed a four-axis 

trochoidal toolpath to enhance machining performance for 

complex, difficult-to-machine materials like nickel-based 

super alloys and titanium alloys used in aircraft engines. 

Their toolpath design resulted in increased machining 

efficiency. Orellana and Culqui[27] compared trochoidal 

and conventional milling strategies in terms of cycle times 

and tool temperature factors in the machining of AA7075-

T6 alloy, which is widely used in manufacturing 

industries. They conducted experimental designs using the 

Taguchi L18 orthogonal array design method. The control 

factors included traditional and trochoidal machining 

strategies, a two-level cutting methodology, three-level 

cutting speed Vc (m/min), and three-level feed rate per 

tooth (mm/tooth). The study measured the machining 

times (sec) and tool temperature (°C) as response values, 

with the results indicating that the trochoidal strategy was 

93.27% more efficient than conventional milling at certain 

levels of machining parameters.  Additionally, they 

observed that the minimum temperature for trochoidal 

milling (25.3 °C) was lower than that of conventional 

milling (28.9 °C). Based on these results, they suggested 

the optimal cutting parameters for achieving the best 

machining time and tool temperature. The loads that act on 

the cutting tool during machining are a crucial parameter 

that directly affects machining performance. Jasco et al. 

[28], an artificial neural network (ANN) was developed to 

optimize cutting tool loads and machining time. The 

results of their ANN-based optimization method showed 

that trochoidal milling yields much better results than 

conventional methods. In the experimental study, it was 

found that optimizing the feed rates resulted in a 50% 

reduction in machining time without any increase in 

cutting forces.Hayajneh and Abdellahi[29]developed and 

tested two different gene expression programming models 

for predicting surface roughness. These models 

demonstrated the ability to accurately predict surface 

roughness values based on the cutting parameters used 

during the milling process.Jatakar et al. [30], examined the 

effects of damage mechanisms such as Built-Up-Edge 

(BUE) on spindle vibration signals and showed that 

meaningful inferences can be made for tool life. BUE 

occurs when the workpiece material adheres to the cutting 

edges of the tool due to high temperature, pressure, and 

chemical bonding. BUE forms periodically and 

disintegrates, tearing off small pieces from the cutting 

edge, causing cracks and wear on the side surface of the 

tool [31]. 

In this study, a milling operation was performed on 

AA7075-T6 aluminum alloy using both trochoidal and 

conventional cutting methods, and the results were 

comprehensively compared. Although the effects of 

trochoidal milling on efficiency, tool life, and surface 

roughness have been investigated in the literature, the 

detailed analysis of different cutting methods based on 

multi-dimensional performance criteria such as cutting 

forces, surface quality, cycle time, and geometric accuracy 

of the machined part is limited. This study measured 

cutting forces, the machined geometry's circularity values, 

surface roughness, and cycle times during milling. These 

data were analyzed using the Taguchi method's S/N ratios 

and Grey Relational Analysis to determine the optimal 

cutting parameters. Additionally, the evaluation of cutting 

forces in terms of frequency through power spectrum 

analysis provides a comparative insight into the stability of 

force distributions generated by both methods at different 

harmonic frequencies. This study fills a gap in the 

literature by examining the multi-dimensional performance 
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of trochoidal and conventional milling methods and offers 

a new perspective by revealing which method exhibits a 

more stable frequency distribution. 

2. MATERIAL and METHOD 

Aluminum alloys are widely used in various industries 

due to their high mechanical properties and low specific 

gravity[32]. However, it is crucial to correctly determine 

the cutting parameters to avoid a built-up edge on the 

cutting tool, which can lead to deterioration of the 

workpiece surface and reduced tool life when machining 

ductile aluminum alloys[33]. This study investigated the 

effects of trochoidal and conventional milling strategies on 

AA7075-T6 aluminum alloy. 

2.1. Experimental Setup 

AA7075-T6 aluminum alloy was used as the workpiece 

material for the milling tests. All surfaces of the workpiece 

were machined perpendicular to each other and a prismatic 

test specimen with dimensions of 208x120x60 mm was 

prepared for the milling tests. The Karcan brand cutting 

tool, coded 123310073W, made of high-speed steel with 

three cutting edges (teeth), a cutting edge tip corner radius 

of 0.2 mm, and a helix angle of 45 degrees, was used in the 

machining operations. The tool dimensions are provided in 

Figure 2 and Table 1. 

 

Figure 2. Cutting tool geometry used in the experiments 

Table 1. Cutting tool dimensions 

d1h6 
(mm) 

d2h6  
(mm) 

l1  
(mm) 

l2  
(mm) 

l3 
 (mm) 

R  
(mm) 

z 
(Number 

of teeth) 

10 10 73 25 35 0.2 3 

The machining operations were carried out on a HAAS 

VF-2SS 5-axis machining centre using a Kistler 9123C 

rotary dynamometer capable of measuring force and 

torque in three axes. The forces generated during milling 

create a piezoelectric charge on the dynamometer. The 

electrical signals generated up to a certain force level are 

transmitted to an amplifier. The electrical signals arriving 

at the amplifier are amplified with calibrated coefficients 

and transferred first to a data acquisition card and then to a 

computer and digitised using with the Dynoware program. 

The experimental setup is shown in Figure 3. 

 

Figure 3. Schematic representation of experimental setup 
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Circularity refers to how close a given cross-section or 

surface of a part is to an ideal circle. In other words, 

circularity indicates whether the edges of an object are 

equidistant from a center. Ensuring circularity in 

manufacturing processes increases part compatibility and 

functionality. Geometric tolerances and dimensional 

accuracy of the machined part in terms of circularity 

parameters were measured using a Hexagon Global 

Performance CMM. Surface roughness values were 

determined using a Mitutoyo SJ-410 surface roughness 

tester with three repetitions from different positions for 

each part. 

2.2. Taguchi Method 

The Design of Experiments (DoE) technique is 

essential in optimizing any process to identify the factors 

affecting the process and reduce process variation. The 

Taguchi method provides a systematic and efficient 

approach to determining the optimal cutting parameters for 

milling experiments. This method, which aims to minimize 

variability in the process, has been shown to improve 

process performance with minimal experimental analysis 

using signal-to-noise (S/N) ratios of the desired outputs for 

the best factor levels[34]. The control factors used in the 

experimental study were defined as a two-level cutting 

method (Factor A), a three-level cutting speed m/min 

(Factor B), and a feed rate mm/tooth (Factor C). Factors B 

and C were determined according to the cutting tool 

manufacturer's recommendations and are given in Table 2. 

Taguchi L18 (21x32) was selected as the standardized 

orthogonal array to determine the optimum machining 

method and cutting parameters for the two- and three-level 

control factors and to analyze their effects. 

Table 2. Test factors and levels 

Parameters Symbol Level 1 Level 2 Level 3 

Cutting Method, 

CN and TR 

A CN TR - 

Cutting speed, Vc 
(m/min) 

B 175 225 275 

Feed rate, f 

(mm/tooth) 

C 0.09 0.12 0.15 

CN: Conventional, TR: Trochoidal 

Where noise factors are available, the desired outputs 

for the best factor levels can be expressed in terms of the 

(S/N) ratio and calculated using Eq. 1 and Eq. 2. 

Experimentally measured values such as surface roughness 

(Ra), circularity (CRY), and average force (Fr) are 

indicated by yi, and the number of repetitions is indicated 

by n. In this study, the smaller-is-better performance 

characteristic given in Eq. 2 is chosen to minimize the 

outputs. 

Larger-is-better 

𝑆

𝑁
= −10𝑙𝑜𝑔

1

𝑛
∑

1

𝑦𝑖
2

𝑛
𝑖=1              (1) 

Smaller-is-better 

𝑆

𝑁
= −10𝑙𝑜𝑔

1

𝑛
∑ 𝑦𝑖

2𝑛
𝑖=1              (2) 

In order to investigate the effects of machining methods 

on geometric tolerance and surface roughness, 28 mm in 

diameter and 15 mm in depth pocketing operations were 

applied on the workpiece. In both tool path strategies, the 

tool clamping length (stroke length) was assumed to be 30 

mm. In the CN method, the axial chip depth in each pass 

was set as 1 mm, and in the TR method, the axial chip 

depth in each pass was set as 15 mm. Radial chip depth 

was fixed as 1 mm for both methods. The effects of the 

machining methods on the workpiece and tool were 

analyzed with Ra (μm), CRY (mm), and Fr (Newton) 

measurements. The levels of control factors, process 

variables, and signal-to-noise (S/N) ratios are given in 

Table 3. 
Table 3. L18 (21x32) orthogonal array, experimental measurements, and S/N ratios 

Runs A B C Ra CRY Fr 

S/N Ratios 

Ra CRY Fr 

1 1 1 1 0.309 0.010 471.99 10.201 40.000 -53.479 

2 1 1 2 0.242 0.016 409.60 12.324 35.918 -52.247 

3 1 1 3 0.160 0.018 496.97 15.918 34.895 -53.927 

4 1 2 1 0.257 0.016 762.00 11.801 35.918 -57.639 

5 1 2 2 0.201 0.015 707.61 13.936 36.478 -56.996 

6 1 2 3 0.199 0.019 729.00 14.023 34.425 -57.255 

7 1 3 1 0.238 0.019 1232.00 12.468 34.425 -61.812 

8 1 3 2 0.177 0.021 1240.91 15.041 33.556 -61.875 

9 1 3 3 0.140 0.017 1242.10 17.077 35.391 -61.883 

10 2 1 1 0.384 0.047 1401.32 8.313 26.558 -62.931 

11 2 1 2 0.232 0.093 2041.99 12.690 20.630 -66.201 

12 2 1 3 0.208 0.081 1518.58 13.639 21.830 -63.629 

13 2 2 1 0.334 0.039 1608.01 9.525 28.179 -64.126 

14 2 2 2 0.277 0.010 1470.18 11.150 26.936 -63.347 

15 2 2 3 0.238 0.016 1357.34 12.468 25.680 -62.654 

16 2 3 1 0.322 0.018 1682.43 9.843 24.731 -64.519 

17 2 3 2 0.244 0.016 1715.02 12.252 20.819 -64.685 

18 2 3 3 0.240 0.015 1566.77 12.396 21.310 -63.900 
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2.3. Gray Relationship Analysis 

The analysis of the relationships between control 

factors and multiple process variables is slightly more 

complex. Gray relationship analysis (GRA) could 

effectively used to analyze complex relationships between 

specific performance characteristics of multiple 

outputs[35].GRA represents a data set with uncertain 

points and could be used to provide various solutions to 

these uncertainties[36]. Data preprocessing is inevitable 

when evaluating results. Accordingly, the data are 

normalized to scale them evenly from zero to one. 

Normalization can be performed using Eq 3 and Eq 4. In 

this study, the S/N ratios calculated for surface roughness, 

circularity, and cutting force were normalized. The Gray 

Relation Coefficient (GRC) was calculated for the 

experimental results, and the Gray Relational Degree 

(GRADE) was obtained. The parameter corresponding to 

the highest GRADE value gives the best levels of control 

factors for the minimum value of the process variables. In 

this way, a multi-response problem was transformed into a 

single-response optimization problem using the GRA 

technique. 

𝑥𝑖𝑗 =
max(𝑦𝑖𝑗)−𝑦𝑖𝑗

max(𝑦𝑖𝑗)−min(𝑦𝑖𝑗)
             (3) 

Equation 3 can be used for larger-is-better values. 

𝑥𝑖𝑗 =
𝑦𝑖𝑗−min(𝑦𝑖𝑗)

max(𝑦𝑖𝑗)−min(𝑦𝑖𝑗)
             (4) 

Equation 4 can be used for smaller-is-better values. 

The normalization process was performed using the 

larger-is-better equation given by Equation 3 for the S/N 

ratios obtained from experimental measurements. In the 

next step, the GRC coefficient that gives the relationship 

between the normalized values and the measurement 

results can be calculated with Eq. 5: 

𝜉𝑖(𝑘) =
Δ𝑚𝑖𝑛+𝜁Δ𝑚𝑎𝑥

Δ0𝑖(𝑘)+𝜁Δ𝑚𝑎𝑥
             (5) 

0 < 𝜉𝑖(𝑘) ≤ 1              (6) 

Δ0𝑖 = ‖𝑋0(𝑘) − 𝑋𝑖(𝑘)‖             (7) 

where △0𝑖 (𝑘) is the absolute value difference between 

𝑋0(𝑘) and 𝑋𝑖(𝑘). 𝑋0(𝑘) is referred to as the reference 

sequence. △𝑚𝑖𝑛 is defined as the smallest value of 

△0𝑖 (𝑘)and △𝑚𝑎𝑥  is defined as the largest value. The 

value of 𝜁 is the distinguishing or identification 

coefficient. It is between 0 and 1 and is usually taken as 

0.5[37]. Once the GRC is derived, the GRADE value is 

calculated by Eq. 8 [38,39]: 

𝛾𝑖 =
1

𝑛
∑ 𝜉𝑖(𝑘)
𝑛
𝑘=1              (8) 

In this study, 0.5 is defined as the distinguishing 

coefficient. 

2.4. Analysis of Variance 

Analysis of variance (ANOVA) is used to evaluate the 

effect of one or more independent variables (factors) on a 

dependent variable. The primary purpose of ANOVA is to 

determine statistically significant differences between the 

means between groups. There are two types of variance 

analysis: one-way and two-way. A two-way ANOVA 

evaluates the effect of two or more independent variables, 

while a one-way ANOVA evaluates the effect of only one. 

The main objective is to determine statistically significant 

differences between groups in all cases. 

3. RESULTS and DISCUSSION  

Since the process variables Ra, CRY, and Fr are to be 

minimized, the S/N response values with the smaller-is-

better characteristic given in Eq. 2 are used. Firstly, the 

effects of the control factors on each response variable 

were analyzed using the Taguchi method. Then, the multi-

response problem was transformed into a single-response 

system by GRA and analyzed. 

Table 4summarises the control factor levels that affect 

each process variable. These levels were determined based 

on S/N ratios, which were used to identify the control 

factors that provide the closest results to the desired target 

in each process output. As a result of this analysis, the 

control factor levels with the highest S/N ratio represent 

the best performance levels for each process variable. 

The optimal parameters for minimizing surface 

roughness (Ra) were found to be the first level of cutting 

method, the third level of cutting speed, and the third level 

of feed rate. For the best circularity (CRY), the ideal 

combination was the first level of the cutting method, the 

second level of cutting speed, and the first level of feed 

rate. To minimize cutting force (Fr), the optimal levels 

were the first for cutting method, first for cutting speed, 

and third for feed rate. 

The choice of these combinations shows that the 

control factors need to be adjusted at different levels to 

achieve the desired results at each process output. The use 

of S/N ratios reveals settings that improve quality by 

minimizing process variations. Therefore, the best factor 

levels determined for each process variable represent the 

optimum operating conditions in terms of the relevant 

performance criteria. In this way, optimal results in terms 

of surface quality, geometric accuracy, and cutting force 

can be achieved in the production process. The S/N ratios 

provided in Table 6 are visualized in Figure 4 to offer a 

clearer understanding of the effects of each control factor 

level on process performance. 

Table 4. Effective levels according to S/N ratios 

Level 
S/N ratios for Ra S/N ratios for CRY S/N ratios for Fr 

A B C A B C A B C 

1 13.642 12.182 10.360 35.667 29.972 31.635 -57.46 -58.27 -60.75 

2 11.362 12.146 12.892 24.075 31.269 29.056 -63.69 -60.34 -60.43 

3  13.178 14.255  28.372 28.922  -63.11 -60.54 

Delta 2.280 1.032 3.895 11.592 2.897 2.713 6.23 4.84 0.32 

Rank 2 3 1 1 2 3 1 2 3 

*Bold values indicate maximum values. 
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The experimental results show that the forces measured 

during one pass are lower for the conventional toolpath 

strategy than for the trochoidal method. The main reason 

for this difference is that the volume of chips removed in 

each pass is much smaller in the conventional method 

compared to the trochoidal method. In the conventional 

method, the chip with a depth of 15 mm is removed in 15 

separate passes in 1 mm axial steps, so that the forces 

generated in each pass remain at low levels. In the 

trochoidal method, on the other hand, the 15 mm deep chip 

is removed in a single pass, so the measured forces appear 

to be higher in a single pass. However, assuming equal 

volume removal, it can be concluded that the forces per 

unit length acting on the tool are lower in the trochoidal 

method. This is due to the fact that the forces along the 1 

mm length of the tool in both methods are considered. This 

demonstrates that despite the trochoidal method operating 

at a greater axial depth during the cutting process, it exerts 

a reduced force on the tool per unit of length. 

Consequently, it can be concluded that the trochoidal 

method applies lower forces to the tool in the overall metal 

removal process, thereby conferring advantages in terms of 

tool life and process efficiency. 

The procedures given in the previous sections were 

applied to calculate GRADE, and the GRA coefficients 

according to S/N ratios are given in Table 5. 

 

Figure 4. S/N Ratios Representing the optimal control factor levels for surface roughness (Ra), circularity (CRY), and cutting force (Fr) 

Table 5. GRA coefficients 

Runs 
Normalization DS GRC 

Grade 
Ra CRY Fr Ra CRY Fr Ra CRY Fr 

1 0.215 1.000 0.912 0.785 0.000 0.088 0.389 1.000 0.850 0.746 

2 0.458 0.789 1.000 0.542 0.211 0.000 0.480 0.703 1.000 0.728 

3 0.868 0.736 0.880 0.132 0.264 0.120 0.791 0.655 0.806 0.751 

4 0.398 0.789 0.614 0.602 0.211 0.386 0.454 0.703 0.564 0.574 

5 0.642 0.818 0.660 0.358 0.182 0.340 0.582 0.733 0.595 0.637 

6 0.651 0.712 0.641 0.349 0.288 0.359 0.589 0.635 0.582 0.602 

7 0.474 0.712 0.315 0.526 0.288 0.685 0.487 0.635 0.422 0.515 

8 0.768 0.667 0.310 0.232 0.333 0.690 0.683 0.600 0.420 0.568 

9 1.000 0.762 0.309 0.000 0.238 0.691 1.000 0.678 0.420 0.699 

10 0.000 0.306 0.234 1.000 0.694 0.766 0.333 0.419 0.395 0.382 

11 0.499 0.000 0.000 0.501 1.000 1.000 0.500 0.333 0.333 0.389 

12 0.608 0.062 0.184 0.392 0.938 0.816 0.560 0.348 0.380 0.429 

13 0.138 0.390 0.149 0.862 0.610 0.851 0.367 0.450 0.370 0.396 

14 0.324 0.326 0.205 0.676 0.674 0.795 0.425 0.426 0.386 0.412 

15 0.474 0.261 0.254 0.526 0.739 0.746 0.487 0.403 0.401 0.431 

16 0.175 0.212 0.121 0.825 0.788 0.879 0.377 0.388 0.362 0.376 

17 0.449 0.010 0.109 0.551 0.990 0.891 0.476 0.336 0.359 0.390 

18 0.466 0.035 0.165 0.534 0.965 0.835 0.483 0.341 0.375 0.400 

Deviation sequence (DS), Grey relational coefficient (GRC) 
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The highest value for the calculated GRADE indicates 

the best factor levels. As a result, the multi-response 

problem was transformed into a single-response problem 

with GRA. The Taguchi analysis results according to the 

GRADE value obtained are given in Table 6. According to 

Table 6 and Figure 4, the best levels of control factors for 

process variables are recommended as A1B1C3. 

The best factor levels according to the average GRADE 

values given in Table 8 are visualized in Figure 5. 

In this study, a multi-way ANOVA was used to 

examine the interactions of all control factors used in the 

experimental design. The analysis results at 95% reliability 

and 5% significance levels for surface roughness, 

circularity, and cutting forces are given in Table 7. The F 

value in the tables is a ratio used to compare the effects of 

the control factors. The factor that affects the result the 

most is the one with the largest F value. The P value shows 

the ratio that is how much the variables have significant 

effects on the results. The sum of squares (SS), mean of 

squares (MS) values, and contribution of factors to results 

(CRBT) values are given in the table 7. 

It is observed that the feed rate is the most influential 

parameter on surface roughness because the Pc value is 

smaller than the other factors when the ANOVA results for 

surface roughness are analyzed. The P value is a criterion 

for a significant difference between the mean response 

values of the control factor levels. When the residual graph 

of the analysis of variance for surface roughness given in 

Figure 6 is examined, it is seen that the data are 

significant. 

It is observed that the cutting method is the most 

influential parameter in the results when the ANOVA 

results for circularity are analyzed. According to the 

residual graph given in Figure 7, the data distribution 

shows that the data is significant. 

When the ANOVA for cutting forces is analyzed, the 

cutting method significantly affects the results, as 

expected. The high SS value in this analysis can be 

attributed to the high difference between the average force 

values measured by the two methods. Indeed, the fact that 

the trochoidal machining method works at high chip 

depths causes higher force values to be measured than the 

conventional method. When the graphs given in Figure 8 

are analyzed, it is seen that the analysis for cutting forces 

is significant. 

Table 6. Taguchi analysis according to average GRADE 

Factor Level 1 Level 2 Level 3 Max-Min 

A 0.647 0.401 - 0.246 

B 0.571 0.509 0.491 0.080 

C 0.498 0.521 0.552 0.054 

Total mean grey relational grade 

= 0.524 

Recommended Levels: 

A1B1C3 

*Bold values indicate maximum values. 

 

Figure 5. Gray relational degree graph with averages 

Table 7. ANOVA results for responses 

S
u

rf
ac

e 
ro

u
g

h
n

es
s 

Factors DF CRBT SS MS F P 

A 1 25.66% 0.017174 0.017174 24.14 0.00036 

B 2 4.31% 0.002886 0.001443 2.03 0.17420 

C 2 57.28% 0.038342 0.019171 26.95 0.00004 

Error 12 12.75% 0.008536 0.000711   

Total 17 100.00%   Model R-sq: 87.25% 

        

C
ir

cu
la

ri
ty

 

A 1 73.73% 0.108804 0.010804 65.75 0.000003 

B 2 6.90% 0.001011 0.000506 3.08 0.083384 

C 2 5.91% 0.000866 0.000433 2.63 0.112597 

Error 12 13.46% 0.001972 0.000164   

Total 17 100.00%   Model R-sq: 86.54% 

       

C
u
tt

in
g

 f
o

rc
es

 

A 1 68.97% 2354781 2354781 89.67 0.00001 

B 2 21.65% 739255 369628 14.08 0.03229 

C 2 0.15% 5091 2545 0.10 0.7236 

Error 12 9.23% 315116 26260   

Total 17 100.00%   Model R-sq: 90.77% 

*Bold values indicate maximum values. 



 © 2025 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 19, Number 1  (ISSN 1995-6665) 98 

 

Figure 6. Residual graphs for surface roughness 

 

Figure 7. Residual plots for circularity 

 

Figure 8. Residual plots for average cutting force 

3.1. Relationships and analysis of control factors on 

multiple responses 

GRA simplifies the multi-response problem to the 

single-response GRADE given in Table 5 to examine the 

relationships of control factors on multiple responses. The 

sum of the squares of the SST deviations from the total 

mean of the calculated GRADE values (γt) can be 

calculated as follows; 

𝑆𝑆𝑇 = ∑ (γ𝑗 − γ𝑡)
2𝑝

𝑗=1              (9) 

Where γj is the mean of the GRADE at the optimal 

level and p is the number of control factors affecting 

multiple response variables. The SST calculated by 

equation 9 can be used to evaluate the effects of control 

factors on GRADE performance. ANOVA was performed 

to analyze the effects of control factors on multi-response 

variables, and the results are presented in Table 8: 
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Table 8. Analysis of variance according to GRADE structures of 

controls 

Factor DF SS MS MS F P 

A 1 0.272 0.272 94.9 89.67 0.0000005 

B 2 0.021 0.011 3.67 14.08 0.0572164 

C 2 0.009 0.004 1.53 0.10 0.2568249 

Error 12 0.034 0.003    

Total 17 0.336   Model R-sq: 
89.77% 

When the analysis of variance results are analyzed in 

Table 8, the F value is a ratio that shows which parameters 

have a high effect on performance according to Fisher's 

test. Here, factor A is the most influential parameter on the 

GRADE value of multiple response performances reduced 

to a single response. The residual plot given in Figure 8 

shows that the experimental measurements are significant 

for the analysis results. 

3.2. Experimental Findings 

After conventional machining, BUE formation was 

observed on the cutting edges, rake face, and primary and 

secondary relief surfaces of the tool. The primary cause of 

BUE formation can be attributed to the cutting forces and 

high heat input acting exclusively on the tooltip and the 

prolonged total machining time. 

During the machining process, BUE continuously 

forms and disappears; however, over a certain period, 

these formations start to accumulate on the cutting surface, 

layering up and altering the tool geometry. When 

detached, these accumulated structures on the cutting edge 

may lead to cracks and fractures on the tool surface. 

This study examined the tools used during milling 

under a microscope, and BUE formations were observed 

on tools operating under various parameters, as shown in 

Figure 10. This finding does not provide conclusive 

information on whether the BUE is temporary or 

permanent; however, it offers insight into the parameters 

under which tool wear mechanisms related to BUE 

formation become active. 

It was observed that BUE formation was not detected at 

many essential levels of the cutting parameters or very 

little for some levels when the cutting tools used on the 

trochoidal (Level, A2) machining method were examined. 

In the trochoidal method, a high axial cutting 

dimension of the tool increases the chip size removed in 

one pass. The oversized chip is effectively removed from 

the cutting zone, and the likelihood of returning it to the 

chip zone is reduced. The conventional method operates at 

a much smaller depth of cut than trochoidal cutting. The 

chips produced at small depths of cut are easier to break. 

Removing a small chip shape from the cutting zone can be 

more difficult. Therefore, the chip is more likely to re-

enter the cutting zone after cutting. The return of the chip 

to the cutting zone causes an increase in force and 

temperature. Accordingly, the heat and force generation 

during cutting is more stable in the trochoidal method than 

in the conventional method. In addition, the cutting 

pressure on the unit cutting edge is lower when the total 

cutting forces are proportional to the high edge. Heat and 

cutting pressure are the main factors in BUE formation. 

Therefore, the lower occurrence of BUE in the trochoidal 

method can be attributed to the higher depth of cut and 

chip size. 

 

Figure 9. Variance analysis waste graphs according to GRADE values 
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Figure 10. Cutting edges after milling process 
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The milling experiments using Trochoidal and 

Conventional methods revealed significant differences in 

cutting forces concerning machining time and frequency 

components. In the Trochoidal method, the 15 mm depth 

of cut was removed in a single pass, resulting in a shorter 

machining time than in the Conventional method. In the 

Conventional method, however, the 15 mm depth of cut 

was removed in 15 separate passes of 1 mm each, leading 

to a noticeably longer machining time. This difference was 

observed when overlaying the cutting force measurement 

graphs (Figure 11, a). 

Additionally, the analysis of power spectral density 

(PSD) for cutting forces revealed that the Trochoidal 

method exhibited a single dominant frequency component 

(Figure 11, b and c), whereas the Conventional method 

showed multiple frequency components (Figure 11, d and 

e). This indicates that trochoidal cutting generates a more 

stable and uniform cutting force, while the conventional 

method results in a complex, multi-component force 

structure. Unstable cutting forces, as seen with the 

Conventional method, have the potential to induce forced 

vibrations, which increase the likelihood of chatter due to 

the system's resonance and regenerative mechanisms under 

improper cutting conditions[40]. This phenomenon 

negatively impacts tool life and surface quality, as high 

force fluctuations lead to accelerated wear on the cutting 

edge and a degraded surface finish on the machined part. 

In contrast, the stability and uniformity of cutting forces 

achieved with the Trochoidal method help to minimize 

these adverse effects, enhancing surface quality and tool 

life by reducing the incidence of chatter and associated 

wear mechanisms. These findings suggest that the 

Trochoidal method provides more efficient and stable 

performance in both machining time and force spectrum. 

The findings demonstrate the potential advantages of 

trochoidal milling in industrial applications. Specifically, 

the trochoidal milling method reduces tool loads and heat 

buildup, extending tool life and enhancing machining 

efficiency. Our study shows that the trochoidal method can 

manage cutting forces with a more stable frequency 

distribution when machining difficult materials, and it 

outperforms the conventional method in terms of 

performance criteria such as surface quality and cycle 

time. When applied with optimal cutting parameters, these 

results indicate that trochoidal milling offers significant 

advantages in reducing per-part costs and increasing 

production speed. These benefits contribute to sectors 

requiring precision machining and high production rates, 

such as the automotive, aerospace, and defense industries. 

 

Figure 11. Force measurements for Trochoidal and Conventional milling experiments number three (According to GRD) 
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4. CONCLUSIONS 

In this study, the performances of conventional and 

trochoidal milling methods were investigated depending 

on the cutting conditions, and the optimum cutting 

parameters were determined. The experimental design was 

based on the Taguchi L18 orthogonal array with two levels 

for the cutting method (Factor A), three levels for cutting 

speed (Factor B), and three levels for feed rate (Factor C) 

as control factors. The results were evaluated according to 

the S/N ratios of surface roughness (Ra), circularity 

(CRY), and cutting forces (Fr) response values. The 

optimum cutting parameters for each response value were 

determined by Taguchi analysis. In addition, the multiple 

response problem was reduced to a single response 

problem by GRA, and the cutting parameters were 

optimized. Finally, the effects of the control factors on the 

response variables and GRADE were analyzed separately 

by ANOVA. The results are summarized below: 

 The best average surface roughness value was obtained 

at A1B3C3 levels of control factors. 

 The best value for circularity was obtained at the 

A1B2C1 levels of the control factors. 

 The best value for the average cutting forces was 

obtained at the A1B1C3 levels of the control factors. 

 The optimum levels of cutting parameters for GRADE 

were obtained as A1B1C3. 

 The most effective parameter on the average surface 

roughness was found to be the C factor with a rate of 

57.28%. 

 The most influential parameter on the average 

circularity values was the cutting method, with an 

influence rate of 73.73%. 

 The most influential parameter on the average cutting 

force values was the cutting method, with an influence 

rate of 68.97%. 

 The cutting method was the most influential parameter 

on GRADE values. 

 Examining the time series provided in Figure 10 

reveals that the total machining time for material 

removal in the trochoidal cutting method is 

significantly shorter than in the conventional cutting 

method. This demonstrates the efficiency advantage of 

the trochoidal method compared to the conventional 

approach. 

 The results indicate that the trochoidal milling method 

provides a more stable cutting force profile with a 

single dominant frequency component, whereas the 

conventional method exhibits a more complex and 

fluctuating force structure due to the presence of 

multiple frequency components. It has been evaluated 

that the unstable force components observed in the 

conventional method may negatively impact quality 

parameters such as surface roughness, while the stable 

force components in trochoidal milling could have a 

positive effect on these parameters. 

The present study offers valuable insights into the 

comparative performance of trochoidal and conventional 

milling methods. It is important to acknowledge certain 

limitations of this study. It should be noted that the 

experiments were conducted under specific cutting 

parameters and material types, which may influence the 

generalisability of the results. It would be beneficial for 

future studies to explore a broader range of materials, 

cutting parameters, and machine configurations to validate 

and extend these findings. Additionally, investigating the 

effects of different tool geometries and cooling methods 

could enhance milling performance. Further research in 

these areas would contribute to a more comprehensive 

understanding of the optimal conditions for trochoidal 

milling in various industrial applications. 

DISCLOSURE STATEMENT 

No potential conflict of interest was reported by the 

authors. 

ACKNOWLEDGEMENTS 

The authors sincerely acknowledge the financial 

support provided by Gazi University – Projects of 

Scientific Investigation (BAP/ FGA-2024-8937). 

FUNDING 

This work was supported by the Gazi University. Gazi 

University provided funding for this study with project 

code [FGA-2024-8937]. 

REFERENCES 

[1] S. K., Tiwari, R. K. Singh, and B. Kumar, “Optimizing PM 

Intervals for Manufacturing Industries Using Delay-Time 

Analysis and MOGA.,” Jordan Journal of Mechanical and 

Industrial Engineering, Vol. 16, No. 3, 2022, pp. 327-332. 

[2] S. Kumar, A. Goyal, and Singhal, “Manufacturing Flexibility 

and Its Effect on System Performance.,” Jordan Journal of 

Mechanical and Industrial Engineering, Vol. 11, No. 2, 2017, 

pp. 105-112. 

[3] S. H. Aghdeab, L. A. Mohammed, and A. M. Ubaid, 

“Optimization of CNC Turning for Aluminum Alloy Using 

Simulated Annealing Method.,” Jordan Journal of 

Mechanical and Industrial Engineering, Vol. 9, No. 1, 2015, 

pp. 39-44. 

[4] T. Tran, and H. Dai Vu, “Multi-Objective Optimization of 

CNC Milling Parameters of 7075 Aluminium Alloy Using 

Response Surface Methodology,” Jordan Journal of 

Mechanical and Industrial Engineering, Vol. 17, No. 3, 2023, 

pp. 393-402. https://doi.org/10.59038/jjmie/170308 

[5] E. Ekici, and G. Uzun, “Effects on Machinability of 

Cryogenic Treatment Applied to Carbide Tools in the Milling 

of Ti6AI4V with Optimization via the Taguchi Method and 

Grey Relational Analysis,” Journal of the Brazilian Society 

of Mechanical Sciences and Engineering, Vol. 44, No. 7, 

2022, p. 270.https://doi.org/10.1007/s40430-022-03572-1 

[6] S. Ali, and S. Pervaiz, “Machinability Analysis of AZ31 

Magnesium Alloys Using the Taguchi Gray Relational 

Analysis,” The International Journal of Advanced 

Manufacturing Technology, Vol. 126, No. 9, 2023, pp. 4171–

4190. https://doi.org/10.1007/s00170-023-11354-9 

 

[7] N. Gharaibeh, M. AlAjlouni, and A. Al-Rousan, “Olive Mill 

Wastewater as Cutting Fluids: Effect on Surface Roughness 

of Aluminum.,” Jordan Journal of Mechanical and Industrial 

Engineering, Vol. 12, No. 3, 2018, pp. 161-166 

[8] G. Bolar,  “3D Finite Element Method Simulations on the 

Influence of Tool Helix Angle in Thin-Wall Milling 

Process.,” Jordan Journal of Mechanical and Industrial 

Engineering, Vol. 16, No. 2, 2022, pp. 283-289. 



 © 2025 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 19, Number 1  (ISSN 1995-6665) 103 

[9] M. Soori, and M. Asmael, “A Review of the Recent 

Development in Machining Parameter Optimization,” Jordan 

Journal of Mechanical and Industrial Engineering, Vol. 16, 

No. 2, 2022, pp. 205–223. 

[10] N. Alshabatat, U. Al-Qawabeha, S. Al-Qawabah, and K. E. 

Awwad, “Improvements in Machinability, Microhardness, 

and Impact Toughness of AISI O1 and AISI D2 Alloy Steels 

by Controlling the Grain Size During Heat Treatment,” 

Jordan Journal of Mechanical and Industrial Engineering,, 

Vol. 81, No. 2., 2024, pp. 431-439. https://doi.org/10.59038/ 

jjmie/180215 

[11] W. Shixiong, M. Wei, L. Bin, and W.  Chengyong, 

“Trochoidal Machining for the High-Speed Milling of 

Pockets,” J Mater Process Technol, Vol. 233, 2016, pp. 29–

43. https://doi.org/10.1016/j.jmatprotec.2016.01.033  

[12] J. C. E. Ferreira, and D. M. Ochoa, “A Method for 

Generating Trochoidal Tool Paths for 2½D Pocket Milling 

Process Planning with Multiple Tools,” Proc Inst Mech Eng 

B J Eng Manuf, Vol. 227, No. 9, 2013, pp. 1287–1298. 

https://doi.org/10.1177/0954405413487897 

[13] J. Kloypayan, and Y.-S. Lee, “Material Engagement Analysis 

of Different Endmills for Adaptive Feedrate Control in 

Milling Processes,” Comput Ind, Vol. 47, No. 1, 2002, pp. 

55–76. https://doi.org/10.1016/S0166-3615(01)00136-1 

[14] S. Ibaraki, I. Yamaji, and A. Matsubara, “On the Removal of 

Critical Cutting Regions by Trochoidal Grooving,” Precision 

Engineering, Vol. 34, No. 3, 2010, pp. 467–473. 

https://doi.org/10.1016/j.precisioneng.2010.01.007 

[15] A. Jacso, Z. Lado, R. K. Phanden, B. S. Sikarwar and R. K. 

Singh, “Bézier Curve-Based Trochoidal Tool Path 

Optimization Using Stochastic Hill Climbing Algorithm,” 

Mater Today Proc, Vol. 78, No. 3, 2023, pp. 633–639. 

https://doi.org/10.1016/j.matpr.2022.12.056 

[16] A. Jacso, T. Szalay, B. S. Sikarwar, R. K. Phanden, R. K. 

Singh, and J. Ramkumar, “Investigation of Conventional and 

ANN-Based Feed Rate Scheduling Methods in Trochoidal 

Milling with Cutting Force and Acceleration Constraints,” 

The International Journal of Advanced Manufacturing 

Technology, Vol. 127, No. 1,2023,  pp. 487–506. 

[17] F. Zeqiri, and B. Fejzaj, “Experimental Research and 

Mathematical Modeling of Parameters Affecting Cutting 

Tool Wear in Turning Process of Inconel 625,” JJMIE, Vol. 

16, No. 5, 2022, pp. 787–792. 

[18] M. T. Hayajneh, M. S. Tahat, and Bluhm, J. , “A Study of the 

Effects of Machining Parameters on the Surface Roughness 

in the End-Milling Process,” Jordan Journal of Mechanical 

and Industrial Engineering, Vol. 1, No. 1, 2007, pp. 1-5. 

[19] H. M. Abdu, S. M. Tahaa, A. Wazeer, A. M. Abd El-

Mageed, and M. M. Mahmoud, “Application of Taguchi 

Method and Response Surface Methodology on Machining 

Parameters of Al MMCs 6063-TiO 2.,” Jordan Journal of 

Mechanical and Industrial Engineering, Vol. 17, No. 4., 

2023, pp. 489-499. https://doi.org/10.59038/jjmie/170404 

[20] D. Liu, Y. Zhang, M. Luo, and D. Zhang, “Investigation of 

Tool Wear and Chip Morphology in Dry Trochoidal Milling 

of Titanium Alloy Ti-6Al-4V,” Materials, Vol 12, No. 12, 

2019, pp. 1937. https://doi.org/10.3390/ma12121937.  

[21] K. Xu, B. Wu, Z. Li, and K. Tang, “Time-Efficient 

Trochoidal Tool Path Generation for Milling Arbitrary 

Curved Slots,” Journal of Manufacturing Science and 

Engineering, Transactions of the ASME, Vol. 141, No. 3., 

2019, pp. 031008. https://doi.org/10.1115/1.4042052. 

[22] M. Wagih, M. A. Hassan, H. El-Hofy, J. Yan, and I. Maher, 

“Effects of Process Parameters on Cutting Forces, Material 

Removal Rate, and Specific Energy in Trochoidal Milling,” 

Proc Inst Mech Eng C J Mech Eng Sci, Vol. 238, No. 7, 

2023, pp. 09544062231196991. https://doi.org/10.1177/ 

09544062231196991. 

[23] V. Pateloup, E. Duc, and P. Ray, “Corner Optimization for 

Pocket Machining,” International Journal of Machine Tools 

and Manufacture, Vol. 44, No.12–13, 2004, pp. 1343–1353. 

https://doi.org/10.1016/j.ijmachtools.2004.04.011. 

[24] B. H. Wu, C. Y. Zheng, M. Luo, and X. D. He, “Investigation 

of Trochoidal Milling Nickel-Based Superalloy,” Materials 

Science Forum, Trans Tech Publ, Vol. 723., 2012, pp. 332–

336. 

[25] M. Rauch, E. Duc, and J. Y.  Hascoet, “Improving 

Trochoidal Tool Paths Generation and Implementation Using 

Process Constraints Modelling,” Int J Mach Tools Manuf, 

Vol. 49, No. 5, 2009, pp. 375–383. 

https://doi.org/10.1016/j.ijmachtools.2008.12.006. 

[26] M. Luo, C. Hah, and H. M. Hafeez, “Four-Axis Trochoidal 

Toolpath Planning for Rough Milling of Aero-Engine 

Blisks,” Chinese Journal of Aeronautics, Vol. 32, No. 8, 

2019, pp. 2009–2016. https://doi.org/10.1016/j.cja. 

2018.09.001. 

[27] M. Orellana, and B. Culqui, “High-Performance 

Manufacturing with Trochoidal Milling Strategies.” Revista 

Riemat, Vol. 7, Num 2. 2022, pp. 1-5, https://doi.org/ 

10.33936/riemat.v7i2.5222 

[28] A. Jacso, T. Szalay, B. S. Sikarwar, R. K. Phanden, R. K. 

Singh, and J. Ramkumar, “Investigation of Conventional and 

ANN-Based Feed Rate Scheduling Methods in Trochoidal 

Milling with Cutting Force and Acceleration Constraints,” 

International Journal of Advanced Manufacturing 

Technology, Vol. 127, No. 1–2, 2023, pp. 487–506. 

https://doi.org/10.1007/s00170-023-11506-x. 

[29] M. T. Hayajneh, and M. Abdellahia, “Prediction Performance 

of End-Milling Process by Gene Expression Programming.,” 

Jordan Journal of Mechanical and Industrial Engineering, 

Vol. 13, No. 2, 2019, pp. 83-89. 

[30] K. Jatakar, V. Shah, R. Binali, E. Salur, H. Sağlam, T. 

Mikolajczyk, and A. D. Patange, “Monitoring Built-Up Edge, 

Chipping, Thermal Cracking, and Plastic Deformation of 

Milling Cutter Inserts through Spindle Vibration Signals,” 

Machines, Vol. 11, No. 8, 2023, p. 790. 

https://doi.org/10.3390/machines11080790 

[31] N. S. Bajaj, A. D. Patange, R. Jegadeeshwaran, S. S. 

Pardeshi, K. A. Kulkarni, and R. S. Ghatpande, “Application 

of Metaheuristic Optimization Based Support Vector 

Machine for Milling Cutter Health Monitoring,” Intelligent 

Systems with Applications, Vol. 18, 2023, p. 200196. 

https://doi.org/10.1016/j.iswa.2023.200196 

[32] M. O. Kabakçı, İ. Karaağaç, and M. Y. Demirel, “A Novel 

Approach to the Conventional Deep Drawing Process,” 

Proceedings of the Institution of Mechanical Engineers, Part 

E: Journal of Process Mechanical Engineering, Vol. 237, No. 

2, 2022 pp. 280–289. https://doi.org/10.1177/ 

09544089221103496. 

[33] M. Yurdakul, O. Özbay, and Y. Iç, 2002, “Selection of 

Aerospace Aluminum Alloys,” Journal of the Faculty of 

Engineering and Architecture of Gazi University, Vol. 17, 

No. 2, 2002, pp. 1-23 

[34] A. Al-Refaie, T.-H. Wu, and M.-H. Li, “An Effective 

Approach for Solving the Multi-Response Problem in 

Taguchi Method,” Jordan journal of mechanical and 

industrial engineering, Vol. 4, No. 2, 2010 pp. 314–323. 

[35] G. Uzun, “Analysis of Grey Relational Method of the Effects 

on Machinability Performance on Austempered Vermicular 

Graphite Cast Irons,” Measurement, Vol. 142, 2019, pp. 122–

130. https://doi.org/10.1016/j.measurement.2019.04.059. 

[36] S. Jozić, D. Bajić, and L. Celent,“Application of Compressed 

Cold Air Cooling: Achieving Multiple Performance 

Characteristics in End Milling Process,” J Clean Prod, Vol. 

100, 2015, pp. 325–332. https://doi.org/10.1016/j.jclepro. 

2015.03.095. 



 © 2025 Jordan Journal of Mechanical and Industrial Engineering. All rights reserved - Volume 19, Number 1  (ISSN 1995-6665) 104 

[37] M. Durairaj, D. Sudharsun, and N. Swamynathan, “Analysis 

of Process Parameters in Wire EDM with Stainless Steel 

Using Single Objective Taguchi Method and Multi Objective 

Grey Relational Grade,” Procedia Eng, Vol. 64, 2013, pp. 

868–877. https://doi.org/10.1016/j.proeng.2013.09.163 

[38] C. J. Tzeng, Y.-H. Lin, Y. K. Yang, and M.-C. Jeng, 

“Optimization of Turning Operations with Multiple 

Performance Characteristics Using the Taguchi Method and 

Grey Relational Analysis,” J Mater Process Technol, Vol. 

209, No. 6, 2009, pp. 2753–2759. https://doi.org/10.1016 

/j.proeng.2013.09.163 

[39] S. P. Jena, S. Mahapatra, and S. K. Acharya, “Optimization 

of Performance and Emission Characteristics of a Diesel 

Engine Fueled with Karanja Biodiesel Using Grey-Taguchi 

Method,” Mater Today Proc, Vol. 41, No. 2, 2021, pp. 180–

185. https://doi.org/10.1016/j.matpr.2020.08.579 

[40] B. S. Bayram, and İ. Korkut, “Modelling of Cutting Forces 

with End Mills,” Gazi University Journal of Science Part C: 

Design and Technology, Vol. 10, No. 4, 2022, pp. 964–977. 

https://doi.org/10.29109/gujsc.1090856 

 

 


