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Abstract

:

Tribological properties are directly related to cutting efficiency. To achieve high machinability performances, sustainable coolants (minimum quantity lubricant (MQL), cryogenic etc.) have been used instead of conventional cutting fluids in recent years. This study used MQL and cryogenic-cooling techniques while milling Al-based hybrid composites. The effects of different cutting environments on flank wear, surface roughness, cutting temperature, and energy consumption were analyzed according to the Taguchi method. According to the findings, the best cutting environment for surface roughness, flank wear, and cutting temperature is the cryo-LN2-assisted cooling technique. In terms of energy consumption, MQL was found to be more efficient than cryo-LN2 and dry environments. According to SEM/EDS analysis, BUE formation was observed at the tool edges during milling in dry conditions. It was determined that cutting tool surfaces are smoother in MQL and cryo-LN2 environments. The effect ratios of control factors on response parameters were determined according to Taguchi analysis. As a result, it was concluded that MQL and cryo-LN2 strategies could be evaluated within the scope of sustainable conditions.
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1. Introduction


Composites reinforced with structures such as particles or fibers have higher mechanical and tribological performances compared to unreinforced metals and alloys [1]. These composites, which have superior properties, attract attention with their ability to work in different conditions and their use in many areas. Aluminum is often used as the main matrix. Using copper as the second matrix gives different properties to the matrix structure. Silicon carbide and aluminum oxide are the most commonly used reinforcements in metal matrix composite (MMC) materials [2,3]. Thanks to their superior properties, such as easy manufacturing and low costs, particle-reinforced composites are used in many areas [4]. Hybrid composites formed by adding different reinforcements into aluminum are frequently preferred, especially in the aviation and automotive sectors.



MMCs reinforced with reinforcement particles may have poor machinability performance due to hard reinforcements [5]. Difficult-to-cut materials during machining cause serious tool failures due to extremely high temperatures [6,7]. Conventional cutting fluids are used to overcome these adverse conditions [8]. However, employing these coolants has many negative impacts on the environment and people’s health. Many researchers have investigated different cooling/lubrication techniques to minimize the effect of this disadvantageous situation [9,10,11]. Among these strategies, the minimum-quantity lubricant (MQL) method has been employed as an alternative more often in recent years [12,13,14]. Mia et al. [15] focused on MQL-assisted hard-turning analyses, such as surface roughness, tool life, and material removal rate. To conduct their experiments, they relied on a Taguchi orthogonal array and optimized their results based on the signal-to-noise ratio. According to their findings, cutting speed influences surface roughness, depth of cut influences tool wear, and feed rate influences material removal rate. Sarıkaya and Güllü [16] analyzed the surface roughness of AISI 1050 steel in an MQL environment. According to their findings, the feed rate was the most influential element in surface roughness. It was also reported that the MQL environment is the best tool for improving surface quality. Race et al. [17] investigated tool wear, surface roughness, residual stress, and energy consumption of SA516 carbon steel under MQL conditions. During machining in the MQL environment, significant improvements in surface quality and tool wear were observed. In addition to cost-saving and environmental benefits, MQL-assisted processing has been credited with reducing costs.



The environmentally friendly cryogenic-cooling technique has attracted the attention of many researchers in recent years [18,19,20]. Nitrogen and carbon dioxide are usually liquids used in cryogenic-cooling techniques. In this study, Al2O3 (aluminum oxide) and SiC (silicon carbide) particles added to the Al-Cu (aluminum-copper) matrix made machinability difficult. Due to the hardness and high strength of reinforcement particles, temperatures can rise to high levels during the cutting process. High temperatures cause adverse conditions, such as plastic deformation and rapid tool wear [21,22]. In the cryogenic cooling strategy, cold fog vapor is transferred to the cutting zone [23]. Consequently, the temperatures in the cutting zone may be decreased to a minimum. In this way, the workpiece’s surface integrity is preserved, and the wear of the cutting tool can be reduced [24,25]. It was reported that surface quality could be increased with different cutting parameters using the cryogenic-cooling method [26]. Gupta et al. [27] examined the tribological performance of a Ti6Al4V alloy with cryogenic cooling. According to reports, cryogenic-assisted cooling may be a viable method. Morkavuk et al. [28] used cryogenic cutting fluids to mill carbon-fiber-reinforced plastics (CFRPs). It was reported that less damage occurs on the treated surfaces, and a higher quality surface is obtained thanks to the cryogenic environment.



In this study, novel Al-5Cu-based hybrid-reinforced (Al2O3-SiC) composites were milled in different cutting parameters and cutting environments and evaluated in terms of machinability and energy consumption. There are limited studies on the sustainable milling of novel aluminum-based hybrid composites. For this purpose, surface roughness, flank wear, cutting temperature, and energy consumption analyses are discussed in detail.




2. Materials and Methods


2.1. Experimental Setup


Several industries employ Al-based hybrid composites as structural materials (space, automotive, aerospace, etc.). For this purpose, hybrid composites were produced by the hot-pressing method using commercially available powder particles (Al < 44 µm, Cu < 44 µm, Al2O3 < 50 µm, SiC < 50 µm). Powder mixing ratios are shown in Table 1.



A computer-controlled milling machine (DAHLIH MCV-860) was used for the milling experiments. HM90 APKT 1003PDR IC908 coded cutting tools with Al-TIN coated with PVD method, and parallelogram geometry was used. The inserts were mounted on the APKTHM10 12-1-120 shank carding router. The cutting tool is attached to the CNC machine with a tool holder with a tool collet (MAS 403 BT 40 ER 32x70). Three cutting speeds (200–250–300 m/min), three feed rates (0.20–0.25–0.30 mm/rev), and a single cutting depth (0.5 mm) were selected as the cutting parameters. The suggestions given by the tool manufacturer were used to calculate the cutting settings. Dry, MQL, and cryo-LN2 techniques were used as cutting environments. Table 2 shows the machinability parameters and levels.




2.2. Cooling Environments


The primary focus of this research are the impacts of three different cutting conditions (dry, MQL, and cryo-LN2) on machinability and energy consumption. No cutting fluid is used in a dry environment. The purpose of the MQL environment is to carry a small amount of oil into the cutting area in the form of a mist. The cutting zone was cooled and lubricated with an MQL system (Werte Micro Stn-15), which was regulated by a potentiometer. Cuttex Syn5 cutting fluid was sprayed onto the cutting area regularly under pressure. MQL parameters (compressor pressure 7 bar, flow rate 50 mL/h, nozzle diameter 5 mm, and spray angle 35°) were determined by a detailed literature search and manufacturer’s recommendations. Figure 1 shows the schematic of the cooling environment during milling.



In the experiments, a special self-pressurized 35 L tank (Taylor Wharton LD-35) containing liquid nitrogen (LN2) was used for the cryogenic-cooling environment. A nozzle with a diameter of 5 mm was used to direct the flow of liquid nitrogen into the cutting zone. To prevent heat loss, a two-meter-long vacuum spiral steel-coated hose was used between the tank and the cutting zone. In the experiments, similar conditions were applied to the MQL parameters to make comparisons correctly.




2.3. Measuring Instruments and Methods


To establish the impact of the cutting conditions employed in the studies, the temperatures during tool–chip contact were monitored. Using an infrared camera (Testo 871), the temperatures in the deformation zone were measured. High temperatures during machining hurt tool life. Therefore, the effects of cooling techniques are significant. Surface quality and integrity in machining are important parameters associated with many phenomena. Surface roughness analyses were measured using EN ISO 4287 standards. Roughness measurements on the milled surfaces were made using the TIME3200 device. Each measurement was made five times to reduce measurement errors. The average surface roughness was calculated with the help of Equation (1).


   R a   =    ∫  0   L d       v     L d    dx ,  



(1)







Here, “Ra” represents the arithmetic mean surface roughness, “Ld” represents the measured distance, and “v” represents the variation from the nominal surface. The 3D surface profiles of the machined surfaces were determined with the Ntegra Solaris type atomic force microscope. Flank wear measurements and energy-dispersive X-ray spectroscopy (EDS) analyses were performed on a JEOL JSM 6510 scanning electron microscope (SEM). The measurements were obtained from the side of the cutting tool, taking into consideration the most worn region by ISO standards. A power analyzer (HIOKI-PW3198) with 0.1% measurement accuracy was used to analyze power consumption. The necessary connections of the analyzer were completed to determine the power drawn from the machine tool. The spent energy consumption results were recorded using special software. Figure 2 shows the power consumption values obtained from experiment No. 1.




2.4. Statistical Analysis


Using the Taguchi approach in machinability analysis, optimal parameters may be established, and economy can be gained by lowering the number of tests. The Taguchi L18 orthogonal array was employed for the experiments. Many researchers widely use this analysis to determine the optimum parameters. This method is used to analyze processing problems and to obtain more results with fewer experiments [29]. The experimental design is shown in Table 3. In the Taguchi technique, a function is used to correlate the experimental findings with the intended values. Through the use of the Minitab program, this function was transformed into a signal-to-noise (S/N) ratio. Because the smallest values are better in the results obtained in the experiments, the “smaller is better” option was applied. Using Equation (2), the S/N ratios were calculated.


     S / N     smaller   is   better     = − 10   log         1 n      ∑    i = 1   n       y 2        ,  



(2)







Here, “y” indicates the response parameters (surface roughness, flank wear, cutting temperature, and energy consumption), “n” denotes the number of repetitions under the test circumstances, and “i” is the number of repetitions.





3. Results and Discussion


3.1. Composite Fabrication


Hybrid composites were produced by hot-pressing using fixed-ratio (5%) copper in aluminum powders and Al2O3-SiC reinforcements with the mixing ratios listed in Table 1. Microstructural analyses of the produced hybrid composites were made. Figure 3a–g represents the SEM/EDS images of sample 6 with all powder particles together. It is possible to say that the powder particles contained in the matrix display uniform distribution. In EDS analysis, elements in the spectrum 1 region were determined. At the same time, elemental-mapping analysis and backscattered images proved the presence of powder particles in the structure.




3.2. Surface Roughness Analysis


Surface quality is one of the most important variables in determining machining performances in machining operations. The measurement of a quality surface can be determined by surface roughness. To assess cutting performance and to determine the influence of cooling conditions on the process, surface roughness evaluations should be undertaken [30]. Figure 4a–c depicts 3D surface plots illustrating the impact of various cutting variables and conditions on surface roughness.



When evaluated in terms of cutting environments, cryogenic-LN2 cooling seems to be more effective. As temperatures in the cutting zone decrease, the surface roughness values also decrease. The interaction of the cutting tool with the chip and workpiece can also cause a reduction in surface roughness [31]. Sample 1′s surface roughness was measured to be 0.478 m at a 200 m/min cutting speed, 0.20 mm/rev feed rate, and cryo-LN2 cutting conditions. It was observed that when cutting speed is increased, surface roughness also rises. The temperature during the contact between the tool and the chip rises directly due to increased cutting speed. The surface quality is negatively impacted by the rise in temperature in the cutting zone indirectly. BUE formed at the cutting tool edge in MMCs is an important phenomenon that affects all machinability parameters. High temperatures during processing accelerate BUE formation [32]. Due to the formation of BUE, the print on the workpiece surface may adversely affect surface quality. In addition, it can be said that BUE, which is formed as a result of friction at the tool–chip interface, is also very effective in chip formation. This study shows that surface quality decreases due to high temperatures and BUE formation in the dry-cutting environment. A previous study reported that surface quality decreased as the BUE formed in the dry machining environment spread on the cutting tool edge [33].



Figure 5 depicts the 3D and 2D surface topographies of hybrid composites milled under various cutting conditions. Because the interaction between the cutting tool and the workpiece during material processing is related to all cutting parameters, the surface properties should be considered whole. This provide a detailed perspective for the assessment of surface quality. In this context, it will be possible to monitor changes in surface quality with three-dimensional surface topography.



When the surface topographies are examined, it is seen that the roughness values decrease as one goes from the dry environment to the cryo-LN2-cooling environment. High peaks and deep valleys were observed in all regions in dry and MQL environments. A smoother surface was obtained in the cryo-LN2 environment than in the other two. However, certain irregularities are observed in some areas. Cryogenic cooling was reported to reduce tool wear and microstructural changes on the machined surface [34].




3.3. Flank Wear Analysis


It can be said that many parameters that affect tool wear (energy consumption, surface roughness, tool life, cutting temperature, etc.) have a direct effect on machinability performance. Hence, analyzing and evaluating tool wear is crucial. This section analyzes, in depth, the wear conditions of the cutting tool under various cutting settings and cooling circumstances. The graphs in Figure 6a–c illustrate the impact of flank wear on various cutting variables and conditions. The dry environment has the worst performance among all cutting parameters. It was reported that wear performance decreases in the dry environment due to the temperature and friction conditions at the tool–chip interface [35]. MQL-assisted cooling was found to be more effective compared to dry environments. In the MQL system, the cutting fluid, which is pressurized and sprayed in small amounts, provides more effective cooling and improves wear performance. A small amount of liquid, transferred to the cutting zone as a fog cloud, can penetrate small areas on the fast-rotating machine tool [36].



Several earlier studies have shown the importance of cryogenic-cooling methods in machinability. With the cryogenic-cooling regime, damage caused by thermal effects can be prevented, and temperatures that adversely affect the structural properties of the workpiece can be reduced [37]. With the cryogenic-cooling technique, the cutting tool’s performance increases, and the workpiece’s corrosion resistance is improved [38]. This study determined that the cutting environment that shows the best performance in cutting tool wear was cryogenic-LN2. The lowest flank wear value was recorded at 200 m/min cutting speed, 0.20 mm/rev feed rate, and 250 µm in the cryogenic-LN2 cutting environment. It was observed that an increase in cutting speed increases flank wear, whereas an increase in feed rate somewhat lowers flank wear.



Figure 7 represents the wear images of the flank and rake faces of the cutting tool as a result of milling Al-5Cu/Al2O3-SiC hybrid composites in dry, MQL, and cryogenic-LN2 cutting environments. One of the most important findings from experiments is that cryogenic cooling is the most effective way to minimize tool wear. Thermal stability may be disturbed due to continued chip production and plastic deformation in the cutting zone. Thermal stability can be achieved by reducing temperatures with cryogenic cooling and forced convection. Thus, negative situations caused by high temperatures can be eliminated [39]. The cryo tempering effect increases wear performance in materials processed at very low temperatures [40]. Evidence in the literature showing that the cryogenic environment improves tool wear performance supports this study [41,42].



Figure 8 represents the SEM/EDS analysis showing BUE formation at the cutting tool edge after dry machining.



Figure 9a–j illustrates the elemental-mapping analysis of the structure produced at the cutting tool edge as a result of milling in a dry-cutting environment. When the mapping images are examined, the tool elements (Al, Ti, Co, W, N) and the workpiece elements (Al, Cu, Si, C, O) can be seen on the cutting tool. There may be more than one reason for the appearance of all elements on the cutting tool. One of these causes is the interaction between the cutting tool and the workpiece. In the second case, the thermal conductivity of the workpiece causes the temperatures in the cutting zone to increase. Thus, the diffusion mechanism becomes effective [43]. Common types of tool failure in cutting tools include abrasive, adhesive, and diffusion wear. In this study, adhesive and diffusion wear occurred.




3.4. Cutting Temperature Analysis


The electrical energy used during machining is converted into mechanical energy and released as heat energy during machining. The heat energy emitted in the cutting zone spreads throughout the workpiece and cutting tool, resulting in the cutting temperature. Chips often remove the majority of high heat in the deformation zone. However, residual temperatures in the cutting zone can cause adverse conditions in terms of tribological performance and surface quality. Sustainable cooling and lubrication conditions can be used for desired tribological performances and surface quality [44]. Using cooling/lubrication techniques increases both machining performances, thermal shocks are prevented, and positive effects can be obtained on the formation mechanisms of chips. Traditional approaches in the form of dry environments and flood cooling in machining processes also pose a threat to the environment and human health [45]. Figure 10a–c depicts 3D surface plots illustrating the impact of various cutting variables and conditions on cutting temperature. When evaluated in terms of cutting environments and cutting parameters, it is seen that cryogenic-LN2 is the best choice for the cutting temperature. The lowest temperature was recorded as 24.3 °C in composite No. 1, with a 200 m/min cutting speed, 0.20 mm/rev feed rate, and cryo-LN2 cutting environment.



Figure 11 represents the images and temperature distribution graphs obtained with the help of a thermal camera in different cutting environments.



It was determined that the temperatures required for cutting are lower in the cryo-LN2 condition than in the dry state. In the cryogenic-cooling technique, temperatures are significantly reduced, and the chips are regularly broken and removed from the environment. It was reported that heat is absorbed by creating a gas cushion with cryogenic cooling at the cutting site [46]. Although the cryogenic environment is the best option for reducing temperatures, the success of the MQL environment is quite evident. The cutting fluid in the MQL system can intensively penetrate the tool–chip interface, considerably reducing friction and ambient temperature.




3.5. Energy Consumption Analysis


The demand for electrical energy in the world is increasing day by day. Approximately 30% of the total electrical energy produced is spent on manufacturing. Reducing energy consumption to minimum levels in machining processes, which have a significant share in total energy consumption, is very important. The amount of energy consumed in machining processes may vary according to cutting parameters and cooling methods [47]. Figure 12a–c depicts three-dimensional surface plots illustrating the impact of various cutting variables and cutting conditions on energy consumption. It was observed that the MQL cutting environment has the lowest energy consumption values. The lowest energy consumption in composite 6 was recorded at a 200 m/min cutting speed, 0.30 feed rate, and 9.76 kJ in the MQL cutting environment. In the MQL environment, the cooling liquid is transferred to the cutting zone in a pressurized manner, and the clouds in the form of fog vapor can remove heat from the environment. Additionally, the coolant functions as a lubricant to reduce friction. Thus, power consumption can be reduced indirectly by reducing contact pressure. Energy consumption may increase in dry environments due to high temperatures and high friction coefficients. By reducing the temperatures in the cutting zone, both cutting tool life is improved, and BUE formation can be prevented. By preventing the formation of BUE, friction can be reduced; thus, energy efficiency is achieved. By forming oil films with MQL fog droplets in the deformation zones, cutting forces are reduced, and energy consumption is reduced proportionally [48]. It was observed that energy demand rises as cutting speed increases (Figure 12a), whereas it falls when feed rate increases (Figure 12b). As cutting speed increases, the amount of energy drawn from the spindle motor also increases. In addition, high cutting speeds can reduce tool life in difficult-to-machine materials [49].




3.6. Statistical Analysis


The complexity increases and becomes difficult to control with the increase in the number of parameters in traditional experimental methods. Many methods are used to overcome this complexity. The Taguchi approach, which employs orthogonal arrays for experimental design, is one of these techniques. With the Taguchi method, the number of experiments is significantly reduced, and the uncontrollable effects on the experiments can be minimized. The Taguchi technique uses a statistical measure called the S/N ratio to analyze the results [50]. Table 4 contains the test findings and signal-to-noise ratios for the response parameters surface roughness (Ra), flank wear (Vb), cutting temperature (Tc), and energy consumption (Ec).



Figure 13 illustrates the impacts of all response parameters (surface roughness, flank wear, cutting temperature, and energy consumption) on control variables (type of MMC, cutting speed, feed rate, and cooling/lubrication). The optimum control factors for surface roughness are as follows: MMC type 1; cutting speed 300 m/min; feed rate 0.20 mm/rev; and cooling/lubrication cryo-LN2. The optimum control factors for flank wear are as follows: MMC type 1; cutting speed 200 m/min; feed rate 0.30 mm/rev; and cooling/lubrication cryo-LN2. The optimum control factors for cutting temperature are as follows: MMC type 1; cutting speed 200 m/min; feed rate 0.30 mm/rev; and cooling/lubrication cryo-LN2. The optimum control factors for energy consumption are as follows: MMC type 6; cutting speed 250 m/min; feed rate 0.30 mm/rev; and cooling/lubrication MQL.



To analyze the impact of the many variables used as control factors on the outcomes of the experiments, analysis of variance (ANOVA) was used. ANOVA may be used to identify the most important moderators and the relative contributions they make. The findings of the ANOVA are shown in Table 5, which details the control factors. In this investigation, analyses were carried out using a significance level of p < 0.05 and a confidence level of 95%. If the P value is less than 0.05, the analysis is assumed to be statistically significant. The most effective control factors on response parameters are recorded as follows: cooling/lubrication for surface roughness (71.90%); MMC type for flank wear (75.98%); cooling/lubrication for cutting temperature (76.67%); and feed rate for energy consumption (70.92%).



Figure 14a–d represents graphs in which response parameters are compared with the experimental results of quadratic regression models. Modeling and investigating the nature of the connection between a dependent variable and one or more independent variables may be accomplished via the use of regression analysis [51]. The dependent variables in this study are Ra, Vb, Tc, and Ec. The factors considered include MMC type, cutting speed, feed rate, and cooling and lubrication. It is seen that the success rates of all regression analyses are at high levels. Success rates were recorded as 95.5% for Ra, 94.4% for Vb, 98.4% for Tc, and 99.0% for Ec.





4. Conclusions


This study investigated the milling of Al-5Cu/Al2O3-SiC hybrid composites under different cutting parameters and cooling/lubrication strategies. As a result, the following findings were made:



The lowest surface roughness values were obtained with the cryo-LN2-cooling technique. The lowest surface roughness was recorded as 0.478 µm in composite No. 1, at a 200 m/min cutting speed, 0.20 mm/rev feed rate, and cryo-LN2 cutting environment. It was determined that the surface roughness increased with increasing cutting speed.



A dry-cutting environment increased flank wear compared to MQL and cryo-LN2-assisted cooling. It was determined that the best cooling lubrication environment for flank wear is cryo-LN2. The lowest flank wear value was recorded at a 200 m/min cutting speed, 0.20 mm/rev feed rate, and 250 µm in a cryo-LN2 cutting environment. In addition, BUE formation was determined in the dry environment in the SEM/EDS analyses of the cutting tools. It was observed that the cutting tool surfaces are smoother in MQL and cryo-LN2-supported cooling environments.



It was determined that all cutting temperature values decreased in the cryo-LN2-assisted cooling environment. Regarding the cutting temperature, it is important to reduce the temperature as they are directly related to all machinability parameters. The lowest temperature was recorded as 24.3 °C in composite No. 1, at a 200 m/min cutting speed, 0.20 mm/rev feed rate, and cryo-LN2 cutting environment.



It was observed that the MQL environment is more successful in energy consumption. The lowest energy consumption in composite 6 was recorded at a 200 m/min cutting speed, 0.30 feed rate, and 9.76 kJ in the MQL cutting environment. The fog cloud transferred to the cutting zone in the MQL system both cools the environment and reduces energy consumption to a minimum by reducing friction.



The effects of the control factors on the response parameters were determined by statistical analyses. Analyses were performed at a 95% confidence level.
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Figure 1. Schematic view of MQL and cryo-LN2 systems during milling. 
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Figure 2. Calculation of power consumption in experiment 1. 
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Figure 3. Microstructure analysis and elemental-mapping images of sample 6: (a) SEM micrograph; (b) EDS analysis; (c) Al; (d) Cu; (e) O; (f) Si; (g) C. 
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Figure 4. 3D surface graphs representing the relationship between surface roughness and different machinability parameters: (a) cutting speed, MMC type; (b) feed rate, MMC type; (c) cooling/lubrication, MMC type. 
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Figure 5. The 3D and 2D surface topographies of specimens milled in various cutting conditions. 
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Figure 6. 3D surface graphics representing the relationship of flank wear with different machinability parameters: (a) cutting speed, MMC type; (b) feed rate, MMC type; (c) cooling/lubrication, MMC type. 
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Figure 7. SEM photos of the flank and rake surfaces of materials milled in various cutting conditions. 
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Figure 8. SEM/EDS images of the cutting tool after dry machining. 
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Figure 9. Mapping images are taken from the cutting tool edge after dry machining: (a) SEM image; (b) Al; (c) Cu; (d) Si; (e) C; (f) O; (g) W; (h) Co; (i) Ti; (j) N. 
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Figure 10. 3D surface graphics representing the relationship of cutting temperature with different machinability parameters: (a) cutting speed, MMC type; (b) feed rate, MMC type; (c) cooling/lubrication, MMC type. 
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Figure 11. Images taken with a thermal camera and temperature distribution graphs in different cutting environments. 
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Figure 12. 3D surface plots illustrating the link between energy consumption and several machinability variables: (a) cutting speed, MMC type; (b) feed rate, MMC type; and (c) cooling/lubrication, MMC type. 






Figure 12. 3D surface plots illustrating the link between energy consumption and several machinability variables: (a) cutting speed, MMC type; (b) feed rate, MMC type; and (c) cooling/lubrication, MMC type.



[image: Lubricants 11 00111 g012]







[image: Lubricants 11 00111 g013 550] 





Figure 13. Plots of main effects of response parameters on control factors. 
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Figure 14. Quadratic regression analysis results: (a) Ra; (b) Vb; (c) Tc; (d) Ec. 
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Table 1. Adjusting the proportions of the powder’s particles.
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	Samples

No.
	Al Ratio

(wt.%)
	Cu Ratio

(wt.%)
	Al2O3 Ratio

(wt.%)
	SiC Ratio

(wt.%)





	1
	95
	5
	-
	-



	2
	93
	5
	2
	-



	3
	93
	5
	-
	2



	4
	91
	5
	2
	2



	5
	87
	5
	4
	4



	6
	83
	5
	6
	6
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Table 2. Machinability parameters and levels.
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Milling Parameters

	
Unit

	
Levels




	
1

	
2

	
3

	
4

	
5

	
6






	
MMC type

	
-

	
1

	
2

	
3

	
4

	
5

	
6




	
Cooling conditions

	
-

	
Dry

	
MQL

	
Cryo

	
-

	
-

	
-




	
Cutting speed, (Vc)

	
m/min

	
200

	
250

	
300

	
-

	
-

	
-




	
Feed rate, (fn)

	
mm/rev

	
0.2

	
0.25

	
0.3

	
-

	
-

	
-
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Table 3. Taguchi L18 experimental design (61 × 33).
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	Experiment Number
	MMC Type
	Cutting Speed (m/min)
	Feed Rate (mm/rev)
	Cooling/Lubrication





	1
	1
	200
	0.20
	Cryo



	2
	1
	250
	0.25
	MQL



	3
	1
	300
	0.30
	Dry



	4
	2
	200
	0.20
	MQL



	5
	2
	250
	0.25
	Dry



	6
	2
	300
	0.30
	Cryo



	7
	3
	200
	0.25
	Cryo



	8
	3
	250
	0.30
	MQL



	9
	3
	300
	0.20
	Dry



	10
	4
	200
	0.30
	Dry



	11
	4
	250
	0.20
	Cryo



	12
	4
	300
	0.25
	MQL



	13
	5
	200
	0.25
	Dry



	14
	5
	250
	0.30
	Cryo



	15
	5
	300
	0.20
	MQL



	16
	6
	200
	0.30
	MQL



	17
	6
	250
	0.20
	Dry



	18
	6
	300
	0.25
	Cryo
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Table 4. Test results and S/N ratios of response parameters.
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	Experiment Number
	Ra

(µm)
	Vb

(µm)
	Tc

(°C)
	Ec

(kJ)
	S/N for Ra (dB)
	S/N for Vb (dB)
	S/N for Tc (dB)
	S/N for Ec (dB)





	1
	0.478
	250
	24.3
	12.70
	6.4114
	−47.9588
	−27.7121
	−22.0761



	2
	1.191
	334
	36.1
	10.84
	−1.5182
	−50.4749
	−31.1501
	−20.7006



	3
	1.526
	300
	42.8
	10.74
	−3.6711
	−49.5424
	−32.6289
	−20.6201



	4
	1.416
	314
	39.0
	13.63
	−3.0213
	−49.9386
	−31.8213
	−22.6899



	5
	2.605
	475
	47.7
	12.46
	−8.3162
	−53.5339
	−33.5704
	−21.9104



	6
	0.915
	397
	24.8
	11.93
	0.7716
	−51.9758
	−27.889
	−21.5328



	7
	1.382
	389
	29.0
	11.59
	−2.8102
	−51.7990
	−29.248
	−21.2817



	8
	2.327
	507
	42.6
	10.23
	−7.3359
	−54.1002
	−32.5882
	−20.1975



	9
	2.621
	775
	58.2
	13.85
	−8.3693
	−57.7860
	−35.2985
	−22.8290



	10
	3.428
	490
	48.4
	10.57
	−10.7008
	−53.8039
	−33.6969
	−20.4815



	11
	0.781
	553
	29.9
	12.69
	2.147
	−54.8545
	−29.5134
	−22.0692



	12
	2.258
	556
	43.7
	11.56
	−7.0745
	−54.9015
	−32.8096
	−21.2592



	13
	4.025
	594
	56.7
	10.96
	−12.0953
	−55.4757
	−35.0717
	−20.7962



	14
	1.036
	599
	32.0
	10.31
	−0.3072
	−55.5485
	−30.103
	−20.2652



	15
	1.603
	950
	55.0
	12.24
	−4.0987
	−59.5545
	−34.8073
	−21.7556



	16
	2.691
	611
	31.0
	9.76
	−8.5983
	−55.7208
	−29.8272
	−19.7890



	17
	3.361
	750
	54.9
	12.35
	−10.5294
	−57.5012
	−34.7914
	−21.8333



	18
	0.725
	800
	30.6
	11.05
	2.7932
	−58.0618
	−29.7144
	−20.8672
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Table 5. ANOVA results of control factors.
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Source

	
DF

	
Seq SS

	
Adj SS

	
Adj MS

	
F

	
P

	
Contribution

Rate (%)






	
Ra




	
MMC type

	
5

	
89.48

	
89.48

	
17.895

	
6.77

	
0.01873

	
19.08




	
Cutting speed (m/min)

	
2

	
10.43

	
10.43

	
5.217

	
1.97

	
0.21952

	
2.22




	
Feed rate (mm/rev)

	
2

	
15.98

	
15.98

	
7.99

	
3.02

	
0.12363

	
3.41




	
Cooling/lubrication

	
2

	
337.11

	
337.11

	
168.555

	
63.75

	
0.00009

	
71.90




	
Residual error

	
6

	
15.86

	
15.86

	
2.644

	
-

	
-

	
3.38




	
Total

	
17

	
468.86

	
-

	
-

	
-

	
-

	
100.00




	
Vb




	
MMC type

	
5

	
134.868

	
134.868

	
26.974

	
18.61

	
0.001

	
75.98




	
Cutting speed (m/min)

	
2

	
25.282

	
25.282

	
12.641

	
8.72

	
0.017

	
14.24




	
Feed rate (mm/rev)

	
2

	
3.971

	
3.971

	
1.985

	
1.37

	
0.324

	
2.24




	
Cooling/lubrication

	
2

	
4.685

	
4.685

	
2.342

	
1.62

	
0.275

	
2.64




	
Residual error

	
6

	
8.697

	
8.697

	
1.449

	
-

	
-

	
4.90




	
Total

	
17

	
177.502

	
-

	
-

	
-

	
-

	
100.00




	
Tc




	
MMC type

	
5

	
15.097

	
15.097

	
3.0195

	
9.28

	
0.00862

	
14.34




	
Cutting speed (m/min)

	
2

	
3.01

	
3.01

	
1.5049

	
4.62

	
0.06093

	
2.86




	
Feed rate (mm/rev)

	
2

	
4.5

	
4.5

	
2.2499

	
6.91

	
0.02772

	
4.27




	
Cooling/lubrication

	
2

	
80.726

	
80.726

	
40.363

	
124.02

	
0.00001

	
76.67




	
Residual error

	
6

	
1.953

	
1.953

	
0.3255

	
-

	
-

	
1.85




	
Total

	
17

	
105.286

	
-

	
-

	
-

	
-

	
100.00




	
Ec




	
MMC type

	
5

	
2.8479

	
2.8479

	
0.56958

	
28.8

	
0.000401

	
22.12




	
Cutting speed (m/min)

	
2

	
0.3691

	
0.3691

	
0.18454

	
9.33

	
0.014402

	
2.87




	
Feed rate (mm/rev)

	
2

	
9.1313

	
9.1313

	
4.56563

	
230.84

	
0.000002

	
70.92




	
Cooling/lubrication

	
2

	
0.4086

	
0.4086

	
0.20432

	
10.33

	
0.011398

	
3.17




	
Residual error

	
6

	
0.1187

	
0.1187

	
0.01978

	
-

	
-

	
0.92




	
Total

	
17

	
12.8756

	
-

	
-

	
-

	
-

	
100.00
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