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Abstract:

 As a successful solution applied to hard machining, the minimum quantity lubricant (MQL) has already been established as an alternative to flood coolant processing. The optimization of MQL parameters and cutting parameters under MQL condition are essential and pressing. The study was divided into two parts. In the first part of this study, the Taguchi method was applied to find the optimal values of MQL condition in the hard milling of AISI H13 with consideration of reduced surface roughness. The L9 orthogonal array, the signal-to-noise (S/N) ratio and analysis of variance (ANOVA) were employed to analyze the effect of the performance characteristics of MQL parameters (i.e., cutting fluid type, pressure, and fluid flow) on good surface finish. In the results section, lubricant and pressure of MQL condition are determined to be the most influential factors which give a statistically significant effect on machined surfaces. A verifiable experiment was conducted to demonstrate the reliability of the results. In the second section, the optimized MQL parameters were applied in a series of experiments to find out cutting parameters of hard milling. The Taguchi method was also used to optimize the cutting parameters in order to obtain the best surface roughness. The design of the experiment (DOE) was implemented by using the L27 orthogonal array. Based on an analysis of the signal-to-noise response and ANOVA, the optimal values of cutting parameters (i.e., cutting speed, feed rate, depth-of-cut and hardness of workpiece) were introduced. The results of the present work indicate feed rate is the factor having the most effect on surface roughness.
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1. Introduction


Hard machining has been widely applied in mechanical processing due to the many advantages included. The advantages of hard machining were indicated to be geometric accuracy, improved quality of the finished surface, the reduction of the labor expenditures [1] and also a reduction in burr formation, better chip disposal, higher stability, simplified tooling [2] and flexible process design [3,4]. However, hard machining also has its disadvantages, such as high tool wear rate, reduction in tool life due to the effect of high hardness of workpiece material and cutting temperature [2,4]. The application of flood coolant in hard milling has not been satisfied, especially in the matter of environmental and health-related issues regarding workers. As a successful solution applied to hard machining, MQL is an effective, environmentally-friendly solution and has been widely used in the machining processes (i.e., turning, drilling and milling). According to Phafat et al. [5], machining with MQL is a process in which a small amount lubricant utilized at a flow rate less than 250 mL/h is mixed with compressed air and sprayed onto the cutting zone. MQL helps to increase the quality of the surface finish [6,7,8], improve tool life, reduce tool wear, decrease cutting temperature and reduce the cost of lubrication [6,7,8,9,10,11,12]. The effectiveness of MQL has already been demonstrated in many studies and application of turning and milling processes. In machining with MQL, lubricant, air pressure and fluid flow are the main parameters. They will decide the effectiveness of MQL cutting. Applied lubricants in machining are ubiquitous, such as mineral oil, synthetic esters, fatty alcohols, etc. [8]. Even vegetable oil has been used and proven to be effective in machining [7,8]. Several authors optimized MQL parameters and achieved positive results. Thakur et al. [13] conducted optimization of MQL parameters to get minimum tool wear in the high-speed turning of super-alloy Inconel 718. Simultaneously, the cutting parameters, including cutting speed and feed rate, were also optimized. Nevertheless, the optimization of MQL parameters does not consist of a cutting fluid being an important factor of MQL. The result showed that the optimal cutting parameters for tool flank wear are lower cutting speed, lower feed rate, higher delivery pressure, higher quantity of lubrication, lower frequency of pulses and an inclined direction of the cutting fluid. In the study of Gandhe et al. [14], experiments were carried out to optimize the MQL parameters in the turning of EN-8 steel. It showed that the cutting fluid used is the most significant factor affecting tool wear. J. Barnabas et al. [15] have done a comparative analysis of particle swarm optimization and simulated annealing algorithm in the optimization of the MQL parameters for flank tool wear. The author presented a simulated annealing algorithm technique that is comparatively better than other techniques in use. However, the studies conducted on the effects and optimization of the parameters in MQL, such as flow rate, air pressure and type of lubricant used, still remain open.



Surface roughness is an important index used to estimate product quality in mechanical products. The parameters that influence surface roughness include cutting tool properties (i.e., tool material, tool shape, run-out error, nose radius), workpiece properties (i.e., workpiece diameter, workpiece hardness, workpiece length), cutting phenomena (i.e., acceleration, vibrations, chip formation, friction in the cutting zone, cutting force variation) and machining parameters (i.e., process kinematics, cooling fluid, step over, tool angle, depth-of-cut, feed rate, cutting speed) [16]. In any machining process, the primary key point for insuring the quality of the manufacturing processes is the selection of suitable cutting parameters for the corresponding material of the workpieces. With a designed experiments approach, the Taguchi technique for the design of experimentation is a method extensively used in optimizing the cutting parameters and predicting surface roughness. There has been some notable research produced related to the effects of cutting parameters on surface roughness in which the Taguchi method was applied. Ahmet et al. [17], Ilhan et al. [18] applied the Taguchi method to optimizing the tuning parameters in hard turning. The authors concluded that feed rate contributes mostly to surface roughness. The Taguchi method and ANOVA were also employed in the study of Gopalsamy et al. [19]. The authors found optimum process parameters during hard machining of hardened steel. In the results of this research, the cutting speed is the most influential factor on surface roughness. The AISI H13 steel selected in this study constituted a workpiece material which has been widely used in manufacturing, especially in high pressure die-casting and extrusion molding, cutting blades, and hot dies due to good toughness levels and resistance to abrasion. AISI H13 steel has been studied in many types of research. Ding et al. [20] used the Taguchi method and ANOVA to establish and analyze an empirical model for establishing surface roughness. This model indicates a relationship between surface roughness and four factors of cutting parameters: cutting speed, feed, radial depth of cut, and the axial depth of cut. The results showed that axial depth of cut is the main influential factor on surface roughness. In the research of Outeiro [21], the DOE method in Taguchi was used to design the experiment. The model of the residual stress and the optimization of cutting parameters was established by applying Artificial Neural Network (ANN) and a Genetic Algorithm (GA). The results indicated that the cutting parameters, which cause lower residual stress and contribute to better surface roughness. Ghani et al. [22] concluded that high cutting speed, low feed rate and lower depth of cut provided the best results for surface roughness in machining hardened steel AISI H13.



In the present study, the Taguchi method and ANOVA were applied to optimize MQL conditions for surface roughness. The best cutting parameters of hard milling of AISI H13, such as cutting speed, feed rate, depth-of-cut, and hardness of workpiece were found out in order to get the better surface roughness under MQL conditions optimized. A regression model for surface roughness was therefore established.




2. Optimization of MQL Parameters


2.1. Experimental Procedure


In the first part of the research, the air pressure, the fluid flow, and a different lubricant of MQL conditions were optimized to obtain improved cutting performances in the hard milling process with consideration of surface roughness.



The Taguchi method is widely used because it is a simple and robust method used to optimize the parameters of the process involving a significant reduction in cost and processing time [23]. In the experimental design, the Taguchi method uses the orthogonal arrays to obtain the best results with a minimum number of experiments. A signal to noise (S/N) ratio is used to measure the performance characteristics and to calculate the percent contribution of each process parameter by analysis of variance. The S/N ratio represents the amount of variation present in the quality characteristic in which the term S represents the mean value for the output characteristic, and the N represents the undesirable value for the output characteristic. The analysis of the S/N ratio could be classified into 3 types: the-bigger-is-the-better, the-smaller-is-the-better, and the-nominal-is-the-better [23,24]. Thus, the appropriate type is selected for each specific case. The purpose of this study is to optimize the parameters of the MQL condition to get the better surface roughness available. Therefore, the-smaller-is-the-better type was selected. It is calculated according to the following formula:
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(1)




where: yi is the observed data, n is the number of experiments which are repeated.



With three parameters at three levels, Taguchi′s L9 orthogonal array was used to organize the experiments. The parameters with three levels of the MQL as the fluid flow, pressure, and lubricant are shown in Table 1. The lubricant factor includes straight cutting oil, vegetable oil, and water-soluble oil. Straight cutting oil and water soluble oil have been proved highly effective in industrial production. Vegetable oil has been used and proven to be effective in a number of recent studies [7,8]. The air pressure factor includes 3, 4, 5 kg/cm2. This range has been commonly applied in industry. The range of fluid flow factor is from 10 to 50 mL/h. The selected range of fluid flow is near dry condition. The milling process information is shown in Table 2. The details of the milling tool are given in Table 3.


Table 1. Parameters and levels.


	Parameters
	Level 1
	Level 2
	Level 3





	Lubricant
	Straight Cutting Oil
	Vegetable Oil
	Water-Soluble Oil



	Fluid flow (mL/h)
	10
	30
	50



	Pressure (kg/cm2)
	3
	4
	5








Table 2. Milling process information.


	Item
	Description





	Machining Operation
	Slot Milling



	Machine tool
	CNC 3 axis vertical



	Tool
	Φ10 TiAlN coated end mill



	Workpiece
	AISI H13 steel 50HRC hardness



	MQL spray
	MC 1700 of Noga



	Surf-test instrument
	Model SJ–401 of Mitutoyo



	Cutting parameters
	v = 55 m/min, f = 0.02 mm/tooth, d = 0.6 mm



	CAD/CAM software
	Mastercam X








Table 3. Technical information of milling tool.


	Geometrical Parameters
	Description





	Overall length (mm)
	75



	Cutting length (mm)
	25



	Shank diameter (mm)
	10



	Tool diameter (mm)
	10



	Number of flutes
	4



	Helix angle (°)
	35



	Axial rake angle (°)
	12









The milling process of the AISI H13 steel was performed by a Victor V-Center-4 Vertical Machining Center (Victor Taichung Machinery Works Co., Ltd., Taichung, Taiwan). The hardness of the workpiece is 50 HRC. The tool used is a ϕ10 TiAlN coated end mill of the CMTec Company (Tainan, Taiwan). All the tests were conducted under a cutting condition fixed as cutting speed v = 55 m/min, feed rate f = 0.02 mm/tooth and depth of cut d = 0.6 mm. The cutting parameters were selected based on workpiece material, tool material, hardness of workpiece, and the CMTec cutting tool company′s recommendation. The NC code was created for the CNC machine by use of Mastercam X software (Version 10, CNC Software, Inc., Tolland, CT, USA, 2005). The details of the experiment performed with a nozzle position in relief face of the tool as fixed for all experiments is illustrated in Figure 1. This position has high lubrication performance due to the lubricant′s facile penetration of the cutting zone.


Figure 1. Experimental set-up with a fixed position of the minimum quantity lubricant (MQL) nozzle.



[image: Applsci 06 00083 g001 1024]






The surface roughness was measured by use of the SJ-401 surf-test instrument manufactured by the Mitutoyo Corporation (Kawasaki, Japan). This device allows the measurement of Ra (Based on the ISO standard, surface roughness average Ra was calculated as the arithmetic average of the absolute values of roughness profile). The MQL spray attached to the CNC machine is applied by the MC 1700 cooling system manufactured by the Noga Engineering Ltd. (Shlomi, Israel). Each experiment was repeated five times to reduce the possibility for experimental error to occur.




2.2. Results and Discussion


An analysis was carried out to determine the effect of MQL parameters (i.e., fluid flow, pressure, and lubricant) on surface roughness. The statistical analysis was performed by using Minitab software, Version 16, (Minitab, Inc., Philadelphia, PA, USA, 2010). The S/N ratio obtained from Equation (1) and the result of Ra is shown in Table 4. The three factors observed were lubricant, fluid flow, and pressure, respectively. Three levels of each factor were represented by “1”, “2”, and “3”.


Table 4. The surface roughness result and S/N ratio.


	Experiment Number
	Lubricant
	Fluid Flow
	Pressure
	Ra (µm)
	S/N Ratio





	1
	1
	1
	1
	0.332
	9.577



	2
	1
	2
	2
	0.355
	8.995



	3
	1
	3
	3
	0.456
	6.821



	4
	2
	1
	2
	0.351
	9.094



	5
	2
	2
	3
	0.447
	6.994



	6
	2
	3
	1
	0.289
	10.782



	7
	3
	1
	3
	0.376
	8.496



	8
	3
	2
	1
	0.239
	12.432



	9
	3
	3
	2
	0.252
	11.972









The mean of S/N response for surface roughness of each level of parameters is shown in Table 5. Table 5 shows that the third level of lubricant, the third level of fluid flow, and the first level of pressure are ranked highest. Consequently, optimal MQL conditions for the experiment will be (3-3-1). The rank means that pressure is the most influential factor to surface roughness and the second influential factor is the lubricant introduced.


Table 5. Mean of S/N response for surface roughness.


	Level
	Lubricant
	Fluid Flow
	Pressure





	1
	8.464
	9.056
	10.930



	2
	8.957
	9.474
	10.020



	3
	10.967
	9.858
	7.437



	Delta
	2.502
	0.802
	3.494



	Rank
	2
	3
	1









Figure 2 indicated the S/N response graph. From the S/N response analysis, in order to get the best Ra, the optimum MQL parameters were water soluble oil used for the lubricant, 50 mL/h for the flow rate, and 3 kg/cm2 for the pressure. This result in the study is reasonably close to those in the related researches about optimization of MQL conditions to reduce tool wear such as the study of Thakur et al. [13] and the study of Gandhe et al. [14]. Water soluble oil is considered to be the best lubricant available due to the inclusion of its non-flammable, good cooling, low viscosity and adequate wetting qualities. The flow rate of 50 mL/h and the pressure of 3 kg/cm2 are suitable to mix lubricant and compressed air. Under this condition, an appropriate amount of mixture is sprayed into the cutting zone.


Figure 2. The effect of MQL parameters on surface roughness.
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Table 6 shows an analysis of variance for surface roughness. Based on an analysis of variance, pressure and lubricant are considered to be the most significant factors affecting the surface roughness. They contribute 68.127% and 30.189% to the total effect, respectively. The P index of lubricant (0.008) and the P index of pressure (0.004) less than 0.05 indicate that the effect of these factors has statistical significance. With R-Sq = 99.76%, it expresses that 99.76% of the variability in surface roughness is explained by the three given parameters of the MQL process.



Table 6. Analysis of variance for surface roughness.



	
Source

	
Degrees of Freedom

	
Sequential Sums of Squares

	
Adjusted Sums of Squares

	
Adjusted Mean of Squares

	
F

	
P

	
PC%






	
Lubricant

	
2

	
0.0141902

	
0.0141902

	
0.0070951

	
124.96

	
0.008 a

	
30.189




	
Fluid flow

	
2

	
0.0006782

	
0.0006782

	
0.0003391

	
5.97

	
0.143

	
1.443




	
Pressure

	
2

	
0.0320229

	
0.0320229

	
0.0160114

	
282.00

	
0.004 a

	
68.127




	
Error

	
2

	
0.0001136

	
0.0001136

	
0.0000568

	
-

	
-

	
-




	
Total

	
8

	
0.0470049

	
-

	
-

	
-

	
-

	
-




	
S = 0.00753510 R-Sq = 99.76% R-Sq (adj) = 99.03%








a Significant.








Because optimal MQL conditions for the experiment were determined to be (3-3-1) although not present in the experimental process, a verification experiment with optimized MQL parameters was performed to examine the results of the study. The result of the surface roughness of the verification test is 0.211 µm for Ra. This value is less than the surface roughness of the experiment number 8 (3-2-1) that has the smallest value 0.239 shown in Table 4. It proves the result of the study is of value.





3. Optimization of Cutting Parameters under Optimal MQL Condition


3.1. Experimental Procedure


In this part of the research, the air pressure, flow rate, and the lubricant of MQL condition were fixed in all of the experiments. Table 7 shows the MQL conditions as applied in the experiments.


Table 7. The MQL conditions.


	Parameters
	Level





	Fluid flow (mL/h)
	50



	Pressure (kg/cm2)
	3



	Lubricant
	Water-soluble oil









The machining operation was slot milling. The cutting parameters selected for the experiment include cutting speed (v), feed rate (f), depth of cut (d), and workpiece hardness (H). Each parameter has three levels. Taguchi′s L27 orthogonal array was used for designing the experiment. The machining parameters with three levels are shown in Table 8. The range of the cutting factor was selected with consideration of the tool life, cutting productivity and surface roughness. The range of hardness of workpiece was 40 to 50 HRC. This range have been commonly applied in mold and die manufacture.


Table 8. Parameters and levels.


	Parameters
	Level 1
	Level 2
	Level 3





	v (m/min)
	40
	55
	70



	f (mm/tooth)
	0.01
	0.02
	0.03



	d (mm)
	0.2
	0.4
	0.6



	H (HRC)
	40
	45
	50









Each experiment was also repeated five times to reduce the possibility of experimental error occurring. The roughness values (Ra) were determined by an average of five values that were measured at different positions on the machined surface of the workpiece.




3.2. Results and Discussion


Table 9 indicates S/N ratio obtained from Equation (1) and the result of surface roughness (Ra). Three factors were cutting speed (v), feed rate (f), depth-of-cut (d), and workpiece hardness (H), respectively. Three levels of each factor were represented by “1”, “2”, and “3”.


Table 9. The surface roughness result and S/N ratio.


	Experiment Number
	v
	f
	d
	H
	Ra (µm)
	S/N Ratio





	1
	1
	1
	1
	1
	0.151
	16.42046



	2
	1
	1
	2
	2
	0.202
	13.89297



	3
	1
	1
	3
	3
	0.285
	10.9031



	4
	1
	2
	1
	2
	0.181
	14.84643



	5
	1
	2
	2
	3
	0.221
	13.11215



	6
	1
	2
	3
	1
	0.308
	10.22899



	7
	1
	3
	1
	3
	0.251
	12.00653



	8
	1
	3
	2
	1
	0.273
	11.27675



	9
	1
	3
	3
	2
	0.405
	7.8509



	10
	2
	1
	1
	2
	0.142
	16.95423



	11
	2
	1
	2
	3
	0.209
	13.59707



	12
	2
	1
	3
	1
	0.163
	15.75625



	13
	2
	2
	1
	3
	0.239
	12.43204



	14
	2
	2
	2
	1
	0.207
	13.68059



	15
	2
	2
	3
	2
	0.254
	11.90333



	16
	2
	3
	1
	1
	0.229
	12.80329



	17
	2
	3
	2
	2
	0.334
	9.525071



	18
	2
	3
	3
	3
	0.416
	7.618133



	19
	3
	1
	1
	3
	0.107
	19.41232



	20
	3
	1
	2
	1
	0.108
	19.33152



	21
	3
	1
	3
	2
	0.126
	17.99259



	22
	3
	2
	1
	1
	0.164
	15.70312



	23
	3
	2
	2
	2
	0.214
	13.39172



	24
	3
	2
	3
	3
	0.326
	9.735648



	25
	3
	3
	1
	2
	0.25
	12.0412



	26
	3
	3
	2
	3
	0.39
	8.178708



	27
	3
	3
	3
	1
	0.305
	10.314









The analytical results were carried out by Minitab software, Version 16. Table 10 shows the mean of the S/N response for surface roughness of each level of parameters. It shows that the third level of cutting speed, the first level of feed rate, the first level of depth of cut, and the first level of hardness are highest. Therefore, under the MQL condition, optimal cutting conditions for the experiment will be (3-1-1-1). The ranking means that feed rate is the most influential factor to surface roughness and the second most influential factor is the depth-of-cut.


Table 10. Mean of S/N response for surface roughness.


	Level
	v
	f
	d
	H





	1
	12.28
	16.03
	14.74
	13.95



	2
	12.70
	12.78
	12.89
	13.16



	3
	14.01
	10.18
	11.37
	11.89



	Delta
	1.73
	5.85
	3.37
	2.06



	Rank
	4
	1
	2
	3









Figure 3 indicated the S/N response graph for surface roughness. The analytical results of the S/N response express that, in order to get the best Ra, the optimum cutting parameters are 70 m/min for the cutting speed, 0.01 mm/tooth for the feed rate, 0.2 mm in depth of cut, and 40 HRC for workpiece hardness. Generally, a higher cutting speed, lower feed rate, lower depth of cut, and lower workpiece hardness will lead to good surface roughness under an MQL condition. This result is consistent to the conclusions of Ghani et al. [22] although the study of Ghani et al. was conducted in dry conditions.


Figure 3. The effect of cutting parameters on surface roughness.
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An analysis of variance for surface roughness is shown in Table 11. Based on analysis of variance, feed rate and depth-of-cut are the most influential factors regarding surface roughness. They contribute 55.067% and 18.244% to the total effect, respectively. The P index of feed rate (0.000), the P index of depth of cut (0.001), and the P index of workpiece hardness (0.03) less than 0.05 indicate that the effect of these factors has statistical significance.


Table 11. Analysis of variance for surface roughness.


	Source
	Degrees of Freedom
	Sequential Sums of Squares
	Adjusted Sums of Squares
	Adjusted Mean of Squares
	F
	P
	PC%





	v
	2
	14.67
	14.67
	7.335
	3.23
	0.063
	5.225



	f
	2
	154.60
	154.60
	77.301
	34.05
	0.000 a
	55.067



	d
	2
	51.22
	51.22
	25.611
	11.28
	0.001 a
	18.244



	H
	2
	19.39
	19.39
	9.697
	4.27
	0.03 a
	6.907



	Error
	18
	40.86
	40.86
	2.27
	-
	-
	-



	Total
	26
	280.75
	-
	-
	-
	-
	-







a Significant.








Because optimal MQL conditions for the experiment were determined to be (3-1-1-1) although not present in the experimental process, a verification experiment with optimized MQL parameters was performed to examine the results of the study. The result of surface roughness of the verification test is 0.098 µm for Ra. The verification experiment is still conducted under MQL conditions. This value is less than the surface roughness of the experiment number 19 (3-1-1-3) that has the smallest value 0.107 shown in Table 9. It proves that the result of the study is of value.



According to the analytical procedure employed, the linear regression model for prediction of surface roughness under MQL condition is obtained as follows:


Ra-mql = −0.2185 − 0.00106296v + 7.55556f + 0.242778d + 0.00595556H



(2)




where: Ra-mql is surface roughness under MQL conditions. v, f, d, and H are cutting speed, feed rate, depth-of-cut, and workpiece hardness, respectively.



Table 12 shows an analysis of variance for the linear regression model. It identifies that feed rate and depth of cut are the most influential factors related to surface roughness in the linear regression model. The P values (<0.05) feed rate, depth-of-cut, and workpiece hardness mean that the effect of these factors has statistical significance. When the P value of the model is less than 0.05, the linear regression model is considered to be statistically significant. With R-Sq = 85.09%, it expresses that 85.09% of the variability in surface roughness is explained by the factors of cutting conditions.



Table 12. Analysis of variance for the linear regression model.



	
Source

	
Degrees of Freedom

	
Sequential Sums of Squares

	
Adjusted Sums of Squares

	
Adjusted Mean of Squares

	
F

	
P

	
PC%






	
Regression

	
4

	
0.165730

	
0.165730

	
0.041433

	
31.3870

	
0.000 a

	
-




	
v

	
1

	
0.004576

	
0.004576

	
0.004576

	
3.4666

	
0.076

	
2.349




	
f

	
1

	
0.102756

	
0.102756

	
0.102756

	
77.8421

	
0.000 a

	
52.757




	
d

	
1

	
0.042438

	
0.042438

	
0.042438

	
32.1484

	
0.000 a

	
21.789




	
H

	
1

	
0.015961

	
0.015961

	
0.015961

	
12.0911

	
0.002 a

	
8.195




	
Error

	
22

	
0.029041

	
0.029041

	
0.001320

	
-

	
-

	
-




	
Total

	
26

	
0.194771

	
-

	
-

	
-

	
-

	
-




	
S = 0.0363325 R-Sq = 85.09% R-Sq(adj) = 82.38%








a Significant.








The Probability plot of surface roughness under MQL conditions shown in Figure 4 represent that the data points of Ra-mql lay reasonably close to a center straight line. It proves that the terms chosen in model have significant influence on the responses provided.


Figure 4. The probability plot of surface roughness under MQL conditions.
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A series validation experiments were carried out to examine the accuracy of the linear regression model. The validation experiment is different from the initial experiment. The result of validation experiments is shown in the Table 13.



Table 13. The result of validation experiments.



	
Experiment Number

	
v

	
f

	
d

	
H

	
Ra of the Experiment

	
Ra of the Model

	
Percentage Difference




	
(m/min)

	
(mm/Tooth)

	
(mm)

	
(HRC)

	
(µm)

	
(µm)

	
(%)






	
1

	
40

	
0.03

	
0.6

	
50

	
0.428

	
0.409

	
4.6




	
2

	
50

	
0.02

	
0.2

	
40

	
0.152

	
0.166

	
8.4




	
3

	
55

	
0.02

	
0.4

	
45

	
0.226

	
0.239

	
5.4




	
4

	
60

	
0.01

	
0.3

	
45

	
0.145

	
0.134

	
8.2




	
5

	
70

	
0.03

	
0.5

	
50

	
0.383

	
0.352

	
8.8










Comparing the surface roughness of the experiment and surface roughness of the model, the percentage differences are less than 10%. It proved that the accuracy of the model is of value.





4. Conclusions


In this study, the Taguchi method and ANOVA were applied to optimize MQL conditions for surface roughness. The best cutting parameters of hard milling of AISI H13 determined as cutting speed, feed rate, depth of cut, and hardness of workpiece were obtained in order to get improve the surface roughness under MQL conditions′ optimization. A regression model for surface roughness was established. The results of the study are as follows:

	
In MQL conditions, the water-soluble oil lubricant, the 50 mL/h fluid flow and the 3 kg/cm2 pressures provided the best results for surface roughness in hard-milling of SKD 61.



	
Lubricant and pressure are two factors most affecting the surface roughness. The pressure factor contributed 68.127% and the lubricant factor contributed 30.189% of the total effect. The effect of them carried statistical significance. The three parameters of MQL conditions explained 99.76% of variability in surface roughness.



	
Under MQL conditions, the optimum cutting parameters are 70 m/min for the cutting speed, 0.01 mm/tooth for the feed rate, 0.2 mm in depth of cut, and 40 HRC for workpiece hardness. Generally, higher cutting speed, lower feed rate, lower depth of cut, and lower workpiece hardness lead to good surface roughness under the MQL condition.



	
Feed rate and depth of cut are the most influential factors related to surface roughness in the linear regression model. The effect of these factors (i.e., feed rate, depth-of-cut, and workpiece hardness) have statistical significance.



	
The linear regression model is considered to be statistically significant. The four parameters of cutting conditions explained 85.09% of variability in surface roughness.
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