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Abstract

:

Stainless-steel has become a widely preferred material type in the marine, aerospace, sanitary, industrial equipment, and construction industries due to its superior corrosion resistance, high mechanic properties, high strength, formability, and thermal and electrical conductivity. In this study, a multi-objective optimization method based on grey relational analysis was employed to optimize the fiber laser-cutting parameters of cutting speed, focal position, frequency, and duty cycle. Surface roughness and kerf width, which are the two most important parameters that determine laser-cutting quality, were simultaneously optimized. In order to assign the optimum level of each parameter individually, the Taguchi technique was applied. The cutting surface morphology was examined according to the grey relational grade with a 3D optical profilometer, and maps of the cutting surfaces were created. According to the results achieved using Analysis of Variance (ANOVA), it was seen that the parameters that affected surface roughness and kerf width the most were duty cycle, with a contribution rate of 49.01%, and frequency, with a contribution rate of 31.2%. Frequency was the most important parameter in terms of multiple responses, with a contribution rate of 18.55%. Duty cycle and focal position were the second and third most effective parameters, respectively. It was determined that the optimum parameter values for minimum surface roughness and minimum kerf width that could be obtained with the fiber laser cutting of 20 mm thick AISI 304L (DIN EN 1.4301) material were 310 mm/min cutting speed, −11 mm focal position, 105 Hz frequency, and 60% duty cycle.






Keywords:


laser cutting; stainless-steel; parameter optimization; Taguchi; grey relational analysis












1. Introduction


In line with the technological evolution in recent years, developments in laser technology have also been achieved in the industry, and laser-cutting methods have become widely used for cutting metal or non-metallic materials. Laser cutting stands out due to machining quality and cost saving, among other conventional material cutting processes. The main advantages of laser cutting are precision, automation, high speed, reproducibility, high quality, cost effectiveness, and non-contact cutting possibility [1]. Laser cutting is performed by focusing a laser beam on the cutting area of the metal surface. With the heat generated by the focused beam, evaporation occurs in the material, and a hole is formed. Afterwards, the metal is melted by moving the laser beam, and melted material is removed from the part with auxiliary gas [2]. Another important advantage is creating a narrow heat-affected zone with the beam, which can be focused on a very small area, which also minimizes material loss [3].



Nd:YAG, carbon dioxide (CO2), and fiber lasers are commonly used for the laser-cutting process [4]. Before fiber lasers became widespread, CO2 lasers were more advantageous for cutting thick materials, while Nd:YAG lasers were used on thin materials that required precise cutting. However, with its high power, high beam quality and efficiency, operating at wavelengths of 1060–1080 µm, fiber lasers have started to be employed in the industry more than other laser types [5,6]. Thanks to their superior properties, fiber lasers allow a deeper effect to be created, long-focus lenses to be used, less damage to optical lenses to be caused, and long-distance applications to be achieved. Since the produced laser beam is transmitted with a flexible fiber optic cable without any need for a mirror in the cutting head, there is no power loss, and there is no need for an additional cooling system. The energy efficiency of fiber lasers is also quite high. The power required to cut the same thickness of steel material at a given speed is much lower in fiber lasers. A high-power fiber laser cutter is capable of cutting up to five times faster than a conventional CO2 laser cutter and utilizes half the operating costs [7,8]. Additionally, when comparing a 2 kW fiber laser beam with a 4 kW CO2 laser beam, the fiber laser has approximately five times greater power density. In addition, due to its shorter wavelength, fiber lasers have two times greater absorption [9]. In addition, 3 kW fiber lasers can cut 1 mm-thick stainless-steel at around 30 m/min, while a 5 kW CO2 laser-cutting machine can only achieve one-third of that speed [10].



The quality of the laser-cutting process is defined by examining the roughness, geometry, morphology, and metallurgical properties of the cut sample. The desired level of these quality characteristics depends on the process parameters selected in accordance with the material to be cut. Studies have shown that laser power, speed, laser mode, feed rate, focal distance, auxiliary gas type, and pressure are the parameters that affect cutting quality the most [11,12]. It is vitally important to choose the optimum process parameter combination for the purpose of achieving high-quality cutting surfaces at high production rates. The main characteristics of the products after laser-cutting process, i.e., surface roughness, kerf width, hardness, and work piece removal rate, are directly related to these process parameters [13].



Stainless-steel (SS) sheets are important engineering materials used in many applications, such as defense industry, oil industry, machinery parts, automotive, chemical industry, sanitary applications, and equipment for foodstuff. Among the types of stainless-steel, the AISI 304L (DIN EN 1.4301) grade group constitutes approximately 50% of usage [14]. Despite many advantages, stainless-steel materials are not suitable for cutting with oxygen because they contain high levels of chromium in their composition. For this reason, the laser-cutting process has a very important role in the processing of such materials [15]. Many researchers have dealt with cutting parameters, which have a profound effect on the cutting surface quality of a product; research on optimization with the help of different experimental design methods has also been conducted [16,17,18]. Researchers used 10 mm-thick stainless-steel plates to compare the surface quality obtained with fiber lasers and CO2 lasers. Ultimately, fiber lasers gave much better results than CO2 lasers [19]. Fomin et al. stated that fiber lasers were more efficient than CO2 lasers in a N2 auxiliary gas atmosphere for cutting stainless-steel [20]. Li investigated the effect of cutting speed, focal length and laser power parameters on kerf and surface roughness using RSM (Response Surface Methodology) [21]. Li stated that the continuous increase in laser power reduces surface roughness. Further, Jadhav et al. examined the parameters that affected the surface roughness of AISI 304L (DIN EN 1.4301) stainless-steel materials and emphasized that increasing laser power and gas pressure decreased the surface roughness values. It was detected that if the laser-cutting speed increased, the surface roughness value also increased [22].



As a result of the literature search, it was determined that many researchers have carried out studies on optimizing process parameters for the laser cutting of different material types. However, most of the studies have targeted the cutting of relatively thin sheets (≤10 mm) [6,7,23,24]. When cutting thick metal, the accumulation of molten metal on the surface of the material and the accumulation of heat generated during the perforation process cause turbulence in the auxiliary airflow and excessive heat input, resulting in excessive combustion. Additionally, thick-section metal cutting using the high-power fiber laser has been reported to produce a poorer cut quality with more complex striation patterns than are typical in CO2 laser cutting [7]. Therefore, one of the unique aspects of the study is parameter optimization for fiber laser-cutting stainless-steel material with a thickness of 20 mm. Another novel aspect of this study is that it aims to optimize different cutting parameters (frequency, duty cycle). It has been observed that the optimized cutting parameters are generally laser power, focus position, gas pressure, and cutting speed [12,14,15,25]. It is thought that the results obtained in this respect will make an important contribution to the literature. On the other hand, to achieve ideal cutting parameters, simple objective optimizing methods are not sufficient enough, whereas opposing and different objectives have to be optimized altogether. The current study deals with developing a multi-objective optimization design in terms of grey relational analysis (GRA), which aims to optimize the process parameters in fiber laser cutting to observe surface roughness and kerf width together.




2. Experimental Procedure


2.1. Selection of Material


Fiber laser cutting is commonly used for thin-sheet metals under a thickness of 2 mm. Thicker stainless-steel materials are often cut by a Computer Numerical Control (CNC) Router in industrial applications. Thanks to the excellent advantages of fiber laser technology in order to achieve a new approach, we adopted a thick material for our study. Within the scope of this study, we applied a cutting process for a thickness of 20 mm AISI 304L (DIN EN1.4301) quality SS material on a CNC-controlled fiber laser. Mechanical and physical properties and chemical composition of AISI 304L (DIN EN 1.4301) material are presented in Table 1. The properties are received according to EN 10204 3.1 Quality Certificate from Stainless-Steel Manufacturer [26].




2.2. Experimental Setup


The test samples were cut out from a 20 × 1000 × 1000 mm AISI 304L (DIN EN 1.4301) plate, with the dimensions of 20 × 50 × 50 mm. A NUKON brand VENTO LINEAR 315 8000W bench (NUKON Inc., Bursa, Turkey) with maximum acceleration of 30 m/s2 was used as a laser-cutting bench. During the cutting, a 200 mm focus lens, a Ø5 mm nozzle, and a continuous mode (CW) laser beam were used. In all experiments, N2 gas was used with a constant pressure of 12 bar as an auxiliary gas. As a result of the preliminary trials, cutting process parameter levels were determined, as were the ranges of the parameters selected (Table 2).



After cutting, the arithmetic average of roughness profile (Ra) values was recorded on the cut surfaces of the samples with a Mitutoyo SJ-301 measuring device (Mitutoyo, Kanagawa, Japan). The Ra value was received by y-coordinates arithmetic average absolute values corresponding to the surface roughness profile. Ra also defines the arithmetic average deviation of the y-coordinates of the surface roughness from the centerline. The kerf widths on the upper surfaces of the cut pieces were measured with Mitutoyo PJ-A3005D-50 (Mitutoyo, Kanagawa, Japan) model profile projector device. Measurements were taken from three different points, which were determined at equal intervals, on each sample. The average of these three measurements was recorded as the kerf width of that sample. This process was repeated for each sample. In order to examine the cutting surface morphologies depending on the laser parameters, 3D topological maps of the cutting surfaces were created by using an optical profilometer (Phase View, Le Buisson, France).




2.3. Grey Relational Analysis with the Taguchi Method


Taguchi is one of the most prevalent Design of Experiment (DOE) Analysis Methods that provides a simple and important technique for optimizing the process parameters of different numerical and experimental research [27,28,29]. The Taguchi method uses orthogonal arrays (OA). To properly establish the OA, the total degree of freedom (DOF) has to be defined at the beginning step. The degree of freedom (DOF) of each process parameter is achieved by subtracting one from the design variable values. In this present study, since there are four factors with four levels (speed, focal position, frequency and duty cycle), the DOF of the chosen orthogonal arrays (OA) was selected as L16, which should be higher than the total DOF (Table 3).



To establish the parameters’ effects on responses, signal-to-noise ratios (S/N) were applied as sensitivity indicators of the desired features of the factors in the Taguchi method. Performance of (S/N) ratios can be evaluated in three categories: larger is better, smaller is better, and nominal is the best. In this study, surface roughness (SR) and kerf width (KW) minimization are the objective functions; moreover, the smaller S/N ratios selected were better, where yi defines the response data from the experiment of the ith parameter and n defines the number of experiments (Equation (1)).


   S N  = − 10 l o g    1 n    ∑   i = 1  n   y i    2     



(1)







Analysis of variance (ANOVA) is a statistical method that is commonly used to assign a participation ratio, as well as ordering parameters by results of the analysis. In this study, the influences of each process of variable parameters on responses (surface roughness and kerf width) are described by ANOVA. The significant value of statistical analysis is equal to a 95% safety level using this method. Not only was the Taguchi method used to define variable parameters in multi-responses, but so too was the GRA method, which was also used to efficiently define the complicated relation of multiple responses. Using this methodology, the first of all the performances of responses was changed into a comparability sequence; additionally, the grey relational coefficient (GRC) between all comparable and ideal target sequences was estimated. However, using the grey relational coefficient, the reference sequence and every comparable sequence can be received. An optimum response can be achieved if a comparability sequence is transferred to a response with the highest grey relational grade (GRG) computed between a reference sequence and a comparable sequence.



In this study, the data used in GRA were normalized. Due to the desired smaller roughness and kerf width, Equation (2) was used for normalization. In this equation, minxi0(k) represents the minimum value of xi0(k), maxxi0(k) represents maximum xi0(k), and yi(k) represents the normalized value. x0 also represents the best optimized value.


   y i   k  =   m a x  x i 0   k  −  x i 0   k    m a x  x i 0   k  − m i n  x i 0   k     



(2)







After normalization, the grey relational coefficient (GRC) is defined with Equations (3) and (4) to discover the relation between the real and ideal sequences. The weight factor determinations for each response are crucial in the GRA method. However, the effect of surface roughness and kerf width on the quality of the cutting surface is greater than other quality characteristics. Therefore, the weights of the responses should not be chosen without a reasonable quantitative basis to increase or decrease its importance. In most of the studies, the weights of the responses are generally determined to be equal [30,31,32,33,34,35]. ξ represents the coefficient of identification as 0…1, and is usually accepted as 0.5. Δmax represents the maximum and Δmin represents the minimum value of Δ0i. y0(k) represents the comparable sequence and yi(k) represents the reference sequence. Δ0i also states the difference between y0(k) and yi(k).


   γ i   k  =   Δ m i n + ξ Δ m a x    Δ  0 i    k  + ξ Δ m a x    



(3)






   Δ  0 i    k  = ‖  y 0   k  −  y i   k  ‖  



(4)







In the last step, the grey relational grade (GRG) is obtained with the help of a normalized weight factor. The grey relational grade represents the correlation level between the comparable sequences and reference sequences. The best optimum level of cutting process parameters is defined by the highest grey relational grade.


  G R G =   ∑   k = 1  n   ω k   γ i   k   



(5)







   ω k    indicates each response’s normalized weight factor when     ∑   k = 1  n   ω k  = 1  .





3. Results and Discussion


In this research, the Taguchi method was first applied to establish the effect of cutting process parameters for every response individually. Experimental data for surface roughness and kerf width were achieved by an L16 orthogonal array, which was utilized to create a combination of cutting process parameters. S/N ratios and the responses are illustrated in Table 3. The gap between max and min S/N ratios shows each factor’s effect on the response; furthermore, each cutting process parameter on the responses is illustrated in Figure 1 and Figure 2.



The analysis of variance (ANOVA) method was applied to discover the factor effect ratios of every cutting process parameter on kerf width and surface roughness (Table 4). As shown in the ANOVA results, DC and F were the most important process parameters on SR and KW, respectively. According to results achieved by ANOVA, the order of importance for SR is DC > CS > FP > F; for KW, it is listed as F > CS > FP > DC. According to the results achieved by ANOVA, the most effective process parameter on KW was frequency, with a ratio of 31.2%. DC was found to be the most important process parameter on SR, with a ratio of 49.01%. If the results are evaluated, it can be easily seen that inclinations achieved by ANOVA and Taguchi methods are the exact same for every response. According to the S/N ratios, the optimum process parameters for minimum surface roughness were determined as a cutting speed of 310 mm/min, a focal position of −11 mm, a frequency of 105 Hz, and a duty cycle of 50%. Additionally, the optimum process parameters for kerf width were determined as cutting a speed of 250 mm/min, a focal position of −12 mm, a frequency of 85 Hz, and a duty cycle of 70%. These results are also seen in Figure 1 and Figure 2. Based on these results, the minimum surface roughness was obtained at the lowest duty cycle (50%), and minimum kerf width was obtained a 85 Hz frequency.



Results of the Taguchi and ANOVA analyses show that, to obtain minimum SR and minimum KW, four different process parameter combinations need to be found. However, cutting quality combines these parameters together. Thus, it is very important to use GRA to optimize surface roughness and kerf width together by simplifying this process with a single function. The GRC of surface roughness (GRCSR) and kerf width (GRCKW) was computed by using Equations (3) and (4), shown in Table 5.



In this study, with the help of the detected GRG values, the response graphs were generated for each factor level. The largest GRG value was achieved by the combination of CS4, FP1, F4, and DC1, as illustrated in Figure 3. Thus, the fifth experiment (CS4FP1F4DC1) with a CS of 310 mm/min, an FP of −11 mm, an F of 105 Hz, and a DC of 50% are the optimum parameter combinations of the laser-cutting operation.



The ANOVA analyzing method was applied to calculate the participation of every parameter on multiple responses. In Table 6, the parameter of frequency (F) is the most important variable on the multiple responses, with an effect of 18.55%. The duty cycle (DC) and focal position (FP) are the second (2nd) and third (3rd) most important process parameters, respectively. Finally, we can clearly emphasize that the results achieved from ANOVA and GRG affirm each other.



According to GRG values, the cutting surface morphology was examined carefully. Additionally, the maps of surfaces obtained after cutting process were created by a 3D optical profilometer for the samples with the highest, lowest, and average GRG values to comply with their GRG values. Topological maps of surfaces obtained after the cutting process are illustrated in Figure 4. The regions where the height is zero in the images are expressed with colors in yellow tones. The positive height increases with the red color and the negative depth with the green color.



The numerical values obtained from optical profilometer were used to define average surface roughness values. Measurements and tests were assessed according to ISO 25 and ISO 178 declaration standards [36]. Arithmetic mean height (Sa) represents the absolute height from the mean plane. Sa is calculated according to Equation (6). [37]. “A” represents Unit Area, “Z” represents Height, and “x” and “y” represent the measurement coordinates.


   S a  =  1 A    ∬  A     |  Z  (  x , y  )     |    d x   d y  



(6)







When the results obtained were examined, the Sa value of the sample with the highest GRG value was also the lowest, which was 0.531 µm. When the surface topography was examined, a smoother topography was obtained compared to the other samples. The Sa value of the sample with the average GRG value was measured as 0.622 µm. The Sa value of the sample with the lowest GRG value was determined as 0.961 µm. The red color intensity in the surface topography of the sample with the average GRG value is due to the measurement scale. As an example of the cut samples, the surface images of the samples with the highest, lowest, and average GRG values are given in Figure 5.




4. Conclusions


The aim of this present research was to establish the optimum process parameters (cutting speed, focal position, frequency and duty cycle) in cutting 20 mm-thick AISI304L (DIN EN 1.4301) quality stainless-steel material on a fiber laser bench. Within the scope of this study, experiments were performed according to the experimental table created using Taguchi experimental design method, and the surface roughness values and kerf widths were measured. With the help of the Taguchi method, the optimal parameter combination results obtained for the minimum surface roughness (SR) and minimum kerf width (KW) were CS4FP1F4DC1 and CS1FP3F3DC3, respectively. Additionally, according to results achieved by ANOVA, the order of importance for surface roughness was DC > CS > FP > F; for KW, it was listed as F > CS > FP > DC.



Furthermore, considering both the surface roughness and kerf width, the values of contribution ratios on the multiple response functions and optimum cutting process parameter level combinations were achieved by the GRA method. When all cases are examined, Experiment 13 (CS4FP1F4DC1) demonstrates the maximum multiple performance characteristics. The highest GRG value was shown with this combination; moreover, the surface roughness (SR) and kerf width (KW) values were detected as 8.31 µm and 0.33 mm, respectively.



The ANOVA method of analysis was applied to calculate the participation of every parameter on multiple responses. The parameter of frequency (F) is the most important variable on the multiple responses, with an effect of 18.55%. The duty cycle (DC) and focal position (FP) were the second and third most effective parameters, respectively. Additionally, according to results achieved by ANOVA, the most effective process parameter on kerf width was frequency, with the ratio of 31.2%. Duty cycle was found to be the most effective parameter on surface roughness, with an effect ratio of 49.01%. Furthermore, the Sa values of the samples with the highest, average, and lowest GRG values were 0.531 µm, 0.622 µm, and 0.961 µm, respectively. It has been determined that the optimum parameters for minimum surface roughness and minimum kerf width for fiber laser cutting of 20 mm-thick AISI 304L (DIN EN 1.4301) material were 310 mm/min for cutting speed, −11 mm for focal position, 105 Hz for frequency, and 60% for duty cycle.



Further Research Recommendations


In order to observe the effects of parameters’ interactions (cutting speed × focal position, cutting speed × frequency, cutting speed × duty cycle, frequency × duty cycle, focal position × duty cycle, focal position × frequency), the effects can be evaluated in several different experiments with changing values by extra thicker and thinner samples. Further studies of these samples might provide other useful information regarding cutting with different parameters.
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Figure 1. S/N ratios plot effects for the responses of surface roughness. 
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Figure 2. S/N ratios plot effects for the responses of kerf width. 
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Figure 3. Grey relational grade graph of factors. 
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Figure 4. Surface topographies: (a) Sample 13, (b) Sample 15, and (c) Sample 6. 
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Figure 5. Surface views: (a) Sample 13, (b) Sample 15, and (c) Sample 6. 
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Table 1. Properties of Stainless-Steel AISI 304L (DIN EN 1.4301) Material.






Table 1. Properties of Stainless-Steel AISI 304L (DIN EN 1.4301) Material.





	
Chemical

Composition

	
C (%) = 0.020

	
Mn (%) = 1.30

	
Si (%) = 0.44

	
P (%) = 0.036




	
S (%) = 0.0021

	
Cr (%) = 18.36

	
Ni (%) = 8.05

	
Mo (%) = 0.164




	
Al (%) = 0.0038

	
Co (%) = 0.179

	
Cu (%) = 0.2591

	
N (ppm) = 475




	
Mechanical

properties

	
Hardness

89.33 HRB

	
Yield Strength (0.2%)

407 MPa

	
Tensile Strength

674 MPa

	
Modulus of Elasticity

200 kN/mm2




	
Physical

properties

	
Density

7.9 g/cm3

	
Specific Heat Capacity

500 J/kg K

	
Thermal conductivity

15 W/m K

	
Electrical resistivity

0.73 Ω mm2/m











[image: Table] 





Table 2. Fiber laser-cutting-process parameters and their levels.
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	Parameters
	Units
	Symbols
	Level I
	Level II
	Level III
	Level IV





	Cutting Speed
	mm/min
	CS
	250
	270
	290
	310



	Focal Position
	mm
	FP
	−11
	−12
	−13
	−14



	Frequency
	Hz
	F
	45
	65
	85
	105



	Duty Cycle
	%
	DC
	50
	60
	70
	80
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Table 3. Results of Experiment with Design Parameters and Responses and S/N Ratios.
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Exp.

No.

	
Parameters

	
Responses

	
S/N Ratios




	
CS (mm/min)

	
FP (mm)

	
F (Hz)

	
DC (%)

	
SR (µm)

	
KW (mm)

	
SR (µm)

	
KW (mm)






	
1

	
250

	
−11

	
45

	
50

	
11.20

	
0.38

	
−20.987

	
8.404




	
2

	
250

	
−12

	
65

	
60

	
13.55

	
0.33

	
−22.637

	
9.629




	
3

	
250

	
−13

	
85

	
70

	
14.53

	
0.15

	
−23.245

	
16.47




	
4

	
250

	
−14

	
105

	
80

	
14.09

	
0.30

	
−22.976

	
10.45




	
5

	
270

	
−11

	
65

	
70

	
11.78

	
0.35

	
−21.424

	
9.118




	
6

	
270

	
−12

	
45

	
80

	
12.97

	
0.33

	
−22.261

	
9.762




	
7

	
270

	
−13

	
105

	
50

	
9.80

	
0.33

	
−19.825

	
9.762




	
8

	
270

	
−14

	
85

	
60

	
11.15

	
0.38

	
−20.945

	
8.519




	
9

	
290

	
−11

	
85

	
80

	
13.16

	
0.33

	
−22.386

	
9.762




	
10

	
290

	
−12

	
105

	
70

	
12.82

	
0.42

	
−22.157

	
7.432




	
11

	
290

	
−13

	
45

	
60

	
13.26

	
0.35

	
−22.450

	
9.118




	
12

	
290

	
−14

	
65

	
50

	
9.13

	
0.48

	
−19.211

	
6.466




	
13

	
310

	
−11

	
105

	
60

	
8.31

	
0.33

	
−18.387

	
9.762




	
14

	
310

	
−12

	
85

	
50

	
11.22

	
0.32

	
−20.998

	
9.762




	
15

	
310

	
−13

	
65

	
80

	
13.82

	
0.45

	
−22.808

	
6.935




	
16

	
310

	
−14

	
45

	
70

	
12.79

	
0.38

	
−22.138

	
8.519
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Table 4. Contribution ratios and ANOVA results on surface roughness and kerf width.
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Surface Roughness






	

	
DoF

	
Adj SS

	
Adj MS

	
F-Value

	
p-Value

	
Contr. (%)




	
CS

	
3

	
9.271

	
3.090

	
2.19

	
0.268

	
18.46




	
FP

	
3

	
7.705

	
2.568

	
1.82

	
0.317

	
15.34




	
F

	
3

	
4.396

	
1.465

	
1.04

	
0.488

	
8.75




	
DC

	
3

	
24.609

	
8.203

	
5.82

	
0.091

	
49.01




	
Error

	
3

	
4.231

	
1.410

	

	

	
8.43




	

	
Kerf Width




	

	
DoF

	
Adj SS

	
Adj MS

	
F-Value

	
p-Value

	
Contr. (%)




	
CS

	
3

	
0.0236

	
0.0078

	
1.24

	
0.432

	
29.1




	
FP

	
3

	
0.0079

	
0.0026

	
0.42

	
0.755

	
9.74




	
F

	
3

	
0.0253

	
0.0078

	
1.24

	
0.433

	
31.2




	
DC

	
3

	
0.0053

	
0.0017

	
0.28

	
0.838

	
6.54




	
Error

	
3

	
0.0190

	
0.0063

	

	

	
23.43
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Table 5. Grey relational analysis results.






Table 5. Grey relational analysis results.





	Exp. No.
	GRCSR
	GRCKW
	GRG
	RANK





	1
	0.518
	0.414
	0.466
	7



	2
	0.373
	0.474
	0.423
	12



	3
	0.333
	1.000
	0.667
	2



	4
	0.350
	0.520
	0.435
	11



	5
	0.472
	0.448
	0.460
	8



	6
	0.400
	0.481
	0.441
	9



	7
	0.676
	0.481
	0.579
	3



	8
	0.523
	0.419
	0.471
	6



	9
	0.391
	0.481
	0.436
	10



	10
	0.408
	0.371
	0.390
	15



	11
	0.386
	0.448
	0.417
	13



	12
	0.791
	0.333
	0.562
	4



	13
	1.000
	0.481
	0.742
	1



	14
	0.517
	0.481
	0.499
	5



	15
	0.361
	0.351
	0.356
	16



	16
	0.410
	0.419
	0.415
	14
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Table 6. Grey Relational Grade (GRG) results by ANOVA.
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	Parameters
	DOF
	Adj SS
	Adj MS
	F-Value
	p-Value
	Contr. (%)





	CS
	3
	0.00651
	0.00217
	0.08
	0.965
	4.05



	FP
	3
	0.01781
	0.00593
	0.23
	0.872
	11.08



	F
	3
	0.02983
	0.00994
	0.38
	0.775
	18.55



	DC
	3
	0.02861
	0.00953
	0.37
	0.784
	17.79



	Residual error
	3
	0.07802
	0.026008
	
	
	48.53



	Total
	15
	0.16078
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