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Abstract


In the present experiment, the abrasive water jet machining parameters, such as water pressure, standoff distance, and traverse speed, are selected to study the effect of each parameter on the kerf taper angle and surface roughness during the machining of glass, jute, and carbon hybrid composite. The other machining parameters are kept constant. For each parameter, three levels are fixed on the basis of previous literature reviews. The Response Surface Methodology is used to design the required number of experiments and to optimize the machining parameters to obtain the minimum kerf taper angle and surface roughness. The levels selected for water pressure are 150, 220, and 250 MPa; traverse speeds are 20, 40, and 60 mm/min; and, similarly, stand-off distances are 2, 5, and 8 mm. Experimental results confirm that the parameter inversely affects both kerf angle and surface roughness. On the other hand, parameters traverse speed and stand-off distance, directly affecting both outputs. According to RSM optimization, to obtain the minimum kerf taper angle and surface roughness, we should fix the pressure at a higher level and other parameters at a lower level. For the considered range, the obtained minimum kerf angle and roughness values are 1.4982 radians and 2.0920 μm.
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1. Introduction


The rapid advancement in materials science and manufacturing has fostered the development and application of hybrid fiber-reinforced polymer (FRP) composites have gained significant attention across diverse sectors such as aerospace, automotive, defense, and biomedical industries owing to their exceptional specific strength, high stiffness-to-weight ratio, excellent corrosion resistance, and design flexibility [1,2,3]. These advanced materials integrate multiple types of reinforcing fibers such as glass, aramid, jute, and carbon to synergistically combine their individual advantages and overcome the limitations of single-fiber composites. in a single matrix to achieve a balance of mechanical, thermal, and environmental properties that are difficult to realize with single-fiber systems [4,5,6]. However, machining hybrid composites poses challenges due to their non-homogeneous and anisotropic structure, which can lead to defects such as delamination, fiber pull-out, matrix burning, and poor dimensional accuracy during conventional machining processes [7,8,9]. To address these issues, Abrasive Water Jet Machining (AWJM) has emerged as a promising non-traditional machining technique. AWJM uses a high-pressure jet of water mixed with abrasive particles to cut through composite materials without causing thermal damage, residual stress, or tool wear [10,11,12].



Key quality indicators in AWJM include kerf taper angle (KT) and surface roughness (Ra), both of which significantly affect the dimensional accuracy and surface integrity of machined components [13,14]. Kerf taper is the angular deviation between the top and bottom of the cut, with a smaller value indicating higher cut quality [15]. Surface roughness represents the texture of the cut surface and plays a critical role in determining post-processing requirements and mechanical performance [16]. Several studies have highlighted the critical influence of process parameters—water pressure (P), stand-off distance (SOD), traverse speed (TS), and abrasive flow rate (AFR)—on AWJM outcomes. High water pressure enhances cutting efficiency by increasing the velocity of abrasive particles, resulting in a reduced kerf taper and improved surface finish [17,18]. Conversely, increased stand-off distance tends to decrease jet energy concentration at the target, increasing kerf taper and surface roughness [19,20]. Traverse speed affects the time of jet interaction with the material: higher speeds may result in insufficient material erosion, leading to poor cut quality [21,22].



To optimize the AWJM process and minimize kerf taper and surface roughness, advanced statistical and soft computing techniques such as Response Surface Methodology (RSM), Taguchi method, Genetic Algorithms (GA), and Artificial Neural Networks (ANN) have been widely used [23,24]. Among these, RSM is particularly effective due to its ability to model nonlinear relationships and predict optimal parameter combinations with fewer experimental trials [25,26]. Recent investigations have applied RSM to optimize AWJM for various composites. Ramesh et al. [27,28] studied hybrid natural fiber composites and found that higher pressure with low SOD yields optimal kerf quality. Bhattacharya et al. [29] examined CFRP composites and optimized parameters to reduce kerf irregularity. Another study by Uthayakumar et al. [30] confirmed that pressure and abrasive flow rate were the most significant factors affecting Ra and KT in epoxy-glass composites. In light of these developments, this study investigates the AWJM of a glass–aramid–jute reinforced epoxy composite, focusing on the optimization of kerf taper angle and surface roughness using RSM. The primary objective is to model and identify the best combination of water pressure, stand-off distance, and traverse speed that yields the minimum kerf taper and surface roughness, ensuring optimal machining quality for hybrid composites.



Although several studies have investigated AWJM of composites such as GFRP, CFRP, and natural fiber-reinforced polymers, most have concentrated on single-fiber systems or traditional FRPs, typically analyzing parameters such as water pressure in the range of 150–350 MPa, traverse speed between 20 and 200 mm/min, 1–10 mm of stand-off distance, and abrasive flow rate of 0.2–0.4 kg/min, with the aim of improving either kerf quality or surface finish. While these works provide useful insights, they often neglect the complex behavior of hybrid composites where multiple fibers of different mechanical and physical properties are combined in a single matrix. The heterogeneous and anisotropic nature of such hybrid composites presents unique machining challenges that remain underexplored. The present study aims to bridge this research gap by investigating the machinability of glass–aramid–jute reinforced epoxy hybrid composites under varying process conditions. Specifically, the combined influence of water jet pressure, traverse speed, and stand-off distance on kerf taper angle and surface roughness is systematically analyzed. Furthermore, Response Surface Methodology (RSM) is employed to assess both the individual and interactive effects of these machining parameters and to optimize them concurrently for minimizing kerf taper and surface roughness. The findings of this study advance the current understanding of hybrid composite machining, providing valuable insights and practical guidelines for achieving superior dimensional accuracy and surface integrity in industrial applications involving advanced fiber-reinforced composites.




2. Methodology


2.1. Preparation of Hybrid Composite Specimen


The composite material was fabricated using the hand layup method, a conventional but highly effective technique for producing fiber-reinforced composites in controlled laboratory settings. The matrix used for the composite was Epoxy LY 556, procured from Huntsman Polymers, Mumbai, India. The corresponding hardener employed was HY 951. The reinforcement materials, including glass, aramid, and jute fibers with a fiber diameter of around 10–20 µm, were selected for their complementary mechanical and physical properties.



To begin the layup process, fiber mats were cut into appropriately sized layers. A releasing agent was applied to the steel mold plates to prevent the composite from bonding to the mold during curing. The stacking sequence was critical and followed a specific order: two layers of glass fiber, followed by two layers of aramid fiber, and finally two layers of jute fiber. The matrix and fibers were mixed in a weight ratio of 60:40, where epoxy accounted for 60% and the fiber reinforcements 40%. Each layer of fiber was impregnated with resin before being stacked [16]. The stacked assembly was covered with polythene sheets and compressed using a hydraulic hot press machine to eliminate voids and ensure uniform resin distribution. Curing was allowed for 48 h under pressure to achieve full cross-linking of the matrix.



After curing, the composite panel was trimmed along its edges to achieve uniformity and was sectioned into test specimens suitable for AWJM. The schematic representation of the hand layup method is illustrated in Figure 1. This figure shows the steps involved in creating the hybrid composite. Fiber mat cutting, epoxy and hardener mixing, glass, aramid, and jute layer stacking, releasing agent application, hydraulic press compression, and final curing are all demonstrated. It explains how void-free laminates and consistent resin distribution were accomplished prior to machining.




2.2. Abrasive Water Jet Machining


The samples were firmly fastened to a piece of cardboard using double-sided tape. The cutting procedure was executed utilizing a 5-axis water jet cutting machine (Omax Corp., Kent, WA, USA; model no. MAXIEM1515). The setup for machining is depicted in Figure 2. The Omax MAXIEM1515 five-axis cutting system is shown in this picture. It draws attention to the specimen fixture, focusing nozzle, mixing chamber where garnet abrasive is entrained, and high-pressure pump. This image demonstrates that the standoff distance was carefully managed and that the nozzle orientation was normal (90°) to the workpiece. Three input parameters were varied: standoff distance (SOD), traverse speed (TS), and Water pressure (P). For each of these parameters, three levels of adjustment were determined and mentioned in the later paragraphs.



To ensure precise machining results, the equipment configuration underwent thorough testing across several critical parameters before commencing the machining operation, despite the machine itself being subject to routine inspections and maintained in optimal condition. Evaluation procedures verified that both the nozzle and orifice remained free from any signs of wear or damage. Precision cutting required meticulous measurement and fine-tuning of the abrasive flow rate. Water pressure levels were assessed and calibrated as needed. The traverse speed for each operational stage was determined and adjusted to meet the specific requirements of the process. Special care was taken to verify and set accurate standoff distance parameters. The ratios for abrasive mixing were systematically monitored and modified to ensure effective blending with the water stream. Cutting depth was precisely calibrated and adapted to correspond with the characteristics of the test specimen. Upon confirmation and adjustment of all relevant parameters, preliminary tests were conducted to confirm the accuracy and quality of the machining on the specimen.



In this experiment, Abrasive Water Jet Machining (AWJM) was performed using almandine garnet as the abrasive medium. Almandine garnet, a commonly used and cost-effective abrasive, is valued for its angular particle morphology, high hardness, and sharp cutting edges. It belongs to the silicate mineral group and occurs in a wide range of colors, including red, orange, yellow, green, purple, brown, blue, black, pink, and colorless varieties. Among these, almandine is particularly preferred for industrial applications due to its characteristic deep red to reddish-brown hue and superior mechanical robustness. It is naturally found in certain igneous formations and metamorphic rocks such as gneiss and schist, as well as in placer deposits formed through sedimentary concentration of weathered minerals. Owing to its high hardness (7.5–8.0 on the Mohs scale) and stable chemical nature, almandine garnet demonstrates excellent cutting efficiency across a variety of materials, including metals, ceramics, and polymer composites. The abrasive is commercially available in different mesh sizes, typically ranging from fine (230 mesh) to coarse (50 mesh). In the present study, 80-mesh garnet was employed, as it is widely regarded as the optimal grade for achieving a balance between cutting efficiency and surface finish in water jet machining. Additionally, unlike certain synthetic abrasives, garnet is non-toxic and environmentally benign, thereby minimizing health and ecological risks. The machining trials were conducted at a constant water jet pressure of 200 MPa, with the jet impinging perpendicularly at a 90° angle to the specimen surface.




2.3. Selection of Machining Parameters and Their Levels


Water pressure (P), Standoff distance (SOD), and traverse speed (TS) are the selected input parameters. Table 1 shows the selected parameters with their levels. The selection was made based on the literature review [21].




2.4. Measurement of Kerf Taper Angle and Surface Roughness


The kerf taper angle (θ°) was determined by measuring the top and bottom kerf widths and substituting these values into Equation (1) [1,16], where θ° denotes the kerf taper angle, Tw represents the top kerf width, Bw corresponds to the bottom kerf width, and t signifies the material thickness. The top and bottom kerf widths were precisely measured using a reflected light industrial microscope (OLYMPUS BX51M) integrated with the Olympus Stream Essentials image analysis software. Measurements were recorded at three distinct locations along each cut to ensure accuracy and repeatability. The kerf taper angle was subsequently computed, and the mean value was considered for analysis. The schematic representation of the kerf angle measurement at the top and bottom positions is shown in Figure 3A,B


  K T =     tan   − 1          T w − B w   2 t         



(1)




where: Tw and Bw = top and bottom kerf width, t = material thickness.



Surface roughness was measured using the Taylor Hobson Surtronic surface instrument at 3 different regions. The final Ra values were determined by averaging two readings taken at various locations.




2.5. Design of Experiments (DOE)


To systematically investigate the influence of machining parameters on kerf taper angle and surface roughness, a structured design of experiments (DOE) approach was adopted. DOE ensures efficient experimentation with reduced trials while maintaining statistical reliability. In this study, both the Taguchi method and Response Surface Methodology (RSM) were considered to evaluate and optimize the process parameters. Response Surface Methodology (RSM) with Box–Behnken Design was adopted to obtain a more detailed model and capture the interactive effects of parameters. Among various RSM designs, the Box–Behnken design (BBD) was selected due to its efficiency and suitability for three-factor studies, avoiding extreme corner points that could lead to experimental infeasibility or damage to specimens. The three selected input parameters and their levels are listed in Table 2.





3. Results and Discussion


Results obtained from the experimentation are summarized in Table 2.



3.1. Analysis of Kerf Taper Angle (KT)


3.1.1. Regression Equation for Kerf Angle


The regression equation for kerf taper angle is shown in Equation (2). This equation reveals that the parameter P has a negative effect on the kerf angle. Additionally, it confirms that as the pressure increases, the kerf angle decreases. The two other parameters positively impacting the kerf taper angle are the SOD and TS. It also confirms that the combined effect of all parameters is having a positive impact.


KA = 1.6033 − 0.000513 P + 0.01112 SOD + 0.00019 TS + 0.000066 P × SOD + 0.000001 P × TS

+ 0.000064 SOD × TS



(2)







The residual plot, which shows the difference between an observed value and the value predicted by the regression model for the present experimentation, is presented in Figure 4. The normal probability plot exhibits the normal distribution of the collected data by showing the values scattered close to the normal distribution line. Hence, the collected data can be utilized for further analysis. Other graphs also show the proper distribution of the data and confirm the proper data collection method.



Figure 5 displays the main effect plot for the KT. The data confirms that the parameter SOD has a highly significant effect on SURFACE ROUGHNESS. The next most influential parameter is TS, while the least impactful parameter is P. Therefore, it is advisable to avoid varying the levels of the SOD parameter compared to the other two parameters, as even a small change in SOD can lead to a substantial variation in SURFACE ROUGHNESS.




3.1.2. ANOVA for Kerf Angle (KT)


The ANOVA table for KT is presented in the Table 3. The p-value indicates that the parameters SOD and TS significantly affect SURFACE ROUGHNESS. Among these, SOD has a greater significance. In contrast, the parameter P does not have a significant effect on kerf taper. When considering combined effects, the interaction between P and SOD has a greater impact on the output parameter.



The Pareto chart for the top kerf is shown in Figure 6. It demonstrates that the parameter SOD has the most significant influence on the width of the top kerf. Additionally, the combined effect of SOD and pressure also plays a substantial role in affecting the output. This observation is further supported by the data presented in the ANOVA table.



Figure 7 demonstrates contour plots for the KT. Contour plots use contour lines to represent three-dimensional data in two dimensions. In this case, the plot illustrates the relationship between the output parameter and the variation in two other parameters while keeping a third parameter constant. By examining the areas of lower values on the graph and selecting appropriate levels for the parameters, we can identify the optimal combination to achieve the minimum kerf taper angle. According to the plots, to minimize the kerf taper angle, the parameters TS and SOD should be set to lower levels, while the parameter P should be maintained at a higher level within the specified range.




3.1.3. Effect of Process Parameters on the Kerf Taper Angle


From the experimental results, it is observed that as the water pressure increases, the kerf taper angle decreases, which matches the findings of previous literature [31]. The reason behind this is that as the water pressure increases, the kinetic energy of the abrasive particles increases, which enhances their cutting ability and results in a narrower cutting kerf angle. Hence, to maintain a sufficient cutting force, we need to maintain a higher water pressure. From the result, it is also observed that the parameter stand of distance is directly proportional to the kerf angle, which is because, as the stand-off distance increases, when the nozzle is away from the work piece, the abrasive water jet spreads out more before striking the surface and this phenomenon causes the jet to lose its focus and energy which leads to the wider kerf angle [32]. The next parameter is traverse speed; it is noticed that, as the traverse speed increases, the kerf angle increases. This is because, when the jet moves with a faster rate over the work piece, it spends little time on cutting over a point, which minimizes the cutting ability of the jet to fully penetrate into the work piece with a uniform rate. Hence, the top of the cut becomes wider than the bottom cut, which leads to a wider taper angle [31].



The RSM optimization method is utilized to optimize the levels of process parameters to achieve a lower value of kerf angle. The optimization plot is presented in Figure 8. The optimal levels are highlighted in red. By assigning these levels to each independent parameter, the process can be optimized to minimize the kerf angle. For the present experimentation, the optimal level for parameter P is level 3 (250 MPa). The optimal level for SOD is also level 1 (2 mm), and the optimal level for TS is level 1 (20 mm/min).





3.2. Analysis of Surface Roughness


3.2.1. Regression Equation for Surface Roughness


The regression equation for machined surface roughness (Ra) is as presented in equation 3. The equation demonstrates that the parameters P and SOD have a negative effect on the surface roughness. Additionally, it confirms that when the traverse speed increases, the surface roughness will increase. The other two options have a beneficial effect on the bottom kerf width.


Ra = 3.21 − 0.0071 P − 0.096 SOD + 0.0145 TS + 0.00122 P * SOD + 0.000009 P * TS − 0.00225 SOD * TS



(3)







The discrepancy between the observed values and those predicted by the regression model in this experiment is shown by the residual plot, which is shown in Figure 9. With values tightly clustering around the normal distribution line, the normal probability plot, on the other hand, shows that the data collected has a normal distribution. This suggests that the information is appropriate for further examination. Other graphs in Figure 9. The figure also demonstrate the appropriate data distribution and validate the appropriate data collection technique.



Figure 10 displays the main effect plot of the surface roughness. The data shows that the surface roughness is greatly impacted by the parameter SOD. TS stands next to SOD, and P is the least influential one. Therefore, it is recommended to avoid adjusting the values of the SOD parameter with respect to the other two parameters because even a small change in SOD could generate a large variation in surface roughness.




3.2.2. ANOVA for Surface Roughness


Table 4 represents the roughness of the surface ANOVA. The p-value indicates that the parameters TS and SOD have a significant influence on surface roughness. SOD is the most crucial of these. In contrast, the parameter P has little effect on surface roughness. When combined effects are considered, the interaction between P and SOD has a greater impact on the output parameter.



The Pareto chart for the surface roughness is shown in Figure 11. It demonstrates that the SOD parameter has the biggest impact on the breadth of the top kerf. Additionally, the combined action of SOD and pressure has a considerable impact on the output. This insight is further supported by the data displayed in the ANOVA table.



The contour plots of the surface roughness are displayed in Figure 12. Contour plots are used to display three-dimensional data in two dimensions. It shows the level of the output parameter (surface roughness) in relation to the simultaneous fluctuation of two parameters while holding the other variable constant. By examining the lower value distribution area of the graph and selecting the appropriate parameter levels, one can determine the optimal set of values to achieve the lowest value of surface roughness. The graphs indicate that in order to achieve the minimum top kerf width, the parameters P and SOD should be maintained at a lower level and the parameter TS at a higher level within the range under discussion.




3.2.3. Effect of Process Parameters on the Surface Roughness


The experimental results show that as the jet pressure increases, the surface roughness decreases. This occurs because higher pressure results in greater kinetic energy for the abrasive particles. The increased kinetic energy provides more cutting power for these particles, leading to more effective and uniform cutting of the material. Consequently, a cleaner and deeper cut is achieved [33]. The results confirm that, when there is an increment in the parameter standoff distance, there is a rise in the surface roughness. This is due to because when the SOD is large, the jet spreads and loses its coherence as it emerges from the nozzle. This reduces the jet’s precision and causes more irregular erosion surfaces, which leads to a rougher surface [34]. From the result, it is evident that any increment in the traverse speed leads to an increase in the surface roughness. At high traverse speeds, the jet moves quickly across the surface and spends only a little time on cutting action at a point. Hence, it is unable to cut cleanly at that cutting point. This gives rise to incomplete material removal at a point and leads to striation and an irregular surface.



In the present work, the RSM optimization approach is used to optimize the levels of process parameters to reduce the machined surface roughness. Figure 13 displays the optimization plot. The red highlights indicate the ideal levels. It is possible to optimize the process to reduce the surface roughness by allocating these levels to each independent parameter. Level 3 (250 MPa) is the ideal level for parameter P in the current experiment. Level 1 (2 mm) is also the ideal level for SOD, and level 1 (20 mm/min) is the ideal level for TS.






4. Conclusions


In this study, the effects of abrasive water jet machining (AWJM) process parameters, namely water pressure, stand-off distance (SOD), and traverse speed (TS), on the kerf taper angle and surface roughness of a hybrid composite comprising glass, aramid, and jute fibers were thoroughly investigated. Response Surface Methodology (RSM) was employed to model and optimize the process parameters to achieve minimal kerf taper and surface roughness.



The experimental results indicate that water pressure has an inverse relationship with both the kerf taper angle and surface roughness; increasing pressure enhances cutting efficiency and reduces both metrics. In contrast, both stand-off distance and traverse speed were found to have a direct and significant effect; higher values lead to increased kerf taper and rougher surfaces. Among the parameters, stand-off distance emerged as the most influential factor affecting both kerf quality and surface finish.



The RSM optimization revealed that the optimal settings for achieving the minimum kerf taper angle (1.4982°) and surface roughness (2.0920 µm) are a high water pressure of 250 MPa, a low stand-off distance of 2 mm, and a low traverse speed of 20 mm/min. These results validate the importance of precise control over AWJM parameters for the effective machining of hybrid composites and contribute valuable insights for industries where high-dimensional accuracy and surface integrity are critical.



Future work should focus on investigating the effect of abrasive particle size, alternative fiber compositions, and nozzle wear on machining performance, further extending the applicability of AWJM for advanced composite materials.
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Figure 1. Schematic representation of the hand layup method. 






Figure 1. Schematic representation of the hand layup method.
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Figure 2. The machining setup. 






Figure 2. The machining setup.
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Figure 3. (A) KT measurement at top. (B) KT measurement at the bottom. 
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Figure 4. Residual and other plots for Kerf Angle. 
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Figure 5. Main effect plot for Kerf Angle. 
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Figure 6. The Pareto chart for Kerf Angle. 
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Figure 7. Contour plots for Kerf Angle. 
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Figure 8. RSM Optimization Plot for Kerf Angle. 
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Figure 9. Residual and other plots for Surface Roughness. 
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Figure 10. Main effect plot for Surface roughness. 
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Figure 11. Pareto chart for Surface roughness. 
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Figure 12. Contour plot for Surface roughness. 
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Figure 13. RSM optimization plot for Surface roughness. 






Figure 13. RSM optimization plot for Surface roughness.
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Table 1. The considered Input parameters.
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Variable Parameters




	
Parameters

	
Water Pressure

(P)

	
Traverse Speed

(TS)

	
Stand of Distance (SOD)




	
Units

	
MPa

	
Mm/min

	
mm






	
Level 1

	
150

	
20

	
2




	
Level 2

	
200

	
40

	
5




	
Level 3

	
250

	
60

	
8




	
Constant parameters




	
Garnet size

	
MESH

	
60

	




	
Mass flow rate (MFR)

	
g min−1

	
100

	




	
Orifice diameter

	
mm

	
0.35

	




	
Angle of target

	
Degree

	
90

	











 





Table 2. Experimental results.






Table 2. Experimental results.





	Exp No.
	P

(MPa)
	SOD

(mm)
	TS

(mm/min)
	Ra1
	Ra2
	Ra (Avg)
	Top Kerf
	Bottom

Kerf
	KA
	Kerf Taper (θ)
	Kerf Taper (Radians)





	1
	200
	8
	20
	2.922
	3.016
	2.969
	2208.54
	1602.24
	1905.390
	61.8673
	1.5546



	2
	200
	2
	20
	2.434
	2.570
	2.502
	1320.18
	1074.46
	1197.320
	25.0735
	1.5309



	3
	200
	5
	40
	3.126
	2.812
	2.969
	1715.65
	1109.36
	1412.505
	61.8663
	1.5546



	4
	200
	8
	60
	2.675
	1.924
	2.300
	2013.71
	1105.00
	1559.355
	92.7255
	1.5600



	5
	250
	8
	40
	2.926
	2.423
	2.675
	2212.90
	1427.77
	1820.335
	80.1153
	1.5583



	6
	200
	2
	60
	2.727
	2.634
	2.681
	1280.92
	1036.66
	1158.790
	24.9245
	1.5307



	7
	150
	5
	60
	2.777
	2.773
	2.775
	1699.66
	1132.62
	1416.140
	57.8612
	1.5535



	8
	200
	5
	40
	2.369
	3.136
	2.753
	1782.53
	1285.28
	1533.905
	50.7398
	1.5603



	9
	250
	2
	40
	2.085
	2.163
	2.124
	1353.62
	1205.32
	1279.470
	15.1327
	1.5048



	10
	200
	5
	40
	4.418
	2.557
	3.488
	1772.36
	1187.87
	1480.115
	59.6418
	1.5540



	11
	150
	2
	40
	2.482
	3.239
	2.861
	1424.86
	1058.47
	1241.665
	37.3867
	1.5441



	12
	250
	5
	20
	2.288
	2.577
	2.433
	1865.41
	1375.43
	1620.420
	49.9980
	1.5508



	13
	150
	8
	40
	2.593
	2.989
	2.791
	2057.33
	1286.74
	1672.035
	78.6316
	1.5581



	14
	150
	5
	20
	2.411
	2.104
	2.258
	1785.44
	1294.01
	1539.725
	50.1459
	1.5509



	15
	250
	5
	60
	2.691
	2.652
	2.672
	1651.68
	1180.60
	1416.140
	48.0694
	1.5549










 





Table 3. ANOVA for Kerf Angle.
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Source

	
DF

	
Adj SS

	
Adj MS

	
F-Value

	
p-Value






	
Model

	
6

	
0.004170

	
0.000695

	
5.27

	
0.018




	
Linear

	
3

	
0.003715

	
0.001238

	
9.40

	
0.005




	
P

	
1

	
0.000370

	
0.000370

	
2.81

	
0.132




	
SOD

	
1

	
0.001533

	
0.001533

	
11.63

	
0.009




	
TS

	
1

	
0.001812

	
0.001812

	
13.75

	
0.006




	
2-Way Interaction

	
3

	
0.000455

	
0.000152

	
1.15

	
0.386




	
P*SOD

	
1

	
0.000390

	
0.000390

	
2.96

	
0.124




	
P*TS

	
1

	
0.000006

	
0.000006

	
0.04

	
0.841




	
SOD*TS

	
1

	
0.000059

	
0.000059

	
0.45

	
0.521




	
Error

	
8

	
0.001054

	
0.000132

	

	




	
Lack-of-Fit

	
6

	
0.001047

	
0.000175

	
48.56

	
0.020




	
Pure Error

	
2

	
0.000007

	
0.000004

	

	




	
Total

	
14

	
0.005224

	

	

	




	
Model Summary




	
S

	
R-sq

	
R-sq(adj)

	
R-sq(pred)




	
0.0592776

	
97.90%

	
96.33%

	
90.32%











 





Table 4. ANOVA table for Surface roughness.






Table 4. ANOVA table for Surface roughness.





	
Source

	
DF

	
Adj SS

	
Adj MS

	
F-Value

	
p-Value






	
Model

	
6

	
0.53963

	
0.089938

	
0.96

	
0.505




	
Linear

	
3

	
0.33316

	
0.111054

	
1.19

	
0.374




	
P

	
1

	
0.00932

	
0.009316

	
0.10

	
0.760




	
SOD

	
1

	
0.24082

	
0.240818

	
2.57

	
0.147




	
TS

	
1

	
0.08303

	
0.083028

	
0.89

	
0.374




	
2-Way Interaction

	
3

	
0.20647

	
0.068822

	
0.74

	
0.560




	
P*SOD

	
1

	
0.13323

	
0.133225

	
1.42

	
0.267




	
P*TS

	
1

	
0.00034

	
0.000342

	
0.00

	
0.953




	
SOD*TS

	
1

	
0.07290

	
0.072900

	
0.78

	
0.403




	
Error

	
8

	
0.74870

	
0.093588

	

	




	
Lack-of-Fit

	
6

	
0.36818

	
0.061363

	
0.32

	
0.881




	
Pure Error

	
2

	
0.38052

	
0.190262

	

	




	
Total

	
14

	
1.28833

	

	

	




	
Model Summary




	
S

	
R-sq

	
R-sq(adj)

	
R-sq(pred)




	
0.305921

	
41.89%

	
90.00%

	
88.00%
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