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Abstract

:

Drilling is one of the most performed machining operations for riveting and assembly operations in many industrial sectors. The accuracy of the drilled holes and their surface finish play a vital role in the longevity and performance of the machined components, which, in turn, increase productivity. Therefore, this study investigated the effect of the multi-spindle drilling process on dimensional hole tolerances, such as hole size, circularity, cylindricity, and perpendicularity. In addition, the surface defects formed in the holes were examined using scanning electron microscopy. Three aluminium alloys, AA2024, AA6061, and AA5083, which are commonly used in the aerospace, automotive, and marine sectors, were chosen as the study materials. The results showed that the holes drilled in AA2024 gave less circularity error, cylindricity error, and perpendicularity error. In the case of hole size, the holes drilled in AA6061 were less deviated from the nominal size following holes drilled in AA2024 and AA5083 alloys. Surface damage in the form of metal debris adhesion, smeared material, side flow, and feed marks was found on the inner hole surface. Holes drilled in AA5083 alloy had the worst surface finish and were the most oversized, which was associated with noticeable damage and deformations in their inner surface. The ANOVA results revealed that the spindle speed was more influential than feed and mainly affected the hole size and cylindricity errors. However, in the case of circularity error and perpendicularity error, drilling parameters were found to be insignificant.
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1. Introduction


The success of many manufacturing operations depends upon proper planning and implementation of drilling operations. The drilling process depends on the properties of the workpiece, cutting parameters such as cutting speed and feed rate, and the type of materials and coatings used for the tools to obtain high-quality holes [1,2]. High-quality holes can reduce the chance of crack formation due to fatigue [3], thus avoiding about 60% of all part rejection in the final assembly [4]. Poor hole quality increases inspection time, which leads to costly corrective manufacturing measures [5]. Therefore, it is essential to assess the surface finish, circularity error, formation of burrs around the hole edges, deviation from hole size, cylindricity, and perpendicularity, which are the essential characteristics of hole-quality for tight geometric tolerances [6].



Aluminium and its alloys are widely used in various industries. Depending upon the application, the drilling process is among the most crucial metal cutting processes when these industries require high-quality holes [7]. The surface quality of aluminium is also vital because aluminium has a modulus of elasticity that is one-third of other metals, especially compared to steels; therefore, more defects are expected in aluminium, making it challenging to hold dimensional tolerances [8]. This is either due to the soft nature of aluminium or, to a lesser extent, the presence of hard particles in some of its alloys, which sticks onto the tool and results in the formation of built-up edges and associated high surface roughness [1]. Furthermore, during dry drilling of aluminium alloys, there might be more friction and heat generation where the hot chips clog the flutes, thus making the hole boundaries vulnerable due to temperature increases. Consequently, alloys with a high coefficient of thermal expansion can experience greater thermal distortion, which could adversely impact hole quality [9].



Previously, some investigations were carried out to evaluate hole quality for various aluminium alloys, metals, and composite materials. For instance, Kurt et al. [7] recommended HSS-5%Co for minimum hole deviations during the one-shot drilling process of AA2024. The influence of cutting parameters on the hole size was found to be minor. However, the circularity error and radial deviation increased with the increase in the cutting parameters. In another study by Kurt et al. [10], it was concluded that the diametric error was affected more by the feed rate, while the cutting speed had a high impact on surface roughness. The experimental analyses during the drilling of AA6061 by Kushnoore et al. [11] revealed that spindle speed and feed rate play a vital role in affecting the thrust force, torque, and circularity error. The high thrust force, torque, and circularity error were due to the high drill diameter, spindle speed, and feed rate. Furthermore, Uddin et al. [12] concluded that the maximum increase of axial force and torque was due to increased feed rate. Therefore, a low feed rate was recommended due to stable and jerk-free cutting in one-shot drilling of AA6061. Besides this, the roughness was minimally influenced by both spindle speed and feed rate. During the drilling of AA6061, Islam and Boswell [13] investigated the impact of drilling parameters and three cooling methods, such as flood drilling minimum quantity lubrication (MQL) drilling and cryogenic drilling on the surface roughness, circularity, and hole size. Their study concluded that the best results for the dimensional accuracy and surface roughness were achieved by MQL drilling. Cryogenic drilling produced the best circularity results; however, in terms of dimensional accuracy and surface roughness, it was the worst. Nouari et al. [14] concluded that good dimensional accuracy and low surface roughness of holes during drilling of AA2024 was possible using a high cutting speed, a low feed rate, and drill bits with high helix angles, large point angles, and clearance angles between 6° and 8°.



The above literature shows that previous work was mostly based on the one-shot drilling process. Therefore, this study aimed to extend the fundamental knowledge of drilling operations using a multi-hole simultaneous drilling approach to improve productivity and hole quality. Productivity and quality largely depend on the growth of any manufacturing industry [15]. Therefore, multi-spindle drilling is useful in industries where holes are required for mass production. In our previous research, the analysis of thrust force, assessment of hole quality in terms of surface roughness and formation burrs, chips analysis, and post-machining tool conditions were all investigated during multi-hole simultaneous drilling of AA5083, AA6061, and AA2024 [16]. This work was carried out to examine the influence of cutting parameters and workpiece materials on the important aspects of hole quality, such as hole deviation, circularity error, cylindricity, and perpendicularity. Additionally, this study examined the machined hole surface quality of AA5083, AA6061, and AA2024 using scan electron microscopy. Therefore, this study was conducted to compare the hole quality produced in different aluminium alloys and introduced the multi-spindle drilling process for high-quality holes to improve productivity.




2. Materials and Methods


The alloys of aluminium used in this study were AA5083, AA6061, and AA2024, which are the commonly used alloys in automotive, marine, and aerospace industries, respectively [16]. The chemical compositions in wt.% and the properties of aluminium alloys studied in this work are given in Table 1.



A manual milling machine model (5KS, 5KV) that has a maximum spindle speed of 3450 rpm was used for the drilling operations, and a SUNHER poly-drill head type, MH30/13, was used for the multi-hole simultaneous drilling process. Spindle speeds of 1007, 2015, and 3025 rpm and feeds of 0.04, 0.08, and 0.14 mm/rev were selected based on the limitations of the available manual milling machine and previous literature on drilling aluminium alloys in the multi-spindle drilling process [16,17,18,19,20]. All the drilling experiments were conducted under dry conditions due to environmental concerns and the cost associated with the cutting fluid and its disposal [21,22]. The drill bits used were 6 mm twist drill uncoated carbide. The details of tool geometry are given in Table 2.



The hole’s geometrical tolerances, such as hole size, circularity, perpendicularity, and cylindricity, were measured at the top and the bottom of each hole using a coordinate measuring machine (CMM), type Mitutoyo Crysta-Apex S776, equipped with a Renishaw PH10MQ, fitted with an AM2 adjustment module and an SP25M scanning probe system as shown in Figure 1.



A 2 mm diameter ruby stylus was used for the measurements, first taking five points on the top surface of the sample to generate a base plane. Afterwards, three points were used to locate each hole before taking the geometric data by scanning the inside surface and taking points at a 0.1 mm pitch. A Gauss filter was applied to these points. Two measurement passes were performed inside each hole, 1 mm below the top surface of the sample and 1 mm above the bottom surface. With Ø6 mm holes, this resulted in between 95 and 97 points per measurement. Circles were generated from this data using the Maximum Inscribed Circle for each measurement. Roundness calculations were done internally by MCOSMOS. The hole size was also measured by scanning circles at the top and bottom of the bore with a Ø2 mm ruby stylus. Points were taken every 0.1 mm, and the circle was calculated using the Maximum Inscribed Circle of the resulting point cloud, and the diameter of the circle was then taken.



The machined hole surface was examined using a scan electron microscopy (SEM) model, Hitachi SU5000. The holes were cut in half and examined under SEM to analyze the quality of the borehole surface. Finally, the analysis of variance (ANOVA) was employed on the studied hole quality parameters to determine the percentage contribution of the drilling parameters.




3. Results


3.1. Analysis of Hole Size Analysis and Circularity Error


The evaluation of hole size is one of the essential output parameters of the drilling process, especially during dry drilling, which is associated with higher cutting temperatures at the tool-chip interface due to increased friction and clogging of the chips over the flutes of drill bits [7]. Figure 2 shows the hole size of AA2024, AA6061, and AA5083 at different spindle speeds and feeds. The results showed that the holes obtained in AA6061 were less deviated from the nominal size than AA2024 or AA5083. The hole size for AA6061 ranged between 5.9990 and 5.9696 mm, while this range increased to 6.0034–6.0863 mm for AA2024 and 6.0333–6.0941 mm for AA5083. Certain industries, such as aerospace industries, demand tight hole tolerances in metallic structures, as tight as ±12 microns and as relaxed as ±30 microns (H7 to H9 hole tolerance fit) [3]. Cutting tool manufacturers state that an acceptable hole size in aluminium alloys can range between ±20 and ±40 microns [23]. Other industries, such as in automotive industries, have more relaxed tolerances due to a less critical impact on the integrity of the vehicle structural components. This means that most of the hole size data reported in this study for AA2024 and AA6061 alloys fell within the limits of allowable hole tolerances in aerospace and automotive structures. For the AA5083 alloy, although not used in aerospace applications, it appears that the deviation in hole size exceeded the maximum recommended in aeronautical structures.



Similarly, hole size deviation in the AA6061 alloy reported in this study was significantly lower than that reported in a recent study [24]. The only difference in the tools used in both studies was that the previous study used coated tools (TiN, TiAlN, and TiN/TiAlN), while the current study used uncoated tools. The coating layer thickness, despite being less than several microns, might have had an impact on increasing the hole size deviation. Therefore, it can be said that drilling an AA6061 alloy using uncoated carbide drills might yield a hole size closer to the nominal drill diameter.



The results show that, in general, hole size tended to increase with the increase of the spindle speed (n) and the feed (f), especially for the AA6061 and AA5083 alloys. This could be attributed to the increased vibratory displacement with the increase of the n and the f, which occurs during the initial contact between the chisel edge and the workpiece and triggers dynamic instability, causing higher hole size deviations [7,25]. However, it is evident from Table 3 that the impact of f on the hole deviation was found to be insignificant, with a percentage contribution of 2.74%. Overall, the hole deviation was affected more by the type of alloy, with a percentage contribution of 51.75%. The influence of n was found to be 9.71%, while the two-way interaction of spindle speed and alloy type significantly impacted hole size with a contribution of 24.81%.



Figure 3 shows the circularity error of the hole at different drilling parameters during multi-hole simultaneous drilling for all the three alloys selected in this study. It is illustrated in Figure 3 that drilling in AA2024 showed less hole circularity error than AA5083 and AA6061 alloys, irrespective of the drilling parameters. AA5083 showed a higher circularity error than that obtained in the drilling of AA6061; however, at the n of 3025 rpm, the circularity error increased compared to AA6061. This means that AA5083 performs better when machined at the lower n, while the AA6061 alloy shows lower hole circularity error when machined at a higher n. This could mainly be attributed to the higher magnesium content in the AA5083 alloy compared to the AA6061 alloy. Furthermore, adding magnesium to aluminium alloys contributes to maintaining a high degree of ductility/formability but is also known to be thermodynamically unstable at higher temperatures. This, in return, means that lower cutting parameters are more suited for softer aluminium alloys like AA5083 [26].



The minimum circularity error of 0.0197 mm was obtained for AA2024 at the n of 2015 rpm and f of 0.14 mm/rev. For AA5083, the minimum circularity error was 0.0231 mm, resulting from the n of 2015 rpm and f of 0.04 mm/rev. Similarly, in the case of AA6061, the lowest circularity error was 0.0237 mm at the n of 3025 rpm and f of 0.08 mm/rev. A comparison between the results reported in this study and previous studies [24,25] on the same alloys and drill diameter, with the annotation that different feed rates, spindle speeds, tool geometry, and coatings were used, showed that hole circularity in AA2024 and AA6061 alloys was not critically influenced by the cutting tool coating or the level of cutting parameters. This conclusion is further supported by the ANOVA results shown in Table 3, which showed that both cutting parameters did not significantly affect hole circularity and displayed a non-linear trend at the circularity error, which could be confirmed by p-values of more than 0.05. Table 3 also shows that alloy type was a significant factor of ANOVA. The alloy type had the highest contribution (53.28%), followed by the interaction of the spindle speed and alloy type, which showed a contribution of 29.20% in affecting the circularity error.




3.2. Hole Cylindricity and Perpendicularity


Figure 4 shows the average values of hole cylindricity for AA2024, AA6061, and AA5083. The results showed that the lowest hole cylindricity error was possible when drilling AA2024, followed by AA6061 and then AA5083. The result showed that the lowest cylindricity error of 0.0240 mm was obtained during the drilling of AA2024, which was possible at the n of 1007 rpm and f of 0.04 mm/rev. For AA6061, the minimum cylindricity error was 0.0389 mm and resulted at the n of 3025 rpm and f of 0.08 mm/rev. The minimum hole cylindricity of 0.0403 mm for AA5083 was possible at the n of 1007 rpm and the f of 0.04 mm/rev. These results agreed with the results obtained in the circularity error, where AA6061 showed the highest cylindricity error at low n. At the same time, AA5083 had the maximum cylindricity error at the highest n of 3025 rpm, while a higher n resulted in less circularity error for AA6061. Table 3 shows that the n was somewhat influential on the cylindricity error with a percentage contribution of 11.35%; however, the impact of feed and other interactions was insignificant. The most dominant factor in regard to cylindricity was the alloy type, with a percentage contribution of 34.46%.



Similarly, the perpendicularity error for alloys selected in this study during multi-spindle simultaneous drilling is illustrated in Figure 5. Interestingly, the holes produced in AA2024 also gave the lowest perpendicularity, ranging between 0.0080 and 0.0178 mm. AA5083 followed with minimum and maximum perpendicularity errors of 0.0222 and 0.0694, respectively. In contrast, AA6061 showed the maximum perpendicularity error, which ranged between 0.0331 and 0.0579. The minimum value of the perpendicularity error for AA2024 was obtained at the n of 3025 rpm and f of 0.08 mm/rev. In contrast, the same f of 0.04 mm/rev and spindle speeds of 1007 rpm and 2017 rpm caused the minimum perpendicularity for AA5083 and AA6061, respectively. However, like the cylindricity error, it was also evident from the ANOVA result that the only parameter that had the highest influence on the perpendicularity error was the alloy type, with a percentage contribution of 73.04%, while none of the other parameters showed a significant impact on the perpendicularity error.




3.3. Surface Damage Analysis


Figure 6 shows SEM images of the inner borehole wall conditions of AA2024, AA6061, and AA5083 for holes drilled under dry conditions during the multi-spindle simultaneous drilling process. It was observed from the SEM micrographs that the damage and distortion found in the holes increased with the increase in spindle speed (n) and the feed (f). This is speculated to be due to the increase in vibration level, which influenced the geometrical hole tolerances. Additionally, it can be attributed to the increased thermal softening of the work material because of the rise in cutting temperatures with the increase of n and deformations due to an increase in the f [27].



Figure 6 also revealed the formation of feed marks, deformation marks due to chips evacuation, adhesive debris, smearing, and plastic flow on the surface of aluminium alloys. Smearing is a thin layer of plastic deformation that forms at the surface of the workpiece. It is often difficult to recognize and mainly occurs in materials with ductile natures [28]. The smearing in this instance appeared due to the rise in temperature because of increased n and f. The random chip debris on some of the surfaces of the hole walls was also caused by the generation of material smearing [27]. Moreover, the deformation marks might be either due to the rubbing action of the chips that collided with the hole walls during evacuation [3]. The feed marks occurred as a result of an increase in feed. Furthermore, there were also chances of material side flow near the regions of feed marks where the plastically deformed material was ploughed aside due to the high thrust force and cutting temperature when the tool was used under dry cutting conditions [29]. Interestingly, no visible cracks were found on the surface under all cutting conditions. However, the damage and distortion in the hole of AA5083 were found more often than those seen in AA2024 and AA6061. A likely explanation for this might be the poor thermal conductivity of the work material, which enhances the heat accumulation in the primary deformation zone [30]. In addition, drilling at a higher n and f showed plastic flow within the hole walls of AA5083, which might also be due to its ductility and low silicon contents.



Figure 7 shows the top and bottom edges of the holes of all the alloys studied in this work. The results showed that the holes at both the top and bottom of the hole for all the three alloys (AA5083, AA6061, and AA2024) increased with an increase of n and f. The results also showed that the hole edges of all the alloys were found to be more uniform around the edges, while the bottom sides had irregular appearances and heights. Therefore, the holes at the entrance were more deteriorated at the bottoms than the tops, except for AA5083, where most deterioration occurred at the lower n and f. Other details can be found in Appendix A. Additionally, a detailed discussion of the results can be found in the succeeding section.





4. Discussion


Hole quality is assessed by factors such as cutting parameters, tool materials and coatings, tool geometry, the vibration of the drill, the chatter or drilling temperature, etc. [31]. Generally, in this study, the impact of n was found more than f, especially in the case of deviation of hole size and cylindricity error. According to Kurt et al. [7], the deviation of hole size due to the high n was expected due to the increase in the drilling vibration, which might impact hole geometrical features. Moreover, there were chances of increasing temperatures, especially at high spindle speeds, which could have influenced the hole accuracy and surface finish. However, it is worth noting that the ANOVA analysis indicated that the n and alloy type and their interaction were significant on the hole size and circularity. Meanwhile, ANOVA results showed that both n and f did not have an impact on the hole perpendicularity, which means that different aluminium alloys will have different circularities under the same cutting parameters. Furthermore, other parameters which were not taken into account in this study could have a strong influence on perpendicularity, such as vibration, hole location, or machine dynamics [23]. Additionally, according to Uddin et al. [12], such variations could have resulted from errors in measurement by CMM, as even after cleaning the surface, there might be chances of debris potentially adhered to the surface that could have affected the measurement.



In addition to the drilling parameters, ease of machining was affected by the work material properties like hardness, tensile properties, chemical composition, microstructure, and work material production. Therefore, the above results showed that the surface finish of AA6061 was better than those obtained during the drilling of AA2024, following AA5083. This might be related to the high percentage composition of silicon in AA6061 compared with AA2024 and AA5083, as previous research concluded that a high silicon content might result in a good surface finish [32,33]. Furthermore, according to Köklü [34], the higher value of elongation is related to the amount of plastic deformation, which is governed by the ductility of the material. Therefore, it might also be possible that the highest percentage of elongation affected the surface finish of AA2024. Overall, the worst surface finish was generated in the drilling of AA5083, which was attributed to its low machinability and low silicon contents [16]. Furthermore, according to Ratnam [35], hardness is an essential characteristic of materials, affecting the surface finish, and it is worth noting that AA5083 has the lowest hardness compared to the two alloys. Hardness tends to form high built-up edges, and hence, a poor surface finish. Additionally, the above results indicated that the poor machinability and larger thermal coefficient of AA5083 compared to AA2024 and AA6061 caused the more oversized and irregular pattern that formed around the top and the bottom of the hole edges [16]. This finding also confirms our previous result where the surface roughness of AA6061 was found to be the lowest, following AA2024 and AA5083. Furthermore, the highest build-up edge was formed on the tools used for drilling of AA5083, due to long and thick chips tangled around the tools [16].



The above SEM image results also illustrated that the surface finish at the top region was affected more than at the bottom of the hole. This is also in agreement with Kurt et al. [7], who suggested that the vibration may have maximum values when the drill touches the workpiece. The spring back phenomenon can occur because of the workpiece material’s elastic deformation during the drilling tool movement. However, in this study, most of the drilling parameters, including the hole surface finish at the bottom, were highly affected. This was because, as the drill reached its exit side, the material got plastically deformed [36]. Furthermore, some material was pushed out by the thrust force without being cut; thus, forming more burrs [37]. The different formation mechanism made the top and bottom surface finish differently from each other. The top region of the hole was affected due to tearing and a bending action, followed by clean shearing or lateral extrusion. In contrast, the thermal effect and plastic deformation of the materials made the bottom region more vulnerable to defects [38]. Therefore, the materials that did not sustain a small amount of plastic deformation were more prone to fracture in this region. Thus, it could be concluded that the surface defects were material properties-dependent [39]. The temperature may also have impacted the accuracy and surface finish since, according to Shanmughasundaram and Subramanian [40], the top region of the hole might have faced low temperature and thrust force.




5. Conclusions


This study investigated the hole dimensional tolerances and surface finish in AA2024, AA6061, and AA5083 under dry conditions during a multi-spindle simultaneous drilling process. The holes produced in these alloys were compared under the same drilling parameters and using the same drilling tools results from drilling tests. It was concluded from the investigations that AA2024 outperformed in hole quality by producing less circularity error, cylindricity error, and perpendicularity error, irrespective of the drilling parameters. Only in the case of hole size, the holes drilled in AA6061 were less deviated from the nominal size. This was followed by AA2024 and then AA5083. SEM examination revealed surface damage in the form of metal debris adhesion, smeared material, side flow, and feed marks. The worst surface finish and the most oversized and irregular patterns formed around the top and bottom of the hole edges generated in the drilling of AA5083 due to its low machinability, low hardness value, low silicon contents, and large coefficient of thermal expansion. The spindle speed was found to be more influential than feed and affected the hole size with a percentage contribution of 9.71% for hole size and 11.35% cylindricity error. The spindle speed and feed showed an insignificant effect on the circularity error and perpendicularity error; however, in general, a non-linear trend was observed in affecting the hole quality. These variations were expected due to the minute cutting debris potentially adhered to the surface that affected the CMM measurement. Furthermore, the machine drill vibration and temperature variations were not considered in this study and need further investigation during the multi-spindle drilling process.
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Figure A1. Hole images of AA2024. 






Figure A1. Hole images of AA2024.
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Figure A2. Hole images of AA6061. 






Figure A2. Hole images of AA6061.
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Figure A3. Hole images AA5083. 






Figure A3. Hole images AA5083.
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Figure A4. Top- and bottom-hole edges of AA2024. 






Figure A4. Top- and bottom-hole edges of AA2024.
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Figure A5. Top- and bottom-hole edges AA6061. 






Figure A5. Top- and bottom-hole edges AA6061.
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Figure A6. Top- and bottom-hole edges of AA5083. 






Figure A6. Top- and bottom-hole edges of AA5083.
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Figure 1. Hole geometry measurement setup using CMM. 
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Figure 2. Effect of cutting parameters on hole size. 
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Figure 3. Effect of cutting parameters on hole circularity. 
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Figure 4. Effect of cutting parameters on hole cylindricity. 
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Figure 5. Effect of cutting parameters on hole perpendicularity. 
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Figure 6. SEM of the hole drilled at 3025 rpm and 0.14 mm/rev. 
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Figure 7. SEM of top- and bottom-hole edges drilled at 3025 rpm and 0.14 mm/rev. 
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Table 1. Details of aluminium alloys used in the current study [16].
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Element

	
Composition in wt.%

	
Properties

	
Aluminium Alloy




	
AA2024

	
AA6061

	
AA5083

	
AA2024

	
AA6061

	
AA5083






	
Mg

	
1.2–1.8

	
0.8–1.2

	
4.0–4.9

	
Machinability

	
70%

	
50%

	
30%




	
Si

	
0.5

	
0.4–0.8

	
0.4

	
Shear strength (MPa)

	
283

	
207

	
190




	
Mn

	
0.3–0.9

	
0.15

	
0.4–1.0

	
Ultimate tensile strength (MPa)

	
483

	
310

	
317




	
Ti

	
0.15

	
0.15

	
0.15

	
Hardness, Vickers

	
137

	
107

	
96




	
Zn

	
0.25

	
0.25

	
0.25

	
Elongation at break

	
18%

	
12%

	
16%




	
Cu

	
3.8–4.9

	
0.15–0.4

	
0.1

	
Modulus of elasticity (GPa)

	
73.1

	
68.9

	
71




	
Fe

	
0.5

	
0.7

	
0.4

	
Hardness, Brinell

	
120

	
95

	
85




	
Cr

	
0.1

	
0.04–0.35

	
0.05–0.25

	
Thermal conductivity (W/m-K)

	
121

	
167

	
117




	
Al

	
Balance

	
Balance

	
Balance

	
The average coefficient of thermal expansion (Coefficient from 20 to 100 °C) (µm/m-°C)

	
23.2

	
23.6

	
23.75
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Table 2. Details of drill bits.
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Specification/Description

	

	






	
Type

	
Twist drill
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Material

	
Uncoated carbide




	
Number of flutes

	
02




	
Point angle

	
140°




	
Helix angle

	
30°




	
Drill diameter

	
6 mm
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Table 3. Analysis of variance for hole quality metrics analyzed in the study.
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Source

	
Hole Size

	
Circularity

	
Cylindricity

	
Perpendicularity




	
p-Value

	
Contribution

	
p-Value

	
Contribution

	
p-Value

	
Contribution

	
p-Value

	
Contribution






	
Model

	
0.001

	
96.08%

	
0

	
97.06%

	
0.024

	
90.24%

	
0.009

	
92.60%




	
Linear

	
0

	
64.19%

	
0

	
54.54%

	
0.01

	
47.06%

	
0.001

	
81.59%




	
n

	
0.007

	
9.71%

	
0.804

	
0.16%

	
0.046

	
11.35%

	
0.122

	
5.12%




	
f

	
0.12

	
2.74%

	
0.281

	
1.10%

	
0.619

	
1.25%

	
0.218

	
3.43%




	
Alloy type

	
0

	
51.75%

	
0

	
53.28%

	
0.002

	
34.46%

	
0

	
73.04%




	
2-Way Interactions

	
0.012

	
31.88%

	
0.002

	
42.52%

	
0.066

	
43.18%

	
0.521

	
11.02%




	
n × f

	
0.386

	
2.33%

	
0.389

	
1.73%

	
0.218

	
8.89%

	
0.779

	
1.61%




	
n × Alloy type

	
0.002

	
24.81%

	
0

	
29.20%

	
0.045

	
19.54%

	
0.388

	
4.37%




	
f × Alloy type

	
0.134

	
4.74%

	
0.007

	
11.59%

	
0.086

	
14.75%

	
0.328

	
5.04%




	
Error

	
-

	
3.92%

	
-

	
2.94%

	
-

	
9.76%

	
-

	
7.40%




	
Total

	
-

	
100.00%

	
-

	
100.00%

	
-

	
100.00%

	
-

	
100.00%
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