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Abstract - In this study, drilling experiments of Incoloy A-286, which is a iron based superalloy, have been carried out. 

Three different feed rates, three different cutting speeds, two different point angle and three different tool coatings were 

chosen. Optimum cutting conditions were determined in order to obtain minimum drilling forces and torque. The effects of 

cutting speed, feed rate, tool material on the thrust force were obtained. Experimental findings indicated that generally, 

cutting forces increased with a higher feed rates but decreased with a lower point angles. 
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I. INTRODUCTION 

 

Super alloys, known as also heat resistance materials 

in the past, are based on cobalt, nickel or ferrous 

materials and they are denoted by their chemical 

compositions according to their usage area (eg. high 

pressure and steam resistance, corrosion, acid, 

chemical processing, radioactive wastes etc.). Nickel 

based super alloys have a great importance due to the 

areas of usage such as aeronautics and space, marine, 

nuclear and chemical industries.  Especially more 

than half of the aircraft engines, gas tribunes, parts 

functioning in gasoline fabrication or in power plants 

are made out of nickel based super alloys. The fact 

that these alloys can keep their mechanical and 

chemical characteristics at elevated temperatures, 

they have higher toughness, ductility and melting 

point and they can resist to corrosion, thermal shocks 

and fatigues as well as erosions make these alloys 

very attractive [1-4].  However, cutting of especially 

nickel based super alloys are extremely difficult due 

to excessive heat generation at the cutting edge due to 

lower thermal conductivity, higher tendency of work 

hardening, very-high hardness, chemical interaction 

susceptibility and carbide particles such as MC, 

M23C6 at the microstructure Ferrous super alloys are 

the materials that is hardened as a result of 

precipitation of carbide and intermetallic compounds. 

At the nickel based alloys having face centered cubic 

(FCC) structure, there can be γ’ phase ([Ni3(Al,Ti)] 

etc.) and geometrically close packed phases [5]. In 

the structure of ferrous alloys, the formation of these 

phases can be tolerated due to smaller distance of the 

atoms. This structural property of the material is 

practically important [6]. Micro structure and 

mechanical properties of the ferrous super alloys 

share some similarity with nickel based super alloys 

[6]. In addition, literature studies reported that micro 

structure of the A-286 is similar to Inconel [5, 7-9].  

Ferrous A286 alloy, which is a heat and corrosion 

resistant austenitic alloy, is also used for operations 

requiring higher strength and corrosion resistance up 

to 704°C and for lower stress applications at higher 

temperatures. Incoloy A286 alloy could be age 

hardened to a high strength level. This alloy is also 

utilized for lower temperature operations requiring a 

ductile, non-magnetic high strength material at 

temperatures ranging from above room temperature 

down to at least -196°C. This alloy can be also used 

for moderate corrosion applications in aqueous 

solutions. 

 

The strength of A286 alloy is considerably improved 

by aging the solution treated material at nearly 

718°C. The short time tensile properties of A286 

alloy in the age hardened condition are high from 

cryogenic temperatures to approximately the 718°C 

aging temperature. Fig.  1 shows  the strength 

properties of A286 which was solution treated at 

982°C and aged at 718°C for 16 hours.  

 
Fig. 1. Strength properties of A286 which was solution treated 

at 982°C and aged at 718°C for 16 hours [10]. 

 

In this study, drilling machinability of A-286 

superalloy is investigated and the influence of 

machining parameters on the cutting forces is 

examined. Furthermore, multi response optimization 

of cutting parameters with respect to cutting forces is 

implemented by using Grey Relational Analysis 

(GRA) method. 
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II. EXPERIMENTAL WORK AND METHOD 

 

A. Design of Experiments 

In this experimental study, the test specimens are prepared in  15x15x100 mm and drilled by using CNC 

machine. The chemical and mechanical characteristics of these specimens are presented in Table 1 and Table 2, 

respectively. 

 

 
Table 1. Chemical composition of Incoloy A-286 % 

 

 
Table 2. Properties of Incoloy A-286 

 

The drilling experiments are designed by using Taguchi method. Taguchi’s L18 mixed experimental matrix was 

used to evaluate the responses and to make a grey relational analysis. Four levels of cutting parameters named as 

point angle, cutting tool coating, feed rate and cutting speed are chosen as seen in Table 3. The tools used in the 

machining experiments are coated carbide inserts. 

 

 
Table 3 : Levels of machining parameters (L18-2*1 ve 3*3). 

 

B. Measurement of thrust forces 

Machining experiments were conducted by using Johnford VMC-550 Fanuc O-M vertical machining center 

without any coolant (Fig.  2). Cutting forces were measured using a Kistler brand dynamometer with a three-

piece piezo electric. To increase the reliability of measures, each measurement was taken three times and 

average of them was evaluated for the analysis.  
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III. ANALYSIS AND EVALUATION METHOD 

 

The Taguchi’s method is widely used to determine 

and predict the optimum ranges of process parameters 

in the manufacturing and engineering analysis 

[11].This technique, developed by Genichi Taguchi 

regarding the experimental analysis, is very important 

in today's industrial world for designing and 

developing high quality systems as well as for 

dramatically reducing product development time 

without sacrificing cost [12, 13].  

 

Taguchi method reaches a conclusion by combining 

three important tools: i) orthogonal experimental 

design, ii) calculation of Signal/Noise (S/N) ratio and 

iii) analysis of variance (ANOVA). The S/N ratio is 

used to measure the response characteristics by 

subtracting the current values of the responses from 

the desired values [14]. The S/N ratio is based on 

three quality characteristics such as "smaller is 

better", "larger is better" and "nominal is better” 

depending on performance characteristics. These 

three basic performance characteristics are indicated 

by the following formulas, Eq.(1), Eq.(2) and Eq. (3). 

 

 
 

where “smaller is better” denotes that the smaller the 

value of the response, the better, such as surface 

roughness, cutting forces etc. y0 is the target value of 

the results, yi(k) is the measured result of kth 

response (surface roughness or cutting force) at ith 

experiment. xi(k) is the value of S/N ratios for kth 

response at ith experiment. 

 

ANOVA is utilized to statistically determine the 

degree of significance of the process factors that 

affect performance characteristics. Apart from these 

three important tools, the Taguchi method performs a 

final validation test to check the reliability of the best 

results obtained [11, 14].  

 

IV. RESULTS AND DISCUSSIONS 

 

In this part of study, the effect of drilling parameters 

on the cutting forces was discussed. The smaller is 

the-better type characteristic is selected for cutting 

forces. The results of experiments and S/N ratios 

determined by Eqs. (1) are presented in Table 4. In 

order to compare the influence of factors on different 

responses, the average of responses related to the 

levels are calculated and given in Table 5. In this 

work, the optimum drilling conditions that give the 

smallest cutting force values are determined by 

selecting the smallest value for each cutting 

condition. It is known that the higher the delta range 

(Δ) of S/N ratio, the more important the influence of 

this parameter on responses is. Examining of the rank 

values of parameters indicates that feed rate has the 

highest effect on the cutting force (Δ = 741.5), which 

is followed by cutting speed (Δ = 108), tool material 

(Δ = 60) and point angle (Δ = 60), respectively. 

Optimum level is chosen according to the level 

corresponding to smallest mean value. From the Fig.  

3, it is apparent that optimum combination of the 

parameters for a single response of Fz is A2B2C1D3.  

 

 

 

Parameters Responses Normalized values GRC values Grey grade 

DENEY  (A)  (B) (C ) (D) 
Torque 

Tz(Ncm) 

Thrust 

Fz(N) 
NOR Mz NOR Fz 

GRC 

Mz 

GRC 

Fz 

Gray 

grade 
Rank 

1 120 TiN 0.05 25 280 990 0.943 0.882 0.898 0.808 0.853 3 

2 120 TiAlN 0.05 50 250 861 1.000 1.000 1.000 1.000 1.000 1 

3 120 AlCrN 0.05 
75 

286 926 0.932 0.940 0.880 0.893 0.887 2 

4 120 TiN 0.1 513 1398 0.504 0.507 0.502 0.503 0.503 10 

5 120 TiAlN 0.1 50 440 1638 0.642 0.287 0.582 0.412 0.497 11 

6 120 AlCrN 0.1 75 376 1302 0.762 0.595 0.678 0.553 0.615 8 

7 120 TiN 0.15 50 528 1679 0.475 0.249 0.488 0.400 0.444 15 

8 120 TiAlN 0.15 75 780 1550 0.000 0.367 0.333 0.441 0.387 17 

9 120 AlCrN 0.15 25 630 1950 0.283 0.000 0.411 0.333 0.372 18 

10 140 TiN 0.05 75 443 1020 0.636 0.854 0.579 0.774 0.676 6 

11 140 TiAlN 0.05 25 330 950 0.849 0.918 0.768 0.860 0.814 5 

12 140 AlCrN 0.05 50 285 1005 0.934 0.868 0.883 0.791 0.837 4 
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13 140 TiN 0.1 50 542 1400 0.449 0.505 0.476 0.503 0.489 12 

14 140 TiAlN 0.1 75 356 1248 0.800 0.645 0.714 0.585 0.649 7 

15 140 AlCrN 0.1 25 436 1444 0.649 0.465 0.588 0.483 0.535 9 

16 140 TiN 0.15 75 483 1706 0.560 0.224 0.532 0.392 0.462 13 

17 140 TiAlN 0.15 25 517 1668 0.496 0.259 0.498 0.403 0.451 14 

18 140 AlCrN 0.15 50 630 1648 0.283 0.277 0.411 0.409 0.410 16 

Table 4. Experimental results corresponding to machining parameters 

 

  
a) b) 

Fig 3. Average response graphs of (a) thrust forces (b) torque according to machining parameters for Incoloy A-286. 

 

Variation of the mean responses (cutting forces and torque) with regard to cutting parameters is shown in Fig.  

3. It can be seen from these figures that increasing the feed rate causes the cutting forces and toque to increase 

while higher cutting speeds result in a lower cutting forces. In addition, fluctuations of the feed rate seriously 

affect the cutting forces. On the other hand, the effects of cutting tools and point angle used for the experiments 

on the cutting forces is found to be relatively small. Similar effects are found for the torque.  

 

 
Response Table for Means of Fz 

Level A B C D 

1 1366 1365.5 958.7 1400 

2 1343.2 1319.2 1405 1371.8 

3   1379.2 1700.2 1292 

Delta 22.8 60 741.5 108 

Rank 4 3 1 2 

Table 5. Average Thrust Force Fz values for each level of parameters. 

 

V. CONCLUSION 

 

In this study, ferrous super alloy of Incoloy A-286 is 

tested to optimize the drilling parameters using the 

Taguchi analysis. Based on the experimental results, 

the following conclusions can be drawn: 

 

• It has been seen that parameterization by Taguchi 

method provides a simple, systematic and efficient 

method of optimizing the cutting parameters. 

• Cutting speed and feed rate has a higher effect on 

the cutting forces. Optimum parameters for the 

cutting forces was found at cutting speed of 75 

m/min., feed rate of 0.05 mm/rev., point angle of 

140oC and with TiAlN coated cutting tool.  

• Drilling test results show that the influence of the 

feed rate on the cutting forces was observed more 

effective. The influence of cutting speed on the thrust 

force was more than that of cutting speed on the 

torque in our selected experiment range.  

• The Taguchi orthogonal array set is considered 

suitable for analyzing the cutting forces defined in 

this study. 
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