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Abstract— Nickel-based Superalloys such as Waspaloy provide several advantages, including a high-temperature strength 
and high corrosion resistance. Therefore the demand for such material has rapidly increased, particularly in aerospace 
industries, steam turbines and gas turbines applications. On the other hand they are known as one of the most difficult to cut 
materials due to their mechanical and chemical properties and the tool life is extremely short. In this paper the analyses of 
surface roughness (Ra), tool tip temperature (Ti), cutting force along x-direction (Fx), cutting force along y-direction (Fy) and 
cutting force along z-direction (Fz) in machining of waspaloy by considering the cutting parameters  feed, speed and depth of 
cut. The machining tests have been carried out using carbide insert under different condition using Taguchi’s orthogonal array. 
The experimental results are investigated using analysis of variance (ANOVA). 
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I. INTRODUCTION 
 
Nickel based superalloys are classified as 
difficult-to-cut materials. The high strengths at high 
temperatures, high dynamic shear strengths, high 
work hardening and low thermal diffusivity are 
generally associated with poor machinability of nickel 
based superalloys.  These aspects lead the tool to high 
cutting temperature which causes high tool wear. 
Therefore, to machine such alloys carbide, ceramic 
and Cubic Boron Nitride (CBN) tools are 
recommended under high cutting speeds. 
Nickel based superalloys are primarily used in gas and 
steam turbines and aircraft engine components 
construction. These alloys resist corrosion from most 
chemicals and are competitors to stainless steel in the 
chemical, marine, power equipment, food service, 
petroleum and paper industry. Most commonly used 
nickel based superalloys are Inconel and Waspaloy.   
The waspaloy is a high strength, nickel based 
precipitation hardening alloy which gains its high 
strength through the precipitation of gamma prime as 
a result of titanium and aluminium additions and 
through solid solution strengthening from additions of 
chromium, cobalt, and molybdenum. Precipitated 
carbides provide additional strengthening by pinning 
grain boundaries which reduce grain boundary sliding 
at elevated temperatures. The alloy is used for critical 
parts that require high strength at elevated 
temperatures. Applications include turbine and 
compressor discs, shafts, spacers, turbine cases, 
fasteners and other miscellaneous hardware 
Waspaloy is difficult to machine in all heat treated 
conditions. The optimum condition for most 
machining operations is in the solution treated and 
partially aged condition where the hardness is about 
30 Rockwell C.  

II. LITERATURE REVIEW 
 
S.M. Darwish [1] A nickel based super alloy namely 
super Inconel 718 has been machined with bonded as 
well as mechanically clamped tools. It is found that 
bonded tools gives favourable effect on surface 
roughness when compared with mechanically 
clamped tools. S.A Khan et al., [2] have turning of 
Inconel 718 using low concentration Polycrystalline 
Cubic Boron Nitride (PCBN) inserts.The C-type tools 
and round tools were compared for built-up-edge 
(BUE) formation and grooving at different cutting 
speeds.  
J.L.Cantero et al., [3] have focused on the analysis of 
tool wear mechanisms in finishing turning of Inconel 
718. Tools such as cemented carbide tools, ceramic 
tools and CBN tools are suitable for machining nickel 
alloys. D. Dudzinski et al., [4] have focused on 
reducing the usage of lubricants during machining of 
hard to cut materials. Here the attention is focused on 
Inconel 718 and some solutions to reduce the use of 
coolants are explored. Rachid M Saoubi et al., [5] have 
focused on surface integrity characteristics of 
machined surface of Inconel 718. To measure surface 
integrity characteristics experimental techniques used 
such as Scanning Electron Microscopy (SEM), X-Ray 
Diffraction (XRD), Electron Back Scattered 
Diffraction (EBSD), Nano indentation and 3D optical 
microscopy. Irfan Ucun et al., [6] have investigated 
the effect of coating material on tool wear in 
machining of Inconel 718 alloy. M.S. Kasim et al., [7] 
have investigated tool wear using a ball type end mill 
in machining Inconel 718 alloy. Tool life and tool 
wear are examined with physical vapour deposition 
(PVD) coated carbide tool by varying the cutting 
parameters. Daniel Waldorf et al., [8] have focussed 
on producing the economical cutting tools for 
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machining of super alloys by replacing cobalt binder 
with rhenium and nickel based super alloy a strong 
composite tool is obtained. These tools were 
potentially capable of machining heat resistant super 
alloys at higher cutting speeds. C. Ezilarasan et al., [9] 
have analysed the machining parameters during 
turning of nimonic C-263 alloy. The whisker 
reinforced ceramic inserts were used to machine this 
alloy. The experiments were designed by using 
Taguchi’s experimental design.  
S. Ramesh et al., [10] have analysed the surface 
roughness in machining of titanium alloy by 
considering the cutting parameters feed, speed and 
depth of cut. The machining tests have been carried 
out using chemical vapour deposition (CVD) coated 
carbide insert under different conditions using 
Taguchi’s orthogonal array. 
 
III. PROBLEM   DEFINITION & OBJECTIVE 
 
Machining hard materials has become an important 
manufacturing process, particularly in the aerospace 
and bearing industries. There are many advantages of 
dry machining, such as increased flexibility, 
decreased cycle times, reductions in machine tool 
costs, and elimination of environmentally hazardous 
cutting fluids  
To study the behavior of waspaloy while machining 
and to optimize the machining parameters is the main 
aim of this project. 
The objectives of this experimental investigation are 

a. To analyze the effect of cutting parameters like 
cutting speed, depth of cut and feed on 
cutting forces using Design of Experiments 
(DoE). 

b. To assess the effect of cutting parameters on 
tool-tip temperature. 

c. To analyze the effect of cutting parameters on 
surface roughness using DoE 

 
IV. EXPERIMENTATION 
 
Tool holder used for experimentation is MTJNL 
12*12 M16 and Tool insert used is TNMG 160404 
carbide inserts of grade k-30 shown in Fig.1 and Fig.2 
shows the tool holder and insert assembly. 
 

 
Fig.4.1 Tool insert 

 
Fig.4. 2 Tool holder and insert assembly 

 
4.1 Equipment Used 
The equipment/ instruments used for the various 
experiments in this work are tabulated depicting their 
specific contextual uses, their specifications and 
particulars. 

 
Table 4.1 List of equipment used 

 
 

 
Fig.4.3 BANKA Lathe Machine Tool attached to lathe tool 

dynamometer 
 
The experiments were carried out on BANKA 
self-centered 3-Jaw lathe machine (LTM 20, 3kW, 4 
HP). The job length of 200 mm and diameter 35mm is 
machined using Carbide insert and tool holder 
assembly with the following geometry: rake angle: 00, 
clearance angle: 70, cutting edge angle: 850 and Nose 
radius: 0.8 mm. All machining tests are carried out 
without coolant. 

 
4.2 Plan of experiment based on the factorial 
analysis 
For the experimental plan, the factorial design for 
three levels was used with careful understanding of the 
levels taken by the factors. Table 4.2 indicates the 
factors to be studied and the assignment of the 
corresponding levels. The outputs to be studied are 
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surface roughness (Ra), tool tip temperature (Ti), 
cutting force along x-direction (Fx), cutting force 
along y-direction (Fy) and cutting force along 
z-direction (Fz). Analysis has been carried out in 
Minitab V.17.1.0. Software. 

 
Table 4.2 Cutting parameters and their levels 

 
 

V. RESULT DISCUSSION 
 
The optimization of turning parameters was carried 
out by using the ANOVA (Analysis of Variance) and 
the effect of factors and the interactions. Analysis of 
Variance of the data with the surface roughness (Ra), 
tool tip temperature (Ti), cutting forces Fx, Fy and Fz 
with the objective of analyzing the influence of cutting 
speed, feed rate and depth of cut on the total variance 
of the results is performed. The experiments were 
conducted for each combination of factors with single 
replicate. 
The results of the ANOVA with the surface roughness 
(Ra), tool tip temperature (Ti), cutting forces Fx, Fy 
and Fz are discussed below along with main effects 
plot and interaction plot. In this analysis, level of 
significance is 5% and level of confidence is 95%.  
If the p-value is less than the significant level .i.e., 5% 
then we reject the null hypothesis, hence the factor has 
a significant effect on response variable .i.e., surface 
roughness. If the p-value is more than the significant 
level .i.e., 5% then we accept the null hypothesis, 
hence the factor doesn’t have a significant effect on 
response variable. 
 
5.1 Effect of cutting parameters on surface 
roughness: 
Table 5.1 Experiment Results of Surface Roughness 

 

Table 5.2 Results of ANOVA for Surface Roughness 

 
 
Table 5.2 above shows the results of ANOVA for 
surface roughness. From the table, it can be observed 
that the p-value of feed and interaction between speed 
and depth of cut are less than significant level .i.e., 
5%. Hence, these factors have significant effect on 
response variable .i.e., surface roughness. 
 

Fig. 5.1 Main effect plot: average for surface roughness 
 

Fig. 5.1 shows the main effect plot of surface 
roughness at different parameters like cutting speed, 
feed rate and depth of cut in machining process of 
waspaloy. From the Fig.5.1 it can be seen that 
minimum surface roughness obtained is at cutting 
speed of 450 rpm, feed rate of 0.05 mm/rev and depth 
of cut of 0.2 mm. 
 

 
Fig. 5.2 Interaction plot: average for surface roughness 
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Fig. 5.2 shows the interaction among cutting speed, 
feed rate and depth of cut. It can be concluded that the 
minimum surface roughness is achieved when cutting 
speed is 450 rpm, feed rate is 0.05 mm/rev and depth 
of cut is 0.2 mm. 
 
5.2 Effect of cutting parameters on tool tip 
temperature 

 
Table 5.3 Experiment Results of tool tip temperature. 

 
 
Table 5.4 Results of ANOVA for tool tip temperature. 

 
 
Table 5.4 above shows the results of ANOVA for tool 
tip temperature. From the table, it can be observed that 
the p-value of depth of cut, feed and interaction 
between speed and depth of cut are less than 
significant level .i.e., 5%. Hence, these factors have 
significant effect on response variable .i.e., tool tip 
temperature. 

 
Fig.5.3 Main effect plot: average for Tool tip temperature 

 
Fig. 5.3 shows the main effect plot of Tool tip 
temperature at different parameters like cutting speed, 
feed rate and depth of cut in machining process of 
waspaloy. From the Figure 5.3 it can be seen that 
minimum Tool tip temperature obtained is at cutting 
speed of 450 rpm, feed rate of 0.05 mm/rev and depth 
of cut of 0.2 mm. 
 

Fig.5.4  Interaction plot: average for Tool tip temperature 
 

Fig.5.4 shows the interaction among cutting speed, 
feed rate and depth of cut. It can be concluded that the 
minimum Tool tip temperature is achieved when 
cutting speed is 450 rpm, feed rate is 0.05 mm/rev and 
depth of cut is 0.2 mm. 
 
 5.3 Effect of cutting parameters on cutting force 
along x-direction: 
Table 5.5 Experiment Results of cutting force along 

x-direction. 
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 Table 5.6 Results of ANOVA for cutting force along 
x-direction. 

 
 
Table 5.6 above shows the results of ANOVA for 
cutting force along x-direction. From the table, it can 
be observed that the p-value of depth of cut, feed and 
interaction between speed and depth of cut as well as 
depth of cut and speed are less than significant level 
.i.e., 5%. Hence, these factors have significant effect 
on response variable .i.e., cutting force along 
x-direction. The rest of the factors have less effect on 
response variable. 
 

 
Fig. 5.5 Main effect plot: average for cutting forces along 

x-direction 
 

Fig 5.5 shows the main effect plot of cutting forces 
along x-direction at different parameters like cutting 
speed, feed rate and depth of cut in machining process 
of waspaloy. From the Fig. 5.5 It can be seen that 
minimum cutting forces along x-direction obtained is 
at cutting speed of 280 rpm, feed rate of 0.05 mm/rev 
and depth of cut of 0.2 mm. 
 

Fig.5.6 Interaction plot: average for cutting forces along 
x-direction 

Fig.5.6 shows the interaction among cutting speed, 
feed rate and depth of cut. It can be concluded that the 
minimum cutting forces along x-direction is achieved 
when cutting speed is 280 rpm, feed rate is 0.05 
mm/rev and depth of cut is 0.2 mm 
 
5.4 Effect of cutting parameters on cutting force 
along y-direction: 
Table 5.7 Experiment Results of cutting force along 

y-direction. 

 
 

Table 5.8 Results of ANOVA for cutting force along 
y-direction. 

 
 
Table 5.8 above shows the results of ANOVA for 
cutting force along y-direction. From the table, it can 
be observed that the p-value of all factors and 
interactions are less than significant level .i.e., 5% 
except the value of cutting speed. Hence, all factors 
and interactions have significant effect on response 
variable .i.e., cutting force along y-direction except 
cutting speed. 
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Fig.5.7 Main effect plot: average for cutting forces along 

y-direction 
 

Fig.5.7 shows the main effect plot of cutting forces 
along y-direction at different parameters like cutting 
speed, feed rate and depth of cut in machining process 
of waspaloy. From the Fig.5.7 It can be seen that 
minimum cutting forces along y-direction obtained is 
at cutting speed of 450 rpm, feed rate of 0.05 mm/rev 
and depth of cut of 0.2 mm. 
 

 
Fig.5.8  Interaction plot: average for cutting forces along 

y-direction 
 

Fig.5.8 shows the interaction among cutting speed, 
feed rate and depth of cut. It can be concluded that the 
minimum cutting forces along y-direction is achieved 
when cutting speed is 450 rpm, feed rate is 0.05 
mm/rev and depth of cut is 0.2 mm. 

 
5.5 Effect of cutting parameters on cutting force 
along Z-direction: 
Table 5.9 Experiment Results of cutting force along 

Z-direction 

 

Table 5.10 Results of ANOVA for cutting force along 
z-direction. 

 
 
Table 5.10 above shows the results of ANOVA for 
cutting force along z-direction. From the table, it can 
be observed that the p-value of interaction between 
speed and depth of cut as well as depth of cut and feed 
are less than significant level .i.e., 5%. Hence, these 
factors have significant effect on response variable 
.i.e., cutting force along z-direction 

 

Fig.5.9  Main effect plot: average for cutting forces along 
z-direction 

 
Fig.5.9 shows the main effect plot of cutting forces 
along z-direction at different parameters like cutting 
speed, feed rate and depth of cut in machining process 
of waspaloy. From the Fig.5.9 it can be seen that 
minimum cutting forces along z-direction obtained is 
at cutting speed of 450 rpm, feed rate of 0.05 mm/rev 
and depth of cut of 0.4 mm. 
 

 
Fig. 5.10 Interaction plot: average for cutting forces along 

z-direction 
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Fig.5.10 shows the interaction among cutting speed, 
feed rate and depth of cut. It can be concluded that the 
minimum cutting forces along y-direction is achieved 
when cutting speed is 450 rpm, feed rate is 0.05 
mm/rev and depth of cut is 0.4 mm. 
 
CONCLUSION 
 
The following are the conclusions drawn from the 
present work Concepts of dry machining and its 
importance in hard turning of Waspaloy were studied.  

1. Surface roughness values of machined surface 
are increasing with increase in speed and depth 
of cut, and the roughness values are varying 
nonlinearly with increase of feed. Strong 
interaction among all input process parameters 
was observed. It is observed that minimum 
surface roughness obtained is at cutting speed 
of 450 rpm, feed rate of 0.05 mm/rev and depth 
of cut of 0.2 mm. 

2. Minimum tool tip temperature obtained is at 
cutting speed of 450 rpm, feed rate of 0.05 
mm/rev and depth of cut of 0.2 mm. 

3. Minimum cutting forces along x-direction 
obtained is at cutting speed of 280 rpm, feed 
rate of 0.05 mm/rev and depth of cut of 0.2 mm. 

4. Minimum cutting forces along y-direction is 
achieved when cutting speed is 450 rpm, feed 
rate is 0.05 mm/rev and depth of cut is 0.2 mm. 

5. Minimum cutting forces along z-direction is 
achieved when cutting speed is 450 rpm, feed 
rate is 0.05 mm/rev and depth of cut is 0.4 mm. 
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