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Abstract
The objective of the present work is to investigate the effect 
of hot machining on surface roughness. Inconel 825 has good 
mechanical properties from cryogenic temperatures to moderately 
high temperatures therefore it is widely used for many industrial 
applications. However, machinability of the material is considered 
to be poor due to its inherent characteristics. In Hot Machining the 
temperature of the work piece is raised to several hundred Celsius 
above ambient, which causes reduction in the shear strength 
of the material. We used flame heating method for heating the 
work piece and experiments were carried out to establish the 
influence of surface temperature, spindle speed, and feed rate on 
surface roughness. Using Grey Relational Analysis the optimum 
parameters are determined 
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I. Introduction
Machining of hard materials, which have the high strength, 
wear resistance and toughness exhibit lot of difficulties, while 
doing by conventional machining methods and yields desirable 
results only by the selection of optimum machining parameters 
[1].Non-conventional machining techniques such as abrasive jet 
machining, electro chemical machining and electrical discharge 
machining processes remove a very small amount of material per 
pass, which is very expensive and time consuming as well.
Therefore, there is a definite need to improve the machinability 
for these materials. Hot machining is one of the most promising 
processes being developed to machine such materials. In hot 
machining either the whole or part of the material to be machined 
is heated before machining [2]. Whichever is the case, heating 
causes reduction in the shear strength of the material, resulting 
in improvement in machinability, such as lower power and less 
heat generation in cutting [3]. Due to these advantages of hot 
machining, extremely hard and brittle materials like ceramics can 
also be machined using this technique. Various heating methods 
were adapted by different researchers [4-7].
The amount of heat generated varies with the type of material 
being machined and machining parameters especially cutting 
speed, which had the most influence on the temperature [8]. 
Many of the economic and technical problems of machining are 
caused directly or indirectly by this heating action. Excessive 
temperatures directly influence the temperatures of importance 
to tool wear on the tool face and tool flank and inducing thermal 
damage to the machined surface [9].

All these problems lead to high tool wear, low material removal 
rate (MRR) and poor surface finish [10]. In actual practice, there 
are many factors which affect these performance measures, i.e. 
tool variables (tool material, nose radius, rake angle, cutting 
edge geometry, tool vibration, tool overhang, tool point angle, 
etc.), workpiece variables (material, hardness, other mechanical 

properties, etc.) and cutting conditions (cutting speed, feed, depth 
of cut and cutting fluids). Several papers has been published in 
experimental based to study the effect of cutting parameters on 
surface roughness [11, 12], tool wear [13], machinability [14], 
cutting forces [15], power consumption [16], material removal 
rate [17].

Fig. 1: Preheating Setup

It was shown that the cutting mechanism of the ceramics changes 
from brittle  fracture type to plastic deformation type in case of 
hot machining [18].A selection of improper heating method of the 
work-piece material will lead to undesirable structural changes, 
which increases the machining cost. From the past studies, it was 
understood that for heating the work piece during hot machining 
different methods of heating, such as, furnace heating, flame 
heating, laser heating, friction heating, electric heating and plasma 
arc heating methods have been employed. One of the primary 
objectives is to reduce the machining cost without sacrificing the 
quality of the machined parts [1]. 

II. Experimental Details
In this experiment LPG heating setup was used to heat the 
workpiece. The flame was generated through torch and nozzle. 
The torch movement can either be automated or manually moved, 
here we placed flame torch in the place of coolant nozzle. The 
gas pressure was adjusted by a pressure regulator and it is varied 
with respect to requirement throughout the experiment. LPG 
heating is an obvious choice for hot machining since it requires 
low cost equipment, although the gross heat available and the 
energy transfer density will be low. Metallurgical damage to the 
workpiece will be low. 
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Fig. 2: Flame Torch

The turning test on the work piece was conducted on NAGAMATI-
175 Lathe machine which have maximum spindle speed of 1200rpm 
and maximum power of 2.25kW/3HP. A hole was drilled on the 
face of the workpiece to allow it to be supported by tailstock. Prior 
to actual machining, the rust layer was removed by a new cutting 
insert in order to effect the experimental results. 
Workpiece is preheated for machining up to required temperature, 
heating continues in machining also. In order to maintain required 
steady temperature this heating is required throughout the 
machining.

A. Workpiece and Tool Materials
An Inconel 825 alloy rod of 30 mm diameter was used for 
experimentation. It has good mechanical properties from cryogenic 
temperatures to moderately high temperatures. The composition 
of Inconel 825 alloy is given in Table 1. 

Table 1: Composition of Inconel 825 Alloy
Elements Percentage (%)
Nickel 38.0 – 46.0
Iron 22.0
Chromium 19.5- 23.5 
Molybdenum 2.5 – 3.5
Copper 1.5–3.0
Titanium 0.6- 1.2
Carbon 0.05
Manganese 1.0

A tungsten carbide insert specified as PCLNR 2020 K12 WIDAX for 
the machining is used as the cutting tool.The chemical composition 
of cutting tool is Cobalt (Co) 9.5%, Composite Carbide 6.5%, WC 
is the rest. It is CVD coated with 1400Hv hardness. 
The ranges of four input parameters were decided on the basis 
of machine capability, past experience, literature review and 
preliminary experiments. The selected ranges of parameters 
are:

Temperature: 100˚C, 200˚C, 300˚C• 
Spindle speed: 500rpm, 770 rpm and 1200 rpm • 
Feed: 0.20mm/rev, 0.25mm/rev, 0.318mm/rev • 
Depth of cut:  0.3mm, 0.4mm and 0.5mm• 

B. Measurements

1. Measurement of Surface Roughness:
Surface roughness was measured after every experimental trial 
by using Talysurf.

Fig. 3: Talysurf [Surface Measuring Device]

2. Measurement of Surface Temperature:
The surface temperatures were measured by using of infrared 
pyrometer.

Fig. 4: Pyrometer 

III. Design of Experiment based on Taguchi Method
The aim of the experiments was to analyze the effect of cutting 
parameters on surface roughness of Inconel 825 alloy. The 
experiments were planned using Taguchi’s orthogonal array in 
the design of experiments which help in reducing the number of 
experiments. In this investigation carried out by varying three 
control factors Cutting Speed, Feed rate and Temperature on Hot 
machining. For experimental work of Hot turning 30 mm diameters 
Inconel 825 alloy bar used. In Taguchi method L9 Orthogonal 
array provides a set of well-balanced experiments.

IV. Results and Analysis
Table 2: Experimental Results

S.No Temperature  
[˚C]

Speed
[rpm]

Feed Rate 
[mm/rev]

Depth 
of cut

Surface 
Roughness 
[µm]

1 100 500 0.20 0.3 1.664
2 100 770 0.25 0.4 1.887
3 100 1200 0.31 0.5 1.956
4 100 500 0.25 0.5 1.624
5 200 770 0.31 0.3 1.892
6 200 1200 0.20 0.4 1.975
7 200 500 0.31 0.4 1.753
8 200 770 0.20 0.5 1.912
9 300 1200 0.25 0.3 1.981
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Table 3: Experimental Results for Conventional Turning
Source DOF SS MS F-Value % Contribution
Temperature 3 0.17667 0.05889 1321.55 88.52
Speed 3 0.01977 0.00659 147.95 9.91
Feed 3 0.00089 0.00029 6.71 0.45
DOF 1 0.00074 0.00074 16.66 1.12
Residual 
Error 5 0.00022 0.00004 0.99

Total 15 0.19831 100

S=0.0066755 R-Sq= 99.89% R-Sq(Adj)= 
99.66%

R-Sq(Pred)= 
98.85%

Analysis of Variance (ANOVA) is a powerful analyzing tool 
to identify which are the most significant factors and it’s (%) 
percentage contribution among all control factors for each of 
machining response. It calculates variations about mean ANOVA 
results for the each response. Based on F-value (Significance factor 
value) important parameters can be identified. This analysis was 
carried out for significance level of α=0.05 i.e. for a confidence 
level of 95%. The sources with a P-value less than 0.05 are 
considered to have a statistically significant contribution to the 
performance measures. The last column of the tables shows the 
percent contribution of significant source of the total variation 
and indicating the degree of influence on the result. 

Table 4: Analysis of Variance for Surface Roughness

S.No Speed 
[rpm]

Feed Rate 
[mm/rev]

DOC 
[mm]

Surface 
Roughness [µm]

1 500 0.2 0.3 1.472
2 500 0.25 0.4 1.972
3 500 0.3 0.5 2.198
4 770 0.2 0.4 1.264
5 770 0.25 0.5 1.845
6 770 0.3 0.3 2.333
7 1200 0.2 0.5 1.017
8 1200 0.25 0.3 1.598
9 1200 0.3 0.4 2.548

From the analysis of the Table 4 shows that P-value of 
temperature(0.000), spindle speed (0.000) and feed (0.033) which 
are less than 0.05. It means that temperature, cutting speed and 
feed influence significantly on workpiece surface temperature, T. 
The temperature, spindle speed and feed have a contribution for 
the workpiece surface temperature are 89.09%, 9.97% and 0.45% 
respectively. The next contribution comes from DOC(0.37%) 
which is not statistically significant. As the percent contribution 
due to error is very small it signifies that neither any important 
factor was omitted nor any high measurement error was involved 
(Ross, 1996). 

A. Main Effect Plots
The data was further analyzed to study the interact on amount 
cutting parameters [T, V,  F] and the main effect plot on  surface 
roughness was analyzed with the help of software package 
MINITAB17 and shown in fig. 5. The plots show the variation 
of individual response with the four parameters; temperature, 
cutting speed and feed separately. In the plots, the x-axis indicates 
the value of each process parameters at three level and y-axis the 
response value. The main effect plots are used to determine the 
optimal design conditions to obtain the low tool wear and low 
surface temperature.

Fig. 5: Main Effect Plot for Surface Roughness

The effect of hot machining in improving surface finish is depicted 
in Figures 6,7,8. This Phenomenon can be explained by the 
following three mechanisms (Uehara et al., 1983;
Lal and Choudhury, 2005).

Decreasing of chatter vibrations with the decrease in cutting • 
force.
Changing of the mechanism of chip formation from • 
discontinuous type to continuous type.
The absence of built-up edge formation.• 

Fig. 8 shows that the depth of cut has negligible effect on surface 
roughness. It is shown in ANOVA table for surface roughness 
that Depth of cut has negligible very least contribution and it 
is statistically insignificant because the P-Value is greater than 
0.05 i.e. 0.100. (Lal and Choudhury, 2005) in both normal and 
hot machining.
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Fig. 6: Surface Roughness vs. Speed

Fig. 7: Surface Roughness vs. Feed
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Fig. 8: Surface Roughness vs. DOC

V. Conclusions
From the research of present work, the following conclusions 
are drawn.

Surface finish was improved remarkably in hot machining. • 
About 23.08% reduction in surface roughness was observed 
in hot machining compared to conventional cutting.
Hot machining affected the mechanics of chip formation. • 
Continuous chips were observed during hot machining of 
Inconel 825 alloy.
Effect of hot machining was observed to be predominant at • 
lower values of speed and feed due to the efficient transfer 
of heat to the cutting zone.

Scope For Future Work
The effect of temperature can be studied by carrying out • 
experiments at various temperatures.
Optimum incident angle and stand-off distance for flame • 
can be obtained by changing incident angle and stand-off 
distance of the torch.
The technique of hot machining can be applied in cutting • 
composite materials.
Metallurgical aspects of the Workpiece after hot machining • 
can be studied.
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