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Abstract: The comparison of an analytical and numerical method to calculate the plastic strain, shear angle, and chip tool 
contact length in hot machining of Inconel 718 using flame heating has been discussed in the present study. The workpiece was 
heated with the combination of liquid petroleum gas along with oxygen gas. Merchant analytical model has been utilized for 
calculation of plastic strain, shear angle, while Sutter model is used for chip-tool contact length. DEFORM software has been 
used to find out the chip-tool contact length (L), shear angle (φ ), shear strain ( ε ) in the numerical model. It was observed that 

shear angle and chip tool contact length increased and plastic strain decreased with the increase of cutting speed and feed rate. 
From the numerical study, a good correlation was found for shear angle, chip tool contact length with the analytical model. 
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1. Introduction 

Nickel-base alloys are widely applied nowadays due to its 
mechanical characteristics (high strength, corrosion 
resistance, excellent creep, and fatigue strength at high 
temperature), it’s the alloy with more applicability among all 
nickel base alloys. Thus these alloys are widely used in jet 
engines, steam generators, gas turbines and nuclear reactors 
[1]. But the alloy has a hard abrasive particle in the 
microstructure, low thermal conductivity, and low elastic 
modulus which makes difficult during machining operations 
[2]. In all manufacturing process, machining is the vital role 
for making the product. It’s a material with poor 
machinability and has proven wide research on machining of 
these hard materials. The hot machining process is being 
used for machining hard materials, where maintaining tool 
wears reduction less is extremely importance. It presents 
several advantages besides high material removal rates, 
enhances tool life, increases chip-tool contact length, better 
surface finish as well [3]. In hot machining, the application of 
external heat is imposed to the surface of the workpiece. So 
an increase of temperature at cutting zone softens the 
material, allowing for better removal rate, less cutting force, 
and tool wear. However, this is possible for optimum heating 
temperature on the workpiece. Otherwise, rapid tool wear 

and damage to the surface of the workpiece occured. Other 
heating methods like electric arc heating, induction heating 
[4], plasma [5], laser [6], furnace heating [7] and flame 
heating[8,9] etc. have been used for heating the workpiece. 
However due to high cost, skilled labour and large space 
requirement newly developed heating method like plasma, 
laser etc. are not widely used in machining industries, 
although these techniques are secure. All heating methods 
have some benefits and some disadvantages according to 
their usages [10]. 

The material deformation is a great influence on the plastic 
strain rate and temperature. From the past literature, it is 
mentioned that the adiabatic shear band formation along with 
shear localization occurs at high strain rate whereas slip or 
twinning mechanism occurs deformation at Low strain rate. 
The dislocation motion of particle within the lattice over a 
wide range of cutting temperature and strain rate are the 
mechanism of plastic deformation [11]. The chip formation 
and deformation mechanism of a material depend on upon 
the hardness of the material and the plastic strain rate 
increase with the increase of cutting speed reported by duan 
et al. [12]. The accuracy of determination of plastic strains in 
machining operation depends on upon the distortion of grids 
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[13]. Effect of nose radius on cutting force and process 
variables in hot machining studied by Parida et al. [14] using 
DEFORM software. They stated that increase of nose radius 
decrease the shear angle and increase the chip thickness 
value. Chip-tool contact phenomena occur when the chip is 
flow on the of rake surface of the tool. Chip-tool contact 
length defined the shear angle, undeformed chip thickness 
[15]. A lot of work has been done on the chip-tool contact 
length of the cutting tool. It was found from the literature 
review that almost all model of the chip-tool interface does 
not depend on upon the cutting velocity. Zadshakoyan and 
Pourmostaghimi et al. [16] analysed the significant effect of 
chip-tool contact length on various machining responses 
using genetic algorithms. They stated that the decrease of 
cutting temperature and cutting force is due to a decrease of 
chip-tool contact length, which further decrease the 
secondary shear zone. Using different cutting speed, Iqbal et 
al. [17] studied the chip-tool contact length of two different 
material i.e. AISI 1045 and Ti-6A-l4V. The size of heat 
transfer zone in the cutting zone affected by the chip-tool 
contact length. They observed that with the increasing of 
cutting speed, the contact length decrease in the case of AISI 
1045 but, tool-chip contact length increases with the increase 
of cutting speed. The use of flame heating on machining of 
hard materials studied by different researchers [8, 18, 9, 19, 
20] and different model has been used for cutting force, tool 
wear, surface roughness. But the research on plastic strain, 
chip-tool contact length and shear angle has lack behind. 
Further, author best knowledge, less work has been studied 
numerically in hot machining area. The aim is to study the 
behavior (shear angle, chip-tool contact length, and plastic 
strain) of Inconel 718 steel in hot machining and predicted 
values shows good correlation with the analytical results. 

2. Experimental Procedure 

The experimental trials were carried out with the help of 
center lathe of 6 hp spindle power and maximum spindle 
speed of 1200 rpm. Inconel 718 was chosen as sample 
material having diameter 50 mm and length of 300 mm. 
The hardness was around 38 - 42 HRC as received from the 
supplier. The chemical composition of the sample material 
is shown (Table 1). Uncoated carbide tool was used for all 
experiment. The specification of cutting tool geometry, 
cutting condition and physical properties of Inconel 718 are 
tabulated in Table 2 and Table 3 respectively. The 
workpiece was heated using liquefied petroleum gas (LPG) 
and combined with oxygen. The workpiece was heated to 
600°C temperature as the yield strength of Inconel 718 
decreases at this temperature studied in past literature [21–
23]. The workpiece was drilled and bored with boring tool 
up to 47 mm and orthogonal machining conditions were 
performed. 

Table 1. Chemical composition of Inconel 718(weight%) [24]. 

Ni Fe Cr Nb Mo Ti Al C S 

53.46 18.31 18.29 4.97 3.01 1.02 0.52 0.015 0.0004 

Table 2. Specification of cutting tool geometry and cutting condition. 

Workpiece material Cutting tool 

material 
Inconel 718 Cemented carbide 

Rake angle -6° 
Clearance angle 6° 
Principal cutting edge angle 75° 
Nose radius 0.4 mm 
Machining condition  
Cutting speed 60, 100 m/min 
Feed rate 0.1, 0.15 mm/rev 
Depth of cut 0.5 mm 
Environment Heating temperature of 600°C 

Table 3. Mechanical and Physical Properties of Inconel 718 [25]. 

Density [kg/m3] 8200 
Latent heat of melting [J/kg] 250,000 
Solidus temperature [K] 1528 
Liquidus temperature [K] 1610 
Specific heat capacity 600 
Thermal conductivity [W/m.k] at 1500 K 30 
Poisson’s ratio 0.3 

 

Figure 1. Experimental setup for hot machining [a] Optical microscope [b]. 

The experiments were carried out with cutting velocity of 
40-100 m/min, the feed of 0.10-0.15 mm/rev and 0.5 mm 
constant depth of cut. After each run, the chips were collected 
and chip thickness, chip-tool contact length were measured 
with the help of nikon toolmaker’s microscope. The 
experimental setup and Nikon tool maker microscope is 
shown in Figure 1. 

3. Analytical Model 

Merchant theory is used to calculate the plastic strain, 
shear angle, chip thickness ratio in this study and Sutter 
model is used for chip-tool contact length calculation. The 
chip thickness ratio (r) can be calculated as 

c

t
r

t
=                                           (1) 

where t  is chip thickness and 
c

t  is the uncut chip thickness 

and can be calculated as 

*sin  
c

t f γ=                                 (2) 

where f  is feed rate and γ  is the principal cutting angle. 

The shear angle (φ  ) in the shear plane can be calculated 

as 



51 Asit Kumar Parida:  Analytical and Numerical Modeling of Hot Machining of Inconel 718  
 

cos
tan

sinr

αφ
α

−  =  − 
                       (3) 

where α  is the rake angle. The plastic strain ( ε ) can be 
calculated as 

21 2 sin

cos

r r

r

αε
α

+ −=                          (4) 

0cos( 6)
tan tan (0.31) 17

3.10 sin( 6)
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21 3.1 2*3.1*sin( 6)
3.65

3.1*cos( 6)
ε + − −= =

−
 

Chip-tool contact length (
c

L ) can be calculated as per 

Sutter et al. [26] 

1.92 0.09
c c

L t t= −                             (5) 

1.92*0.0965 0.09*0.3 0.158 
c

L mm= − =  

4. Finite Element Analysis in Hot 

Machining Operation 

The finite element analysis in hot turning operation has 
carried out with DEFORM software, supplied by Scientific 
Forming Technologies Corporation (SFTC) is used in this 
work. The software contains metal cutting, metal forming, 
heat treatment, machining distortion, in both two and three 
dimensions. 

 

Figure 2. Meshing and boundary conditions. 

In hot machining simulation, a cylindrical heat exchange 
window was used to exchange heat in the process. The heat 
exchange window moves along the cutting direction and 
maintain temperature (600°C in the case of hot machining) 
set by the user and another surface kept at room temperature. 
The black arrow mark indicates heat transfer to the 
environment while the other surface which is far away from 
the cutting zone maintains room temperature. No movement 
of the workpiece along y-direction was marked by black 
triangle, while for cutting tool both x and y-direction was 
constraint represented by the red triangle as shown in Figure 
2. The workpiece was modeled as plastic with 30,000 
elements, whereas tool was modeled as rigid with 20,000 
elements. For better accurate result of plastic strain, 
temperature distribution, the cutting zone area was assigned 
with high mesh density with minimum element size 2µm. 
Johnson-cook material modeling was implemented, a well-
known and widely used by many researchers [27]. 
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ε
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          (6) 

where σ  is the flow stress, 
.

ε  is the plastic strain, 
.

ε  is the 

plastic strain rate, 
.

0ε  is the reference plastic strain rate. 
m

T  is 

the melting point of the material, Tr is the room temperature 

and T is the temperature of the workpiece material. A, B, C 
are the yield strength, hardening modulus, and strain rate 
sensitivity coefficient, n is the hardening coefficient and m is 
the thermal softening coefficient. The Johnson-Cook material 
constants are tabulated in Table 4. 

Table 4. Johnson-cook material constant [28]. 

A [MPa] B [MPa] n C m 

450 1700 0.65 0.017 1.3 

In the present study, constant shear friction model is used 
in the simulation and value of shear friction factor (m) was 
taken 0.9 [29] as Eq.7. 

m
k

τ=                                         (7) 

where τ = Shear stress, k  = shear flow stress of the work 
material 

Damage criteria have been implemented using Cockroft 
and Latham model, as Inconel 718 is low thermal 
conductivity material and chip segmentation nature and 
evaluated as Eq.8. 

  
0

f
C d

i

ε
σσ ε
σ

 − −
 = ∫  − 
 

                        (8) 
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where Ci is the critical damage [28], fε  is the strain at the 

breaking conditions, ε
−

 is the effective strain, σ
−

 is the 
effective stress and σ  is the maximum stress. 

For modeling of hot machining of a heat exchange window 
was used to exchange heat in a local area which is available 
in DEFORM software. The total power input, through the 
window can be expressed as [30] Eq.9. 

( )window workpieceq hA T T= −                             (9) 

where, A is the surface area of heat exchange window 
(described as red cylinder), h is the heat conventional 
coefficient, 

window
T  is the temperature of the heat exchange 

window and workpieceT  is the temperature of the workpiece. 

The detail work plan is shown in Figure 3. 

 

Figure 3. Detail work plans in this study. 

5. Results and Discussion 

The simulated results (plastic strain, shear angle, chip-tool 
contact length) obtained in DEFORM software at different 
machining conditions were validated with different analytical 
model (Merchant and Sutter). 

5.1. Shear Angle 

The computed shear angle at different cutting condition is 
shown in Figure 4. It was noticed that with an increase of 

cutting speed and feed rate the shear angle increase. The 
shear angle at cutting conditions of 60 (m/min)/0.1 (mm/rev) 
and 100 (m/min)/0.15 (mm/rev) were overestimated from the 
analytical result, whereas at 100 (m/min)/0.1 (mm/rev) 
cutting condition it was underestimated from the analytical 
result. At 60 m/min and 0.15 mm/rev cutting condition, the 
shear angle was good agreement between the numerical and 
analytical result as shown in Figure 5. The increase of shear 
angle is the sign of the reduction of cutting force during hot 
machining. 

 

Figure 4. Shear angle at different cutting conditions. 
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Figure 5. Comparison between the simulated and analytical shear angle at different cutting conditions. 

5.2. Plastic Strain 

As workpiece material is suffered by both thermal 
softening and reduction of friction due to an increase of 
cutting speed from 60 -100 m/min, the plastic strain at V=60 
m/min (3.65) is reduced to at V=100 m/min (2.7) in the 
analytical method. But at a constant speed, with an increase 
of feed rate (0.1 to 0.15 mm/rev) the plastics strain decreased 

from (3.65 to 2.74). Except at V=100 m/min and f=0.10 
mm/rev, the numerical plastic strain value was overestimated 
compared to the analytical result. The numerical plastic strain 
at different cutting conditions is shown in Figure 6. The 
comparison between the simulated and analytical model for 
plastic strain result as shown in Figure 7. 

 

Figure 6. Numerical plastic strain distribution in the workpiece and chip at different cutting conditions. 
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Figure 7. Comparison between the simulated and analytical plastic strain value at different cutting conditions. 

5.3. Chip-Tool Contact Length 

Iqbal et al. [17] studied the contact tool-chip length using 
finite element simulation of machining of steel. They used a 
different model for contact length and Marino's model was the 
best result for turning of AISI 1045 steel. They stated that 
friction factor has a big role in chip-tool contact length. During 
hot machining (600°C), the friction between the chip-tool 
decreased compared to room temperature machining. The 
chip-tool contact length measurement in the simulation is 
shown in Figure 8. It was observed that with an increase of 
cutting speed and feed rate the chip-tool contact length 

increased. The increase of chip-tool contact length has many 
benefit like normal stress acting on the tool becomes lower and 
improve tool life [3]. The analytical result finds close 
agreement with the simulation results. Chip-tool contact length 
in simulation and experiment are shown in Figure 9 and Figure 
10 respectively. The comparison between the analytical, 
simulation and experiment chip-tool contact length results 
(Figure 11). The analytical and predicted shear angle, chip-tool 
contact length, plastic strain values are tabulated in Table 5. 
The error % between the experiment and simulated value were 
calculated using Eq.9 and tabulated in Table 6. 

 

Figure 8. Chip-tool contact length in simulation. 
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Experimental value Simulated value
Error

Experimental value

−=                                                   (10) 

 

 

Figure 9. Simulation and optical view of chip-tool contact length at different cutting condition. 
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Figure 10. Comparison between the Numerical, Analytical, and Experimental chip-tool contact length. 

Table 5. Calculated and Predicted shear angle, plastic strain, and chip-tool contact length. 

Machining conditions 
Analytical 

plastic strain 

Simulated 

plastic strain 

Analytical shear 

angle (°) 

Simulated shear 

angle (°) 

Analytical chip-tool 

contact length 

Simulated chip-

tool contact length 

V=60m/min, 
f =0.10 mm/rev 3.65 4.03 17 19.7 0.158 0.123 

f =0.15 mm/rev 2.74 3.32 25 24.9 0.25 0.22 

V=100m/min 
f =0.10 mm/rev 2.70 2.73 25 20.1 0.16 0.15 

f =0.15 mm/rev 2.48 2.82 29 31.4 0.25 0.24 

 
The Comparison between analytical and simulated values 

for shear angle, plastic strain, chip tool contact length at hot 
machining and its error percentage is tabulated in Table 4. 
The error % of plastic strain was higher at cutting speed of 60 
m/min and feed rate of 0.15 mm/rev, for the shear angle at 
100(m/min)/0.10(mm/rev) and for chip-tool contact length at 
60(m/min)/0.1(mm/rev) cutting condition respectively. 

Table 6. Errors percentage between the analytical and simulated conditions. 

Machining 

conditions 

Plastic 

strain (%) 

Shear angle 

(%) 

Chip-tool contact 

length (%) 

V=60m/min, 
f =0.10 mm/rev 

10 15 22 

V=60m/min, 
f =0.15 mm/rev 

21 0.4 12 

V=100m/min, 
f =0.10 mm/rev 

1 19.6 6.25 

V=100m/min, 
f=0.15 mm/rev 

13 8.27 4 

6. Conclusions 

In this present work, hot machining of Inconel 718 has 
been studied using the gas flame heating method. An 
analytical studied has been carried out using Merchant and 
Sutter model to find out plastic strain, shear angle, and chip-
tool contact length. Numerical analysis was also carried out 
to study the strain, shear angle and chip-tool contact length 
using DEFORM software at different cutting conditions 

(both room and heated). Numerical modeling and simulation 
of machining process variables has advantage that it provides 
possibilities to simulate the machining process. The input 
data and boundary conditions is the main criteria for 
accuracy. The model is verified with the analytical model 
data of chip tool contact length, shear angle, plastic strain. 
From the analysis, it was observed that the plastic strain 
value decreased, Shear angle and chip-tool contact length 
value increased with increase of cutting speed and feed rate. 
The maximum error % between the experimental and 
simulation for plastic strain was observed at cutting 
conditions of v=60m/min, f=0.10mm/rev, for shear angle 
19.6% error at v=100m/min, f=0.10 mm/rev and for chip-tool 
contact length 22% error at v=60m/min, f=0.10mm/rev 
respectively. 
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