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Abstract. Traditional machining processes such as milling and turning consist in using a cutting tool with defined 

geometry to give shape to a workpiece by removing material in the form of chips. The Finite Element Method 

(FEM) can be used to simulate the metal cutting procedure and predict output variables such as chip morphology 

and cutting forces, facilitating the optimization of machining parameters and reducing experimental costs. Thus, 

the present work aims to simulate machining operations to conduct a numerical analysis of chip morphology and 

cutting forces in different materials. The nickel superalloy Inconel 718, which is considered a hard-to-cut material, 

was chosen for a comparative study with the aluminum alloy Al 6101-T6, considered a material of good 

machinability. The mechanical properties of both materials were characterized using the Johnson-Cook 

constitutive model in the simulations, whereas the cutting tool was modelled as a rigid body. The results show that 

machining of Inconel 718 leads to worse chip formation, higher residual stresses, and higher cutting forces than 

Al 6101-T6, which is expected from literature. 
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1  Introduction 

Traditional machining processes involve the removal of material from a workpiece in the form of chips by 

using a cutting tool. In general, machining operations have the objective of efficiently manufacturing mechanical 

components or features with dimensional and geometrical precision, minimizing material waste and tool wear. 

The ideal cutting conditions of a machining operation depend on several aspects, including the mechanical 

properties of the materials of the workpiece and the tool, as well as cutting parameters such as depth of cut, feed 

rate, cutting speed, cutting forces, and many others. In order to reduce experimental costs, machining operations 

can be simulated numerically using an orthogonal cut modelling and the finite element method (FEM). In FEM 

machining simulations, different responses can be observed depending on the properties of the machined material, 

the geometry of the instances and machining parameters [1]. Besides, simulations of machining permit the analysis 

of variables that are difficult to obtain experimentally [2].  

The machinability of a metallic alloy characterizes how easily the material can be sheared by a cutting tool. 

A simple change in the geometry of the tool or the presence of alloying elements in the machined material can 

drastically change machinability, therefore this parameter is highly variable [3]. Aluminum alloys, in general, tend 

to have good machinability due to their low hardness and density, although problems related to chip adhesion can 

be encountered if excessive heat is not controlled during machining [4]. Nickel-based superalloys, on the other 

hand, are known as hard-to-cut materials for several factors, including their high hardness and strength under 

elevated temperatures, high degree of work hardening, poor thermal conductivity, and high tendency of formation 

of built-up edge [5].  

Therefore, the objective of this work is to promote a comparative study of machinability of two different 

alloys based on FEM numerical simulations. The materials chosen are: the aluminum alloy Al 6101-T6, which is 

a versatile material used in a wide range of applications [6]; and Inconel 718, a nickel superalloy usually used for 
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applications in harsh environments due to its excellent mechanical strength, creep resistance and corrosion 

resistance [7]. Machining of Inconel 718, as opposed to Al 6101-T6, presents many challenges associated with 

high cutting forces, bad surface quality, rapid tool wear rates and short lifespan of the cutting tool. Through the 

numerical simulations, the orthogonal cut of the two materials was performed in identical machining conditions, 

in order to analyze the effect of the material properties in the morphology of the chip, the stress distribution and 

the cutting forces. 

2  Methodology 

2.1 Johnson-Cook constitutive model 

In the FEM simulations of machining, the mechanical properties of the materials were characterized using 

Johnson-Cook (JC) constitutive model [8]. According to JC model, the hardening rule of a material depends on 

the accumulated plastic strain, the accumulated plastic strain rate, and the temperature, according to eq. (1): 

σ𝑦(ε̅𝑝, ε̇̅𝑝, 𝑇) =  [A +  B(ε̅𝑝 )𝑛][1 +  C ln(ε̇̅𝑝∗)](1 −  𝑇∗𝑚 ). (1) 

In eq. 1, σy represents the hardening rule of the material, ε̅𝑝is the accumulated plastic strain, ε̇̅𝑝 is the 

accumulated plastic strain rate and T is the temperature. The terms A, B and n are material constants that represent 

the initial yield stress, the isotropic hardening modulus, and the exponent of hardening, respectively. The 

parameters C and m control the effects of ε̇̅𝑝 and T. The terms ε̇̅𝑝∗ and T* are the dimensionless plastic strain rate 

and the homologous temperature, respectively, and are calculated according to eq. (2) and eq. (3): 

ε̇̅𝑝∗ =
ε̇̅𝑝

ε̇̅0
𝑝 ; 

(2) 

𝑇∗ =
𝑇−𝑇𝑟

𝑇𝑚−𝑇𝑟
. (3) 

In eq. (2) and eq.  (3), ε̇̅0
𝑝
represents the reference accumulated plastic strain rate, T is the current temperature, 

𝑇𝑟 is the room temperature and 𝑇𝑚 is the melting temperature.  

The failure model based on Johnson-Cook considers fracture of individual elements, assuming that damage 

is accumulated linearly according to eq. (4), where 𝐼𝐽𝐶  is the JC fracture indicator and εf is the equivalent plastic 

strain at fracture: 

𝐼𝐽𝐶 = ∫
�̇̅�𝑝

𝜀𝑓

𝜀𝑓

0
. 

(4) 

According to JC, the equivalent plastic strain at fracture is a function of the stress triaxiality η, which is the 

ratio between hydrostatic pressure and the von Mises equivalent stress, as well as the dimensionless plastic strain 

rate ε̇̅𝑝∗ and homologous temperature T*, according to eq. (5): 

𝜀𝑓 = [𝐷1 + 𝐷2 exp(𝐷3 𝜂)][1 + 𝐷4 ln(ε̇̅𝑝∗)][1 + 𝐷5𝑇∗], (5) 

where D1, D2, D3, D4 and D5 are material parameters that need to be calibrated by adjusting experimental and 

numerical data. 

The JC parameters of Inconel 718 and Al 6101-T6 used in this work were obtained by Erice and Gálvez [9] 

and Malcher et al. [10]. The numerical values are shown in Tab. 1.  

Table 1. Johnson-Cook damage and plasticity parameters of the workpiece materials.  

Parameter Value for  

Inconel 718 

Value for 

Al 6101-T6 

𝐷1 0.04 0.071 

𝐷2 0.75 1.246 
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𝐷3 -1.45 -1.142 

𝐷4 0.04 0.147 

𝐷5 0.89 0.1 

Melting temperature 1,800 °C 600 °C 

Transition temperature 25 °C 20 °C 

A 1,200 MPa 1,480 MPa 

B 1,284 MPa 3,410 MPa 

C 0.006 0.001 

m 1.20 0.859 

n 0.54 0.183 

Reference strain rate 0.001 s-1 1 s-1 

Young modulus 185,000 MPa 70,000 MPa 

Density 8.19×10-6 kg/mm3 2.7×10-6 kg/mm3 

Poisson coefficient 0.33 0.27 

2.2 Modelling of orthogonal cutting 

The simulations were performed using standard database explicit models on Abaqus CAE, which is a 

commercial software for FEM analysis. Firstly, the cutting tool and the workpiece were modeled using 2D sketches 

with the dimensions in millimeters shown in Fig. 1. Then, to create 3D instances, the 2D sketches were extruded 

in the Z direction. The extrusion lengths are 10 millimeters for the tool and 8 millimeters for the workpiece. 

  

Figure 1. Sketches of the tool (left) and workpiece (right). 

The cutting tool was modelled as a rigid body, whereas the properties of Inconel 718 and Al 6101-T6 were 

set for the workpiece in the respective simulations. In both simulations, the inferior edge of the workpiece was 

fixed, and a displacement was applied to the tool so as to simulate the orthogonal cut process. The instances were 

assembled, and interaction was established with friction coefficient 0.2. The instances were discretized with 3D 

elements, with finer discretization in the region of contact between the tool and the workpiece, as shown in Fig. 2. 

The simulation of failure of the workpiece material on Abaqus occurs by element deletion, so when each individual 

finite element suffers deformation beyond a specified limit, the element is deleted, so as to simulate shearing and 

chip formation.  
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Figure 2. Assembly of the cutting tool and the workpiece discretized into finite elements. 

Each simulation was carried out at a frequency of 20 evenly spaced time intervals, and the von Mises stress 

distribution and the cutting forces were monitored throughout the process. The cutting speed of the tool was set at 

10 m/min and the depth of cut, which is the vertical distance between the top edge of the workpiece and the lowest 

point of the tool, was set at 1.25 mm.  

3  Results and discussion 

3.1 Chip formation 

The morphology of the chips at different machined lengths for Al 6102-T6 and Inconel 718 are shown in Fig. 

3 and Fig. 4, respectively. The color gradient represents the von Mises stress distribution in Pa. 

 

Figure 3. Chip morphology and von Mises stress distribution for Al 6101-T6. 
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Figure 4. Chip morphology and von Mises stress distribution for Inconel 718. 

By comparing the results of Fig. 3 and Fig. 4, it is possible to observe that the Al 6101-T6 chip is thicker 

than the Inconel 718 chip. This is probably due to the failure criterion established to the finite elements and the 

stresses to which the elements are subjected in the region of interface between the workpiece and the tool. Inconel 

718 is more resistant; therefore, a great number of elements tend to either remain attached to the workpiece with 

high residual stresses or to be deleted because of excessive deformation. The aluminum alloy, on the other hand, 

is more ductile, so the elements resist higher deformations before the deletion criterion is triggered, resulting in 

fewer elements deleted and a more voluminous chip. It is known that chip morphology in FEM numerical 

simulations is highly dependent on the constitutive model used to describe the mechanical properties of the 

workpiece material, even for one single material. In their work, Thepsonthi and Özel [11] compared the use of 

viscoplastic and elasto-viscoplastic assumptions for describing the properties of Ti-6Al-4V in FEM simulations of 

micromilling. The authors observed that the chip changes from continuous to fragmented when elasto-viscoplastic 

assumption is used instead of viscoplastic. The authors claim that when the viscoplastic assumption is used, the 

elastic deformation is negligible in comparison with the plastic deformation, which can drastically simplify the 

problem and reduce computational time.  

Figure 4 also shows that the maximum values of von Mises stress for Inconel 718 are considerably higher 

than Al 6101-T6. For example, in the third frame shown, the maximum von Mises stress for the nickel superalloy 

was 2,404 MPa, whereas this parameter reached only 774.5 MPa for the aluminum alloy, at the same machined 

length, which represents a difference of around 340%. High values of residual stress are directly associated with 

poor surface quality, which is a recurrent problem in machining of Inconel 718. Silva, da Silva and Oliveira [12] 

evaluated the surface quality of microslots of Inconel 718, manufactured with tungsten carbide tools with 400 µm 

of diameter. The authors observed that the surface roughness Ra was greater than 0.140 µm for all the slots, whereas 

Kumar, Deb and Paul [13] obtained Ra smaller than 0.090 µm in microslots obtained under similar conditions in 

Al 6101-T6. Therefore, the aluminum alloy is expected to present better surface quality.  

3.2 Cutting forces 

The forces acting on the workpiece were monitored in each time interval. A comparison of the cutting forces 

for both workpiece materials is shown in Fig. 5.  
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Figure 5. Chip morphology and von Mises stress distribution for Al 6101-T6. 

From Fig. 5, it is possible to notice that there are significant irregularities in the maximum value of force 

throughout the machined length, with high amplitude between peaks of force, for both materials. This happens 

because the force is determined by the volume of material exerting pressure on the flank face of the tool, which is 

a parameter that varies irregularly according to the number of elements deleted by the failure criterium and the 

continuity of the chip. Furthermore, the values of maximum cutting force for the nickel superalloy (approximately 

450 N) are roughly three times as big as the equivalent values for aluminum (approximately 150 N). This is 

expected, considering that the densities of the two materials are 8.19×10-6 kg/mm3 and 2.70×10-6 kg/mm3. Since 

the volume of the workpieces is the same, their masses differ by a factor of 3.03, and the forces differ accordingly 

when the other input parameters are maintained.   

The high forces in machining of Inconel 718 are known as one of the reasons for its low machinability. 

Bartolomeis et al. [14] conducted an extensive review work on the machinability of this superalloy. According to 

the authors, the thermomechanical stresses induced by high cutting forces and cutting temperature gradients cause 

damage to the machined surface, as well as rapid tool wear and microstructure and mechanical properties 

alterations. 

4  Conclusions 

In this work, simulations of machining were conducted using Abaqus. Two models of workpiece were used 

to represent the mechanical properties of two different materials, namely Inconel 718 and Al 6101-T6. The 

following conclusions can be drawn: 

• Chips of Al 6101-T6 tend to be thicker than Inconel 718 due to the higher ductility of aluminum. 

• Machining of Inconel 718 result in residual stresses more than two times greater than Al 6101-T6, 

generating worse surface quality of the machined part.  

• Cutting forces during machining of Inconel 718 can be up to three times greater than Al 6101-T6, 

which is associated with higher rates of tool wear. 
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