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Using finite element simulations to optimise metal machining 

The majority of metal-cutting operations involve the creation of chips 

from the workpiece. Prediction of chip form is important because chip 

form directly influences surface finish and may lead to damage of the 

machined surface, the cutting tool or the machine. The finite element 

method (FEM) may be used to simulate chip formation quite precisely 

and this note shows how the method maybe applied. The mathematics 

involved is outlined in Appendices, which may look complex. If maths 

is not your thing, you may want to review the simulation results only. 

Depending on the workpiece material and the cutting conditions, you will see that three type of chips 

(continuous, serrated, and discontinuous) may be produced during metal machining. As the simulations 

will demonstrate, the type of chip is influenced by tool rake angles, cutting speeds, and depth of cut. 

The numerical results obtained in our simulation are compared with experimental data collected from 

literature wherever possible. You will read that good overall agreement is found.     

Keywords: chip formation, tool-rake angle, cutting speed, depth of cut, Titanium alloy 

1. Introduction 

Machining (turning, drilling, milling, boring, etc.) is one of the most popular and oldest 

manufacturing operations. It is reported that approximately 15% of the value of all mechanical 

components produced in the world comes from the machining process [1]. Because chip 

formation is one of fundamental features of the metal cutting process, understanding the 

mechanics of chip formation is essential for designing more effective tools and enhancing the 

efficiency of machining operations. Many analytical, empirical, and numerical models have 

been developed since the 19th century [2].  

The analytical and empirical models have made significant contribution to the field by 

providing information about chip formation process. However, most of the theories were based 

on simple observations of metal cutting which led to the development of the 2D orthogonal 

metal cutting model as shown in Figure 1. The 2D model and its idealised form have a number 

of drawbacks. For example, the model’s material behaviour is unrealistic and misrepresents 

contact condition between the tool and workpiece. Although there have been attempts to extend 

such results to 3D oblique cutting model, the oversimplified analytic approach still lacks 

predictability of the complex metal cutting process and the need for numerical analysis is 

indisputable [3]. 
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Figure 1: Schematic view of the orthogonal metal cutting model, showing the tool geometry, workpiece, and 

boundary condition where α is the tool rake angle, γ the tool flank angle, and r the tool edge radius [4]. 

Since the development of finite element method (FEM) in the early 1970s, numerical 

simulation of this process has become increasingly more popular due to its ability to provide 

detailed insight into the process. FEM has been widely used to evaluate chip formation 

processes in relation to operating parameters, tool settings, and material properties. Such 

simulations have reduced costly experimental tests and prototyping used in tool and process 

designs. An example of a FEM model setup is shown in Figure 2. 

 
Figure 2: A 2D example of tool and workpiece setup used in FEM modelling. V is the cutting tool speed and h is 

depth of cut. 

2. FEM simulations 

2.1 Material property 

In this note, the machining of the most common Titanium alloy (Ti-6Al-4V) is selected for 

investigation. Ti-6Al-4V is an important aerospace engineering material because it provides a 

good combination of mechanical resistance and fracture toughness, along with low density and 

excellent resistance to corrosion. The cutting insert is made of Tungsten Carbide (WC ISO-

P20). Johnson-Cook and Hillerborge material parameters of the workpiece may be found in 

Table 1 and the physical parameters of both the workpiece and the tool-insert are provided in 

Table 2. 

Table 1: Johnson-Cook and Hillerborge material parameter values of Ti-6Al-4V. 

A (MPa) B (MPa) n C m D1 D2 D3 D4 D5 𝜀0̇̅ 

1,098 1,092 0.93 0.14 1.1 -0.09 0.25 -0.5 0.014 3.87 1 
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Table 2: Mechanical and thermophysical parameters of workpiece and tool. 

Physical parameters Workpiece (Ti-6Al-4V) Tool (WC ISO-P20) 

Density, 𝜌 (kg/m3) 4,430 15,700 

Elastic modulus, E (GPa) 110 705 

Poisson’s ratio, 𝜈 0.342 0.23 

Specific heat, Cp (J/kg°C) 670 178 

Thermal conductivity, 𝜆 (W/m°C) 6.6 24 

Expansion coefficient, 𝛼𝑑 (µm/m/°C) 9 5 

Tmelt (°C) 1630 - 

Troom (°C) 25 25 

 

2.2 Chip classification 

During machining operations, three classes of chip may occur: continuous chips, serrated chips, 

and discontinuous chips. These are illustrated in Figure 3. 

 

Figure 3: Chip shapes. 

While continuous chip is often considered as an ideal chip that generates stable cutting forces, 

it is not desired for automated machining. This is because the continuous chip may damage the 

machined components, the cutting tools, and clog the machine. To overcome these issues, 

serrated chips may be considered because they are easy to break during machining. Removing 

serrated chips is also easier than removing continuous chip.  

2.3 Benchmark test (BMT) 

We will compare the accuracy of the numerical method, with the benchmark test (BMT) of 

machining Ti-6Al-4V presented in [1]. Our numerically generated images will also be 

compared with the experimental chip, wherever possible. 

2.3.1 BMT simulation setup 

Two benchmark tests using different cutting speeds, V, of 60 m/s (BMT-1) and 180 m/s (BMT-

2) are available for comparative purposes. The cutting and boundary conditions in our 

simulation are described in Figure 1, which is made the same as the experiment setup. The 

carbide tool geometry is defined by a -4o rake angle (α) over 0.15mm, a 7o flank angle (γ), and 

a 20 µm tip radius (r) as shown in Figure 4. The cutting depth, h, is set at 100 µm. The Coulomb 

friction coefficient of 0.2 is applied between the tool and workpiece. 
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Figure 4: Tool geometry and cutting setup. 

2.3.2 BMT numerical results 

Figures 5 and 6 show the chips generated from the experiment and simulation. The chip 

morphology is described by tooth width (Lt), the minimum (h1) and maximum (h2) tooth height. 

Table 3 compares the results obtained from the experiment and the FEM simulation. We can 

see that the numerical results are in good agreement with the experimental ones.  

 

Figure 5: BMT-1: V = 60 m/min, h = 100 µm, α = -4o, and γ = 7o. Comparison of real chip (left) and simulated 

chip (right).  

 

Figure 6: BMT-2: V = 180 m/min, h = 100 (µm), α = -4o, and γ = 7o. Comparison of real chip (left) and simulated 

chip (right).  
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Table 3: Result comparisons between experiment and simulation in the two benchmark tests. 

Test cases Lt (µm) h1 (µm) h2 (µm) 

BMT-1 Experiment 100 - - 

Simulation 100 - - 

BMT-2 Experiment 100 62 131 

Simulation 100 72 148 

Clearly, the numerical model has shown its suitability for predicting chip formation 

characteristics. We will investigate the effects of depth of cut, rake angle, and cutting speed on 

chip characteristics in the following sections. It is noted that all parameters used in BMT-1 will 

be used in the simulations. 

2.4 Influence of depth of cut on chip type 

The depth of cut is one of the more influential parameters for the determination of chip form, 

as demonstrated in the simulations present in Figure 7. This figure shows that continuous chips 

are generated when the depth of cut is reduced to 50 and 20 µm. In contrast, serrated chips were 

observed in the BMT-1 with the depth of cut h = 100 µm. When the depth of cut is increased 

to h = 150 µm, discontinuous chips are produced. 

 

Figure 7: V = 60 m/min, α = -4o, and γ = 7o; a) h = 20 µm, b) h = 50 µm, c) h = 100 µm, and d) h = 150 µm. 

Continuous chips are produced for both cases a) and b), serrated chips for c), and discontinuous chips for d). 
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2.5 Influence of rake angle on chip formation 

The formation of continuous, serrated, and discontinuous chips are also influenced by the tool 

rake angle. The FEM simulation results shown in Figure 8 indicate that negative angles tend to 

produce discontinuous chips while positive angles result in continuous chip formation. Serrated 

chips can be obtained within the middle range of the tool rake angles. 

 

Figure 8: V = 60 m/min, h = 100 µm, and γ = 7o; a) α = -45o, b) α = -22o, c) α = -4o, d) α = 0o, e) α = +4o, and f) 

α = +22o. Discontinuous chips are produced for cases a), serrated chips for b) to e), and continuous chips for f). 
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2.6 Influence of cutting speed on chip type 

In the BMT tests, serrated chips were generated as shown in Figures 5 and 6 (at cutting speeds 

of V=60 m/s for BMT-1 and V=180 m/s for BMT-2). Via an FEM simulation we can see how 

cutting speed influences chip formation and provide examples for V=540 m/s and 1,620 m/s. 

Figure 9 shows that discontinuous chips are predicted at the higher cutting speeds. 

 

 

Figure 9: α = -4o, and γ = 7o; h = 100 µm; a) V = 540 m/s and b) V = 1,620 m/s. Discontinuous chips are produced 

for both cases. 

3. Conclusions 

As confirmed by experimental results obtained from published literature, our FEM simulations 

accurately predict chip form and allow the effects of parameters influencing chip formation to 

be studied. Given the material properties of the workpiece, adjusting the cutting conditions in 

the simulation (e.g. depth of cut, cutting speed, and tool rake angle) enables prediction of the 

resultant chip form. It is therefore possible to predetermine the cutting parameters required to 

produce the serrated chip form preferred for automated machining.  

In our simulations, the Johnson-Cook model is used in combination with the Johnson-Cook 

damage initiation model as well as the Hillerborge damage evolution criteria. These FEM 

simulation methods may also be used for cost effectively investigating other damage situations 

as shown below. 
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In addition to the physical characteristics of chip formation and similar damage processes, 

parameters such as stress, strain, strain rate and temperature rise, can be determined by finite 

element simulation. Especially with processes taking place within very short or very long time 

intervals, such parameters may be difficult, impractical or expensive to measure 

experimentally. 

When detailed information about a physical process is required, but is difficult or expensive to 

obtain from actual testing, the feasibility of simulating the process using the finite element 

method should be considered. 
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Appendices: 

A. Johnson-Cook model 

Among several constitutive models used in metal cutting simulations, the Johnson-Cook (J-C) 

[5] has been the most common and available in most of the commercial FEM software. It 

provides a satisfactory description of material behaviour undertaking large strains, at high 

strain rates and at high temperatures. The J-C method describes the equivalent flow stress of a 

material by the following equation: 

�̅� = [𝐴 + 𝐵(𝜀)̅𝑛]⏟        
𝑠𝑡𝑟𝑎𝑖𝑛−ℎ𝑎𝑟𝑑𝑒𝑛𝑖𝑛𝑔 𝑡𝑒𝑟𝑚

[1 + 𝐶𝑙𝑛 (
𝜀̅̇

𝜀0̇̅
)]

⏟          
𝑠𝑡𝑟𝑎𝑖𝑛−𝑟𝑎𝑡𝑒 𝑡𝑒𝑟𝑚

[1 − (
𝑇 − 𝑇𝑟𝑜𝑜𝑚

𝑇𝑚𝑒𝑙𝑡 − 𝑇𝑟𝑜𝑜𝑚
)
𝑚

]
⏟              
𝑡ℎ𝑒𝑟𝑚𝑎𝑙−𝑠𝑜𝑓𝑡𝑒𝑛𝑖𝑛𝑔 𝑡𝑒𝑟𝑚

, (1) 

where �̅� is the equivalent flow stress (MPa), A is the initial yield strength (MPa) of the material 

at the room temperature, B is the hardening modulus (MPa), 𝜀 ̅is the equivalent plastic strain, 

n is the strain-hardening exponent, C is the strain rate factor, 𝜀 ̅̇ is the equivalent plastic strain 

rate, 𝜀0̇̅ is the reference strain rate, and m is the thermal softening coefficient. 𝑇𝑟𝑜𝑜𝑚 and 𝑇𝑚𝑒𝑙𝑡 
represent the room temperature and the melting temperature. The J-C material constants A, B, 

C, n, and m are experimentally determined in the laboratory. 

What is strain hardening? Strain hardening term refers to the strengthening of a metal when 

its shape is permanently deformed. When the metal is strain-hardened, permanent defects occur 

within crystal structure of the material. These defects reduce the ability of crystals to move 

within the metal structure. As a result, the metal’s tensile strength and hardness increase and 

its ductility decreases. 

Figure A1 shows what theoretically happens during strain hardening process. A certain amount 

of strain is put into the material so that it is plastically deformed (grey line). When the load is 

removed, the material returns to the state of zero stress along a path (purple squares) parallel 

to the original elastic line. When the material is reloaded, it now follows the new stress-strain 

curve (blue line). The new stress-strain curve has a new yield strength (green dotted line) which 

is substantially higher than the original yield strength (red dashed line). However, the original 

elongation (blue dashed line) has now diminished. The increase in strength will therefore 

reduce the ductility and formability of the material. 
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Figure A1: An illustration of stress-strain curve with strain hardening. 

What is strain rate? Strain rate is the change in strain (deformation) of a material with respect 

to time. The strain rate also influences on the tensile strength of the material. Generally 

speaking the higher the strain rate, the higher the tensile stress becomes. As mentioned earlier, 

the ductility of the material decreases when the strain rate increases. 

What is thermal softening? Thermal softening is the degradation of strength and hardness of 

a material with increased temperature. Figure A2 shows the effects of strain rate and 

temperature on the stress-strain curve of a material. 

 

Figure A2: Effects of strain rate and temperature on stress-strain curve. 

B. Chip separation criterion 

Chip formation can be assumed to occur in two steps before complete ductile failure. The first 

step is damage initiation and the second one is damage evolution based on the fracture energy 

approach. 

B.1. Damage initiation 

The Johnson-Cook damage model [6] is used to simulate damage initiation in conjunction with 

the J-C flow stress model. In the J-C damage model, the general expression for the equivalent 

fracture strain is given as follows. 

�̅�𝒇 = [𝑫𝟏 +𝑫𝟐𝒆
𝑫𝟑𝜼] [𝟏 + 𝑫𝟒𝒍𝒏 (

�̇̅�

𝜺𝟎̅̅ ̅̇
)] [𝟏 + 𝑫𝟓 (

𝑻 − 𝑻𝒓𝒐𝒐𝒎
𝑻𝒎𝒆𝒍𝒕 − 𝑻𝒓𝒐𝒐𝒎

)] , (𝟐) 

where 𝜀̅𝑓is the equivalent plastic strain at failure, 𝜂 is the triaxiality (a dimensionless ratio of 

the pressure stress p versus the von Mises stress q, expressed in Equations (3) and (4)) 𝐷1, is 

the initial failure strain, 𝐷2 is the exponential factor, 𝐷3 is the triaxiality factor, 𝐷4 is the strain 

rate factor, and 𝐷5 is the temperature factor. The determination of the five J-C damage 

parameters (𝐷1…𝐷5) involves a series of experimental fracture tests, varying the stress 

triaxiality, strain rate, and temperature. The pressure stress and the von Mises stress are given 

by 

𝒑 =
𝝈𝟏 + 𝝈𝟐 + 𝝈𝟑

𝟑
, (𝟑) 
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𝒒 = √
𝟏

𝟐
[(𝝈𝟏 − 𝝈𝟐)

𝟐 + (𝝈𝟑 − 𝝈𝟐)
𝟐 + (𝝈𝟏 − 𝝈𝟑)

𝟐], (4) 

where 𝜎1, 𝜎2, and 𝜎3 are the three principal stresses. The fracture in a given finite element is 

initiated when a scalar damage parameter, ω, exceeds unity. This scalar is derived from the 

following cumulative law 

𝝎 = ∑
∆�̅�

�̅�𝒇
 , (𝟓) 

where ∆�̅� is the cumulative increment of equivalent plastic strain which is updated at every 

analysis step. The J-C damage model has been used in numerous applications, including metal 

cutting problems, because it allows the relatively easy experimental determination of the 

damage parameters. 

B.2. Damage evolution 

Figure A3 illustrates characteristics of stress-strain behaviour of a material undergoing damage. 

The weakening of the material strength shows in two effects: softening of the yield stress and 

degradation of the elasticity. The solid curve in the figure represents the damaged stress-strain 

response while the dashed curve is the response without damage. Point B represents the damage 

initiation point after the strain hardening state (phase A-B). During damage evolution, the load 

carrying capability of the material reduces until complete failure (phase B-E). The softening 

response is characterised by a stress-displacement response instead of the stress-strain 

response. This point will be discussed later.  

 

Figure A3: Stress-strain curve with progressive damage degradation [8]. 

In the figure, 𝜎𝑦0 and 𝜀0̅
𝑝𝑙

 are the yield stress and equivalent plastic strain at the damage 

initiation and 𝜀�̅�
𝑝𝑙

 is the equivalent plastic strain at failure. The value of 𝜀�̅�
𝑝𝑙

depends on the 

characteristic length of the element, L, and cannot be used as a material parameter for the 

specification of the damage evolution law. Instead, the damage evolution law is specified in 

terms of equivalent plastic displacement,�̅�𝑝𝑙, or in terms of fracture energy dissipation, 𝐺𝑓 (Pa). 

Hillerborg defines the fracture energy,𝐺𝑓, required to open a unit area of crack as a material 

property: 
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𝑮𝒇 = ∫ 𝑳𝝈𝒚𝒅�̅�
𝒑𝒍

�̅�𝒇
𝒑𝒍

�̅�𝟎
𝒑𝒍 = ∫ 𝝈𝒚𝒅�̅�

𝒑𝒍�̅�𝒇
𝒑𝒍

𝟎
, (6) 

where 𝜎𝑦 is the material yield stress (MPa). Before damage initiation �̅�𝑝𝑙 = 0 and after damage 

initiation �̅�𝑝𝑙 = 𝐿𝜀̅𝑝𝑙. At a given time during the damage evolution, the equivalent plastic stress 

is calculated by 

�̅� = (𝟏 − 𝑫)�̃�, (7) 

where �̃� is the effective (undamaged) stress computed at the current increment and D is the 

evolution of damage variable with plastic displacement, which can be specified in linear or 

exponential forms. The linear evolution law assumes a linear evolution of the damage variable 

with plastic displacement as 

𝐷 = 𝐿𝜀̅𝑝𝑙/�̅�𝑓
𝑝𝑙
= �̅�𝑝𝑙/�̅�𝑓

𝑝𝑙
 , (8) 

where the equivalent plastic displacement at failure is 

�̅�𝑓
𝑝𝑙
=  2𝐺𝑓/𝜎𝑦 . (9) 

The exponential damage evolution law is given by assuming an exponential evolution of the 

damage variable with plastic displacement as 

𝐷 = (1 − 𝑒
−𝜑(�̅�𝑝𝑙/�̅�𝑓

𝑝𝑙
)
) (1 − 𝑒−𝜑)⁄  , (10) 

where 𝜑 is the exponent. Figure A4 illustrates the linear and exponential evolution of the 

damage variable based on plastic displacement. 

 

Figure A4: Illustration of linear (left) and exponential (right) evolution of the damage variable. 
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