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Abstract: Machining is a production technique for achieving desired shapes from 

preformed blocks of metal with surface quality and dimensional accuracy. From the early 

machining research and supporting literature, cutting velocity has been observed as a 

critical parameter in calculating the shear angle. This motivated an investigation on the 

understanding the dependence of the shear angle on tool-chip engagement time. This 

rationale for research is from the PhD experimentation by one of the authors in the field of 

high-speed machining of stainless steels. With the observations from initial experiments, 

an in depth investigation has been carried out to understand the impact of tool-chip 

contact time on shear angle in cutting. To have a clear comprehension, numerical 

modelling using the experimental conditions is proposed. Due to geometric complexities, 

high cutting speeds and strain rates involved, machining simulation is computationally 

expensive. The capacity of the software to integrate and evaluate these non-linear and 

dynamic effects involved, determines the success achieved in simulations. Material 

constitutive laws are used to incorporate the experimental effects into the numerical 

modelling. The simulations performed will be compared with the experimentation done 

and the observed differences with predicted reasons and proposed solutions are reported.  

Keywords: numerical modeling, orthogonal machining, shear angle, tool-chip engagement time 

I. INTRODUCTION 

The observations from early machining research and the previous literature explain the dependence of 

shear angle on the cutting speed. Also, because of the importance of shear angle in mathematical 

calculations of metal cutting the main focus of this research is the exact determination of shear angle. 

The rationale for this research was developed during the PhD experimentation in the field of 

high-speed machining of stainless steels by one of the authors. During these experiments to understand 

the variation of shear angle, two different machining strategies in high speed machining of stainless 

steel were employed. The statistical analysis of the experimental data has been extensively done for a 

clear comprehension of the key factors involved. The results differed from the existing opinion and 

suggested the impact of tool-chip engagement times on shear angle in metal cutting, shown in Figure 1 

and Figure 2. The factors and considerations to observe the variation of the shear angle have been taken 
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into account for the finite element modelling to get an in depth understanding of the experiments 

conducted. 

 

 

Figure 1: Shear Angle Comparison between Large Diameter and Small Diameter Cutters at 500m/min 

 

 

Figure 2: Shear Angle Comparison between Large Diameter and Small Diameter Cutters at 750m/min 

 

Finite Element Modeling (FEM) is the most reliable computational tool used in the simulation of metal 

cutting processes. The main advantage of using FEM lies in the capability to predict various outputs 

and characteristics of a metal 20 cutting process such as forces, stresses, temperatures etc. that are 

difficult to measure in real time thus saving the cost of experimentation. [1] In order to achieve 

accurate metal cutting simulation, material constants must be obtained at high strain rates (up to 10
6
/s), 

temperatures (up to 1000
o
C) and strains (up to 4) to accommodate the non-linearity and dynamic 

behavior of the process. Use of these material constants in the modeling of an accurate ow stress model 
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is highly important for the FEM of a machining process. The most widely used ow stress formulations 

in the metal cutting simulations are Oxley, Johnson -Cook and Zerilli-Armstrong material constitutive 

models. These material constitutive models are built from the existing techniques for determining the 

flow stress models which include the static tests (tensile, compression), dynamic tests (split-Hopkinson 

bar technique), inverse methods (machining test) and a combination between these methods. The 

difference in determining the material constants for the numerical modeling of machining is the reason 

for the discrepancies observed in the accuracies of the flow stress modeling. [2]. 

 

To reduce the discrepancies and make a more interactive data set, Shatla proposed a hybrid method to 

determine the material constants of the constitutive equation. [3] The basic idea about this method is to 

minimize the error between the measured cutting forces and those predicted analytically using 

computer code OXCUT based on Oxley’s machining theory. [4] Another approach based on FEM in 
conjunction with orthogonal machining tests has been also been proposed in the literature. In these, the 

material constants of the constitutive law were interactively tuned till a good match between the cutting 

force from FEM and the experimentally measured cutting force is obtained. Apart from being time 

consuming, the parameter used by these methods to identify the material constants is only the cutting 

force. Since there is a compound effect of strain rate and temperature on the flow stress, it is observed 

that the cutting force was less sensitive to errors lowering the effectiveness of this method. The 

discrepancies observed have been overcome by using the inverse method that has been developed 

based on machining tests for the characterization. [5] 

 

In this method, the measured cutting forces and chip thickness were used to calculate analytically the 

flow stresses, strains, strain rates and temperatures in the primary shear zones. Then, the material 

constants were obtained using a nonlinear regression solution. The main advantage of this approach is 

the capability of accommodating extreme conditions directly from machining tests which has not been 

possible with any of the other methods. Following the idea of the comparative successful methods and 

the methods that relied more on data collected, we determine the constants needed for building the 

FEM. The factors to be taken into account for the FEM simulations to replicate the experiments 

conducted are possible using material constitutive law constants. Some of the constants used in the 

simulations have been taken from the literature where an exact experimental set-up match is observed 

II. EXPERIMENTAL PROCEDURE 

A. Material Used 

The machining tests were performed on Al-2024 and Al-7075. These alloys are used for applications 

requiring high strength to weight ratio, as in the transport applications including marine, aviation and 

automotive. The material was supplied in the as-built condition without any post forming heat 

treatment as per the industrial standard. 

 

B. Machining Set-up 

The turning tests were conducted on a Hass TL-1 turning center. All the machining tests were 

conducted in dry cutting environment. The utilized cutting tool inserts were of the grade TP3000, 

SecoWNMG060408-MF3 mounted on a MWLNR-12-3B holder. The effective cutting angles (7
o
 and 

5
o
 for the rake angle and lead angle respectively) and tool geometry were obtained from the standard 

tool catalog. The effect of tool wear has been overcome by using a new cutting tool for each of the dry 

turning test conducted. Using two different work materials and three different engagement times, six 

turning experiments aimed at calibrating and validating the numerical model were performed. The feed 

rate and depth of cut for all the experiments were kept constant. No thermocouples were used in the 
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experimental testing. This is proposed for the future work of the research and would aid in determining 

the material constants more effectively. 

 

C. Experimental Data 

Analyzing the experimental data, we consider all the machining parameters that do have an impact on 

shear angle. The preliminary data analysis of the experimentation shows the dependence of shear angle 

on the tool-chip contact times. To obtain more insight on this observation, experiments with controlled 

tool-chip contact times are conducted. This was done by collecting the orthogonal turning data for the 

two materials (Al-2024 and Al-7075) considered. A total of 30 sets of readings are collected. Each set 

consists of one pass that has 20 data points. In this way, 30 sets of readings for 3 different tool-chip 

engagement times are recorded.  

 Cutting data for Al-2024 at 20ms contact time. 

 Cutting data for Al-2024 at 30ms contact time 

 Cutting data for Al-2024 at 40ms contact time 

 Cutting data for Al-7075 at 20ms contact time 

 Cutting data for Al-7075 at 30ms contact time 

 Cutting data for Al-7075 at 40ms contact time 

The measurements of chip thickness at three different points on a chip are recorded for each data point. 

Twenty chips from each pass were taken at random and the average chip thickness is measured at each 

end and the middle. From this data, the cut chip thickness is calculated and from the set-up data we 

have the uncut chip thickness. Using these values of cut and uncut chip thickness, we use the 

established formula to find the shear angle. 

 

                                                    Tan Φ =                                                      (1) 

D. Experimental Results 

The results shown in the below Figures (Figure 3 - Figure6) are for the first run of experiments and no 

duplicates have been involved. The shear angle data from the recorded experimental values is 

considered for the below plots. 

 

 

Figure 3: Shear Angle v/s Number of runs for Al-2024 
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Figure 4: Interval plot for Al-2024 

 

Figure 5: Shear Angle v/s Number of runs for Al-7075 

 

Figure 6: Interval Plot for Al-7075 
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MATERIAL MEAN RAKE ANGLE INTERVAL AT 95% 

Al-2024   

20ms 9.52 [9.36, 9.67] 

30ms 8.34 [8.25, 8.42] 

40ms 7.63 [7.57, 7.70] 

Al-7075   

20ms 8.76 [8.50, 9.03] 

30ms 7.30 [7.22, 7.38] 

40ms 5.40 [5.16, 5.64] 

Table 1: Summary of the experimental data 

 

The data recorded from the experiments has been analyzed using Minitab and Excel to understand the 

variation in the shear angle. We see high shear angles in the beginning of cutting and this can be 

attributed to softening phenomenon in materials.[5,6] Comparing the results in each case, we see in 

Table 1 the impact of workpiece material and tool-chip contact time on the metal cutting shear angle. 

 

III. FINITE ELEMENT NUMERICAL PROCEDURE 

The numerical procedure developed in this paper uses the experimental conditions to build a material 

constitutive model. The target is to generate a predictive model to reduce future experimentation 

needed. The validation is done by the comparison with the results from experiments and based on the 

results future work will be proposed. For metal cutting simulations, the material constitutive models 

accommodate the thermo-mechanical behavior observed and are mainly based on the Johnson-Cook 

plasticity model and Johnson-Cook Damage criterion. [6, 7, 8] The formula and an accurate description 

of the singular parameters used in the equation (2.1) for determining the flow stress are given below: 

 

                         
1
 = [A + B ( )

n][1 + C ln(ε*)][1 -  
m

]                                       (2.1) 

 

The constants in the equation 2 represent: 

A = yield stress corresponding to a 0.2 offset point. (When a yield point is not easily defined based on 

the shape of the stress-strain curve an offset yield point is arbitrarily defined. The value for this is 

commonly set at 0.1 or 0.2) 

B and n = represent the strain hardening effects 

C = strain rate effect 

m = temperature softening 

 = the equivalent plastic strain, 

ε*= / is the dimensionless plastic strain rate  

 is explained here: 

 

Case 1: When the temperature in the cutting zone is less than the transition temperature 

If Tc < Tt 

                                                            = 0                                                        (3) 

 

Case 2: When the temperature in the cutting zone is less than the melting temperature of the workpiece 

material and more than the transition temperature. This is the most common case which occurs in metal 

cutting and we use this case in the JC model for machining simulations. 

If Tt ≤ Tc < Tm 

                                               = (Tc - Tt) / (Tm - Tt)                                        (4) 
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Case 3: When the cutting zone temperature is greater than the workpiece melting temperature. 

If Tc ≥Tm 

                                                           = 1                                                      (5) 

Where, 

Tc is the current temperature, 

Tm is the melting temperature, 

Tt is the transition temperature defined as the temperature at, or below which, there is no temperature 

dependence on the expression of the yield stress. (A, B, n and m are material parameters measured at or 

below the transition temperature). 

 

From the above equation dependent on the material laws, we understand temperature is an integral part 

in determining the flow stress that assists in the metal cutting simulations. Because of not using the 

thermocouples in the experiments, the integration of temperature effects at this stage is not considered. 

Due to this fact, the stress and strain data (A, B and n) have been chosen from the literature. Adequate 

examination and analytical solving has been done to consider the constants from existing literature 

where in the tooling, working conditions and machine set-up match the experiments performed. Using 

these values, the constants for strain rate(C, ) are predicted by a non-linear regression of experimental 

data collected. In the similar way, to consider the material damage that occurs, we use the 

Johnson-Cook damage model as shown in Equation (2.2). The constants determined at this stage are 

expected to give a sound metal cutting model and the deviation from experiments will be minimized in 

the future work using thermocouple and optimization algorithms. 

 

                          D1 D2 D3 D4 D5                         (2.2) 

Where, 

D1 – D5 - Failure parameters measured at or below the transition temperature 

p/q        - Non-dimensional pressure-deviatoric stress ratio 

T          - Non-dimensional temperature 

p/ 0    - Non-dimensional plastic strain rate 

0             - Reference strain rate 

 

J-C Plasticity constants Value J-C Damage constants Value 

A(MPa) 366 D1 -0.77 

B(MPa) 300 D2 1.45 

n 0.3 D3 0.47 

C 0.003 D4 0.00 

m N/A D5 N/A 

Table 2: JC constants for Al-2024 

 

J-C Plasticity constants Value J-C Damage constants Value 

A(MPa) 350 D1 -0.080 

B(MPa) 250 D2 0.451 

n 0.499 D3 -0.952 

C 0.001 D4 0.036 

m N/A D5 N/A 

Table 3: JC constants for Al-7075 
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Property Value 

Young’s Modulus GPa  73.1 

Poisson’s ratio 0.33 

Density(kg/m
3
) 2780 

Thermal conductivity (W/m˚C) 121 

Specific heat(J/kg˚C) 875 

Thermal expansion co-efficient 22.68e-6 

Melting temperature(˚C  600 

Table 4: Material properties for Al-2024 

 

Property Value 

Young’s Modulus GPa  71.7 

Poisson’s ratio 0.33 

Density(kg/m3) 2810 

Thermal conductivity (W/m˚C) 130 

Specific heat(J/kg˚C) 960 

Thermal expansion co-efficient 25.20e-6 

Melting temperature(˚C) 635 

Table 5: Material properties for Al-7075 

Initial simulation setup has been done with the constants as given above in Table 2 - Table 5. The 

differences in the results from the experimentation are recorded. The differences between the FE 

simulation results and experimental data are calculated. The constants have been modified in the 

defined envelope. This has been done by constraining using difference between the chip thickness 

values from simulations and experiments. The commercial software Abaqus R was utilized to simulate 

the orthogonal turning operation. The cutting tool was modeled as a rigid body (divided into 

700elements), and an isotropic hardening was assumed for the material of the workpiece, which was 

divided into 4400 elements. The elements along the machined surface were twenty times as dense as 

the remaining of the model, maintaining higher mesh density of the slave surface. 

 

 

Figure 7: Mesh distortion and chipping in simulation 
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Figure 8: Severe mesh distortion observed 

From the first stage of simulation results we observe the issues of mesh distortion, internal nodes 

interfering with the un-machined surface and convergence as seen in Figure 7 and Figure 8. Apart from 

the lack of temperature data, it has been observed the contact law definitions for a non-linear finite 

element model play a crucial role in the results. Metal cutting being a highly non-linear process, several 

iterations have been carried for achieving the appropriate contact and friction models. 

IV. CONTACT MODELING 

For replicating the actual conditions more closely in simulations the contact and thermal modeling has 

been considered. The contact modeling for the present work uses a modified Coulomb friction model 

to define the contact between the cutting tool and the workpiece. [9, 10] The model which states that 

the contact between the chip and the rake surface region can be divided into two regions has been 

utilized by Wu and Zhang. The two regions specified are: 

  

1) Sliding region 

2) Sticking region 

 

Sticking friction is observed occurring very near the cutting edge in contact with the workpiece and the 

sliding friction occurring far away from the contact area. The sliding region obeys the Coulomb friction 

law. In the sticking region, the shear stress  is equal to the critical frictional stress. The modified 
Coulomb law is defined by the equations below: 

 

 = criti when μ  ≥ criti (Sticking region) (6) 

 = μ  when μ  ≤ criti (Sliding region) (7) 

 

Where criti can be defined as 

                                                criti = y/3                                                                  (8) 

 

Where, 

 = shear stress developed due to cutting 

μ = co-efficient of friction at the interface 

 = yield stress developed in the material due to cutting 

y =  yield stress from standard tensile testing 
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In the present work, tool and work contact was defined using surface to surface contact. The constraint 

was provided using the master-slave kinematic control. The tangential behavior of the contact surface 

was defined using penalty contact with co-efficient of friction value μ of 0.3. One of the advantages of 
using the modified Coulomb friction model was that the solver determines the friction state 

automatically according to the contact stress value during the simulation process. [11, 12] 

 

The results from first stage of FE simulations only by considering the Johnson-Cook plasticity models, 

Johnson-Cook damage models and contact surface modeling do not match with the experimental 

results. The difference in the results is understood to be mainly due to lack of temperature data for 

calculating ow stress. The impact of temperature in metal cutting simulations is very crucial as the heat 

generated due to the friction in machining is also included in it. From this understanding, thermocouple 

or thermal recorders will be used further in the research to minimize the difference observed and 

getting the results closer to the experimental observations. 

V. CALIBRATION OF FE SIMULATIONS 

 

The calibration of the FE model is targeted to reduce the mesh distortion, tool-chip interference and 

deviation from the recorded readings. This is done mainly by changing the friction co-efficient that 

characterizes the implemented sticking - sliding friction model that helps to reduce the internal node 

damage. In the Lagrangian formulation, the finite element mesh is attached to the material and follows 

its deformation in heavy distortions. As machining involves heavy mesh distortions, the Lagrangian 

formulation is used to analyze the large deformations in this case. The internal node damage observed 

as seen in Figure 8, can be related to the mesh dependence on the and the use of ALE meshing 

technique has been adopted to minimize the distortion of the elements.  

 

To handle the large amount of nonlinearity, a dynamic explicit time integration scheme is adopted. The 

explicit dynamic analysis procedure implements the explicit integration rule together with the use of 

lumped mass matrix. It does not require any iterations, tangent stiffness matrix and integrates through 

time by using many small time increments. This formulation advances the solution in time with the 

central difference scheme which is conditionally stable. The stability limit for the operator is based on 

the critical time step and this is done to constrain the distortion occurring in the meshing. The critical 

time step for a mesh (Δt) is considered to be the minimum value of the element length (lm) taken over 

all the elements, divided by Courrant (cd) number that decides the stress wave propagation speed. This 

is computed by using the equation (9) [13]: 

 

                                                Δt  ≈ lm/ cd                                                                                (9) 

 

The deviations due to the friction law have been dealt in step-wise iteration in the interaction property 

definition. It is made sure that both the tangential and normal conditions are considered while the tool 

plunges into the workpiece. This is done by changing the step definition in the solver deck to consider 

even the internal nodes and constraining the damage internally. The solver results after the update are 

shown in Figure 9 - Figure 11. 
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Figure 9: Cutting simulation for 20ms tool-chip engagement time 

 

 

Figure 10: Cutting simulation for 30ms tool-chip engagement time 

 

 

Figure 11: Cutting simulation for 40ms tool-chip engagement time 
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VI. RESULTS AND FUTURE WORK 

From the results as shown in the Figure 12 - Figure 15, we observe the variation between the 

experiments and the initial simulation results. But from the trend observed, it is clear that the 

observations from experiments are seen in simulations too. From these initial observations, the main 

aim of this research to understand the trend of shear angle in relation to tool-chip engagement time is 

done. Obtaining the results closer to those in experiments will need some more work in quantifying the 

impact of the parameters considered. This will be the scope of the numerical modeling and research 

going ahead. Understanding the reason for differences, a better convergence can be obtained if the 

experimental data will be used for generating the constants for the FE model. [5, 15]  

 

 

 Figure 12: Comparison of experimental v/s simulation results for Al-2024  

 

 

Figure 13: Stress comparison of experimental v/s simulation results for Al-2024 

 

http://www.ijntse.com/


                                                  Naga S.C Velamakuri et. al. / International Journal of New Technologies in Science and Engineering 

Vol. 4, Issue. 3, 2017, ISSN 2349-0780 

 

 

Available online @ www.ijntse.com                                                                 43 

 

Figure 14: Comparison of experimental v/s simulation results for Al-7075 

 

 

Figure 15: Stress comparison of experimental v/s simulation results for Al-7075 

Currently we are working towards figuring out the possible causes of variation apart from temperature 

and to minimize the error observed. Also, as per the literature a significant difference observed with the 

change in rake angle as it impacts the JC constants being considered in a simulation. [14] The exact 

rake angle used in experiments will be used for calculating the JC constants to be used in simulations 

going ahead. To understand the impact of temperature on results, we begin with the possible two kinds 

of temperature distributions in metal cutting. In this research we would primarily be investigating on 

the impact of the temperature at shear plane, as the main intention of the experiments is to see the 

variation of shear angles. The impact of temperature on rake surface will also be considered for a better 

understanding of the variation observed in the results. These parameters are important and 

thermocouples will be employed for the same reason. From the data collected, work is proposed 

towards building a FE model that has a good convergence with the results with the help of non-linear 

regression optimization models. Use of available commercial softwares to calibrate and extrapolate the 

available data for a better constitutive modeling is proposed. The target would be to build a FE model 

that would replicate the experiment results by considering all the parameters involved. The results will 

be checked with available literature and experiment results. This helps in designing cutting tools with 

modified and better geometries as per the growing competitive needs of the industry. 
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