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Abstract: Two-dimensional models namely homogeneous, 

uniformly distributed grains and non-uniformly distributed 

grains were developed for AISI S-7 steel grade metal, to 

investigate the effect of the grains size and orientation on the chip 

morphology and temperature rise during the orthogonal 

machining process. A Johnson-Cook model was used for the 

simulation study. The machining was done at a medium speed of 

60 ms-1 and the depth of cut was maintained at 5 mm in all the 

above cases. Compared to other models, results showed that 

nonuniformly distributed grains develop alternate low and high 

shear bands and generate maximum temperature in the high 

shear band zone, which was found to be detrimental during the 

machining process compared to other models. Intergranular chip 

segmentation was observed in the case of uniformly distributed 

grains. For the same material, three different chip morphologies 

and temperature profiles were observed during the orthogonal 

machining process. Detailed discussion on the mechanics of 

machining of the above-said models was done that may be 

advantageous for material and tool design scientist.  
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I. INTRODUCTION 

  A number of simulations and experimental techniques 

have been initiated to envisage the chip morphology and its 

effect on tool life in an orthogonal machining process. 

Simulation techniques with finite element codes have been 

consistently proven and successfully executed on different 

grades of steel viz. 42CrMo4 Steel, carbide tool, Ti6Al4V 

Alloys, Al6061-T6 and were found give very promising 

results [1, 2, 3, 4]. For the understanding of chip morphology 

and its effect on tool wear, a number of featured models in 

FEA have been tried, namely Lagrangian formulation: 

includes nodes formation criterion to predict chip separation, 

lagrangian description of motion and adaptive remeshing: 

applied to simulate orthogonal cutting , Finite Element 

Eulerian formulations: to simulate continuous chip formation 

at steady state, Finite Element Arbitrary Lagrangian-Eulerian 

(ALE) the formulation in conjunction with adaptive mesh 

techniques etc. and successfully implemented [5]. Among the 
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various featured mathematical models, the ALE model was  

found to have promising features due to combining features of 

both the pure Lagrangian analysis and Eulerian analysis. After 

several iterations, it was found that in the ALE model, mesh 

motion is independent of material motion, and it is likely to 

reserve a high quality of finite element mesh, during the 

numerical simulation of the machining process [6]. 

Thermo-mechanical interaction between the tool and 

workpiece is an important factor to realize a satisfactory 

result, because metal machining is complemented with a large 

amount of heat dissipation, and the same is transferred to the 

tool [7]. To cater to the need of the machining problems 

(simulation), the Johnson-Cook material model has been 

recommended. Earlier many works have been reported on the 

JC model and one such experimental work has been also 

reported on AISI-1045 medium carbon steel [8]. 

Steel is the most widely used engineering material in 

industries. The study has shown that thermo-mechanical 

properties of steels are significantly influenced by the 

microstructures that include grains/crystals [9]. In solid-state 

at room temperature, metals contain a range of grain sizes and 

may vary from very fine to coarse depending upon the type of 

metal and heat treatment [10]. Microstructures, especially 

grain size and orientation were found to play a pivotal role in 

deciding the tool wear during the machining process. AISI 

S-7 grade steel is considered to exhibit the 

highest hardenability of shock resistance and is extensively 

used in tool dies, plastic mold dies, powder metal dies, drill 

plates, die-casting dies, and shear blades, etc. [11]. Due to the 

limited literature on the effect of grains size on the 

morphology and temperature rise on the machining of AISI 

S-7 grade steel, an attempt was made to understand the 

mechanics of grains size and orientation on temperature rise 

using a finite element simulation technique. For better 

understanding the orthogonal machining process, different 

zones are identified and are shown in Fig.1, with the 

terminology.  
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Fig.1. Chip formation zones and terminology related to 

orthogonal machining process1: primary shear zone 2: 

secondary shear zone at rake face 3: secondary shear zone at 

the stagnation zone 4. secondary shear zone at the flank face 

5. Preliminary deformation zone, α: rake angle, β: clearance 

angle, ϕ: shear angle, tv: deformation depth [12] 

II. PROCEDURE FOR PAPER SUBMISSION 

A. Modeling and Assumptions 

Three different two dimensional models namely: 

homogeneous, uniformly distributed grains and 

non-uniformly distributed grains were developed for AISI S-7 

steel grade materials. The models were designed using 

academic license, Ansys software,v.19. For simplicity, only 

20% of the area was utilized and modeled with grains. In the 

case of the homogeneous model, no grain size was modeled 

and considered as an ideal material. On the other hand, 

uniformly distributed grain size was maintained at 1 mm and 

for the non-uniformly distributed model, the grain size varied 

from 0.01 to 1 mm. The size of grains (but not limited to) was 

unique, just to understand the mechanics of grain size on the 

temperature rise during the machining process.The schematic 

of the three models namely, homogeneous, uniformly 

distributed grains and non-uniformly distributed grains are 

shown in Fig.2 (a), (b) and (c) respectively. The schematic of 

the meshed model is also shown in Fig.3.The quad element 

was used to mesh the model. The size of the element was 

considered as 0.001 mm.  The machining simulation was 

achieved at a constant speed of 60 ms
-1 

and the depth of cut 

was maintained at 5 mm for all the models. The selection of 

the above operating parameters was based on the machining 

of ductile materials [13]. The simulation was achieved with 

the following assumptions: the tool was considered to be a 

rigid body, the workpiece was constrained at the bottom (all 

degree of freedom assigned to zero), tool rake angle (α): 12° 

clearance angle (β): zero for simplicity. The details of 

the Johnson-Cook damage initiation criterion for AISI S-7 

grade steel were taken from Ansys software material database 

and are shown in Table 1. The mathematical expression 

for Johnson-Cook damage model is shown in equation 1 with 

the following meaning: Where, Troom and Tmelt are flow stress, 

plastic strain, effective strain rate, reference strain rate (1s
-1

), 

room temperature, and melting temperature, respectively. A, 

B (in MPa ) and n represents the yield stress of the material at 

room temperature, strain hardening also popularly known as 

hardening modulus and work-hardening exponent, 

respectively[14]. The constants C and m represent the strain 

rate hardening and thermal softening coefficient, respectively. 

 

 
 

 
 

 
All the dimensions are in mm 

 
Fig.2. Schematic of two dimensional model (a) 

Homogeneous material (b) Homogeneous material with 

uniformly distributed crystals (c) Homogeneous materials 

with Non-uniformly distributed crystals. 

 
Fig.3. Schematic of meshed model 
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Table- I: Material properties of S-7 grade steel [15]  
Parameters                                                S-7                             

Density, Kg/m3                                         7750                           

Specific Heat, J/kg/°C                             477                             

Shear Modulus, Pa                                   8.18e10                        

Melting Temperature   °C                        1489.9                          

Johnson -Cook     

Material Constant 

A     Pa 

B     Pa 

n 

c 

m 

                  

                          

                       1.539e9                        

                       4.77e8                          

                       0.18                              

                       0.012                            

                       1                                   

III. RESULT AND DISCUSSIONS  

Results obtained from the machining simulation of S-7 

grade steel showed that homogenized material (considered 

ideal in the present study) develop continuous chip with 

constant chip thickness over a period of time. The 

temperature profile gradually increased across the chip 

thickness. The maximum concentration of temperature can be 

seen at the outer periphery of the continuous chip near to the 

secondary zone of the tool-chip interface and was 548.61°C 

refer to Fig.4 (a). The continuous chip morphology has been 

also noticed earlier, in the case of ductile machining 

especially, at the low and medium cutting speed [16]. In this 

model, thermal softening and plastic flow of material was 

found to be simplified compared to the other two models. In 

the case of uniformly oriented grains, the machined model 

manifested with irregular, segmented chips, with varying 

thickness. The thickness of the chip continuously decreased 

towards the leading edge of the chip. The segmented chip was 

found to chip-off easily, thereby decreasing the chip tool 

contact time. Due to early chip-off, the tool wear was 

expected to be reduced. However, continuous coolant may be 

a prerequisite to remove the burrs for smooth finishing and 

heat transfer. More or less, a uniform temperature gradient 

was observed on the discontinuous segmented chip. In this 

model, strain hardening effect was manifested due to 

blockage of tandem grains ahead of the secondary zone at the 

tool-chip interface. Due to the agglomeration of the grains 

ahead to the tool, an obstruction resulted in an increase in the 

temperature. The temperature rise of 912.59 °C and frequent 

chip-off was noticed for the above-said model, refer to Fig.4 

(b). Also, no significant temperature concentration was found 

on the segmented chip compared to a continuous chip refer, 

Fig.4 (a) and (b). The temperature was found to be distributed 

more uniformly (587-425°C) in case of the segmented 

chip. Inter-granular failure of chip was noticed in this 

model.  In case of a non-uniformly distributed grain of 

varying size models, a cyclic chip with low shear strain and 

high shear strain zones were found to be formed and identified 

as a serrated chip. For the same material characteristic, it has 

been found that non uniform grains of different sizes (0.01-1 

mm) plays a significant role in the understanding of 

temperature flow and determination to tool life. The serrated 

chip of alternating low and high shear zones was triggered at a 

constant speed of 60 ms
-1

. In this kind of shear mechanism, 

cyclic bands are often expected to be detrimental in the 

machining process that may reduce the machining efficiency 

and increase the machining cost. This kind of shear band was 

also found in the machining of Titanium alloy 

(Ti–6Al–2Sn–2Zr–3Mo–1Cr–2Nb) at high speed of 100 

m/min with a depth of cut 0.2 mm [17]. High shear strain 

coupled with a high temperature of 932.29 °C manifested in 

the primary shear zone in this case. It is understood that 

heterogeneity (grain size and distribution) in the ductile 

material may offer the highest resistance during the 

orthogonal machining at a medium speed of 60 ms
-1

and may 

require prior machining attention. 

 

 
 

 
 

 
Fig.4. Schematic of temperature change in S-7 steel grade 

(a) Homogeneous material (b) Homogeneous material 

with uniformly distributed grains (c) Homogeneous 

materials with non-uniformly distributed grains. 

IV. CONCLUSION 

The role of grain size and grain configuration was found to 

play a significant role in the determination of tool wear and 

tool life. From the simulation study of the three models of the 

same material (AISI S-7 Steel grade) namely homogeneous, 

uniformly distributed grains and non-uniformly distributed 

grains following conclusion 

can be drawn: 
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1) Three different types of chip morphology manifested 

namely homogeneous model: continuous chip, uniformly 

distributed grains model: discontinuous segmented chip 

with unique stick-slip regions and non-uniformly 

distributed grains: serrated chip with low and high shear 

zones predicted for the same material characteristics. 

2) Non-uniformly distributed grains were found to develop 

a maximum temperature rise of 932.29 °C in the primary 

shear zone and were found to be detrimental among all 

the models. The rise in temperature accompanied with 

serrated chips resulted due to the strain hardening effect 

manifested primarily in the primary shear zone in the 

orthogonal machining process. 

3) Three different temperature profiles were obtained. 

Temperature concentration was found more at the 

periphery of the chip in the case of a continuous chip. 

However, in case of discontinuous segmented chip the 

temperature distribution was found more or less 

uniformly across the chip thickness and in case of 

non-uniformly distributed grains, temperature 

concentration manifested nearer to the primary (high) 

shear zone. 

4) Orthogonal machining of ductile metals may not 

necessarily produce continuous chips, but depended on 

grain size and orientation in the crystalline solid state at 

room temperature. 

REFERENCES 

1. Marek Madajewski et al., “Finite Element Analysis of Influence of 

flank wear evolution on forces in orthogonal cutting of 42CrMo4 

Steel”, Arch. Mech. Tech. Mater.vol. 37, 2017, pp. 58-64. 

2. F. Salvatore et al., “Modeling and simulation of tool wear during the 

cutting process,” Procedia-14th Conference on Modeling of 

Machining Operations (CIRP) 8, 2013, pp.305–310. 

3. ZeJia Zhao et al., “Serrated Chips Formation in Micro Orthogonal 

Cutting of Ti6Al4VAlloys with Equiaxial and Martensitic 

Microstructures,” Micromachines, vol.10, issue3,20 March 2019. 

4. Sohail Akram et al. “Numerical and experimental investigation of 

Johnson–Cook material models for aluminum (Al 6061-T6) alloy 

using orthogonal machining approach,” Advances in Mechanical 

Engineering, vol. 10, issue 9, 2018, pp.1–14. 

5. J. M. Rodriguez et al., “Numerical Methods for the Modelling of Chip 

Formation”, Springer Netherlands, “Archives of Computational 

Methods in Engineering, 20th Dec.2018, pp.1-26. 

6. S. Sai Venkatesh et al., “Finite element simulation and experimental 

validation of the effect of tool wear on cutting forces in turning 

operation,” Mechanics and Mechanical Engineering, vol. 23, 2019, 

pp.297–302. 

7. B. Denkena et al., “Influence of Machining Parameters on Heat 

Generation during Milling of Aluminum Alloys,” Science Direct, 

Procedia CIRP 46, 2016, pp.39-42. 

8. Mohanraj Murugesan et al., “Johnson Cook Material and Failure 

Model Parameters Estimation of AISI-1045 Medium Carbon Steel for 

Metal Forming Applications, Materials,” MDPI, vol.12, 2019, pp.609. 

9. Adam Grajcar et al., “Effect of Deformation Temperature on 

Microstructure Evolution and Mechanical Properties of Low-Carbon 

High-Mn Steel,” Hindawi, Advances in Materials Science and 

Engineering, vol.2018, 30 January 2018, Article ID 7369827, pp. 7. 

10. Halil Demir et al., “An Investigation into the Influences of Grain Size 

and Grinding Parameters on Surface Roughness and Grinding Forces 

when Grinding,” Journal of Mechanical Engineering, vol.56, issue 

7-8, 2010, pp.447-454. 

11.  ASM Steel product datasheet, 2019. 

http://www.astmsteel.com/product/aisi-s7-tool-steel/. 

12. Winston A. Knight, Geoffrey Boothroyd, “Fundamentals of Metal 

Machining and Machine Tools,” 3rd Edition, CRC Press, ISBN 

9781574446593-CAT DK4070, 2005. 

13. Journal of Materials Processing Technology, vol. 121, issues 2–3, 

2002, pp.363–372. 

14. Mohanraj Murugesan et al., “Johnson Cook Material and Failure 

Model Parameters Estimation of AISI-1045 Medium Carbon Steel for 

Metal Forming Applications,” MDPI, Materials, vol.12, 2019, pp.609. 

15. Ansys Inc. v.19 (Academic License), Material data base. 

16. Book Chapter 1, Generalized model of chip formation, Tribology and 

Interface Engineering Series, vol. 52, 2006, pp. 1-67. 

17. Hongbing Wu et al., “Serrated chip formation and their adiabatic 

analysis by using the constitutive model of titanium alloy in high speed 

cutting,” Science Direct, Journal of Alloys and Compounds, vol. 629, 

2015, pp.368–373. 

AUTHORS PROFILE 

 

 Dillip Kumar Mohanta, M.Tech., (Ph.D.), 

Assistant Professor Department of Mechanical 

Engineering, Schools of Engineering 

&Technology, Centurion University, Odisha. 

Expertise and interest include: Manufacturing 

Science, Metal working and Machining. 

 

 

 

Abhinav, M.Tech., (Ph.D.), Assistant Professor 

Department of Mechanical Engineering, Alliance 

College of Engineering and Design, Alliance 

University, Bengaluru. Expertise and interest 

include: Design & Machining Simulation and 

Ceramics-Thermal Barrier Coatings. 

 

 

 

Ardhendu Mouli Mohanty, B.Sc., M.Tech., 

Ph.D., ProVC, Centurion University of 

Technology and Management, Centurion 

University, Odisha. Expertise and interest include: 

Condition monitoring and NDT, Production 

Science. 

 

 

http://www.astmsteel.com/product/aisi-s7-tool-steel/

