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ABSTRACT: 

In manufacturing sector, hard turning has 

emerged as vital machining process for cutting 

hardened steels. Besides many advantages of hard 

turning operation, one has to implement to achieve 

close tolerances in terms of surface finish, high 

product quality, reduced machining time, low 

operating cost and environmental friendly 

characteristics. In the present study, three 

dimensional CAE (Computer Aided Engineering) 

based simulation of  hard turning by using 

commercial software DEFORM 3D has been 

compared to experimental results of  stresses, 

temperatures and tool forces in machining of AISI 

D3 steel using mixed Ceramic inserts (CC6050). In 

the present analysis, orthogonal cutting models are 

proposed, considering several processing 

parameters such as cutting speed, feed and depth of 

cut. An exhaustive friction modeling at the tool-

work interfaces is carried out. Work material flow 

around the cutting edge is carefully modeled with 

adaptive re-meshing simulation capability. In 

process simulations, feed rate and cutting speed 

are constant (i.e. 0.075 mm/rev and 155 m/min) 

and analysis is focused on stresses, forces and 

temperatures during machining. Close agreement 

is observed between CAE simulation and 

experimental values. 

 
Keywords: Hard turning, Computer Aided 

Engineering, Computational machining, Finite 

element method   

 

1. INTRODUCTION 

Machining is quiet popular 

manufacturing process in manufacturing 

sector of high precision distinct metal 

parts. With advent of new kind of tools 

such as Cubic Boron Nitride (CBN), 

Polycrystalline Cubic Boron Nitride 

(PCBN), poly-crystalline diamond (PCD), 

coated, Chemical Vapor Deposition 

(CVD), Physical Vapor Deposition (PVD) 

and ceramic tools, better surface finish will 

be accessible without any finishing and 

complementary operation such as grinding. 

Turning of hardened steels into finished 

parts by eliminating intermediate 

machining and reducing grinding 

processes has been a cost effective method 

for manufacturing high quality automotive 

components [1]. Besides, hard turning is 

flexible, environment friendly and higher 

output substitute to cylindrical grinding. 

However, surface quality and process 

reliability is still considered not on par 

with grinding processes, due to issues 

related to different geometrically defined 

cutting tools [2]. 

 

 The manufacturing sector is still 

hesitating to implement fast and 

economical hard turning technology 

compared to slow and costly grinding. 

Ceramic cutting tools can withstand high 

temperatures but not thermal and 

mechanical shocks. To optimize the 

tooling cost, ceramic cutting tools are right 

candidates for light and continuous 

cutting. Geometry of the insert also has 

major influence upon the surface integrity, 

single point cutting tool gives uniform 

micro structural changes compared to 

grinding as this will increase functional 

performance of the product. Hence correct 

tool geometry must be selected for a given 

application or may produce subsurface 

damage and high tensile residual stresses 

on the surface of the machined work piece 

[2, 3, 4 and 5]. Generation of heat during 

hard turning and heat dissipation along the 

insert corner is also affected by geometry 

due to change in work material flow 

around the cutting edge [3].  
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 Al2O3/TiN-coated tungsten carbide 

tools for finish-turning of NiCr20TiAl 

nickel-based alloy under various cutting 

conditions, cutting forces, surface integrity 

and tool wear are investigated and the 

inter-diffusing and transferring of elements 

between Al2O3/TiN-coated tungsten 

carbide tool and NiCr20TiAl nickel-based 

alloy are studied [6]. The cutting 

performance of tungsten carbide tools with 

restricted contact length and multilayer 

chemical vapor deposition coatings, 

TiCN/Al2O3/TiN and TiCN/Al2O3–TiN in 

dry turning of AISI 4140 and the results 

show that coating layouts and cutting tool 

edge geometry can significantly affect heat 

distribution into the cutting tool [7].  

 

The mach inability of hardened 

steel using grey relational approach and 

ANOVA to obtain optimum process 

parameters considering MRR, surface 

finish, tool wear and tool life for both 

rough and finish machining [8]. Multi-

response optimization of turning 

parameters and nose radius over surface 

roughness and power consumed using 

Taguchi based grey relational approach 

and found that the main influencing 

parameter is cutting speed followed by 

feed rate and depth of cut [9].  

 

Mechanics and dynamics of 

machining hard metals using mixed 

ceramic tool has been investigated 

experimentally and analytically in few 

studies. In addition, studies of Finite 

Element (FE) modeling, orthogonal two 

dimensional cutting are also used to 

determine the influence of process 

parameters on performance characteristic 

such as formation of chip, cutting forces, 

temperatures and effective stresses [10, 11, 

12, 13 and 14]. Serrated formation of chip 

is also exposed with growing cutting speed 

and rate of feed in most FE experimental 

studies in hard turning [14, 15].  

 

On the other hand, FE analyses on 

three dimensional hard turning are 

insufficient to appreciate process 

completely. Established a three 

dimensional FE model for turning to 

predict forces of cutting, temperature and 

distribution of stresses for the machining 

of aluminum alloys and low-carbon steels 

under orthogonal and oblique cutting 

configurations[16]. Acclaimed a three 

dimensional FE model for hard turning of 

AISI 52100 steel using PCBN tools [17]. 

Aurich et al offered three dimensional FE 

modeling for segmented chip formation 

[18].  

 

It is found from the literature that 

there is a scope for comparing CAE 

analysis with experimental results. The 

main advantage of CAE analysis over 

experimentation is that simulation can be 

performed for wide range of input 

parameters to enumerate their behavior on 

performance characteristics. Rosochowska 

et al [19] experimentally compared the 

heat contact conductance h with theoretical 

formulation at various contact pressures 

and different temperatures.  Therefore, a 

heat transfer coefficient h, is found using 

the formulation from nusselt number as 

provided in Incropera and Dewitt [20].   

 

 

 

2. EXPERIMENTATION 

 

 The work piece material used for 

experimentation is AISI D3. Bars of 

diameter 70 mm x 360 mm long are 

prepared. Test sample is trued, centered 

and cleaned by removing a 2 mm layer 

prior to actual machining tests. The 

chemical composition of the work piece 

materials are given in Table.1. The AISI 

D3 is oil-quenched from 980
o
C for 

hardening, followed by tempering at 

200
o
C to attain 62HRC. Experimental 

setup is shown in figure.1. 
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Table.1 Chemical composition of AISI D3 (wt%) 

C Si Mn P S Cr Ni Mo Al Cu Zn Fe 

2.06 0.55 0.449 0.036 0.056 11.09 0.277 0.207 0.0034 0.13 0.27 84.8716 
 

 The lathe used for machining 

operations is Kirloskar; model Turn 

Master-35, spindle power 6.6KW. The 

cutting forces are measured by Kistler 

piezoelectric dynamometer (model 

9257B). This dynamometer can measure 

forces in three mutually perpendicular 

directions i.e.  Fx(FeedForce), Fy(Thrust 

Force (0 to 5000N)) and Fz(Cutting Force 

(0 to 10000N)). The charge generated at 

the dynamometer is amplified by a Kistler 

charge amplifier (model 5070A). The 

signal is acquired by a data acquisition 

system consists of a personal computer as 

controller and cable for PC to charge 

amplifier connection. The Dynoware 

software installed in the PC is used to see 

the continuous flow of data for force in all 

three directions. The average value of this 

force data was used for further analysis.  

 Surface roughness is measured 

using MitutoyoSurftest SJ 210 having 

measuring range of 17.5mm and skid force 

less than 400 mN. Four readings with a 

sample length of 0.8 mm are recorded after 

each experiment and an average value is 

taken as the surface roughness.   

 

 

Figure.1. Experimental setup 
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The Ra values are obtained without 

disturbing the assembly of the workpiece 

in order to reduce uncertainties. The 

cutting insert used is having designation 

SNGA 120408 T01020 is a mixed ceramic 

grade (Make: Sandvik CC6050) based on 

alumina with an addition of titanium 

carbide. The high hot-hardness, the good 

level of toughness makes the grade 

suitable as first choice for machining 

hardened steels (50 – 65HRC) in 

applications with good stability or with 

light interrupted cuts. The inserts are 

mounted on a commercial tool holder of 

designation PSBNR 2525 M 12 (ISO) with 

the geometry of active part characterized 

by the following angles: χ = 75°; α = 6°; γ 

= −6°; ¬λ = −6°. 

The temperature of the machined samples 

are measured by the use of infrared 

thermometer (Make: Amprobe IR750) 

having temperature range of −50˚C to 

1500˚C and with optical resolution of 10:1 

and emissivity 0.1 - 1 (adjustable). Three 

levels are defined for each cutting process 

parameters as given in Table.2. The 

cutting process parameters levels are 

chosen within the intervals according to 

recommendations made by the cutting tool 

manufacturer. Three selected cutting 

process parameters at three levels led to a 

total of 20 tests as per the Response 

Surface Methodology (RSM) based 

Central Composite Design (CCD) is 

applied as an experimental design 

employed to accomplish 20 tests with six 

center points. The six axial runs have the 

same input parameters; therefore the 

design matrix has six repeated runs. 

 

Table.2. Assignment of the levels to the variables 

Parameters Range 

-1 0 +1 

Speed(m/min) 145 155 165 

Feed(mm/rev) 0.05 0.075 0.1 

Depth of cut(mm) 0.3 0.6 0.9 
 

3. COMPUTATIONAL MODELLING 

OF 3D TURNING 

In present work the CAE software 

DEFORM 3D is based on an implicit 

Lagrangian computational routine with 

continuous adaptive re-meshing. The work 

piece is modeled as perfectly plastic 

material where the material constitutive 

model of this deformable body is 

represented with Johnson–Cook material 

model [21] (see Eq. (1)) where  𝜎  is flow 

stress, ε is the plastic strain,𝜀   is the plastic 

strain rate,𝜀  0 is the reference plastic strain 

rate (0.001s-1), T is the temperature of the 

workpiece, Tmelt is the melting temperature 

of the work piece material and To is the 

room temperature. Material constant A is 

the yield strength, B is the hardening 

modulus, C is the strain rate sensitivity, n 

is the strain-hardening exponent and m the 

thermal softening exponent. Although a 

more realistic simulation model for the 

machining process should also take 

A=1491MPa, B = 570MPa, n = 0.24, C = 

0.0027, m= 0.6, Tmelt= 1450 
o C

 for AISI 

D3. 

𝜎 =  𝐴 + 𝐵 𝜀 𝑛  1 + 𝐶 ln  
𝜀  

𝜀 0    
   1 −  

𝑇−𝑇𝑜

𝑇𝑚𝑒𝑙𝑡 −𝑇𝑜
 
𝑚

 ( 1 ) 
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Work piece is represented by a 

straight model of 10mm where the cutting 

tool is modeled as a rigid body which 

moves at the specified cutting speed.  A 

fine mesh density is defined with an input 

size of 0.075mm and size ratio 2 for work 

piece. Thermal boundary conditions are 

defined in view of that it will allow heat 

transfer from work piece to cutting tool. 

Heat transfer between the work piece and 

tool is dependent on the pressure 

developed during machining. Thermal and 

Mechanical properties used in the present 

paper are taken from the literature sources 

those values are mentioned in Table 3.  

Work piece model includes 100000 

elements of tetrahedron shape. The bottom 

surface of the work piece is fixed in all 

directions. The cutting tool is modeled as 

a rigid body using 25000 (Shape: Tetra 

hydron) elements which moves at the 

specified cutting speed. A fine mesh 

density is defined at the tip of the tool and 

at the cutting zone to obtain fine process 

output distributions. 3D computational 

modeling is utilized to predict chip 

formation, forces, temperatures and tool 

wear on uniform honed tool of 80 micron 

nose radius. All simulations are run at the 

same cutting condition (V = 155 m/min, 

f=0.075 mm/rev, ap = 0.6 mm) for 

machining of AISI D3 steel at 62 HRC 

hardness. 

 

Table.3Thermo-Mechanical properties of work and tool materials 

Properties AISI D3  Ceramics 

Density (kg m
-3

) 7700.00  3980.00 

Modulus of elasticity (GPa)                                      0200.00  0300.00 

Poisson’s ratio                                                           0000.29  0000.21 

Specific heat (J kg−1 K−1)                                       0460.00  0880.00 

Thermal conductivity (Wm−1 K−1)    0020.00  0018.00 

Thermal expansion (mm−1 K−1)                             0012.30  0008.10 

 

4. RESULTS AND DISCUSSION 

The experimental results obtained 

from the various measuring equipment’s 

as mentioned in the earlier section is 

shown in Table 4. The obtained data from 

experimentation is compared with the 

simulation results from DEFORM 3D 

software for the materials AISI D3.    

Table.4.Experimental results of 

cutting forces, specific cutting force, 

power and surface

roughness of AISI D3. 
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1 145 0.050 0.3 207.48 7533.3 0.273 1.33 376 

2 165 0.050 0.3 250.75 6846.6 0.317 1.88 331 

3 145 0.100 0.3 307.06 5000.0 0.362 0.90 341 

4 165 0.100 0.3 342.52 6486.6 0.535 0.82 405 

5 145 0.050 0.9 526.19 6422.2 0.698 2.06 428 

6 165 0.050 0.9 532.66 6935.5 0.858 2.11 418 
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7 145 0.100 0.9 586.72 3722.2 0.809 1.10 515 

8 165 0.100 0.9 522.68 3120.6 0.913 0.91 404 

9 145 0.075 0.6 414.05 4888.8 0.531 0.84 376 

10 165 0.075 0.6 443.62 5451.1 0.674 0.93 349 

11 155 0.050 0.6 397.21 7213.3 0.559 2.27 335 

12 155 0.100 0.6 514.47 5175.0 0.802 0.93 365 

13 155 0.075 0.3 235.64 5555.5 0.322 1.05 352 

14 155 0.075 0.9 482.74 3899.4 0.679 0.83 431 

15 155 0.075 0.6 444.47 5604.4 0.651 0.71 353 

16 155 0.075 0.6 444.86 5777.7 0.671 0.76 364 

17 155 0.075 0.6 453.99 5733.3 0.666 0.73 345 

18 155 0.075 0.6 449.76 5511.1 0.640 0.75 371 

19 155 0.075 0.6 459.40 5822.2 0.676 0.74 339 

20 155 0.075 0.6 460.59 5666.6 0.658 0.72 381 
     

4.1 INFLUENCE OF UNIFORM 

HONED INSERT ON 

TEMPERATURE FIELDS 

The insert (CC6050) is used for the 

present research due to its utilization in the 

local metal cutting industry for its high 

material removal rate and realization of 

good surface finish for the 

experimentation. Friction in metal cutting 

is found complex due to the varying level 

of contact conditions along the tool–chip 

contact area. In 3D FE modelling, constant 

shear friction factor, m, Coulomb friction, 

µ, and pressure-dependent shear friction 

factor, m (p), have been benchmarked to 

identify the friction between tool and work 

piece. The pressure dependent friction 

factor for the conditions (V = 155 m/min, 

f=0.075 mm/rev, ap = 0.6 mm) is 

evaluated from experimentation and is 

used in the modeling. A simple trial-and-

error approach is used during fine-tuning 

friction models for calibrating FE 

simulation outputs. 

Figure.2. Work piece Temperature profile of 

AISI D3. 
Figure.3. Tool Temperature profile while 

cutting AISI D3. 
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Figure.4.Interface temperature profile while cutting AISI D3. 

 

After careful considerations in all 

aspects, the form of the results is similar 

for all conditions, except the magnitude. 

From the results obtained, it may be 

concluded that the maximum temperature 

work piece and tool increases with 

increasing cutting speed, being 353°C 

from table 4 when machining AISI D3 at 

constant cutting speed (155 m/min) 

considered. Figure 2 shows simulated 

values obtained during the machining of 

AISI D3 work piece is 582
o
C. Therefore it 

is possible, besides the cutting and thrust 

forces, to extract from the proposed model 

predictions for values that it would be very 

laborious or even impossible to obtain 

otherwise.  

As it can be observed from the 

simulations of tool, temperatures are 

254
o
C when machining AISI D3 presented 

in figure 3. Examples of such cases are the 

temperature distribution in the work piece 

and tool in the form of isothermal bands 

and the effective stresses developed during 

cutting. This explains that the thrust force 

decreases for higher cutting speed, since 

softening of the material for higher 

temperature takes place. The regions that 

are mostly thermally loaded are the chip 

and the rake face of the tool, in the chip-

tool interface close to tool tip, due to the 

plastic deformation of the chip and the 

frictional forces; the part of the chip that is 

curled away from the rake face is 

progressively cooled down. The stress has 

an almost constant value along the center 

of the shear zone, while near the tool tip 

lower values of stress is observed, this can 

be explained due to the temperature rise of 

this area which softens the material. Figure 

4 shows the details of work piece-tool 

interface temperature. Simulated results 

for temperature are presented the values 

are in the range of 30- 592
o
C when 

machining AISI D3 and experimental 

results found to be in the above said range. 

With the numerical results provided by the 

model, it is possible to minimize unwanted 

effects and to choose suitable cutting 

conditions in order to optimize the process 
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Figure.5(a) Temperature vs Time while cutting AISI D3. 
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Figure.5(b) Stress distribution curve AISI D3. 

 

The values of temperatures 

obtained experimentally are found (Table 

4) to be correlating with the values from 

DEFORM 3D simulation. Figure 5(a) 

shows the variations in temperatures with 

respect to time. The stresses calculated by 

considering resultant forces are taken into 

considerations and the results obtained by 

simulations are correlated. Effective stress 

profiles are presented in figures 5(b) the 

experimental values coincide with 

simulated results. 

 

5.CONCLUSIONS 

In the present, experimental and FE 

modeling investigations on 3D turning 

with mixed ceramic inserts are presented. 

Cutting experiments and 3D finite element 

simulations are performed uniform honed 

tool. 3D FE modeling is utilized to predict 

chip formation, forces, temperatures, 

stresses and tool wear. 

1. The surface roughness of 0.71 for AISI 

D3 material is obtained at cutting 

velocity of 155 (m/min), feed rate of 

0.075 (mm/rev) and depth of cut 0.6 mm 

from the experimental results while 

machining.  

2. The heat generation and stress 

concentration along the tool cutting edge 

is more significant and this can affect 

tool life therefore some limitations to do 

extensive experimentation with respect to 

economy. In case of CAE large data 

generated that can be utilised to predict 

performance characteristics. 

3. Good agreement has shown in case of 

tool temperature in both the 

experimentation and CAE simulated 

results for both AISI D3 material. 

4. The outcome may be seen as favourable 

for many performance characteristics 

further investigations may require on 

factors which damage the machined 

surfaces. 
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