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3-D Finite Element Analysis Of Effect Cutting Edge Geometry
on Cutting Forces ,Effective Stress , Temperature And Tool
Wear In Turning
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Abstract

The problem of tool wear monitoring in machining operations, has been an active area of
research for quite a long time. The accurate prediction of tool wear is important to have a better
product quality and dimensional accuracy. In cutting tools the area close to the tool tip is the
most important region and conditions at the tool tip must be carefully examined, if
improvements in tool performance are to be achieved

In this study, 3-D finite element modeling of precision hard turning has been used to
investigate the effects of cutting edge micro-geometry on tool forces, temperatures , stresses and
tool wear in machining of AISI 1045 steel using uncoated carbide inserts with four distinct edge
preparations. Three type of edge preparation are redesign by using software solid work 2008 , 1-
honed edge(0.25 ,0.5 , 0.75 mm) , 2-chamfer (0.025 ,0,05 ,0.075 mm) , 3-land (15° and 0.05 ,0.1
,0.2,0.3 mm) . Also perfectly sharp edge which is not prepared and redesign .

Simulation results for Hone micro-geometry inserts have tendency to result in lower
forces, hence lower tool wear. Chamfer micro-geometry provides higher localized stress
concentration. The highest stress and strain on workpiece occurred in the primary shear zone due
to the highest deformation in this region, followed by the secondary shear zone. The maximum
generated temperature was also found on secondary shearing zone .
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1-Introduction

Hard turning is a popular manufacturing process in producing finished components that are
typically machined from alloy steels with hardness between 50 and 70 HRc [1]. uncoated carbide
cutting tools are widely used in hard turning. Uncoated carbide are designed with a certain micro
edge geometry with a process called edge preparation. The effect of the edge preparation is to
increase the strength of the cutting edge by providing a more gradual transition between the
clearance edge and the rake face of the tool[2]. In order to improve the overall quality of the
finished component, tool edge geometry should be carefully designed. Design of cutting edge may
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affect the chip formation mechanism and therefore help to reduce cutting forces and increase tool
life. It is known that sharp tools are not durable enough for most of the machining operations. Three
common edge preparations are shown in figure 1, are redesign by using software solid work 2008 ,
which are (a) honed edge (b) chamfer ,(c) land is 15° ,(d) perfectly sharp(no
preparation).Combinations of these edge preparations are often applied to a single cutting edge to
maximize the strengthening effect.

For the fifty years ago metal cutting researchers had developed many modeling techniques
including analytical techniques, slip-line solutions, empirical approaches and finite element
techniques In recent years, the finite element method has particularly become the main tool for
simulating metal cutting processes[3].

There are numerous studies on 2-D FEA of orthogonal cutting which provides essential
information about the mechanics of cutting but the studies on 3-D turning are limited. A 3-D FEA
of machining processes is needed to study practical machining operations. This will be very useful
for process planners and tool designers to optimize cutting conditions and materials prior to actual
production. The force, temperature and stress information provided by the FEA may be used to
predict tool wear and according to this information the existing cutting conditions may be altered, if
necessary, in order to prolong tool life. The geometry of the cutting tool, workpiece and cutting tool
material properties, and tool-chip friction conditions must be defined carefully to obtain reasonable
results from finite element .

Ibrahim A. Al-Zkeri [3] Used the two-dimensional finite element method (FEM) is used
as a tool for understanding the fundamentals of hard turning process and for the prediction of the
effect of edge preparation (edge hone radius, chamfer angle) and cutting conditions (cutting speed,
feed rate) on the hard turning variables (cutting forces, chip morphology, tool stresses temperature,
and residual stresses).The effect of cutting tool edge geometry on several hard turning variables
(cutting and thrust forces, chip-tool contact length and shear angle) were predicted using finite
element method with reasonable accuracy. The results showed agreement with the trends in
measurements. The maximum Von-Mises stress acting on cutting insert with the largest chamfer
angle (30°) has the smallest value (3500 MPa). In addition, the edge with chamfer angle 20° causes
the biggest stress magnitude (4700 MPa).

Karpal and Ozel et al [4] had been used 3-D finite element modeling of precision hard
turning to investigate the effects of cutting edge micro geometry on tool forces, temperatures and
stresses in machining of AISI H13 steel using polycrystalline inserts with two distinct edge
preparations. Three components of tool forces and flank wear of the inserts were measured. Inserts
with honed micro-geometry cutting edge resulted in lower tool flank wear in all cutting conditions.

Tugrul O zel et al [5] Investigate experimentally the effects of cutting edge geometry,
workpiece hardness, feed rate ,cutting speed on surface roughness and resultant forces in the finish
hard turning of AISI H13 steel experimentally. Cubic boron nitrite inserts with two distinct edge
preparations and through hardened AISI H13 steel bars were used. The effects of two-factor
interactions of the edge geometry and the workpiece hardness, the edge geometry and the feed rate,
and the cutting speed and feed rate are also appeared to be important. Especially, honed edge
geometry and lower workpiece surface hardness resulted in better surface roughness. Cutting edge
geometry, workpiece hardness and cutting speed are found to be affected on force components. The
lower workpiece surface hardness and small edge radius resulted in lower tangential and radial
forces.

Tugrul O“zel [6] Analysis in his study investigated the influence of edge preparation in
cutting tools on process parameters and tool performance by utilizing practical finite element (FE)
simulations and high speed orthogonal cutting tests. The predicted process parameters through FE
simulations in high speed orthogonal cutting are calculated optimize tool life and surface finish in
hard machining of AISI H-13 hot work tool steel. Simulation results provided a distribution of
stresses and temperatures at the cutting zone, chip—tool and workpiece—tool interfaces. Numerical
simulations include testing different edge preparation geometry for CBN tools at different cutting
speeds and feeds. The results showed that the zone of workpiece material formed under the chamfer
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acts as an effective rake angle during cutting. The presence of a chamfer affects the cutting forces
and temperatures while no significant change in chip formation observed.

2-Modelling using the Finite Element Method

DEFORM-3D software is used to simulate the turning process, which is based on the
Lagrangian equation as shown in Fig. 3 . The software is used to simulate the the effects of the edge
preparations on temperatures , tool wear , effective strains and stresses in machining of AISI 1045
steel using uncoated carbide inserts .

Z 211723

y Z 381216

X 6.71462

Y 7.23084

Figure 3 Finite element simulation of hard turning with uncoated carbide tool

Currently Deform-3D system has Archard’s model and Usui’s model apart from the user routine
support. Usui’s model is used for machining applications to compute insert wear. Archard’s model
can used with either isothermal or non-isothermal runs, On the other hand Usui’s model can be run
only be used with non-isothermal run as it required interface temperature calculations as well [7]
and [8] .

Applications of FEM models for machining can be divided into six groups: 1) tool edge
design, 2) tool wear, 3) tool coating, 4) chip flow, 5) burr formation and 6) residual stress and
surface integrity. The direct experimental approach to study machining processes is expensive and
consumes long time.

To solve problem, finite element methods are most frequently used. Modeling tool wear using
FEM has advantages over conventional statistical approach because it provides useful information
such as deformations, stresses, strain and temperature chip and the work piece, as well as the cutting
force, tool wear, tool stress and temperature on the tool working under specific cutting parameter

[8].

Usui’s equation includes three variables: Sliding velocity between the chip and the cutting
tool, tool temperature and normal pressure on tool face. These variables can be predicted by FEM
simulation of cutting process or combining analytical method and finite difference mehtod.
Therefore Usui’s equation is very practical for the implementation of tool wear estimation by using
FEM or by using the combination of FDM and analytical method[9].
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= IapVe Tt

Where o= tool wear p=interface pressure v=sliding velocity T=interface
temperature (deg) dt=time increment a,b =experimentally calibrated coefficients
The chip formation from initial mesh and tool indentation in the beginning of cutting process
until the developed continues chip formations step 50, 100,150, 200 are as illustrated in figure 4
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Figure 4 (a) initial mesh( b) chip mesh after 50 step (c)chip mesh after 100 step
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Figure 5 shows an example of transient simulation result for chamfer 0.75mm.

Boundary Condition
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Tablel cutting condition and tool geometry %tliéigﬁglﬁ%gwgéﬁﬁ}tion
in the simulation
Shear friction factor

0.6

Heat transfer coefficient at the
45
interface (N/s mm°C)

Cutting speed 100mm/sec
Feed rate 0.3 mm/rev
Depth of cut

Back Rake Angle (BR) (deg)

Side Rake Angle (SR) (deg)

Side Cutting Edge Angle (SCEA)

Nose radius ~ mm 0.79375

The workpiec and the tool were modeled with 20,000 and 12,000 elements to start with and the
adaptive remeshing scheme was implemented to optimize between the computational time and
accurate prediction. Referring to fig 6, the base of the workpiece was constrained in all directions.
The tool was subjected to move in (+Y) direction at constant speed and constrained against
movements in X and Z directions as shown in fig7 . The frictional contacts at the interface between
the tool/workpiece and the tool/chip were described by a constant shear hypothesis with the shear
factor of 0.6.

Z Fixed

Figure .6 Boundary conditions to Workpiece
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+Z

s

Figure .7 Boundary conditions to cutting tool (tool move
in +Y direction)

2.2 Material property
The properties of the workpiece material (AISI 1045 steel) and insert (tungsten carbide) are
shown in table 3,4 5,6 .

Table 3 Chemical composite of workpiece material 1045

Metal
Carbon steel 1045

Table 4 Mechanical and thermal properties of workpiece 1045

Elastic Tensile Yield Hardnes | Elongati | Poisson
Modulus Gpa strength Strength sHB on ratio

Mpa Mpa
205 585 505 170 12 0.28
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Table 5 Mechanical Properties of tungsten carbide

Hardness Modulus of Compressive Poisson
(Knoop) Elasticity (psi) strength (Kpsi) Ratio

1500 90 x10° 580 0.24

Table 6 Thermal Properties of Tungsten Carbide

Coefficient of Thermal expansion Thermal Heat capacity
(/°C) conductivity

(W/mK)
56-06 59 15

The workpiece was assumed to be an plastic material. To account for the strain rate and
properties, a velocity-modified temperature is calculated using temperature effects on the material
the equation:

Toogd =1 1—v|ogg—o ______________________________________________________ 5
€g

where T is the temperature at the point where the properties are to be determined, v the Poisson's
ratio, the strain rate, and is the strain rate below which the properties of the material are unaffected
by strain rate. Temperatures at the shear plane and tool-chip interface are determined according to
the work done in those zones. This is calculated from the shear forces, shear velocities and tool an
workpiece material thermal properties using the equations as shown by Oxley equation (1989).

Where ¢ and ¢ are flow stress and strain, 61 is the material flow stress at e=1.0 and n is
the strain hardening exponent. 61 and n depend on velocity modified temperature (Tmod).
In addition to plastic properties of work piece, its thermal properties depending on
temperature have to be given to the software for heat transfer calculation. Thermal conductivity,
thermal expansion and heat capacity of AISI 1045 are shown in Figure 8,9,10 and 11.
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. . Figure .11 Young's Modulus of AISI 1045
Figure .10 Thermal Expansion of AISI 1045

3-Effect of micro-geometry and corner radius on friction

Let us reconsider Fig. 3 which demonstrates the 3-D turning with a corner radius tool. Tool
chip contact area is redrawn in detail in Fig.12. As can be seen from the figure That the thickness of
the chip varies from a maximum value, which is equal to the feed rate, to a minimum value on the
tool’s corner. Uncut chip thickness is mainly defined by the feed rate and corner radius of the tool.
If an edge radius applied to the tip of the cutting tool, cutting efficiency will be low due to small
ratio of uncut chip thickness to tool edge radius around that area. Three critical sections A-A, B-B
and C-C are indicated in Fig.12. In Section A-A, uncut chip thickness is greater than the edge radius.
In Section B-B, the uncut chip thickness becomes equal to the edge radius and rubbing action is
more dominant than shearing. In Section C-C the edge radius is larger than the thickness of the
uncut chip and the work material is rubbed against the workpiece. This rubbing action will result in
increased strains and heat generation on the tool-workpiece interface.
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Fiaure .12 Relationship between edae preparation and uncut chip thickness alona corners radius .

Since chip load varies along the tool corner radius, friction at tool-chip interface should also
vary and needs to be determined carefully. The determination of a varying friction in 3-D analysis is
left as a future work. The detailed interaction of the cutting tool and workpiece is explained in
Figure 13. It can be seen that chip load is a function of depth of cut, feed rate and tool corner
radius. In this figure, it is important to observe that the thickness of the chip, which is shown as the
hatched area, varies along tool corner radius.

Previous tool path

—
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Fig 13. Chip load in typical turning operation with a corner radius tool
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4- Results and Discussion

Table 3 Shows the Simulations result for various combinations of edge preparations, the value of
wear depth and cutting force after running time 0.002sec (3.4mm).
4-1-Effect of edge preparation on work piece and cutting tool temperature .

As shown figure 14. The chip temperature obtained from the simulation process is between
604 C° to 804 C°. The minimum temperature is achieved at the chip which is machined by edge for
chamfer tool (0.075mm).

As shown figure 15. The cutting tool temperature on rake face obtained from the
simulation process is between 90.4C° to 128 C°. The minimum temperature is achieved at the edge
of honed (0.75)mm. Temperature field in the workpiece, chip and the tool were also calculated in 3-
D FEA. A representative temperature field in workpiece and the chip is given in Figl6.Temperature
fields around the edge for honed tool are given in Fig.17. The “hot spot” is found at the honed face
90.4 ,99.8 , 106 for 0.75, 0.5, 0.25 mm (honed radius).The generated temperature on the chip,
machined surface and tool edge can be seen in Figure 18 ,19 .that the most of heat or generated
temperature is carried away by the chip (about 70%), there was maximum of generated temperature
on shear zone about 627 C° and only around 90.4 C° generated on the tool (around 10%) and the
rest remain absorbed by work piece

These were agreeable with [10], where by assuming that all the cutting energy was
converted to heat, so a considerable amount of heat was generated at the following three distinct
zones; 1) Shear zone (75%); 2).Chip sliding on the tool face (20%), and 3). Tool sliding on the
workpiece machined surface (5%) which was neglected for perfectly sharp cutting tools. These are
shown in Fig 20.

The temperature on work piece surface is necessary to considered, because based on the
detailed microstructure analysis shows that worn out tools can cause over heated of the machined
surface and change the microstructure of the work material. That change can increase the hardness
of the work material’s machined surface to become very hard and brittle, so the information on
work piece are very useful to avoid such increase in hardness as explained [9].

4-2- The effect of edge preparations on the cutting forces

In the finish hard turning , cutting force was found the largest among the force components
as shown in fig 21. Furthermore ,cutting force is found to be greater in land tool (0.3)mm compared
to honed tool(0.75)mm . These are agreeable with [5].

4-3-Analysis of stress and shear on chip and work piece

Effective stress distribution was also calculated through post-analysis where the cutting tool
is defined as elastic body. Resultant stress distribution is shown for chamfered tool in Fig 22.
shows that the highest stress and strain were found on the primary deformation zone, which resulted
the stress of about 1240 MPa and strain about 2.18 mm/mm in fig 23.

These are agreeable with the theory denoted that the maximum heat produced is at shear
zone because there is the highest plastic deformation of the metal in this primary shear zone. The
major deformation during cutting process were concentrated in two region close to the cutting tool
edge, and the bigger deformation was occurred in the primary deformation zone, followed by
secondary deformation zone; sliding region and sticking region as described by [11] and [12].

All of simulation results for every edge preparation combination setting were plotted as
shown in Figure 24. show that maximum value effective stress reach at chamfer 0.5 while the
minimum value at honed (0.75mm).
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4-4-The effect of edge preparation on tool flank wear .

Figures 25,26 ,27 , show the simulation of depth of wear after running 200 steps. After step
53, the cutting force begin to stable or just get a bit fluctuation on (465.6 N) in fig 24 . Figure 28
shows the wear depth at the nose of carbide cutting edge for honed (0.075) edge the during
machining. The wear depth is 0.00935mm. The maximum wear depth for edge preparation land
(0.2) is 0.0181mm.
All of simulation results for every side cutting edge angle combination setting were plotted as
shown in Figure 29. shows that the minimum wear depth reach at honed edge , This phenomenon is
agreeable with experiment done by [4].

5-CONCLUSIONS

The effect the edge preparation is to increase the strength of the cutting edge by providing
more gradual transition between the clearance edge and the rake face of the tool. For simulation
results, the following conclusions can be drawn:
1-Hone micro-geometry inserts have tendency to result in lower forces, hence lower tool wear.
2-Chamfer micro-geometry provides higher localized stress concentration.
3-The highest stress and strain on workpiece occurred in the primary shear zone due to the highest
deformation in this region, followed by the secondary shear zone. The maximum generated
temperature was also found on shearing zone.
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Figure 14.The Effect of edge preparation on chip temperature
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Figure 21. The Effect of edge preparation on the cutting forces
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Figure 27. tool flank wearon Chamfer
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Figure 28. cutting force forchamfer (0.075mm)
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Figure 29. Effect of edge preparation on tool flank wear
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