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ANALYSIS OF THE EFFECT OF TOOL GEOMETRY
ON THE SHEAR ANGLE IN METAL CUTTING

J. BAPI'A

AHAJII3 BIVIUBY 'EOMETPUYHUX TITAPAMETPIB IHCTPYMEHTY HA KYT 3CYBY IIPU
OBPOBL]I

Ananis, wjo 6asyemocs na MemoOi CKiHYeHUX eneMeHmi6, 00360116 MOOET08amu NPoyec Pi3aHHs.,
i Mae Oesiki nepesazu Ol RPOSHO3YE8AHHSI PONOOINY 3VCUNL | MeMnepamyp, OYIHKU 3HOULY6AHHS iH-
cmpyMenma i 3a1UWKo8UX Hanpye 6 00poO.aeHiil Oemani, Makodic 0ONOMazae ONMUMI3y6amu ceoment-
pito pizanvnozo incmpymenny i pedxcumu pizanns. OOHaK, Hanpyed NAACMUYHO20 NIUHY Mamepiany
00pobnI06anoi demani i XapaKxmepucmuKy mepms 6 30Hi pi3aHHA He 3a6ICOU MOICTUBO CNPOSHO3Y6a-
mu. Y yiti pobomi 6UKOPUCIMOGYEMbCSA NPOCMA MOOENb Pi3aHHs, NOKazawi pesynomamu. Mooens mepms
3ACHO8AHA HA OYIHYI HOPMATILHOZ0 PO3NOOLNY HANpyelU No nepeoHill nosepxHi. 3mina Kyma 3cy8y i piza-
JILHUX CU OJIAL PI3HUX Mamepianie 3a20moeok 6 npoyeci gi0oumi 6 0aHiii pobomi.

Ananus, basupyrowuiica Ha Memooe KOHeYHbIX DNeMEHMOs, NO360IUI MOOEIUPOBAMb NPoyecc pe-
3aHUA, U UMeem HeKomopble npeumyujecmea 01 npoeHO3UPOBAHUs pachpedeneHus YCunull u memnepa-
Myp, OyeHKU USHOCA UHCIMPYMEHMA U OCMAMOYHbIX HANPAJICEHUL 6 0OpabOmManHou Oemanu, maxoice
nomozaem ONMUMUBUPOBAMb 2€OMEMPUIO PeACYe20 UHCMPYMeHma u pevcumsl pesanus. Oonaxo,
HanpsviceHue NIACMUYecKo20 meyeHus mamepuaia obpabamvléaemol 0eman U Xapakmepucmuxu
MpeHus 6 30He Pe3aHUs He 8ce20a 603MOICHO CPOSHO3UPosams. B smoii pabome ucnonvsyemcs npo-
cmas mooenb pesanus, nokasauvl pesyrbmamul. Modens mpeHus ocHO8AHA HA OYeHKe HOPMAIbHO2O0
pacnpeodenenis HanpAACeHUs no nepeowel nogepxnocmu. Msmenenue yena cogued u pexcyuux cui ous
PA3IUYHBIX MAMEPUATO8 3A20MOBKU 6 NPOYyecce OMpadlcenbl 6 OaHHOU pabome.

Finite element analysis based techniques are available to simulate cutting processes and offer
several advantages including prediction of tool forces, distribution of stresses and temperatures, estima-
tion of tool wear and residual stresses on machined surfaces, optimization of cutting tool geometry and
cutting conditions. However, workpiece material flow stress and friction characteristics at cutting zones
are not always available. This paper utilizes a simple metal cutting model and shows running results.
The friction model is based on estimation of the normal stress distribution over the rake face. The
changing of shear angle and cutting forces in cutting of different workpiece material in the beginning of
cutting is shown in this paper.

INTRODUCTION

The Finite Element examinations are applied for the simulation of metal cut-
ting processes. More than a century ago the modelling of chip formation was based
on the shear model [1] or the slip-line theory [2]. At that time these models were
very effective, but later they could not support of studying the non-linear behaviour
of workpiece material. Nowadays, the Finite Element Method has particularly be-
come the main tool for simulation of the metal cutting process, and there is soft-
ware that provides simulation function of the orthogonal cutting [3], [4]. The finite
element method provides possibility for solving non-linear problems. Simulations
of FEM are very time consuming and the accuracy of results always need to be
improved.
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For simulation of cutting process, both the Lagrangian approach and the Eule-
rian approach [5] have been used extensively. These models provide information
about stresses and strain fields, shear zones, and temperature field when the model
includes thermo-mechanical coupling [6], [19].

As the real cutting process is very sophisticated and influenced by many pa-
rameters, it is very difficult to create an almost real model for the primary shear
zone. The engineering approach to the description the character of plastic deforma-
tion in the shear zone is based on some simplifications. The most commonly used
models for the primary shear zone are [7]:

e  Merchant’s single-shear plane model;

e  Oxley’s parallel-sided shear-zone model;

e  Zorev’s pie-shaped shear-zone model [8], as shown in Fig. 1 [9].

According to Astakhov et al. [10] the shear zone can be divided into two re-
gions:

e wide region where the velocity change takes places at a low rate, and
e narrow region where this change takes place at a high rate.

ie-shaped shear zone,

Figure 1 — Shear zone models: a — single-shear plane model, b — parallel-sided shear plain
model, ¢ — pie-shaped shear plain model

In this paper, the aim is to concentrate the initial steps of cutting. The aim is to ana-
lyse how the tOol geometry effects on the angle of the shear plane.

1. BACKGROUNDS OF FINITE ELEMENT EXAMINATIONS

For dynamic equilibrium of a body, the equation (1) at time t, irrespective of
material behaviour can be constructed based on the Principle of Virtual Work [11] :
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Where 06U, is the vector of virtual displacements, O, is the associated vir-
tual strains, bn is the vector of applied body forces, t, is the vector of surface
tractions, o, is the vector of stresses, p, is the mass density, C, is the damping
parameter and refers to differentiation with respect to time. €2 is the domain of
interest, has two boundaries: I', boundary on which boundary conditions t, are

specified and I', boundary on which displacements U, are specified.

For a finite-element representation, the displacements and strains and their
virtual counterparts are given by the expressions as [15]

m

Nild; ], 8u, :ZNi[Sdi]n )

i=1
m

Bi[di]n . O, = ZBi[Sdi]n ®)
i=1

where at the time t for node I vector of nodal displacement is [di]n, and the vec-

c
I
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tor of virtual nodal variables is [Sdi]n, N. is the global shape functions matrix

i
and B, is the global stain-displacement matrix. The total number of nodes is m.
After substituting these equations into Eqn. (1), the resulting equation is true for

any set of virtual displacements, then we can obtain for each node i the equations

[11] as,
[pi]n - [fBi]n + [fli ]n + [fDi ]n - [fTi ]n =0 (4)
where the internal resisting forces are
[p:], = J.[Bi]TGndQ ®)
the consistent forces for the applied ggody forces are
[fe.], = [[N.]'b,d0 ©®)
the inertial forces are ?
(] ]
d,
[fli ]n = I[Ni]Tpn [N11 N,,..., Nm]dQ
_[d m ]1 _ (7)
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the damping forces are

& ®

[Fod, = [INTen [N NN Jae) =0, ] 4],
[a..],
and the consistent forces for the boundary forces are
[fTi ]n = “Ni]TtndQ ©)

T

The displacements can be expressed in the usual form [11] as

[u(e) ]n _ Zr: N© [di(e)L (10)

i=1

where I is 8 for 8-noded isoparametric elements. Similarly, for the each element
the strain displacement relationships can also be written.
2. JOHNSON-COOK FORMULATION
2.1. Constitutive equation

Flow stress models are considered to represent work material constitutive be-
haviour under machining conditions. A lot of empirical and semi-empirical consti-
tutive models have been developed to model flow stress with certain accuracy in
machining [12]. Most of these constitutive models are based on different assump-
tions to avoid the prevailing complexities of stress state exist in machining. The
strain rate and temperature coupling effect is especially important at high cutting
speeds where thermal softening becomes more dominant due to increased heat gen-
eration. A detailed discussion about work material considerations is given in As-
takhov [13]. Numeric simulation of chip formation requires a thermo-visco-plastic
law. Among other material constitutive models, model by Johnson and Cook [14] is
widely used for high-strain rate applications. This constitutive model describes the
flow stress of a material with the product of strain, strain rate and temperature ef-
fects that are individually determined as given in Eq. 3.1.

o, =(A+ Bg“{lﬁu c |n(‘?ﬂ{1—(T‘Tr°°mj } (11)
&o Tmelt _Troom

Where o, the flow stress, & effective plastic strain, & effective plastic

strain rate, T temperature, &, reference plastic strain rate, T,

room 1OOM tempera-

ture, T, melting temperature, A, B, C, n, m rheological parameters.

The first part of Eq. (11) defines the strain rate hardening, the middle part of
the strain rate sensitivity and the last one of the thermal softening of the material.
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The constants of the Johnson-Cook material for A45 steel and EN GJL 200 cast
iron are given in Table 1. [15]
Table 1 — Constants of Johnson-Cook material model [15]

Material [ A MPa | B, MPa | N C M | T °C

AISI 1045 553.1 600.8 0.234 0.013 1.00 1460
2.2 Friction at the tool-chip interface
Astakhov summarised a lot of studies in his book [13] about stress distribu-
tions at the tool-chip interface. Zorev proposed [8] and utilised others e.g. Dirikolu

et al., [16] and Ozel and Altan, [17] how the normal &, and shear stress distribu-

tions can be assumed on the tool rake face. According to Zorev’s model, a sticking
region forms in the tool-chip contact area near the cutting edge. The assumed for-

mula for frictional shear stress distribution (7 )on the tool rake face can be

represented in two distinct regions, at the sticking region by (Eq. 12) and at the
sliding region by (Eq. 13) [8]:
Tt (y) = kchip and when HO, (y) 2 kchip A< y <B (12)

7,(y)=po,(y) andwhen o, (y)<kyp, B<y<C (1)
where:

k

chip  average shear flow stress at tool-chip interface,
co-ordinate on main cutting edge of cutting tool (Fig. 2),

y
A B,C points along the main cutting edge (Fig. 2).

)
Cutting
/‘
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st o A
& R

Workpiece =
Figure 2 — Deformation zones and the distortion of friction coefficient along
the contact line on the cutting tool chip interface

Primary
Deformation

3. THE USE OF FINITE ELEMENT METHOD FOR SIMULATION OF
ORTHOGONAL METAL CUTTING PROCESS

The modelling of cutting process requires sub tasks, as modelling of cutting
tool, chip formation modelling - element separation, adaptive meshing, and deter-
mination of parameters of the analysis. The most important parameters of finite
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element simulation of metal cutting can be demonstrated in Fig. 3 [18]. In this pa-
per we examined material qualities: steel AISI 1045 and cast iron EN-GJL-200.
Calculated depth of cut a = 1.0mm and feed rate f = 0.5mm/rev. From the calcu-
lated parameters we only show the results of Mises stress ones in Fig. 3 after the
machined length (x=0,3mm and x=3mm).

Friction Boundary Condition h
* Shear friction * Displacement boundary condition

* Coulomb friction * Thermal boundary condition

* Non-linear friction as function of normal

| |

of Cutting Process

\stresses )
Mechanical Properties ! ! Geometry in FE Model
* Hardness * Width of workpiece
* Chemical composition * Length of workpiece
* Flow stress H . ) H * Width of tool insert
* Elastic modulus FEM Simulation * Heigth of tool insert

e |

Thermal Properties
* Thermal conductivity
* Heat capacity

Mesh Definition
* Number of Elements
* Mesh density

* Emissivity Cutting Condition * Remeshing approach
* Interface heat transfer * Cutting speed * Type of mesh
coefficient

* Depth/width of cut
\ ) * Feed rate L )
Figure 3 — Input parameters for simulation of cutting process [18]

Earlier models of metal cutting were based on only basic shear plane assump-
tion or slip line field analysis[20]. lwata [21] incorporated the frictional stress as a
function of normal stress at the boundary conditions with an empirical relationship
based on a coefficient of friction obtained from friction tests. Capabilities in gene-
rating a very dense mesh near the tool tip and remeshing adaptively makes this
software applicable to simulate the cutting process. In order to cope with the geo-
metrical and material non-linearity and the contact conditions between the cutting
tool and boundary nodes of the workpiece, the finite element simulation is con-
ducted incrementally [22]

3.1 Cutting tool modelling

The cutting tool is assumed as rigid and subjected to translation movement
only, i.e. the effects of the tool deformation and the vibration of the machine tool
are not considered in this study. Displacement increments are applied as the cutting
tool moves ahead, and the element stresses and the cutting forces are obtained as a
result of the contact deformations between the deformable workpiece and the rigid
cutting tool.
3.2 Chip formation modelling - element separation

Great efforts have been made for understanding the mechanisms of chip for-
mation and the role of effective parameters. The continuous separation of the
workpiece to form a chip can be modelled using the finite element method as a se-
guence of separations between elements along a prescribed line in front of the tool
tip and parallel to the cutting direction [23].
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Figure 4 — lllustration of chip formation and creation of Max Shear Stress
for cutting tools having different rake angles.
3.3 Adaptive meshing.
At cutting large plastic strains occurs due to high deformations in the ele-
ments. Severe distortion in the elements can be controlled by adaptive meshing.
Adaptive meshing can be done by using moving nodes, splitting elements or re-
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meshing the model. This can be used to reduce element distortion or refine meshing
areas where error estimates are highest [24]. During the metal cutting process, the
finite element mesh is adaptively modified when the coarse mesh ahead of the cut-
ting tool is close to the primary deformation zone. Four types of mesh rezoning
techniques are used. The elemental and nodal data, such as stresses, strains, tem-
peratures, etc., ace interpolated, deleted, added or translated during the mesh rezon-

ing [25].
3.4 Parameters of the analysis
In the examined case: material quality: A45
depth of cut: a=0.1 mm.
feedrate: f=0.3 mm/rev.

Coating of carbide cutting tool was TiAIN. Fig. 4 illustrates the shear angles
using the result of maximum values of shear stresses. On the left hand side column
shows the situation almost in the beginning (x=0.3mm) of the metal cutting, while
on the right hind side column demonstrates the situations of metal cutting after ma-
chining 3mm by the cutting tool. In the first row the value of the rake angle is 10
degrees, while in the second row is zero, in the third row is minus 10, and in the
fourth row is minus twenty. Fig. 5 demonstrates the values of shear angles for four
different rake angles. Although the Shear Plane Angles vary in the function of the
machined length, results show good agreement with theory. As the value of rake
angle is reducing, the shear plane angle is reducing too.

35 -

3z | A A I | I -
31 - ,_\ e ‘/ —.‘: \ —
29 - B | |

27 -
25 -
23 -
21 -

a

]

= ==Rake Angle = 10°
19 - _—m—Rake Angle = 0°
7 [ | | Rake Angle =-10°
15 | = Rake Angle =-20°
0 0,5 1 1,5 2
Machined Length, x, mm

Shear Angle,

Figure 5 — Shear angles in the function of machined length of Steel AISI-1045
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Figure 6 — Shear angles in the function of machined length of Steel AISI-1045
with the rake angle minus 20 degree.

Figure 6 Shows only that case when the rake angle is minus 20 degrees. As
the chip formation is fluctuating, the shear plane angle is fluctuating as well.

CONCLUSIONS

This paper contains a brief summary about the development of Finite Element
Simulation of metal cutting and shows our results. The simulation results show the
shear angles occurring in case of Steel AISI-1045 material. At the beginning of
cutting, shear angle is decreasing at work material steel AISI1-1045. Stress distribu-
tions and temperature on tool-chip interface were studied, which parameters are
very difficult to measure by experiment. In addition to this the FE model can be
used to choose optimal cutting parameters. It can be used to design for cutting tool
profile as well, so in this way the very expensive experiments can be avoided.
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