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Abstract

This paper presents the research study of cutting forces assuming the geometry of the milling cutter. The particularity of the milling process is
the discontinuity of chip removal assuming the chip cross-section as well as the complexity of milling tool geometry. Usually, the
simplification of milling tool (or other multi-edge cutting tools) and kinematics are considered for the purpose of defining the output parameters
of cutting process. However, the simplification of complex cutting tools to single-edge tool is not that informative and understandable or
limited to the definition of output parameters, considering the really physical milling process. For this purpose, the paper focuses on the
definition of cutting forces considering the geometry of the milling cutter. Three main geometries for face milling are known, and they are
called double negative, double positive and positive/negative. Considering these geometries, the 3D different milling cutters were composed.
Smooth Particles Hydrodynamics (SPH) numerical method was used to perform the simulation of full (without geometry and kinematics
simplification) face milling. SPH method is the effective numerical technique to solve the problems of high deformation. For high impact
deformation problem, the elastic-plastic material model with kinematic isotropic hardening was chosen. Finally, the results of calculated cutting
forces are presented for face milling assuming double negative, double positive and negative/positive face milling.
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1. Introduction

The huge number of researches focuses on the topic of
evaluation of cutting forces during the cutting process.
However, the sweeping majority of them focus on the
orthogonal machining [1]. The authors Mackerle [2] and
Arrazola [1] performed large overview concerning the recent
cutting process research techniques. Moreover, it can be
noticed that all the analytical and numerical methods focus on
the mesoscale machining research. Empirical and hybrid
modelling approaches focus generally on the macroscale of
machining research.

Earlier Van Luttervelt [3] mentioned that the main
difficulties in modelling machining processes are largely

attributed to two main factors, i.e., the lack of fundamental
understanding of the basic mechanisms of cutting processes
and the great variety and complexity of the real machining
operations. For this reason, such complicated cutting
processes as milling or drilling are simplified to the
orthogonal machining. Finally, a unified cutting mechanics
model had a demand and was developed for the prediction of
cutting forces in milling, boring, turning and drilling
operations with the inserted tools [4].

However, the particularity of discontinuous chip removal
process in milling tends to predict the variable chip cross-
section [5], [6]. The majority of cutting processes modelling
use the Finite Element (FE) techniques. Due to the
particularities of FE techniques (mostly the huge time of
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calculation), the meshless or meshfree methods are already in
application in the field of machining. The Smooth Particle
Hydrodynamics (SPH) method involves several advantages
compared to the classical Finite Element Method (FEM).
Firstly, no remeshing, no artificial FE deletion methods are
needed. Secondly, the SPH method provides a simple
assumption of friction and failure in non-linear material
deformation. The last mentioned aspect follows to perform the
interaction of contacting bodies of complex geometries when
high deformations are achieved.

Finally, this paper focus on the study of cutting forces,
according to the so-called double positive, double negative
and positive/negative face milling. Considering the main
types of the face milling geometries, the set of 3D simulations
was performed by using the SPH based model and using the
LS-Dyna®V9.71.R4 software. The use of SPH method
allowed us to perform full 3D milling simulation without
milling tool and milling process kinematics simplification.

2. Face milling simulation

In FEM, different numerical approaches are used, i.e.,
Lagrangian, Eulerian and Arbitrary Lagrangian-Eulerian
(ALE). In the Lagrangian approach, the numerical mesh
moves and distorts with the physical material. The Lagrangian
approach applies artificial numerical tools to destroy the
material, but the FE distortion and deletion is not “natural” for
the cutting process.

On the contrary, the Eulerian FE approach eliminates the
element distortion problems, but requires the knowledge of
the chip geometry in advance. ALE technique combines the
best features of the pure Lagrangian and Eulerian analysis.
Due to these particularities of FE techniques, the meshless or
meshfree methods have been recently applied for the cutting
processes [7-9].

2.1. Smooth particle hydrodynamics formulation in Ls-Dyna

SPH is one of several particle methods (Meshfree Galerkin
RKPM, EFG and others) in continuum mechanics. Like FE
modelling method, SPH uses conservation equations for the
continuum mechanics to solve velocity, pressure and energy.
In SPH method, it is needed to define the interpolation
function and derivation function for solving the conservative
equations. The wuse of Kernel function in particle
approximation provides fast solution. The Kernel function W
is defined using the function 6 by the [10]:
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where d is the number of space dimensions and h is so-called
smoothing length which varies in time and in space. W(X,h) is
a centrally peaked function.

The SPH method is based on a quadrature formula for
moving particles (X)) ie {1..N} , where X;(t) is the
location of particle i . Then, particle approximation of a
function can be defined by:
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where w; = —1 is the “weight” of the particle. The weight of
Pj
a particle varies proportionally to the divergence of the flow.
In the Fig. 1, ris the distance between two particles, h is the
smoothing length.
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Fig. 1. The representation of smoothing kernel function and typical lengths in
the particle model (adopted from [9]).

2.2. Geometrical conception of face milling cutter

The three main types of the milling cutter geometries exist
for face milling: double negative, double positive and
positive/negative [11]. There are effective three directional
planes which are used to define the cutter geometry angles:
tool cutting edge angle plane, the radial and axial planes. By
changing the angle of these planes between negative and
positive, the milling cutter geometry is achieved. These angles
are called radial rake angle and axial rake angle. Cutting edge
inclination angle and effective rake angle (after the fixing
insert on the cutter) are functional angles which influence the
tangential cutting forces and mainly the chip path after the
milling [11].

From the previous assumptions, the milling insert
geometry was created. The milling insert geometry was
created with rake angle of 9° and clearance angle of 5°. The
corner radius was set 0.4mm for avoiding scale effect. And
the cutting edge radius was set 0.025mm to eliminate the
effect of edge bluntness on machined surface. Four inserts
were oriented on the milling cutter of diameter of 50 mm. The
orientation and fixation of the inserts allowed creating three
milling cutter geometries: double negative, double positive
and positive/negative (Fig. 2, 3, 4).

After the fixing insert on milling cutter, the clearance angle
was left 5°.The conceptual models of milling cutter with four
specially oriented inserts were finally meshed as only one
solid body in Ansys Workbench®V16.2 environment.

|

Fig.2. Fixation and orientation of the insert on double negative milling tool
(axial rake angle of -9° and radial rake angle of -6°).

437



438

Fig.3. Fixation and orientation of the insert on double positive milling tool
(axial rake angle of 9° and radial rake angle of 6°).

Fig.4. Fixation and orientation of the insert on positive/negative milling tool

(axial rake angle of 9° and radial rake angle of -6°).

The milling cutter design (double negative) with workpiece
filled SPH particles is presented in Fig. 5. For numerical
analysis the workpiece dimensions were set as follows:
10x30x10 mm (respectively in the direction of axis X, Y, Z).
The density of SPH particles was generated as regular as
possible: two particles per cutting depth of 1 mm. Also for
numerical modeling as numerical sensitivity parameters, from
previously received “bump” test results were used [12].
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Fig.5. FE milling cutter (double negative geometry) model and SPH

workpiece model for nonlinear explicit analysis.

For the 3D face milling tool interaction with workpiece the
set of cutting conditions was set as presented in the Table 1.

Table 1. Cutting conditions for numerical analysis.
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2.3. Material behavior law and workpiece material
characteristics

For numerical analysis 35 grade steel (0.32-0.4% of
GOST) was used. Actual mechanical properties were
determined by tensile testing [13]. Table 2 provides the
mechanical and physical properties of 35 grade steel.

Table 2. Material properties of 35 grade steel.

Characteristics Value Use in SPH modelling
Density, kg/m? 7800 idem
Young modulus, GPa 200 idem
Poisson index 0.29 idem
Yield stress, MPa 663 idem
Strength limit, MPa 698 -
Failure strain 0.72 1
Tangent modulus, MPa 582.6 idem
Hardening index 0.169 -
Cowper-Symonds constants [10] C=40, P=5 -
Hardening constants 0+1 -

Cutting parameter Units Value
Cutting speed m/min 140
Feed speed mm/min 3566
Milling tool rotation speed rev/min 892
Depth of cut mm 1

Feed per tooth mm/tooth 1

Width of cutting mm 25

Also, in previous work [12] we summarized the material
properties needed for SPH and FE modelling, when using
Cowper—Symonds behavior law. SPH modelling due to
particle interaction needs less material properties for
numerical analysis. For example, Cowper-Symonds constants
are not setting in SPH modelling. The workpiece is set as a
deformable body and strain rate is accounted for using the
Cowper—Symonds model which scales the yield stress by
strain rate dependent factor [10]:

[3)
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where oy, oy - yield stress limits of the material defined

with and without the influence of strain rate &£ ; P and C are
user defined input constants.

The milling cutter was set as rigid non deformable body
with the characteristics of carbide.

3. The results of numerical simulations

The Fig. 6 presents the calculated cutting forces and
respectively the received chip shape after the cutting of each
insert of milling tools so-called: double negative, double
positive, positive/negative. The tangential cutting force (Fr)
of double negative milling tool is higher 40%, comparing with
milling with tool geometry double positive. Also, the
tangential cutting force (Fr) of double negative milling tool is
higher 30%, comparing with milling with tool geometry
positive/negative.
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25+ Double negative milling tool geometry
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Fig.6. Results of numerical simulation according the geometry of milling tool: cutting forces and chip removal path.

4. Conclusions

SPH methodology, used in the presented numerical
analysis, allowed using real milling tool without geometrical
simplification to one cutting edge tool. Performing face
milling simulation cutting forces for steel 35 grade steel were
calculated for each tooth in rotation, according workpiece
coordinate system.

The main result was achieved — the definition of cutting
forces, assuming the milling tool geometry. For example of
presented case study, the tangential cutting force of milling
tool of double negative geometry increase about 40%
comparing the same cutting force with double positive milling
tool geometry. Also the chip removal path was defined for
each milling cutter tooth.
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