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Abstract

The cutting tool and work-piece of cutting process are commonly analyzed using Finite Element (FE) and
Smooth-Particle Hydrodynamics (SPH) methods respectively. This is identified a compound method in this
research. The interaction between cutting tool elements and work-piece particles are modeled as pressure and
friction force. The coefficient of friction (CF) between cutting tool and work-piece is the fundamental
parameter of friction model. The CF effects on chip morphology and cutting force. In present study, both
cutting tool and work-piece of cutting process are analyzed using SPH method without Friction and pressure
model (SPH.NO.F). Therefore the pressure and friction force between elements and particles in compound
method are replaced with the interaction between particles. The friction in the cutting zones is a physical
process that accompanies the cutting but this is not modeled in analyzing of this process, because the cutting
tool and work-piece particles interact with each other using the mass and momentum conservation equation.
The results of orthogonal cutting process show the chip morphology of SPH.NO.F method is the same as
compound method with friction model by CF=0 and 0.17. The cutting force of SPH.NO.F method is
coincided to experimental results. The cutting force of rotational process is investigated using SPH.NO.F and
compound method by CF=0 and 0.17.
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1. Introduction

The CF is an unknown parameter while analysing orthogonal cutting process using numerical methods like FEM
and SPH method.

Zhang et al. [1] investigated a new friction model at tool-chip interface in dry orthogonal cutting based on
theoretical analysis and used the experimental results of AISI 1050 steel and TiAIN coating tool to validate this
model. In their modelling, local normal stress decreases along the tool rake face. Cakir et al. [2] investigated of
temperature distribution of the orthogonal cutting process using a two-dimensional analytical model. The contact
forces were obtained by modelling sticking and sliding friction zones on rake face. Asad et al. [3] studied dry cutting
of aluminium alloy (A2024-T351) using FEM. They simulated a 2-D orthogonal cutting model with plane strain
assumption using Abaqus/Explicit. Calamaz et al. [4] investigated machining titanium alloys with a new material
constitutive behaviour in a 2D finite element model. They used commercial finite element software (FORGE 2005s)
to solve this thermo-mechanical problem. The tool chip friction was modelled by a combined Coulomb-Tresca
friction law. Maranhao et al. [5] simulated the thermo-mechanical treatment of machining a stainless steel (AlSI 316)
and investigated the influence of the friction coefficient in the tool-chip interface on cutting and feed forces, cutting
temperature, plastic strain, plastic strain rate, maximum shear stress and residual stresses. They used commercial
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software Advantedge™ to aid this study and Coulomb friction coefficient equal to 0.89, 0.80 and 0.53 while feed
rate was 0.05, 0.1 and 0.2 (mm/rev) respectively.

The SPH has not the disadvantages of FEM such as large deformations and material separation. This method is
based on displacement and acceleration of work-piece particle. Basic SPH method has been investigated by
Monaghan [6] for the first time and now it is used to solve Fluid and solid mechanics [7-9] such as crack [10],
elastic [11] and plastic [12] deformations. Takabi et al. [13] compared results of smoothed particle hydrodynamics
method and finite element method in orthogonal cutting simulations. They showed stress increases until the element
distortion crashes the simulation using undamageable FEM model, but undamageable SPH can simulate this process
because of natural particles separation when the progressive damage of the material takes into account. SPH does not
produce a continuous curled chip as FEM typically does. Geng et al. [14] simulated the orthogonal cutting of OFHC
copper based on the smoothed particle hydrodynamics method using commercial software of company LSTC [15].
Nam et al. [16] numerically investigated the cutting process of brittle materials using SPH method. They optimized
cutting conditions by affecting various parameters like cutting speed, cutting depth and rake angle on the surface
roughness. Avachat and Cherukuri [17] studied the effect of the three parameters like the smoothing length, particle
density, and the type of SPH formulation (classical, renormalization and total Lagrangian formulations) using The
LS-DYNA FE package. They introduced the model with variable smoothing length of particles and renormalization
SPH formulations include the most efficient results as chip morphology. The work-piece can be model with
combination of FE and SPH method. This refers to feed and other part of work-piece can be model with SPH and FE
method respectively. Xi et al. [18] used these methods and thermal solution to simulate of cutting force and chip
formation during machining of Ti6Al4V alloy. The chip isn’t curled, and the cutting force is significant while a saw-
tooth of the chip is fully generated in primary zone and it will start to decrease when the crack propagates inside the
primary deformation zone. In many researches the tool is modelled as a rigid body because its deformation is
extremely insignificant with contrast to chip formation. Therefore, the cutting wears cannot be investigated following
this rigid model. Calamaz [19] obtained the shape of new and worn tool tip by capturing the photo of tool tip before
and after orthogonal machining experimentally. Then simulated these cutting processes with two different tool tip
and compared the experimental and numerical cutting force together to demonstrate ability of SPH method in
simulating of this process. Niu et al. [20] simulated orthogonal cutting process of A2024-T351 with an improved
SPH method. The improved SPH method is achieved by density and kernel gradient correction. Spreng et al. [21]
modelled orthogonal metal cutting using adaptive SPH (ASPH). In ASPH method the smoothing length of any SPH
particles vary by time. In their research the rigid boundaries are modelled with modified Lennard-Jones penalty force
function [22]. Umer et al. [23] modelled serrated chip formation in hardened steel using FEM, SPH and renormalized
SPH (RSPH). They used the LS-DYNA to simulate the cutting process in which the RSPH formulation is based on
the work of Randles and Libersky [9] and Vila [24].

To the best of author’s knowledge, all researches use the friction model to control the contact interface between
tool and work-piece. If the tool and work-piece are analysed using FEM and SPH method respectively then the
unknown coefficient of friction causes uncertainly results. In this research, cutting tool and work-piece of cutting
process are both analysed using SPH.NO.F method. Therefore, this simulation does not need the modelling of
friction. The orthogonal and rotational cutting processes are analysed using SPH.NO.F method. The results of this
analysing is compared with compound method while CF=zero and 0.17. Furthermore, the cutting force of orthogonal
cutting process is near the experimental result.

2. SPH formulation for solid flows

The integral approximation of the function f(x) at xi in SPH is [25]:

f (xi)zif (x W (x —x; )dA
@

Where Q is integration area, W is a kernel function that is shown in Fig. 1.
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Fig. 1. Kernel function at particle i and its neighbors (j)

The derivative of the Eq. (1) is:

of (Xi ) z—jf (X)a\N (X —X; )dA
X : ox
)
And discrete form of Eq. (2) is:
o (%) ow (x =x;)
x AT
(3)

Therefore derivative of the function f at x; of particle i is approximated by summing the f; the value of function f at
particle j as the neighbor of particle i, A; is area of a particle and equals to my/p;, m; and p; are mass and density of
particle j respectively. As the definition of A; the Eq. (3) is changed to Eg. (4).

of (xi):_Z owy m;
OX jeQ : OX p]
@)

Where Wii=W(x;- X;).
The mass and momentum conservation are Eq. (5) and Eq. (6) respectively.

do_, 2y ~12

dt pax p=1, (5)
av, 1 80@,5

—&=— o=1,2

dt p X P (6)
Where t is time, V is velocity, o is stress and
V=[WV]= [u V]
X =[X; X;] = [xy]

N [axy il ™

The mass conservation equation can be formulated as in Eq. (8)

dp__ o ﬂ) a(p)

dt X , Vi X (8)
The discrete form of Eq. (8) is shown in Eq. (9) using particle approximation of Eq. (4).
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9)
Therefore the discrete form of mass conservation equation is:
oW,
dﬁ - (\/ﬁ' Yy ) i
dt ,eg X, (10)
The dlscrete form of Eq (6) is shown in Eq. (11) using particle approximation of Eq. (4).
vy _ Ry m;
t i jeQ aﬁ ax B p] (11)
If the acceleration of Eq. (11) is multiply with the mass of particle i then the force of this particle is:
. m o 8\N m;
Fij =—"0y
X, py (12)

Eq. (12) doesn’ t satisfy the third Newton’s law. The discrete form of derivation of function f=1 is added to Eq.
(11) as beIOW'

_ aﬁ’
Z ax ) pJ Z ax s 'DJ (13)
Therefore the discrete form of momentum conservation equation is:

dV' —Z O +0, |OW;
OX

j0 Pi P s (14)
Eq. (14) satisfied the third Newton’s law as Fjj = —F7. The strain rate at particle i is expressed as follow:
4 1fev] oV,
=— a7
K 2(ax , X J (15)
Where
oV m, « . . i\OW;
=2 VSV (16)
Xy =P X 4

3. Model configurations

Fig. 2 (a) shows an orthogonal cutting process. The horizontal and vertical displacements of the right boundary
are zero. At this Figure the cutting speed is V=800 (m/min), work-piece dimensions are LxH and feed rate is f=0.4
(mml/rev), the rake angle is equal to 17.5° and the depth of cut is equal to 4mm for an aluminium of type A2024-
T351 with the yield stress 440 (MPa) [26]. Fig. 2 (b) shows an entering of cutting tool tip to the work-piece at the
rotational cutting process. The horizontal and vertical displacements of left, bottom and right boundaries are fixed.
The tool turns with constant angular velocity o around fixed point O while the tangential velocity of cutting tool tip
is equalled to 19.89 (m/s), the radial depth is 0.2 (mm) and the depth of cut is equal to 0.1 (mm).
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Fig. 2. The boundary condition of (a) orthogonal (b) rotational cutting process
The cutting parameters of orthogonal and rotational cutting processes are listed at table 1.
Table 1. Cutting conditions

Cutting condition

orthogonal cutting process

cutting speed 800 (m/min)
feed rate 0.4 (mm/rev)
rake angle 17.5°

depth of cut 4 (mm)
rotational process

radial depth 0.2 (mm)
depth of cut 0.1 (mm)

According to Fig. 2 (a) the work-piece and cutting tool are discretized by a set of particles as Fig. 3 (a). The second
numerical model of Fig. 2 (a) is shown at Fig. 3 (b). The cutting tool and work-piece are analysed using FE and SPH
method respectively. The friction between these parts is modelled as Coulomb’s Friction law while the coefficient of
friction is equalled to zero and 0.17.
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Fig. 3. (a) Analysing work-piece and cutting tool using SPH particles (b) Analysing work-piece and cutting tool using
SPH particles and elements respectively.
If the cutting tool and work-piece of Fig. 2 (b) are both analyzed using SPH method then the configuration of model is
shown at Fig. 4 (a). If the cutting tool and work-piece are analyzed using FEM and SPH method respectively then the
configuration of model at LS-DYNA software is shown at Fig. 4 (b).
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Fig. 4. Model configuration of rotational cutting process while (a) the cutting tool and work-piece are analyzed using
SPH method (b) the cutting tool and work-piece are analyzed using FEM and SPH method respectively.

The mechanical properties of the cutting tool and work-piece are listed at table 2. The aluminium particles are used to
model the rake face. It doesn’t mean the tool is also made of aluminium A2024-T351 because the cutting tool is a rigid
body. Based on rigid assumption, these tool particles don’t move with respect to each other and always fix on the rake
face. These tool particles transfer force displacement of the cutting tool to the work-piece particles.

Table 2. Mechanical properties of cutting tool and work-piece

properties work-piece cutting tool
Modulus of elasticity(GPa) 73 534
Density (kg/m?) 2700 11900
Poison ratio 0.33 0.22
Yield stress(MPa) 440 -

The perfectly elastic-plastic material model is applied to simulate the aluminium behaviour during the cutting
process using SPH.NO.F and compound methods. The von-Mises yield criterion is used to identify the critical point
of plastic deformation. In SPH.NO.F simulation, the von-Mises stress (o) iS compared to the flow yield stress
(Sy), and when the criterion (a,,,, = S,) is satisfied, the material enters plastic deformation (flow).

4. Results and Discussion

In this section the chip morphology, cutting force and velocity distribution of the particle are presented. The cutting
force of the orthogonal cutting process is validated with experimental result [26].

Chip morphology of orthogonal cutting process after 0.2 msec at cutting speed of 800 m/min is shown at Fig. 5. At this
figure chip shape using compound method with the coefficient of friction and SPH.NO.F are shown. The CF is equal to
zero and 0.17. The results of SPH.NO.F method confirms the compound method, because the chip thicknesses
approximately are same and the length of the chip is between the results of compound method. The CF=zero is the
longest chip because the reaction of rake face is lowest one.

CF=0.17 CF=0.0 SPHNO.F
e
e

Fig. 5. Chip morphology of orthogonal cutting process using SPH and SPH.NO.F at 800 m/min cutting speed
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An average curve for cutting force of orthogonal cutting process is derived from oscillatory results using curve fitting
as Fig. 6 to compare the cutting forces of different methods. These methods are experimental [26], compound method
with two various coefficient of friction (CF=0 and 0.17) and SPH.NO.F.
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Fig. 6. Experimental cutting force of orthogonal cutting process [26] at speed of 800 m/min and results of simulation
using compound and SPH.NO.F method

According to Fig. 6, the cutting force increases by increasing coefficient of friction from zero to 0.17 using compound
method. The cutting force of compound method with CF=0 and SPH.NO.F are same as experimental results.

To illustrate the chip condition of orthogonal cutting process at some points of cutting force at last figure, the absolute
speed of particles along cutting direction at 0.05, 0.14 and 0.2 msec are shown at Fig. 7. These results are obtained using
SPH.NO.F method.

Time=0.05 Time=0.14 Time=0.2
Fig. 7. Speed of work-piece particle along cutting direction of orthogonal cutting process at 800 m/min cutting speed
The cutting force along horizontal direction of rotational process is plotted at Fig. 8 from entering the cutting tool to the
work-piece to exiting time. The cutting forces at this figure are investigated using compound and SPH.NO.F method. The
coefficients of friction are equal zero and 0.17.
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Fig. 8. Cutting force of rotational process along horizontal direction from entering cutting tool to the work-piece to
exiting time

Approximate second order polynomials of cutting forces at Fig. 8 are plotted at Fig. 9 to compare the cutting forces.
According to Fig. 9, the SPH.NO.F cutting force is lower than others at half of the cutting process but it is higher than
CF=0 at other part of process. Maximum cutting force of SPH.NO.F and compound method with CF=0.17 occur
simultaneously, but the maximum force of CF=0 is at the sooner time. The cutting force of CF=0 and 0.17 are relatively
equal at the start of the process, but the force of CF=0.17 is becoming additionally than CF=0 by time increasing.
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Fig. 9. Average cutting force of Fig. 8 using curve fitting with second order polynomials

5. Conclusions

In this paper, tool and work-piece of the orthogonal and rotational cutting processes were both analysed using SPH
method. Therefore, the friction coefficient was not required.
Cutting force and chip morphology were obtained using SPH.NO.F. These results were compared to results of
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orthogonal cutting process simulation using compound method with CF equal to zero and 0.17. The cutting force of
SPH.NO.F method is unique and it is coinciding to the experimental results. The cutting force of compound method
varies by applying different CF.

The SPH.NO.F cutting force of rotational process is lower than others at first half of the cutting process but it is higher
than CF=0 at second half of process.
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