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Summary. The possibility of applying the smoothed particle hydrodynamics method for modeling of
cutting processes on the example of multi-blade boring of holes is considered in this paper. Highly nonlinear LS-
Dyna solver with an explicit statement of the dynamic modeling problem is used as a software package for
modeling. Johnson-Cook formulation with the corresponding empirical coefficients for each material is used as
the model of the workpiece material. Absolutely solid tool is used to simplify the model. The kinematic scheme of
the tool rotation is implemented using the keyword INITIAL_VELOCITY_GENERATION. The simulation results
obtained in the software package are presented in the form of graphs.
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Introduction. Smoothed particle hydrodynamics (SPH) method is a mesh-free
promising alternative to well-known grid-based simulation methods, such as the finite element
method (FEM), in the investigation of metalworking processes characterized by highly dynamic
behavior and large deformations relatively to initial configuration. This method, among the
others, can take into account the thermal aspects of machining. Also, this method does not
require adaptive remeshing, during which the calculation accuracy can be lost. And the
continuum is discretized by the cloud of numerical integration points [1]. These points, called
particles, are the basis of the kernel functions required for differential equations integration.
The disadvantages of this method include the lack of version for implicit problems (implicit
dynamics) solution in the software package LS-Dyna [14] and the geometric inaccuracy of the
obtained chips during machining [1]. Modeling by smoothed particle hydrodynamics method
is shown on the example of multi-blade boring of parts made of various materials taking into
account thermal effects. The application specifications for different materials with the
corresponding parameters of the material model are investigated. The largest integration step
for convergence in numerical solution of the machining problem is limited by Courant-
Friedrichs-Levy criterion [2].

The development of computer methods for machining processes modeling made it
possible to optimize machining parameters using natural experiments as tests, which greatly
simplified the scientific researches. Analysis of scientific publications revealed the absence of
boring process modeling by smoothed particle method taking into account the kinematic
machining scheme as all cutting process investigations by means of LS-Dyna solver are reduced
to simple orthogonal cutting modeling that does not take into account dynamic boring
processes.

Literature review. The smoothed particle hydrodynamics method is increasingly used
by scientists in the development of computer models of cutting process [9, 10, 3]. For example,
the model of turning orthogonal processing of INCONEL 718 material at cutting speed
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100 m/min, presented by researchers [9], has an error in the cutting forces investigation not
greater than 9% compared to the carried out experiments. Madaj and Piska [3] presented the
model of orthogonal turning using smoothed particle hydrodynamics method for aluminum
alloy A2024-T351 with cutting speed up to 800 m/min. Moreover, the modeling error in cutting
forces investigation by SPH and mesh (FEM) method is not greater than 10%. C45E grade steel
milling is presented in the investigation [1]. The graph of experimental and simulated cutting
force for non-orthogonal cutting is given. Simulation of stone fracture under the action of disk
cutter of tunneling-boring machine was carried out in the investigation [16] using the finite
element method. The distribution of forces during cutting in dynamics is shown. The process
of microcutting is studied in paper [17]. The investigation of the regenerative oscillations
occurrence during turning is carried out in paper [18]. SPH method is used to develop
machining models with additional heat treatment of Ti6AI4V in the investigation [13]. The
model of orthogonal cutting of AISI 1045 steel is investigated in paper [10]. However, boring
process using smoothed particles is not studied, the simulation is performed by classical mesh
method.

Objective of the investigation. Development of computer model of boring holes in
different materials using LS-Dyna solver by smoothed particle method in order to determine
the cutting forces.

Statement of the problem. Creation of computer boring model with appropriate
kinematic scheme of machining by smoothed particle method using LS-Dyna solver.

Description of the computer model. In order to create numerical processing model, it
is proposed to use the mesh-free modeling method. The ratio of stresses and strains can be
described by means of Johnson-Cook material model. This relationship is described by the
following equation 1 [2].

o, = (A+B-p") [1 _ (;__Zi)ml (1 +C ln(g)) 1)

where oy IS equivalent stress in the material, p is equivalent plastic deformation, T is
temperature parameter for the given material, T, is environment temperature (room), Tm is
melting temperature for the given material, o is reference strain rate. Coefficients A, B, C, r, m
are parameters of the given material for Johnson-Cook model.

It is important to describe the mechanism of workpiece material fracture. To model this
mechanism, it is necessary to use the material fracture criterion (for Johnson-Cook material
model). According to this criterion, the equivalent voltage ov is sharply set to zero during its
performance. The fracture function &r depends on the fracture parameters of material D1-5 and
efmin. The criterion of physical fracture in the material model is given by equation 2 [1].

p 14 T-T,
ef = max|D; + Dyexp | Ds - [1 + D4,lnf] [1 + Ds —],ef min (2)
Oeff €o T =T

where D1, D2, D3, D4, Ds—are empirical coefficients set for each material grade and can be found
in scientific literature [1, 2, 14], p is equivalent plastic deformation, oesr is effective stress, p is
indicator of plastic equivalent deformation, control strain rate, ef min — lower limit of fracture
deformation, T — temperature parameter for the given material, Tr is environment temperature
(room), Tm is melting point for the given material.

Thus, the equivalent stress in material model depends on the temperature, the rate of
equivalent plastic deformation, the coefficient of equivalent plastic deformation.

For modeling the cutting processes in LS-Dyna software package, the relevant material
parameters as well as mechanical characteristics of the materials are input into the keyword
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card of LS-Dyna solver. Their numerical values for each material are summarized in Table 1, 2,
and also 3 (given below).

The numerical computer model is developed in the software package of highly non-
linear LS-Dyna solver, the workpiece is generated by smoothed particle hydrodynamics
method, and the tool — by mesh. The influence of thermomechanical behavior on cutting forces
Is significant [11], so it is recommended to use Johnson-Cook material model [12], which takes
into account thermal effects during machining, or other models for thermomechanical
problems.

The tool movements during simulation are specified by means of the solver
key words * INITIAL_VELOCITY_GENERATION for rotational movement of the
tool (300 rad/s or about 48 rot/s) and * BOUNDARY_PRESCRIBED_MOTION to specify
the tool translational movement. The workpiece is fixed by the boundary conditions of the
system freedom degrees. The parameters of high-speed cutting in the model are given
due to the cutting speed V¢ = 300 m/min and are assumed to be the same for all materials. The
environment temperature Tr is taken as 24 °C. The workpiece hole diameter is 224 mm,
the workpiece length is 330 mm. The cut layer width is the same for each material and is equal
to 5 mm. The cutting thickness is 3 mm. The cutting depth is 5 mm. The mandrel diameter is
150 mm. The material of the cutting part is C45E steel. The number of boring cutters is 3. The
front angle is 15°, the main angle in the plan is 30°, the auxiliary angle in the plan is 15°.

The parameters of material model for heat-resistant nickel-chromium alloy
Inconel 718 [1], steel C45E [2], aluminum alloy A2024-T351 [3] are given in Table 1. Johnson-
Cook material model is used for the workpiece. This model is empirical and makes it possible
to take into account changes in temperature and strength, kinematic and isotropic hardening.
The Rigid type is chosen for the tool material model, which is absolutely solid. High-speed
steel is accepted as the cutting part material. Accordingly, the tool is made in the classic
form of elements mesh. The steel density for the tool model is 7800 kg/m®. Coolants
are not taken into account in the simulation. Table 2 shows the coefficients for models of
Johnson-Cook materials [1, 2, 3]. The mechanical characteristics of materials used in
keywords MAT_JOHNSON_COOK, MAT_THERMAL_ISOTROPIC solver are shown
in Table 3.

Table 1

Parameters of Johnson-Cook material model for the solver

Material model parameters
A,MPa| B,MPa | C r m |[Tm,°C|Tr,°C| o
Inconel 718 450 1700 | 0.017 | 0.65 | 1.3 | 1297 28 | 0.001
Material | Steel C4A5E 553 600 [0.0134]0.234| 1 1480 28 1 0.001
A2024-T351 | 352 440 0.42 | 0.09 | 1.03 | 1520 28 | 0.001
Table 2
Johnson-Cook material model coefficients for the solver
Material model parameters
D1 D2 D3 D4 D5 Efmin
Inconel 718 | 0.11 0.75 -1.45 0.04 0.89 0
Material C45E 0.06 3.31 -1.96 | 0.0018 0.58 0
A2024-T351| 0.13 0.13 -1.5 0.011 0 0
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Table 3

Mechanical characteristics of materials used in the model

Material Mechanical characteristics

Density p, 8.22 - 10% kg/m?®

Young’s modulus E, 2.8 10!N/m?

Poisson ratio v, 0.3

Inconel 718 | Liquidity limit oy, 8.2- 108 N/m?

Strain fracture &,

Specific heat at constant pressure ¢p, 680J/(kg-°C)
Thermal conductivity A, 11.4 W/(m-K)

Density p, 7.80 - 103 kg/m®

Young’s modulus E, 2.10 - 101 N/m?

Poisson ratio v, 0.3

C45E Liquidity limit oy, 5.53 - 108 N/m?

Strain fracture gf, 1.33 - 107!

Specific heat at constant pressure cp, 460 J/(kg-°C)
Thermal conductivity A, 55 W/(m-K)

Density p, 2.7- 10° kg/m?®

Young’s modulus E, 2.7 - 10*n/m?

Poisson ratio v, 0.3

Liquidity limit oy, 280 MPa N/m?

Specific heat at constant pressure cp, 875 J/(kg-°C)
Thermal conductivity A, 121 W/(m-K)

A2024-T351

In fig. 1 shows The screenshot of the model for boring investigation in solver LS-Dyna
Is presented in Fig. 1.

Figure 1. Computer model of boring with tool mesh and workpiece

The highly non-linear LS-Dyna solver makes it possible to choose a wide range of criteria
for removing the workpiece material according to the solver keywords that can be found in the
literature, particularly in LS-Dyna Keyword Manual [15].
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In order to solve the simulation problem, we use personal computer with LS-Dyna SMP
setting (shared memory parallel processing), processor with two cores and clock speed 3.3 GHz,
4 GB of RAM. The calculation time is 5.5 hours.

The results of the investigation. Graphs are constructed by means of internal tools
and LS-Dyna solver interpreter. Graphs of the change in equivalent Mises stresses over time at
the cutting area for each of the materials (a-c) are shown in Fig. 2. It is evident from Fig. 2 a,
that the value of equivalent stresses during hole boring made of heat-resistant Inconel 718 grade
alloy (analog according to ISO 6208 standard) is relatively constant and fluctuates around the
value of 522 GPa. For materials of steel and aluminum alloy, the values of equivalent stresses
according to Mises have more apparent significant fluctuations. The sharp peak stress for C45E
grade steel (analog Steel 45) is approximately 800 GPa at the beginning and gradually decreases
as shown in Fig. 2 b. The peak sharp value for aluminum alloy A2024-T351 (analog D16T) is
410 GPa (Fig. 2 c), respectively. It is achieved by cutting the cutting tool into the workpiece
and then decreases. Figure 3-5 shows the graph of the cutting force. As it is evident from the
cutting forces graphs, the fluctuations of the cutting force during boring in the given model has
the largest amplitude for A2024-T351 grade aluminum alloy. For other two materials, the
fluctuations of the cutting forces have smaller amplitude and peak value of the cutting force.
Relatively, the smallest fluctuation of cutting forces is obtained for C45E steel.

Oyon Mises, MPa Nickel-chromium alloy Inconel 718 Oyvon Mises, MPa Steel C45E
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Figure 2. Changes in equivalent stresses by Mises in time at the cutting area for each material:
a) for Inconel 718, b) for C45E grade steel, ¢) for A2024-T351grade aluminum
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The effective plastic deformation ¢ is used as erosion criterion to remove damaged
elements in numerical simulation. It is an accumulative quantity and its value is defined as the
integral of plastic deformations increase over a certain period of time. The effective plastic
deformation increases when the material is actively deformed, i.e. when the stress is at the yield
point on the contact surface of the tool-workpiece. The graphs of changes in the effective plastic
deformation ¢p for each material are represented in Fig. 6-7. In Fig. 6 graph 1 corresponds to
Inconel 718 material, graph 2 corresponds to steel C45E material.
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Figure 3. Cutting force in the simulation of boring for Inconel 718 material
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Figure 4. Cutting force in the simulation of boring for steel C45E material
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Figure 5. Cutting force in the simulation of boring for A2024-T351 grade aluminum material
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Figure 6. Change of effective plastic strain for nickel-chromium alloy of Inconel 718 grade
and C45E steel according to simulation results
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€p Effective plastic strain
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Figure 7. Change of effective plastic strain for A2024-T351 grade aluminum alloy
according to the simulation results

As we can see from the graph of Fig. 7, one spindle revolution corresponds to one step
of the sharp change in effective plastic deformation, which is caused by workpiece surface
work-hardening on the previous tool revolution, as while cutting a new work-hardened layer of
material there are modified plastic deformations. And the material becomes less susceptible to
cutting, so when removing a new layer of workpiece material the required value of plastic
deformation for material model fracture increases.

Conclusions. Due to the smoothed particle method, boring is simulated for three
materials, such as heat-resistant Inconel 718 grade nickel-chromium alloy, C45E grade steel
and A2024-T351 grade aluminum alloy. Graphs of cutting forces from modeling results are
obtained. The obtained graphs of cutting forces are investigated. Equivalent stresses for the
workpiece have peak when cutting the tool and gradually decrease during cutting. The change
in the effective plastic deformation during modeling has a period corresponding to one
workpiece revolution. This is caused by workpiece surface work-hardening on the previous tool
revolution. According to the simulation results, the workpiece material influences the
generation of regenerative fluctuations during boring and the magnitude of cutting forces.
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MOJAEJIOBAHHSA PO3TOYYBAHHA METOJA0OM 3I'VIA/JUKEHUX
YACTOK I'TIPOANHAMIKHA
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Hayionanvnuii mexuiunuu ynisepcumem Yxpainu « Kuigcokuu noaimexuivHuu
incmumym imeni Ieopsa Cikopcvkozoy, Kuis, Ykpaina

Pe3tome. Posensanymo MoniCIUGicms 3aCMOCYBAHHA MeMOoOy 321A0HNCeHUX YACMOK 2i0pOOUHAMIKU 05
MOOeN08aHHA npoyecié 0OpObIeHHs PI3aHHAM HA NPUKIAOl 6a2amone308020 po3mouyeants omeopis. Memoo
321A0XHCEHUX  YACTMUHOK  2IOPOOUHAMIKU —68Ce  wupuie BUKOPUCMOBYEMbCA BYEHUMU NPU  PO3POOIEHHI
KOMN tomepHux mooeneil 00pobnents pisanHam. B akocmi npoepamnoeo nakema 05 MOOen08AHHI UKOPUCTIAHO
8UCOKO-Heni iUl eupiuysay LS-Dyna 3 A6Ho0 nocmanogkorw 3adadi OunamiyHozo mooenwoeants (Explicit
dynamics). B saxocmi mooleni mamepiany 3a20mo6Ku 6UKOpucmano gopmymosanns 3a [oconconom-Kyrkom
(Johnson-Cook) 3 eionosionumu emnipuunumu xoegiyicnmamu 0ns Kodicnozo mamepiany. Taxoduc nasedeno
MEXAHIYHI XapaKmepucmuKku mamepiaiy, nompioni ons modeniosanns y eupiwysaui LS-Dyna. /[ns mamepiany
3A20MOBKU 3MIHIOBABCA MAMEPIAT, A PENCUMU PI3AHHS 3ATUWLATUCL OOHAKOBUMU 05 6CIX Mamepianie 6i0no8ioHo.
3acomosky 32cenepo8aHo 3a O00ONOMO20I0 Memody 321a0MHCeHUX UYACMUHOK, d iHcmpymeHnm — cimkoio. A
CHpowents mooeui gukopucmano abcomomuo meepoult incmpymenm (Rigid). Kinemamuuny cxemy obepmanns
iHCmpyMeHmy peanizosano 3a 00nomo2orw knouogozo crosa INITIAL VELOCITY GENERATION. [[na naoanns
NOCMYNANbHO20 — pPYXy  IHCMpYMeHmy ma  3aKpInJeHHs  3d20MO6KU  GUKOPUCIMAHO — KIKY08e  Cl0BO
BOUNDARY PRESCRIBED MOTION supiwysaua. [[na moOeno8auHs 6UKOPUCIAHO OOUH KOMN tomep 3
0gosi0epHum npoyecopom i wacmomoro 3.3 MIy. Haubinewuii Kpok iHmezpyeanHa 08 30idCHOCMI npu
yucenbHOMy p038 ’a3y8anHi 3a0aui 0bpobaenns nimimosano kpumepiem Kypanma-®@piopixca-Jlesi. Ompumani 6
NPOSPAMHOMY NAKemi pe3yIbmamu MOOeN08anHs NOKA3AHO V 6uensdi epagikie, ski nobyooeano 3
BUKOPUCTNAHHAM BHYMPIWHIX THCMpYyMenmie ma inmepnpemamopa supiuyeada LS-Dyna Hx 6ayumo, xorueanus
CUNl PI3aHHA NPU OOHAKOBUX PENCUMAX DI3AHHS OISl PISHUX Mamepianié pisHi, a e@eKmusHa NIACMUYHA
Odepopmayin 3pocmac nponopyitino. Koaueanus cuiu pisauHs npu po3moyy8anHi 6 3adauiti mooeni mac
Haubinbwy amnaimyoy oasa anominiesozo cniagy mapku A2024-T351. [na pewmu 060x mamepianié KOAUBAHHS
CUL PI3AnHS MAIOMb MEHWLY aMnaimyoy i nikoee 3HauyeHHs cunu pizanus. Bionogiono, naimenue KOAUBAHHS CUTL
pizanns ompumaro 0aa cmani mapku C45E. 3minu exgisanrenmuux Hanpyoicensb 3a Mizecom meoic 3miHO0OMbCSA 3
CKIAOHUM 3AKOHOM, ajle Maiomb NiKOGe 3HAUeHHs NPU 8PI3YEAHHI PI3ANIbHO20 THCMPYMEHN).

Kniwouosi cnosa: posmouysanns, OuHamixa pi3aHHs, MemooO 321A0JCEHUX Y4ACMOK 2iOpOOUHAMIKU,
bezcimxosuil memoo moodenoeanns, FEM, SPH, modenosanus obpobienns.
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