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Purpose. 3D-modeling of working process of abrasive grinding of structural steel by unit grain and the individual

grains under different conditions of overlap and altitude.

Methodology. Mathematical modeling of working processes of abrasive grinding of structural steel on steel 45 us-
ing the finite element method was performed. An electro-corundum wheel with ceramic binder was used as an abra-
sive tool. To simulate the surface of the tool the matrix method of coordinate transformation is applied.

Findings. Contact problem of tool interaction of grain and the workpiece has been solved. The problem of model-
ing the cutting process in a chip formation and, consequently, the formation of new surfaces has been solved. Distri-
bution of plastic strain, temperature, shear strain, strain rate, internal pressure, charts of cutting forces and kinetic

energy were obtained.

Originality. A general model of the tool surface whose calculation in MathCAD environment made it possible to
obtain a graphical representation of various instrumental surfaces was obtained. As a result of mathematical modeling
of working process abrasive grinding by individual grains with different variants of overlapping grains, characteristic
curves of cutting forces and other parameters of the working process were obtained.

Practical value. The results can form the basis of new structural steel processing technologies, developing manage-

ment methodology for workflow of abrasive grinding.
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Introduction. Final processing has a great impact on
the quality of surface layer of parts and, at this regard,
on their performance properties. The most common
method is the final finishing grinding, which provides
high accuracy in the manufacture of parts. But with the
use of grinding, fell, cracks, internal tension may appear
on the details. That is what causes the need for a com-
prehensive study of the causes that give rise to such de-
fects, to find the ways of eliminating them.

Today predicting methods for 3D-modeling of abra-
sive grinding structural steel, which is based on the finite
element method, are not paid sufficient attention. Cur-
rently, scientific schools that develop scientific bases of
modeling and research workflows of cutting and dia-
mond grinding of hard and of fragile materials [1] are
working actively.

There is no analysis by finite element method for stress-
strain state of contact patch of abrasive wheel and work-
piece of plastic material, which makes it impossible to cre-
ate a complete thermomechanical model of grinding.

In the process of grinding, in the contact area com-
plex physical phenomena occur which relate to heat
transfer and mechanical interaction of bodies; so to im-
prove abrasive tools and methods for their treatment is a
difficult and responsible task.
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That is why to solve this problem we used software
packages that implement the finite element method to
study the “tie-grain-workpiece” system.

Analysis of the recent research. Grinding of details is
a complex scientific and applied problem that has sig-
nificant economic importance for many industries.

Modern software based on advanced mathematical
modeling technology can solve complex analytical prob-
lems [2]. Grinding is actively implemented into produc-
tion, so modeling of processes has found its use in abra-
sive processing through the works of research centers and
teams of scientists, including: A. I. Hrabchenko, V. L. Do-
broskok, V. A. Fedorovych; H. A. Petasiuk; O. F. Yenikyeiev
[3], H.V.Sokolovska, T.L.Shcherbak [3], Ya.O.Shakh-
bazov, V.A.Storoschuk, I. M. Hriner and others. How-
ever, despite the above mentioned works, we can witness
the lack of attention to the mathematical analysis of
structural steels by the finite element method.

Unsolved aspects of the problem. Considering the
need for a complete thermomechanical model of grind-
ing of structural steel, a general mathematical model
that describes the tool surface of various cutting tools
has been further developed.

Objectives of the article. 3D-modeling of working
process of abrasive grinding of structural steel by unit
grain and the individual grains under different condi-
tions of overlap and altitude.
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Presentation of the main research. Much attention
has been paid to optimization of products and produc-
tion processes in the industry in recent years. There-
fore, technologies of virtual modeling that allow per-
forming optimization in the short term and at the low-
est cost using a full-scale experiment as a verified one
have been advanced considerably. Due to this, a detail
with the optimal size, properties and cost can be ob-
tained even at the technology design stage. And only
small adjustments are required at the implementation
phase of the process.

The present paper describes the methodology of im-
plementing virtual grinding treatment using numerical
methods, including the finite element method. The
need for numerical methods is due to the impossibility
of the analytical solution of differential equations of
plasticity theory in partial derivatives in general form for
any geometrically complex areas.

According to sources [ 1, 2, 4] currently several meth-
ods for numerical modeling of deformation processes
and thermal conductivity are known: finite difference
method (FDM), finite element method (FEM), bound-
ary element method (BEM). They include digitization
of space by imposing the mesh. Due to problems with
mesh distortion through large deformations in these
methods, mesh-free methods (MFM) have been devel-
oped and are beginning to be applied: smoothed particle
hydrodynamics method (SPH), element free Galerkin
method (EFG) and others.

These numerical methods have a single principle in
common: discretization of an area (division into sepa-
rate parts of forms known in advance) where the prob-
lem is solved, analytical solution of differential equa-
tions in each of these areas, combining the solutions
considering boundary conditions in the system of equa-
tions, that contain unknown displacement and tempera-
ture at characteristic points (nodes) in the region, solv-
ing the system of equations.

The basis of the finite element method (FEM) in-
volves discretization of the study area by elementary ge-
ometric figures — finite elements — as triangles and quad-
rangles in the plane; tetrahedra and parallelepipeds in
space. Despite the fact that the form of finite elements
can be quite arbitrary, and their edges are not necessar-
ily straight segments, all finite element of the study area
are interconnected at the nodes. This is due to the un-
known value of these nodes that analytical expression is
developed for displacements, strains, stresses and tem-
peratures at any point inside the field of a finite element,
and, hence, of the entire study area.

Differentiating these expressions for each finite ele-
ment and substituting them in the original system of dif-
ferential equations we obtain a system of equations for
the unknown values at the key points.

However, the realization of FEM has certain known
difficulties, the most significant of which is the com-
plexity of building and maintaining quality in the cal-
culation of finite element meshes that is the mesh
formed by finite elements of correct form. The more
distorted the form of finite elements is, the bigger the
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calculation error for pressure and temperature fields
isin it.

To achieve the purpose it is necessary to explore the
“tie-grain-workpiece” system (with different locations
of grains) as mathematical modeling, using the follow-
ing software:

- SolidWorks 2013 — for simulation of 3D-model of
“tie-grain-workpiece”;

- ANSYS WorkBench 14.0 — to create a finite-ele-
ment mesh;

- LS-PREPOST - to enter the data and analyze the
results;

- LS-DYNA — for direct calculation of the three-
dimensional non-linear thermo-mechanical problems.

Simulation of abrasive processing is performed in
the following order [1]:

1. Creating 3D-models of individual elements of the
“tie-grain-workpiece” system.

2. Compiling created elements in a single system.

3. Creating a finite-element mesh.

4. Importing 3D-model into pre-postprocessor LS-
PREPOST.

5. Data input — parameters of contact interaction
between the elements, properties of materials, cutting
conditions, etc.

6. Modeling abrasive processing in the established
system. Analysis of the results.

To understand the process of modeling it is neces-
sary to conduct modular 3D-modeling of theoretical
tool surfaces. It is necessary use the coordinate transfor-
mation matrix [2, 5].

The radius vector of coordinate origin

0
0
e4:0.
1

Matrices of coordinate transformations when mov-
ing forward along the axes x, y, z, respectively

1 0 0 ¢ 1 000
01 00 01 0 ¢
Allq)= ;A2(q) = ;

(q)OOIO (q)OOIO
0 0 01 0 0 01

1 000

01 00

A3(q)= .
0 01 ¢
0 0 01

Matrices of coordinate transformations during rota-
tion around the axes X, y, z, respectively

1 0 0 0

0 cos(q) —sin(q) 0
A4(q)= . ;

0 sin(q)  cos(q) 0

0 0 0 1
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i cos(q) 0 sin(q) 0
45 ( )_ 0 1 0 0 )
7)= —sin(q) 0 cos(q) 0 ’
0 0 0 (.
[ cos(g) —sin(q) 0 0 |
sin(g)  cos(q) 0 0
A6(a)=) 0 1 0
| 0 0 0 1|

Thus, using the general equation we can describe any
instrumental surface [6]

Rp(6,y) = A5(0)-A3(S5)-A2(R1)-A6(y)A2(p)-¢*, (1)

where 0, vy, S, R1, p are parameters of moving along and
around the axis.

Now in MathCAD 14 modifying certain parts of
equation (1) we can directly create three-dimensional
models of tool surface (Fig. 1).

Creation of 3D-models for grinding is performed in
SolidWorks 2013. First, the individual elements (work-
piece, tie, grain) are created, afterwards they are com-
bined in the overall system (Fig. 2), and then imported
into ANSYS WorkBench 14.0 — to create a finite ele-
ment mesh.

Fig. 1. Examples of theoretical tool surfaces of various cutting tools:
a — grain; b — the passing cutter; c — a round cutter; d — bevel mill
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Fig. 2. 3D-model of the “tie-grain/grain-workpiece” system:

=
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a — single grain; b — grains are located consistently, ¢ — grains overlap each other; d — grains are located nearby

According to [1] a finite-element mesh with eight
nodes (elements-bars) is the most suitable for blanking
because a smaller number of units are provided at one
and the same precision calculations resulting in less
computation time. Unit sizes of 0.005 mm make an op-
timum size for the power used by a computer.

As for tie and grains, in this case a tetrahedral mesh is
chosen, because it is very difficult to perform discretization
of a geometric model of abrasive tools by means of ele-
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ments-bars. Since this paper mostly focuses on blanking,
then to reduce the time of calculations it is advisable to in-
crease the size of the grid for ties and grains to 0.03 mm.
When you enter the initial data for the calculation
model, one of the most important steps is to choose the
mathematical models of materials for the elements of
the system and select the type of contact interaction.
Since the cutting tool has hardness by 2—3 times
greater than the material being processed, it is advisable
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to describe it as a completely elastic body [3]; it is ap-
propriate to choose a more simple mathematical model,
such as *“MAT_ELASTIC. For a workpiece it is neces-
sary to choose a more complex model — *MAT_JOHN-
SON_COOK. This model considers influence of plastic
deformation and temperature at the liquid limit, can be
applied for the simulation of processing at cutting speeds
when conditions are realized for adiabatic warming and
reducing the strength of the material.

For contact interaction *CONTACT_ ERODING_
NODES TO_SURFACE algorithm was chosen, be-
cause it suits the best to solve the problem of modeling

Fringe Levels
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the cutting process in terms of the formation of swarf
and, consequently, the formation of new surfaces.
Moreover, this algorithm provides the most stable solu-
tion of contact problem without “slippage” of nodes
through the line contact.

After the calculation, the user can browse the re-
ceived data in LS-PREPOST. This pre-postprocessor
provides a lot of diagrams and charts, including: distri-
bution of plastic deformation, temperature, strain dis-
placement, velocity, strain, internal tensions, graphic of
cutting forces, kinetic energy and so on. Some examples
of the results are shown in Figs. 3—6.
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Fig. 3. Diagrams of the results for the workpiece while processing by a single grain:

a — plastic deformation; b — shear strain; ¢ — temperature
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Fig. 4. Diagrams of the results for the workpiece while processing by two separate grains in their sequential arrangement:

a — plastic deformation; b — shear strain; ¢ — temperature
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Fig. 5. Diagrams of the results for the workpiece while processing by two separate grains when they overlap each other:

a — plastic deformation; b — shear strain; ¢ — temperature
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Fig. 6. Diagrams of the results for the workpiece while processing by two separate grains when they are close to each other:

a — plastic deformation; b — shear strain; ¢ — temperature

Apart from diagrams, the results of the calculation
program LS-PREPOST displays graphs of dependence
of resultant cutting force and the total energy from the
time. Such diagrams for cutting by a single grain of the
grinding wheel are shown in Figs. 7 and 8.

The graph shows that the cutting force on the grain
sharply increases to 11 N during the metal cutting by the
grain, and then gradually decreases and after 0.004 sec
levels off at 1 H, this is due to the beginning of a sustain-
able process of cutting with removing the micro-chip.
Plastic deformation diagram for this case is shown in
Fig. 3, a.
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The total energy dependence on time (Fig. 8) is fully
consistent with graphic of cutting force. During the cutting
(0—0.004 sec) energy increases sharply and ranges from
10—15 J. After the chip removal (0.004—0.008 sec) energy
is gradually increasing to 16—17 J and stabilized at this level
throughout the process of cutting by a single grain.

Conclusions and recommendations for further re-
search. FEM is the most relevant method for modeling
workflows of grinding, because the results most ade-
quately correspond to experimental research.

For surface modeling of the tool coordinate transfor-
mation matrix method proposed by Professor Portman
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Fig. 7. The resultant cutting force by a single grain
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Fig. 8. Total energy while cutting by a single grain

was used. The resulting general model of tool surface,
calculation of this model in program MathCAD allowed
obtaining a graphical representation of various tool sur-
faces.

The problem of contact interaction of tool grain and
workpiece was solved. The problem of modeling the
cutting process in terms of the formation of swarf and,
consequently, the formation of new surfaces was solved.
The distribution of plastic deformation, temperature,
strain displacement, velocity, strain, internal tensions,
graphic of cutting forces and kinetic energy has been de-
termined.

As a result of mathematical modeling of grinding by
individual abrasive grains with different versions of over-
lapping grains graphic dependences for cutting forces
and other indicators of workflow were obtained.

The results obtained can be the basis of new tech-
nologies of processing structural steel, designing meth-
odology workflow management for abrasive grinding.
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Merta. 3D-MonemoBaHHSI poOoUoro mpoiecy adbpa-
3MBHOTO HLTi(PyBaHHS KOHCTPYKLIMHUX cTajeil omu-
HUYHUM 3¢pHOM i OKPeMUMU 3epHAMU 3a Pi3HUX YMOB
IIepEeKPUTTS i BUCOTHOCTI.

Mertonuka. [IpencraBieHe MaTeMaTUIHE MOIEITIO-
BaHHsSI METOJOM CKiHYEHMX €JIEMEHTIB poOOYMX Tpo-
1ieciB abpa3uBHOTO LLTi(DyBaHHS KOHCTPYKILIIHUX CTa-
Jielt Ha mpuKiaai ctati 45. B skocTi abpa3uBHOTO iH-
CTPYMEHTa O0PAaHO €JIEKTPOKOPYHIOBUI KPYT 3 Kepa-
MiUHOIO 3B’513K010. J1JIsT MOAeIIOBaHHS IHCTPYMEHTAJIb-
HOI TTOBEPXHi 3aCTOCOBAHMIT MAaTPUIHUIT METOM TIepe-
TBOPEHHS KOOPIMHAT.

PesymbraTu. byna BupilieHa KOHTaKTHA 3a/1a4a B3ae-
MO[Iii iIHCTpYMEHTAJIbHOT O 3epHa i1 3arotoBku. Po3B’sg3aHa
3alaya MOJIEJIOBaHHSI TPOLECY pi3aHHS B yMOBax
YTBOPEHHSI CTPYKKHU Ta, SIK HACJIiIOK, YTBOPEHHS HO-
BUX ITOBEPXOHb. BU3HAaYeHO pO3Ioaii miacTUUHUX Je-
(opmariiii, Temrnepatypu, aecdopmailiii 3cCyBy, IIBUJI-
KOCTi TeopMalliit, BHyTPIITHLOTO HAMPYKEHHS, OTPU-
MaHi rpadiku CWI pi3aHHS i KiIHETUYHOI €HePTii.

HaykoBa noBu3na. OTprMaHa 3arajbHa MOJeJIb iH-
CTPYMEHTAILHOI MTOBEPXHi, 00paxyHOK SIKOi B cepelo-
Buili MathCAD no3BojiuB oTpuMatu rpadiyHe npe-
CTaBJICHHSI Pi3HOMAHITHUX iHCTPYMEHTAJbHUX MOBEP-
XOHb. Y pe3ynbTaTi MAaTeMaTUYHOTO MOJIETIOBAaHHS PO-
6o4oro mpoliecy abpa3snuBHOTO HLTi(YBaHHS OKPEMUMU
3epHAMM 3 Pi3HMMM BapiaHTaMU TIEPEeKPUTTS 3epeH
OTpUMaHi rpadiyHi 3aJIeKHOCTI 17151 CUJI pi3aHHS Ta iH-
IIMX TTIOKa3HUKiB POOOUYOTO MPOIIECY.

IIpakTuyna 3HaunmMicTh. OTpUMaHi pe3yabTaTu MO-
XKYTb JISITTU B OCHOBY HOBITHIX T€XHOJIOTili 0OpOOKU
KOHCTPYKLIIAHUX cTajiei, po3poOKN MeTOIOJIOril yII-
paBIiHHS poOOYMM TMpOLeCOM abpa3uBHOIO MLLTi(y-
BaHHSI.

Kimiouogi ciioBa: memoo cxinuennux enemenmis, abpa-
3uU6He winighyeanusa, KOHCMPYKUiliHi cmani, abpa3usHull
iHCmMpymMeHm, eneKkmpoKopyHO, Kepamiuna 368’s13Ka

ens. 3D-monenupoBaHue pabouero mnpoiecca ad-
pa3uBHOrO NUIMGOBAaHUSI KOHCTPYKIIMOHHBIX CTajieit
eIMHUYHBIM 36PHOM U OTIC/IbHBIMU 3€pHAMM IIPU pa3-
JIMYHBIX YCJIOBUSIX IMEPEKPHITUSI U BBICOTHOCTH.

MeTtoauka. BEITIOTHEHO MaTeMaTUIECKOEe MOIEII -
pOBaHME METOIOM KOHEYHBIX 3JIEMEHTOB PabOUMX Ipo-
1IeCCOB abpa3sWBHOIO NITM(GOBAHUS KOHCTPYKIIMOH-
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HBIX cTajieil Ha mpuMepe ctaiau 45. B xauecTBe abpa-
3MBHOTO MHCTPYMEHTA MCITOJb30BaH 3JICKTPOKOPYH-
JIOBBIIT KPYT ¢ K€paMUUYECKOil CBsI3KOM. [Ist Moaenu-
POBaHUS UHCTPYMEHTAJIbHOU IMMOBEPXHOCTU TPUMEHEH
MaTPUYHBIA MeTOI TpeoOpa3oBaHUsI KOOpAUHAT.

PesyabraTtnl. bolia penieHa KOHTaKTHas 3a1a4ya B3a-
MMOJEHCTBUSI UHCTPYMEHTAIBHOIO 3¢pHA U 3aTOTOBKU.
Pemiena 3agavya MoaeMpoBaHus Mpoliecca pe3Ku B yc-
JIOBUSIX 00pa30BaHUS CTPYXKU U, KaK CJIeICTBUE, 00-
pa3oBaHue HOBBIX MOBEpXHOCTEM. OnpeneneHo pacnpe-
IeJIeHNe TUTACTHUYeCKUX medopMarinii, TeMIepaTyphl,
nedopMalnit caBuTa, CKOpPOCTU aedopMalinu, BHY-
TPEHHETO HATIPSDKeHUS, TTOTydeHBI TpahUKK CHJT pe3a-
HUS M1 KUHETUYECKOI SHEPTUH.

Hayunas noBusna. IlomyyeHa obiiasg mMomenb WH-
CTPYMEHTAJIBHOM IMOBEPXHOCTU, pacuyeT KOTOPOU B Cpe-
ne MathCAD no3Boiui noiyduTh rpapuueckoe mpe-
CTaBJIEHUE PA3IMUYHBIX MHCTPYMEHTAJIbHBIX TOBEPXHO-
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0. 1. Skibinskyi, Cand. Sc. (Tech.), Assoc. Prof.,
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TOCTKEHHA KIHEMATUKN KOHTAKTHOT B3AEMOII]
IMAKIOITATBHUX MTPO®LIIB V 3AYEIJIEHHI TEPOTOPHOI TTAPU

Purpose. Determination of laws of movement of contact points of the conjugate profiles of the wheels of a gerotor
gearing in the process of relative motion, analytical determination of motion velocities, identification of the nature of
friction which results in gearing, identification of profile zones with the highest degree of friction.

Methodology. The research is based on the theory of non-centroidal cycloidal gearings, statements of differential
geometry, and the laws of motion of the material point according to the trajectory which is defined by the function.

Findings. The result of the research is the identification of the accurate mathematical relations of the relative ve-
locities of the contact point of two conjugate profiles in gerotor gearing. It was identified that there are two simultane-
ous velocities of contact points along the cycloidal profile and along the profile of the lantern gear. In this case the
velocity vectors are located on the common tangent at the point of conjugation. They are different by module and
their index depends on the phase of operation cycle.

Originality. The laws of movement of contact points in gerotor gearing were determined and the changing velocity
mode in gearing was reliably established. In the process of research the universal formula of the relationship between the
motion velocity of the points along the curved trajectory and its equidistant curve which takes account of trajectory cur-
vature was obtained. It was established that in the interaction of the convex area of the equidistant curve with the cycloi-
dal curve with conjugated lantern there is a sliding friction, while in the generating process of the concave area there is a
rolling friction. The linearization functions which allow stabilizing the changing velocity mode were obtained.

Practical value. The research results enabled us to assess the impact of the velocity mode on the degree of friction
in the points of conjugation of the profile surfaces, to localize the areas with the highest degree of friction and to find
the ways of reducing the destructive impact of friction and to increase the stability of the profiles while gearing. The
results may also be used in the process of development of the processing technology of the cycloidal profiles in the
conditions of generating process with the linearization function of the velocity of relative generating process of the
tool profiles and the workpiece. The linearization will stabilize the load and increase the processing accuracy.

Keywords: contact point, velocity, gerotor gearing, cycloidal profile
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