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Abstract. This paper presents a methodology for 3D simulation of the thermo-forced deflected mode in
the sintering zone of diamond composite materials (DCM) and the grinding area, considering them as a
unified system: "material to be machined — grain — metallphase — bond." The approach includes experi-
mental studies of the 3D topography of interacting surfaces using laser scanning. A simulated 3D model
of the system "diamond crystallites — metallphase — grain — bond" enables analysis of its behavior under
various sintering and machining conditions, wheel performance parameters, grain anisotropy, and the
presence or absence of cutting fluid. This methodology supports the development of an expert system for
designing efficient, resource-saving combined processes for precision machining of superhard composite
materials, with full consideration of their anisotropy.

Keywords: Diamond composite materials (DCM); single point diamond tools; simulation; expert sys-
tems.

1. Introduction

Currently, in world practice, the methods of three-dimensional modeling are
most often used, which is due to the need to increase the adequacy and information
sufficiency of models. The prerequisite for such a transition is the development of
the finite element method (FEM), hardware and software [1]. A review of the rele-
vant publications shows that there is currently no complex three-dimensional meth-
odology for studying the processes of processing diamond-abrasive tools, but there
is a real prospect of its development. The creation of such a methodology will sig-
nificantly reduce the volume of experimental studies to determine the best design
data of diamond-abrasive tools, optimal conditions for their production and applica-
tion.

The unique, potentially high properties of DCMs can only be fully realized if

© V. Fedorovich, N. Kozakova, 2026

49


http://orcid.org/0000-0001-7015-8653
http://orcid.org/0000-0002-1891-4615

ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

their type, grain, and concentration are used rationally, which is optimal for the given
bond and the specified material to be processed (MM). To increase the efficiency of
diamond grinding, it is necessary to solve the problems of the optimal combination
of physical and mechanical properties of diamond grains, their granularity and con-
centration depending on the physical and mechanical properties of MM. These issues
should be explored throughout the DCM lifecycle, including design, manufacturing,
and application processes. Realization of the proposed methodology by experiment
is very labour-intensive and expensive process.

The main stages of finite element analysis: 1. synthesis of system functional;
2. partitions of system on finite elements and selection of coordinate functions; 3.
constructions of stiffness matrixes and reduction of load to vector of nodal loads; 4.
synthesis of canonical equations; 5. solutions of a system of canonical equations and
definition of values of degree of freedoms of a system; 6. definitions of DM of sys-
tem under consideration [2].

2. Simulation of DCM sintering process

Operating efficiency of tools from diamond-composite materials is stimulated
by a series of reasons, including structural defects connected with destruction of a
portion of grains during tool manufacturing process. It was demonstrated at the Ba-
kul Institute of Superhard Materials of National Academy of Sciences of Ukraine
under the direction of academician N.V. Novikov, that up to 90% of diamond grains
fail at sintering of composite diamond-containing materials such as "twesal" [2]. A
similarity of sintering processes of diamond-containing composite materials such as
"twesal" type and diamond-bearing layer of diamond wheels on metallic and ceramic
bonds, and also measurement of grain size of diamond dust extracted from a frag-
ment of diamond-bearing layer of a non-operated wheel, is evidence of breaking of
diamond grains during the wheel manufacturing process [3]. Bond composition,
mark of diamond grain, its graininess and concentration in cake, and also technolog-
ical features of DCM manufacture are the factors which essentially influence the
grain integrity.

The task, solved in the process of 3D simulation of DM of sintering zone of
DCM is the determination of optimal combination of strength properties of bond and
diamond grains, their graininess and concentration, at which integrity retention of
diamond grains is provided during the DCM sintering process.

At simulation of the sintering process, the fragment of diamond-bearing layer
of the wheel was presented as a cube of bond dimensioned 300x300x300 pm, in
midpoint of which a diamond grain as an ellipsoid dimensioned 120x100 pm was
placed, that corresponds to 100 % concentration of diamond wheel. The metallic
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phase in diamond grain was simulated as an interlayer of 5-10 pum in thickness and
of various form and length. The schematic diagram and the FEM model of DCM
sintering process are shown in Fig.1.

metallphase

diamond gran

Fig. 1 (a) A schematic diagram and (b) the FEM model of "Bond - metallphase - grain” sys-
tem

The calculations based on FEM in application package "Cosmos" and "Ansys"
allow to obtain computerized quantitative assessment of principal and reduced stress,
strain energy and density of strain energy in the elements to be sintered, depending
on their sizes, physical-mechanical properties and conditions of sintering (tempera-
ture, pressure). The volumes of materials were considered as broken down, if re-
duced stress and/or density of strain energy in them exceeds the appropriate limiting
values [2].

The sintering process of DCM of various concentrations on various metallic,
ceramic and organic bonds with diamond grains of various strength from AC2 up to
AC160T was modeled. The model was loaded by pressure and temperature conform-
ing to an actual sintering process of DCM.

At the first stage the calculations were carried out for a fragment of diamond-
bearing layer which includes a single diamond grain, surrounded by solid metal
bond. Thus grain size, corresponding to the grain size of 50/40 up to 500/400, tem-
perature and pressure of sintering, and also physical-mechanical properties of exam-
ined components of the cake were varied. At the second stage the fragment of dia-
mond-bearing layer, which includes some diamond grains, integrated by means of
bond, see Fig.1a, was considered. In this series the size ratio of the diamond grains
and solid bond surrounding these grains was to varied that corresponded to various
values of grain size and concentration (from 5 up to 200 %) of diamonds in the layer
to be sintered. Grain and bond were considered as elastic solid bodies in the model.
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Diamond grains were modeled as ellipsoids dimensioned from 50x30 up to 500x300
um, depending on the grain size under consideration. Presence of metallic phase in
diamond grains was modeled as interlayers oriented at random, the volumetric con-
tents of which is 0,1-10 % depending on the marks of a grain [2,4]. The bond is
considered as prismatic fragment dimensioned from 0,5x0,5x1,1 up to 3x3x6, de-
pending on marks, size and grain concentration. The model is loaded by static mon-
oaxial evenly distributed load by means of applied pressure and temperature. Theo-
retical research of sintering process of DCM on various bonds is carried out with the
purpose to determine the conditions, under which the integrity of diamond grains in
a material is ensured.

It is established that stresses exceeding the ultimate stress limit of diamond
grains and placed along the metallphase interlayers results in the development in a
grain. The stresses on the periphery of the grain being sintered are distributed in such
a manner that can result in shearing grain submicroedges. As a result, the cutting
edges are circularized, that can subsequently lead to the negative influence on cutting
capacity of grains in diamond wheel. The outcomes of the 3D simulation of the DM
of sintering zone of DCM are shown in Fig. 2.

Stress fields

Metallphase

Fig. 2 (a) Section of 3D model "Grain — metallphase - bond" (b) and fields of reduced stress
in the system at DCM sintering

By varying the combination of diamond grain strength and grain concentration
in the wheel for various bonds, one can determine such combinations, at which re-
tention of diamond grain integrity was provided. It is established, that not all of the
commercial wheels with usable combination of brand of diamond grains and brand
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of metal and ceramic bonds can be manufactured with standard concentration of di-
amond grains without failure of their integrity. So, for example, at sintering of wheel
on bond M6-14 with diamond grains of brand AC6, the grain concentration in the
wheel should not exceed 7 %, otherwise grains will be fracture as early as wheel
sintering. It is shown, that for guaranteed retention of diamond grain integrity prac-
tically in all commercial wheels, their concentration should be much less than the
applied one. Such tendency coordinates perform well with possibility and necessity
of lowering the diamond grain concentration for the wheel up to the level of 10-15
% at grinding of superhard materials [2,5].

Optimum combinations of properties of bond and diamond grains with maxi-
mum allowable concentration of them in DCM, which ensure retention of their in-
tegrity during the manufacturing process, are established due to the carried out cal-
culations. The optimum ratio of strength of bond, diamond grains and their concen-
tration in diamond-abrasive tool, obtained at the first stage, are only limiting param-
eters and should be determine more exactly for the process of diamond grinding
depending on the strength properties of material to be machined [6].

3. Simulation of process of diamond-abrasive machining of DCM

The reduced modulus of elasticity of the eutectic, see Table 1, and its thermal-
expansion coefficient differ essentially, about 4 times, i.e. the diamond a;=3.7x10®
and the metallphase a;=3.7x10¢, from the corresponding properties of diamond, at
heating (up to the temperature of the inclusion), this eutectic extends, creating, there-
fore, an internal pressure which may result to uncontrolled macrodestruction of the
diamond grains, to the occurrence of grids of microcracks and the migration of the
metallphase on a surface. The level of the pressure on a plane can be estimated from
the ratio [2,7],

g:Kz(otz—otl)(E—E,) (1)

where Ks, ag, — are the reduced compression modulus and thermal-ex-

pansion coefficient of the metallphase nickel-manganese, respectively, being in an

equal proportion K,=150.77 GPa, 0,=14.1x10%; T, is the temperature at which there

is an output of the metallphase drops on the surface of the diamond accompanied

with formation of cracks. According to Ref. [8], this temperature corresponds to 973
K.

The thermal-expansion coefficient of diamond is in the range up to 750 K,
a1=3.7x10® K. The value of the thermal pressure in a cavity with metallphase ac-
cording to equations (1) will be equal to g=144.5 MPa. However, the given analytical
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sequence does not take into account the influence of the force factor on the stress
level in diamond grains and is solved in conditions of 2D simulation.

In our case three possible variants of orientation of a grain relative to polycrys-
tal in 3D modeling are considered: the contact of a grain to a polycrystal on the tip
of a grain (point contact); an edge (linear contact) and a face (flat contact — imitation
of wear platform on a grain). Various combinations of these variants were considered
when studying the combined action of the grains.

The loading of the models was associated by: specifying (o) the displacement
Uy of the top plane of a bond (kinematic influence — imitation of cross-feed Sian) and
(b) the imposition of the pressure of the top plane of a bond (force impact of normal
and tangential components of cutting force — imitation of the elastic grinding pat-
tern). The advantage of such an approach is the possibility to study the 3D DM, both
at the elastic grinding pattern and on the rigid one, allowing for the comparison of
results of these investigations.

The characteristic model parameters may be listed: the displacement of the av-
erage node of the top surface of a bond (value of cross-feed), U,“5; the displacement
of the top node of a grain (embedding of grains in a bond), U,?; the displacement of
node of contact of a grain with a polycrystal (elastic embedding of grains in work-
piece material), U,¥; the reduced stresses (according to Mises criterion) in the top
node of the contact of a grain with a bond, ocg; the reduced stresses in node of con-
tact of a grain with a polycrystal, opk.

At temperature as early as 700-1000°C thermal stresses, which valued as com-
mensurable ones with the bending strength and the tensile strength of diamond
grains, can occur in microzones of several crystallites. Given technique allows to
estimate the "contribution” of the force and temperature factors to the DM of system.

From the analysis of the results presented in Table 1, it may be concluded that
the higher the temperature of grinding the more essential is the role of thermostress.

Table 1 — Dependence of intercrystallite thermal and thermo-forced stresses on temper-

ature
Value, Temperature, °C
MPa
500 | 600 | 700 | 800 | 900 |1000| 1100 | 1200
iy | 2404] 28.85] 3365 38.46| 4327 [48,08] 52,88 | 57,69
aximal | e | 29.56| 34,12 | 40,17 | 44,27 |51,11| 53,34 | 60,45
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9,55 |11,46|13,37|15,28 | 17.19 |19,10| 21,01 | 22,92
10,11 |13,34|15,21|17,54 | 19,98 |21,56| 23,57 | 25,12

Numerator — reduced thermostresses without taking into account force factor.
Denominator — the reduced thermo-forced stresses.

Minimal

Note that, at temperatures of the order 700-800°C tensile stresses, exceeding
the corresponding ultimate stress limit of diamond, occur in diamond matrix due to
the anisotropy of thermal expansion of diamond and the difference in coefficients of
thermal expansion of the diamond and the metals-catalysts.

If these stresses can initiate intercrystallite destructions in the areas adjacent to
non-oriented metal inclusions, then intracrystallite brittle fracture will be initiated in
the field of diamond, covering the oriented metal inclusions. Note, also, that, due to
these stresses the sites of flat compression of diamond appear where a crystal is sub-
jected by local destruction, if the stresses reach critical values and a grid of mi-
crocracks appear on the surface of diamond grains. Thus, thermally activated pro-
cesses can intensity microdestruction (self-sharpening) of diamond grains at grind-
ing.

Finite element modeling using the FEM package "COSMOS" was carried out
for the validation of the proposed hypothesis. The FE model and results of compu-
tation of the deflected mode of system "bond — grain — metallphase — workpiece
material" are presented in Fig. 3 (a) and (b), respectively.

Loading of model

Area of grain
destruction

a b

Fig. 3 (a) FEM model of system "bond — grain — metallphase — workpiece material” and (b)
results of computation of deflected
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Since in the real process of diamond grinding the considered technical system
is loaded not only by force impacts, but also temperature ones, it is necessary to
determine the values of principal and reduced stresses and also the values of defor-
mations, strain energy and density of strain energy in each element of the system
"workpiece material — grain — bond" caused by force, temperature and total (thermo-
forced) loading. For this purpose the values of the contact temperature and the tem-
perature of lubricant-cooling agent input in the grinding area were specified, too, in
addition to the value of normal pressure or cross-feed.

The temperature in the grinding area predetermines the process of self-sharp-
ening of diamond grains in many respects. The FE simulation results reveal that the
value of the thermo-forced stresses in diamond grains and, consequently, the proba-
bility of their macrodestruction are reduced considerably, due to the presence of lub-
ricant-cooling agent in the grinding area, see Fig. 3.

Subsequently, affects the temperature factor essentially the efficiency of the
process of self-sharpening of diamond wheels. Both force (reduced stress exceeds
the tensile strength of the workpiece material) and power (strain energy in an element
exceeds the limiting value) criteria of destruction were used to determine the amount
of damage workpiece material and diamond grains. The package allows to calculat-
ing the values of strain energy and density of strain energy in each element of the
system. Thus, it is possible to determine the amount of elements with supercritical
values of reduced stress or supercritical strain energy. In order to obtain the most
reliable computing results of amount of destroyed workpiece materials and diamond
grains, the FEM grid of elements of the system "workpiece material — grain —
metallphase — bond" was thickened when approaching the contact area (to damage
zone) up to the sizes of element volume not exceeding 10-*um3, i.e. much less than
the really damage amount obtained once by a diamond grain during grinding.

Using the 3D simulation of DM of system "workpiece material — grain —
metallphase — bond" and the specially developed program for computing the amount
of destroyed and dropped out (loss) grains and the amount of damage workpiece
materials, it is possible to theoretically estimate the major parameters of the self-
sharpening process at diamond grinding of superhard materials, namely the specific
consumption and the specific wear of diamond grains. Numerical results regarding
the amount of destroyed grains, Vg4 and dropped out from a bondgrains, Viess, depend-
ing on the working height of grains and the critical size of their embedding, her.

The specific wear is defined as

_M
C’l/v—\é_M

and the specific consumption
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where Vsuwm is the volume of the damaged workpiece material. Calculation, of
these values, depending on the physical-mechanical properties of the workpiece ma-
terial, grains, modulus of elasticity of bond, cross-feed, grinding speed and normal
pressure.

It is possible to re-distribute the energy input in grinding area between the sys-
tem elements owing to control of the contact parameters (value of relative actual
area) and dynamics of interaction of the elements of the system "workpiece material
— grain — bond" (speed, feed, normal pressure, introduction of energy of ultrasonic
vibrations in the area).

The technique of 3D simulation of DM of system "workpiece material — grain
— metallphase — bond" allows to determine the conditions under which the maximal
part of energy input in grinding area will be directed to microdestruction of the work-
piece material, minimizing microdestruction — self-sharpening of diamond grains,
eliminating their loss from a bond.

Investigations of the effect of the wheel working surface (WWS) topography
parameters on 3D DM of the system have shown, that if the diamond grain even
insignificantly projects from a bond (h,#0), i.e. the bond does not contact to work-
piece material, so the stress occurs in the diamond grain, which is sufficient for the
process of self-sharpening (microdestruction). If the grain is completely embedded
in a bond (hp=0), it is not self-sharpened due to the volumetric "crimping" by a bond
and the absence of free boundaries. In this connection productive process of work-
piece material grinding should be put into practice only under condition of realiza-
tion of interaction of the first type in system "WWS — workpiece material" i.e. with-
out a contact of bond to workpiece material.

The time history of changing parameters of the topography of wheel working
surface (WWS) during self-sharpening was experimentally verified employing the
technique of laser scanning and electronic data processing the changes of 3D param-
eters of the WWS, sub-microrelief of separate diamond grains, were investigated in
order to estimate the relative reference area of the surface topography, tss [2,8]. Thus,
it is possible to determine the value tys both at macrolevel (WWS), and at microlevel,
i.e. a microrelief of separate diamond grains. The value of sub-microrelief of sepa-
rate diamond grains is the important parameter at definition of the actual contact area
in the system "DCM-grain”, which is difficult to obtain by other ways, since the sub-
microrelief of diamond grains determines the efficiency of self-sharpening of dia-
mond grains.

The experimental result reveal that, when grinding superhard materials by
wheels on an organic bond under theoretically determined conditions of wheel self-

S7



ISSN 2078-7405 Cutting & Tools in Technological System, 2026, Edition 104

sharpening parameters, its relief remains practically constant for a long time, see Fig.

Sitternetz Darstellung der Topographie. Hohen sind farbig codie

] 40 60 2 100%

XY §

suR¥

[Gtsamatz Dorstellung Gor Topographie. Hohen sind farbig codert 203

2 4 0 £ 1090%.

[Gittornatz Darstatung dar Topographia. Hohan sind farbig codert 7z

c d

Fig. 4 (a, c) 3D topography of WWS and (b,d) relative distribution function of relative ref-
erence area of WWS; a,b — after 30 s of grinding c,d — after 5 min of grinding

4. Conclusions:

Summarizing the main features of the numerical and experimental results re-
ported pertaining to 3D simulation of diamond composite materials, the following
conclusions may be drawn:

1. The methodology of 3D simulation of processes of manufacturing, machin-
ing and exploiting of DCM is developed and found as a result of use of CIT.

2. The methodology of 3D simulation of thermo-forced deflected mode of the
sintering zone of DCM and grinding area as the unified system "material to be ma-
chined - grain - metallphase - bond", which includes experimental study of 3D to-
pography of interacting surfaces by laser scanning is proposed. Simulated 3D model
of the deflected mode of the system "diamond crystallites — metallphase - grain -
bond", which allows to analyze its behaviour depending on modes and conditions of
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sintering and machining, wheel performances taking into account anisotropy of
grains, and availability or absence of cutting fluid is developed on this basis.

3. For the first time the rational compositions of type, graininess and concen-
tration of diamond grains with marks of metallic, ceramic and organic bond, which
ensure the integrity of grains in DCM are defined on the basis of 3D simulation of
deflected mode of DCM, originating in the sintering process of its components. It is
established that, decrease of diamonds concentration in the wheel up to 5-40 % al-
lows to ensure minimum defectiveness of wheel grains at optimum selection of their
marks, graininess and bond type. Recommendations on optimum diamond-metallic
and ceramic compositions for the manufacture of grinding wheels are provides.

4. Based on the worked out methodology it is possible to create the expert sys-
tem for development of effective technological resource-saving combined processes
of precision machining of superhard composite materials, taking into account their
anisotropy. The proposed methodology allows to elaborating high-effective techno-
logical processes of preliminary and precision machining of various DCM, that per-
mits an increase of productivity about 1,5-2 times, a reduce of the expenditure of
expensive diamond grains on 30—40 % and increasing reliability of single-point tool
from superhard materials by 20-40 %, that is very important in CAM. The developed
expert system for prediction and optimization of processes of manufacturing and
exploiting of diamond-abrasive tool will essentially promote tool production.
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Bomognmup ®@emoposud, Haramis Kozakosa, Xapkis, Ykpaina

AHAJII3 BIUNINBY TEXHOJIOTTYHUX ITAPAMETPIB HA BJIACTH-
BOCTI AJIMA30BMICHUX KOMITO3UTIB 3A 1OITOMOI'OIO 3D-MO-
JAEJIOBAHHA

AwHoTtauis. ¥ yiti po6omi 3anpononosarno memooonoziio 3D-modenosanns mepmosumMymenozo degop-
MO8aH020 pexcumy 30HU chikauns AKM ma 30nu winigpysarnns six eOunoi cucmemu "mamepian, wo oopo-
O1r0EMBC - 3epHO - Memanogasa - noe'sa3ok", aKa eKIYAE eKcnepumeHmanvhe 0ocioxncents 3D-mo-
noepagii 63aemo0ilouUX NOBEPXOHL 3a OONOMO20I0 1A3epHo20 ckanyeanHs. Ha yiil ocnosi pospobneno
imimayiiny 3D-modenv deghopmosarnozo pesicumy cucmemu "armasHi kpucmanimu - memanoghaza - 3e-
PHO - nog'a30k", aka 00360.15€ ananizyeamu ii n06eOiHKy 3a1ediCHO 610 PedlcUMie ma ymos CnikanHs ma
00pOOKU, Xapakmepucmuxk Kpyea 3 ypaxy8aHHsaMm aHi30mponii 3epeH, a maxkoxic HasieHocmi abo 8iocym-
Hocmi piouHu 01 pi3anHs. Bnepuie payionaibHi CKIa0u muny, 3epHUCMoCmi ma KOHYeHmpayii aimMasHux
3epPeH i3 O3HAKAMU Memale8020, KePamivHo20 ma OPeaHiYHO20 NO8'3KY, SKi 3abe3neuyioms YiniCHICnb
sepen y AKM, eusnaueni na ocrnosi 3D-mooenosannsa ioxunenozo pesxcumy AKM, wo eunuxae 6 npoyeci
3aNiKAHHA 1020 KOMNOHEHMI6. BCMaHo61eHo, wo 3HUICeHHs KOHYEeHMpayii armMasHux 3epen y Kpysi 0o
5-40 % 0o3z6o151€ 3a0e3neuumu MiHIMATbHY 0egheKmHICmb 3epeH Kpy2a npu ORMUMAibHOMY 8UOOPT IXHIX
NO3HA4OK, 3epHUcmocmi ma muny nog'ssky. Haoaomscs pexomenoayii wyjo0o onmumaibHo20 aimasHo-
Memaneso2o ma KepamiyHozo ckaady 0 6U20mosieHHA wrigyeanvuux kpyeis. Ha ocnosi pospobnenoi
MemoO00N021T MOHCIUBO CINEOPUNMU eKCREPMHY CUCTEMY Ol PO3POOKU eheKMUBHUX MeXHON02ITUHUX pe-
cypcosbepiearouux KOMOIHOBAHUX npoyecie npeyu3itiHoi 06pPOOKU HAOMBEPOUX KOMNOZUMHUX Mamepid-
I8 3 ypaxyeannam ix anizomponii. 3anpononoeana Memooono2is 00360J4€ po3pooumu 8ucoKoedexmu-
6HI MeXHONOIuHI npoyecu nonepeonboi ma mounoi 06pooxu pisnux AKM, wo 0ozgoasc 36invuumu npo-
OykmugeHicmo npubauso 6 1,5-2 pasu, smenwumu sumpamu Ha 0opozi armasui zepua na 30-40 % i nio-
BUUMU HAOIUHICHL OOHOMOUKOB020 THCMpPYMeHma 3 Haomeepoux mamepianie na 20-40 %, wo € oyoice
saoicnusum y AKM. Po3pobrena excnepmua cucmema 0151 RPOSHO3Y6AHHS A ONMUMI3AYii npoyecie au-
POOHUYMBA ma excnayamayii aimMasHo-abpasueHo20 IHCMPYMeHny (GaKmuuHo Cchpusimume 6upoo-
HUYMEY iHCMpYMeHmis.

Kuarouosi cnoBa: armasni komnosumni mamepianu (AKM); oonomouxosi armasnui incmpymenmu; mooe-
JIIOBAHHS; eKCREPMHI CUCTEMU.
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