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Design of metal-cutting tool coatings at the atomic level
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Abstract. The research aims to lower tooling costs by reducing the time allotted to designing coatings on domestic
cemented carbide metal-cutting tools by using the atomic force approach. The object of the study is coatings on cemented
carbides of the tungsten carbide group such as titanium carbide (TiC), titanium nitride (TiN), and titanium (Ti) coatings or
a nitride-based titanium, chromium and aluminum (Ti,Cr,Al)N composite coating. To select the most rational coatings, the
article employed the method of calculating the functionals of interatomic systems using the density functional description of
single atoms. The simplest measure to reduce the cost of designing metal-cutting instruments for manufacturing parts made
of difficult-to-machine materials is to develop coatings for this tool type. The article considers various atomic arrangements
in the coating material in relation to the WCo8 cemented carbide (VK8, tungsten carbide-cobalt alloy containing 8% cobalt).
The calculated values of the interaction energy of the coating material atoms with one another and with the cemented carbide
material ranged from 3.04 to 3.5 J/m2. Moreover, the research has established a correlation between the calculation results
and the performance parameter of metal-cutting tools considering fracture toughness K1c (MPa - ¥m). The main result of the
study is that the employed computational method made it possible to determine the adhesion value for the atoms of the above-
mentioned coating materials with tungsten carbide and cobalt atoms packed in different scale configurations. This enables
the classification of coatings from the perspective of ensuring maximum performance properties of the tooling material. The
present article assumes that the higher the adhesion value, the better the performance properties. The hypothesis has been
confirmed experimentally as well as by the values of fracture toughness K1c. Thus, the most rational coating options have
been selected for specified operating conditions of a metal-cutting tool, which permits reduction of tool design costs and
makes it possible to predict the performance properties of tools at the design stage.
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MpoekTUpoBaHUE NOKPLITUIA METaNNoOpPeXyLLero
MHCTPYMEHTA Ha aTOMapHOM YPOBHe

B.A. Mokpuukun', A.B. KoCMbIHWH?

2Komcomonsckuli-Ha-Amype eocydapcmeeHHbil yHugepcumem, e. Komcomornbck-Ha-Amype, Poccusi

Pe3tome. Llenb paboTbl — CHU3WUTL MHCTPYMEHTArbHbIE 3aTpaThl 32 CHET COKPALLEHUS BPEMEHM Ha NPOEKTUPOBAHWE Mo-
KPbITUA Ha TBEPZOCMIABHOM OTEYECTBEHHOM METANIOPEXYLLUEM WHCTPYMEHTE MyTEM MPUMEHEHWSI aTOMapHO-CUNOBOMO
nogxoga. OGLEKTOM MCCNEROBaHWS SBNSKOTCS NOKPLITUS HA TBEPLOM Cnrase rpynnbl kapbuaos Bonbgpama, Hanpumep:
NoKpbITUS kapbuoom TutaHa TiC, Hutpuaom tutaHa TiN, TuTaHoM Ti UNKM HATPMOOM CIIOXHOCOCTABHOMO MOKPbLITUSI CMECK
TWTaHa, xpoma v antoMuHms (Ti,Cr,Al)N. [ns Bbibopa Hanbonee paumoHanbHbIX NOKPLITUA NPUMEHEH MeTOA pacyeTa PyHk-
LIMOHANOB MEXaTOMHbIX CUCTEM C UCMONb30BAHNEM (DYHKLIMOHAMNBHOWM NNOTHOCTY OAMHOYHBIX aToMOB. Hanbonee npocToi
MEPOW, NO3BOMNSAIOLLEN CHU3WUTL PacXofdbl HA NPOEKTUPOBAHWE METANOPEXYLLETO MHCTPYMEHTA AN U3rOTOBNEHNUS AeTanew,
BbINOMHEHHBIX M3 TpyaHOOOpabaTbiBaeMbIX MaTepuanos, ABNAETCH pa3paboTka NOKPbLITWIA NSt JaHHOMO BUAA WHCTPYMEH-
TOB. PacCcMOTpeHbI pasnimyHble CXEMbl PAcMONOXEHUS aTOMOB B Matepuarne NoKpbITVS N0 OTHOLLEHMIO K TBEPLOCNIaBHOMY
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matepuany BK8. PaccumtaHHble BENUYMHBLI SHEPTN B3AMMOAECTBMS aTOMOB MaTepuarna nokpbITus Mexay cobon u ¢ ma-
Tepuanom TBepAoro cnnasa coctaeunm ot 3,04 go 3,5 [x/M2. YcTaHOBNeHa B3aMMOCBS3b Pe3ynLTaToB pacyeTa ¢ aKcniy-
aTaLMOHHBIM NapamMeTpoM METaNOPEXYLLEro MHCTPYMEHTA Mo KoadhdULMEHTY TpeLumHocToitkocTn K1c (MMaVm). Mas-
HbIM PEe3ynbTaToM MPOBEAEHHbIX UCCNEAOBaHNN SBMSIETCA TO, YTO PacyeTHLIM METOAOM OMpedeneHa BenvumHa aare3vm
AJ15 aTOMOB MaTtepuana MokKpbITWiA, YKa3aHHbIX BbILLe, C aToMamu kapbuaa Bonbgpama v kobanbra, YNOKEHHbIX B pasHble
macLuTabHble KoHUrypaumm. 3To NO3BONSET KnaccudmumpoBaTh MOKPLITUS C MO3ULMIA 0BecneveHns MakCMMarbHbIX 3KC-
MrlyaTaLMOHHbIX CBOWCTB MHCTPYMEHTanNbHOMO Matepuana. [pegnonaraeTcs, YTo YeM BblLLe BEVYMHA aZre3umn, Tem fydlle
3KCMIyaTaumoHHble CBOWCTBA. OTO NOATBEPXKAEHO AKCNEPUMEHTANBHO 1 NO 3HAYEHWAM KO3 mLMEHTA TPELLMHOCTONKOCTH
K1c. Takum ob6pasom, BbiOpaHbl Hanbonee paumoHanbHele BapuaHTbl MOKPLITUI NOL 3aAaHHbIe YCMOBWS aKCMyaTaumm me-
TannopeXyLLEero MHCTPYMEHTA, YTO NO3BOMSET COKPaTWTh 3aTpaTthl Ha NPOEKTUPOBAHME MHCTPYMEHTA 1 0becneyrBaeT BO3-

MOXHOCTb MPOrHO3MPOBAHNS AKCTTyaTaLMOHHBIX CBOMCTB MHCTPYMEHTA Ha 3Tarne ero NMPoeKTUPOBaHWS.
Knioyeenle croea: aToMapHO CUIMOBOIA MOAXOA K MPOEKTUPOBAHWIO MOKPbITUIA, MOKPLITUSI HA TBEPLAOM CriyiaBe, CoKpa-

LLIeHWe UHCTPYMEeHTarbHbIX 3aTtpar

duHaHcupoeaHue: ViccnefoBaHne BbINOMHEHO 3a cyeT rpaHTa Poccuickoro HayyHoro doHga Ne 23-29-00393,

https://rscf.ru/project/23-29-00393/.

Ansa yumuposearusi: Mokpuukun B.A., KocMblHuH A.B. [poekTupoBaH1e NOKPLITUIA METaNOPEXYLLEro MHCTPYMEHTA Ha
atomapHoM ypogHe // iPolytech Journal. 2023. T. 27. Ne 3. C. 511-517. (In Eng.). https://doi.org/10.21285/1814-3520-2023-3-

511-517. EDN: ZTLDOL.

INTRODUCTION

Designing coatings for metal-cutting tools for
specified operating conditions is a labor-intensive
process. The study [1] presents the results of
designing coatings based on the atomic force
approach. In it, the adhesion between the atomic
layers of the coating material is used as a criterion for
coating selection. As for foreign scientific literature,
this approach is outlined in specialized sources
[2-4]. In the Russian Federation, the founder of
this approach is Professor V.G. Zavodinsky [5, 6].

In works [1, 5, 6], the adhesion energy value
E.,is determined by the formula:

where ESystem is the total energy of the system. The
system is conventionally divided into parts 1 and 2
(top and bottom), J/m?. E, and E, are the energies
of the system parts calculated separately, without
interaction with each other, J/m?. Part 1 can be a
substrate or a WC substrate with a layer on it. Part
2 can be all other layers (one or two). The symbol
S denotes the interface area.

Fig. 1 provides an example of the arrange-
ment of one row (monorow) of the coating material
atoms in the conventional XYZ coordinate system.

From a geometric perspective, this is an ideal
atomic arrangement (packing). It assumes:

1) in each row the atoms are in contact with
one another;
2) each atomic row in the following similar rows

Fig. 1. A conventional arrangement picture of a coating material atom layer (monolayer) on the WC group hard alloy
(1 - hard-alloy material, 2 — atoms of the coating material, d — atom diameter,
WC - tungsten carbide atoms of hard alloy, Co — cobalt atoms)
Puc. 1. YcnoeHasi kapmuHa pacnosoxeHusi psida (MOHOC/105)) amoMoe Mamepuasna NnoKpbIimusi Ha meepdoM cniaee
epynnbi BK (1 - meepdocnnaeHoli mamepuan, 2 — amoMbl Mamepuarsna nokpbIimus,
d - duamemp amomoes, WC — amombi kapbuda eonbghpama meepdozo cnnasa, Co — amombl ko6asnbma)
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Fig. 2. An example of the coating material mono layer arrangement on a hard-alloy material
WC - Co (1 - carbide material, 2 — coating material atoms)
Puc. 2. [lpumep pacnosioxeHusi MOHOCJI051 Mamepuarsna MoKpbimus Ha meepdocnnaeHom mamepuane WC — Co
(1 - meepdocnnaeHblli Mamepuarn, 2 - amoMbl Mamepuarsia NnoKpbIMusi)

is located so that the atoms in the XY plane are in
contact only with a similar atom in the preceding
row.

In a real situation, this ideal packing scheme
changes. Fig. 2 shows one example of the change.

Fig. 2 conventionally shows an example when
(from left to right) 3 coating material atoms are in
contact with the tungsten carbide (WC) atoms,
then a gap occurs between the atoms due to
the presence of cobalt (Co) atoms and again two

atoms are in contact with atoms 2 of the coating
material, and so on.

Fig. 3 shows an example of close packing
of the coating material atoms. Undoubtedly,
other combinations of atomic arrangements are
possible, including the formation of discontinuities
(absence of one or more atoms in a row).

As applied to titanium atoms, the calculation
results obtained by the adhesion energy formula
(see above) are given in Table 1.

Fig. 3. An example of a close-packed arrangement of two rows of atoms of the coating material
(1.75d — height of two rows of atoms, d — atom diameters)
Puc. 3. llpumep nnomHoz0 pacnosnoxeHus dgyx psdoe amomoe Mamepuarna rnoKpbImusi
(1,75d — ebicoma deyx psidoe amomos, 20e d — duamemp amomos)
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Table 1. Values of the adhesion energy for the considered arrangement cases of coating titanium atoms
Tabnuua 1. BenuunHbl sHepruv agre3uu Ans pacCMOTPEHHbIX CIy4aeB PacnoroXeHns aTOMOB TUTaHa NOKPLITUS

Example of atom arrangement

Adhesion energy, J/m?

3.07

3.27

3.34

3.48

3.34 in solid
columns (from left to right
columns 1, 2, 3, 5 and 6)

3.11in column 4

f

3.50 in the places lacking
discontinuity

3.04 in the places close to
Discontinuity

The data in Table 1 shows that the adhesion
energy is maximum (3.48 J/m?) at the close-packed
double-row arrangement of titanium atoms in the
coating (case d). It is significant (3.5 J/m?) for the
three-row atomic arrangement (case f), but only in
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places remote from the discontinuity. The presence
of a discontinuity reduces the adhesion energy to
3.11 Jim?for the three-row vertical atomic arrange-
ment (case e) and to 3.04 J/m? for the close-packed
three-row atomic arrangement (case f). This per-
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mits the conclusion that discontinuities should be
classified as defects reducing the metal-cutting
tool performance due to the low adhesion energy
in the coating layers.

The study has experimentally proved that the
more the coating resists the formation and growth
of microcracks, including microcrack branching,
the higher the cutting tool performance is. In other

ISSN 2782-6341 (online)

words, the higher the adhesion energy between
the coating layers, the longer the cutting tool life up
to the allowable wear.

Table 2 shows the results of evaluating the
fracture toughness of cemented carbide (grade
WCo8) used for tool making and several options
of its coating according to the Kic parameter
(MPa - \m).

Table 2. Comparative assessment of crack resistance of the WC8 grade tool hard alloy and its several coating options
Tabnuua 2. CpaBHWTENbHAsS OLEHKA TPELLMHOCTOMKOCTM MHCTPYMEHTANBHOIO TBEpPZOro crnasa Mapku BK8 u

HECKOMMbKMX BapuaHTOB €ro NOKPbITUI

Materials VK8 TiC

TiN Ti (Ti,Cr,AIl)N

K1c, MPa - Ym 11.4

1.85

1.89 1.94 2.26

Table 2 shows that from the perspective of
resistance to microcrack formation and growth,
including microcrack branching, in comparison with
carbide (1.85 MPa - \m) or nitride (1.89 MPa - \m)
coatings:

— the titanium coating is predicted to be rational
(1.94 MPa - \m);

— the nitride-based composite coating
(Ti,Cr,A)N is predicted to be the most rational one
(2.26 MPa - \m).

The obtained results do not contradict the
existing ideas [7-20]. Nevertheless, they indicate
that it is feasible to use a new approach to tooling
materials design for specified operating conditions
of metal-cutting tools.

CONCLUSION

Calculating the adhesion energy of atomic
interaction, the study has evaluated the adhesion
properties which different coating layers display
in relation to each other and to the WCo8 hard
alloy used for making tools. This approach has
been experimentally verified in terms of resistance

microcrack branching. The article has considered
various atomic arrangements in the coating material
in relation to the WCo8 cemented carbide material.
The values of the energy of interaction of the coating
material atoms with each other and with the hard
alloy material have been calculated. The research
has employed the method of calculating functionals
of interatomic systems using the density functional
description of single atoms. The correlation between
the calculation results and the performance
parameter of metal-cutting tools according to fracture
toughness Kic (MPa - Vm) has been established.
The article proposes to examine tooling materials
at the design stage by the adhesion energy value.
The novelty of the research consists in determining
the adhesion value for atoms arranged in different
scale configurations by a computational method.
Thus, coatings can be classified from the standpoint
of ensuring maximum performance properties of
the tooling material. It is assumed that the higher
the adhesion value, the higher the performance
properties. This has been confirmed experimentally
and by fracture toughness K1c.

to microcrack formation and growth, including
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