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INVESTIGATION OF THE EFFECT OF NANOCOATINGS
ON THE WEAR-RESISTANCE OF SOCKET CARBIDE MILLS

The results of studies of the wear-resistance of socket mills made of hard alloys
in the processing of hard-to-process structural chromium steels are presented.
The technology of hardening of cutting teeth with a wear-resistant coating obtained
by the Physical Vapour Deposition method is considered. The influence
of the structure of the hardening composite coating based on titanium nitrides
and carbonitrides on the mechanical characteristics and working capacity of the tool
is shown. The nature of wear and brittle destruction of the working surfaces
of the tool under intermittent cutting conditions and the influence of wear-resistant
coatings on the thermal and stress state of the cutting wedge in the contact zone
are investigated.
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Introduction. The efficiency of mechanical processing of hard-to-process
structural alloy steels with high chromium content largely depends on the
wear-resistance of the cutting tool. This significantly affects the increase in
its working capacity. The most acute problem of intensive wear and brittle
destruction in the form of chipping and chipping of the cutting edges is mani-
fested in socket mills made of carbide material, which operate at high
speeds under intermittent cutting conditions, shock loads, high contact
stresses and temperatures [1, 6-9, 12].

One of the effective ways to solve this problem is the application of wear-
resistant composite coatings on the working surfaces of the cutting tool using
nano-technologies. This makes significantly it possible to working capacity
improve the performance, fatigue strength, corrosion resistance of the tool
and intensify cutting modes by modifying the physical and mechanical prop-
erties of the cutting teeth, their surface and volumetric hardening [2-5, 7, 11,
14]. Composite coatings based on compounds of refractory metals (car-
bides, nitrides, borides, oxides and their compounds) are more often used.
The technologies for applying multilayer coatings are given in [4-7, 11, 14].

Currently, the physical nature of wear during cutting of hard-to-process
materials has not been sufficiently studied due to the exceptional complexity
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of contact processes on the front and rear working surfaces of the tool, as
well as the cutting edges of the blade. Therefore, this research is relevant.

The aim of this paper is to study the effect of a hardening composite
coating of working surfaces on increasing the wear-resistance of the cutting
teeth of socket mills made of solid alloys under intermittent cutting conditions
when processing hard-to-process chromium structural steels.

Presentation of the main material. Experimental studies of the wear re-
sistance of the cutting tool were carried out under intermittent cutting condi-
tions when processing chromium steel 20X13 according to the counter mill-
ing scheme with socket cutters @160 mm equipped with pentahedral re-
placeable plates made of metal-ceramic hard alloy T5K10. Milling was per-
formed without cooling on a vertical milling machine model 6M12P in the
range of cutting modes: V =50...250 m/min, S; = 0.05+0.3 mm/catt,
t=1+3 mm, B =150 mm.

The processing was carried out with uncoated cutters and with coatings
of nitride (TiN), carbide (TiC) and titanium carbo-nitride (TiCN), as well as a
multilayer structure based on these compounds. The maximum linear wear
of the chamfer along the main rear surface of hy3 =0.3 mm is taken as the

criterion of wear of the cutting plate. The frequency of cyclic thermal force
loading of the working surfaces of the tool was provided by adjusting the
speed of rotation of the milling cutter. Wear control was carried out both in
the initial and in the main periods of operation of the tool.

Coatings made of titanium carbide TiC and titanium nitride TiN were ap-
plied to plates made of hard alloys at the vacuum ion-plasma installation
«Bulat-3T». The study of the topography of the surface layer of the cutting
plates and the microstructure of the applied coatings before and after wear
was carried out by X-ray spectral analysis using a scanning electron micro-
scope-microanalyzer REMMA-102-02, electron microscopes REM-100U,
Jeol-772 and metallographic microscope MIM-7. The X-ray diffraction analy-
sis of coatings has performed on a DRON-1 diffractometer. The thickness of
the coating was measured by the MT-20N device, and its hardness was con-
trolled by the TK-2M and PMM-3 devices. Modern methods of surface re-
search are given in the works [4-7, 11, 14].

Fig. 1 shows a fractogram of the microstructure of the surface of the tita-
nium nitride coating TiN deposited on a base of a hard alloy T5K10.

Wear-resistant coatings TiN, TiC, TiCN, obtained on the basis of refracto-
ry metals, were applied to the cutting plates by the method of Physical Va-
pour Deposition (PVD) using special ion-plasma technology [5, 13, 15]. To-
gether with single-layer coatings, multilayer coatings TiC-TiCN-TiN, TiCN-
Al,O3-TiN, TiN-TICN-TiN were also used.

The application of a wear-resistant surface layer was carried out using an
arc discharge in a vacuum chamber in a reactive gas atmosphere: nitrogen
for titanium nitride (TiN), acetylene for titanium carbide (TiC). The formation
of the surface layer occurs by adsorption of ions of the coating material (Ti)
in the form of a low-temperature plasma stream on the surface of a hard
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alloy substrate. At the same time, the crystal lattice of the tool material is
completed. Microcracks and pores of the working surfaces are filled with the
coating material, which contributes to an increase in the adhesive strength of
the connection of the surface with the coating.

Fig. 1 — Microstructure of the surface of a TiN coated carbide cutting plate

The process of forming coatings with certain physical and mechanical
properties, thickness, structure and phase composition depends on various
factors: reference voltage, arc discharge current of the evaporator, pressure
of the reaction gas in the working chamber, substrate temperature, deposi-
tion flux density and energy of metal plasma ions TiN, TiC, TiCN, duration
and rate of adsorption.

The characteristics of the microhardness, structure and phase composi-
tion of the coatings were provided by varying the three main parameters of
the condensation mode using PVD technology — the arc discharge current of
the evaporator i, = 90...150 A, the pressure in the reaction chamber of the

reagent gas installation P, = (2.5+7.9)" 102 Pa and the reference voltage on
the substrate U, = 150+210 V. The condensation temperature was main-

tained in the range of 460+540°C.

As a result of X-ray spectral analysis of the microstructure of the surface
of the cutting plates, optimal modes of synthesizing a coating have been
established: U, =200 V; i,= 110+120 A; P, = (2.6+5.3)" 10? Pa;
06 = 460+500°C. With an increase in the arc discharge current, the conden-

sation rate increases.

X-ray spectral analysis of the microstructure of the obtained coatings
showed that under this synthesis mode, the main phase of the condensed
layer consists of TiN and TiC with crystallite sizes from 0.004 to 0.033 mi-
crons without the presence of free titanium.

Due to the low coefficient of thermal expansion of titanium oxide and car-
bide and the tendency of thick coatings to crack at high temperature, coat-
ings with a thickness of 5...8 microns were synthesized on the surface of the
cutting plates, and their microhardness was 23+26 GPa.
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To increase the reliability and durability of replaceable polyhedral cutting
plates, multilayer coatings are used (Fig. 2), which can significantly increase
the tool wear resistance and processing performance compared to single-
layer ones. Each layer of such a composite coating has its own functional
purpose.
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1 — cutting tool; 2 — billet; PM — processed material; IM — instrumental material

Fig. 2 — Structural scheme of coatings

Research results. A feature of milling the chrome-plated steels with
socket mills in intermittent cutting conditions is the impact at the entrance
and exit of the cutting teeth in contact with the workpiece. Compression
stresses are transformed into tensile. This determines the cyclical nature of
the thermomechanical load and leads to a sharp increase in wear and brittle
destruction of the tool in the form of microcracks and chips.

High physical and mechanical properties and low thermal conductivity of
chromium steels impair their machinability. Therefore, the cutting forces are
3...4 times higher than the forces that occur during the processing of carbon
steels. The specific pressure during cutting reaches 400+1200 MPa, and low
thermal conductivity increases the cutting temperature by 30+50%. The re-
sistance of the tool due to brittle destruction in the form of chips and wear of
the cutting edges is reduced by 1.5+3 times. As a result, a complex stress
state occurs in the cutting wedge of the working part of the cutter with simul-
taneous interaction of normal and tangential stresses.

Compression stresses arise in the surface layer of the tool material under
the action of normal forces and elastic-plastic deformation occurs. The front
and main rear working surfaces along the entire width of the slice due to
adhesion outgrowth are covered with a smeared thin layer of the processed
material already in the initial processing period. The analysis of the elements
of the outgrowth on the rear main surface of the cutting teeth during the pro-
cessing of steel 20X13 showed that the main components of the surface
layer of the tool are iron (Fe) and chromium (Cr), corresponding to the chem-
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ical composition of the processed material. The concentration of these ele-
ments is: iron Fe ~ 85+86%, chromium Cr ~ 13+15%, carbon C ~
0.16+0.25%. Similar results were obtained for other processing materials.

This causes the need for hardening the working surfaces of the tool with
wear-resistant coatings. The hardening coating, having high hardness and
wear resistance, protects the tool material for the entire period of its opera-
tion.

The dependence of the influence of the cutting speed V and feed S; on

the resistance T of cutters made of T5K10 hard alloy with various hardening
coatings during socket milling of workpieces made of 12X13 steel is shown
in Fig. 3 for the parameters of the cutting modes: a — S; = 0.2 mm/cutt; b —

V = 236 m/min; t= 1.5 mm, B= 150 mm.
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Fig. 3 — Influence of cutting speed V (a) and feed S; (b) on the period of working
capacity of cutting plates made of hard alloy with wear-resistant coating during
socket milling of workpieces made of steel 12X13

The obtained results of the study showed a high efficiency of the effect
on the wear and resistance of milling cutters of various coating materials and
their combinations based on titanium nitride and carbide. Wear-resistant
coatings significantly reduce the adhesive interaction of the processed steel
with the contact surfaces of the cutting teeth in almost the entire range of
cutting modes. Friction, cutting forces and sticking of the processed material
are reduced, as well as the heat generated at the same time. The effective-
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ness of the coatings differed significantly both in magnitude and in the nature
of the interaction of the contacting pair.

It was found that the cutting temperature of socket mills T5K10 with
nitridotitane coating is 11+18% lower compared to mills without coatings.
The low thermal conductivity of titanium nitride changes the nature of heat
removal from the cutting zone, prevents heat removal into the tool and con-
tributes to an increase in heat removal into the chips.

Durability of the tool takes the highest values at low cutting speeds, and
the lowest — at high speeds. The effect of the coating is especially manifest-
ing in the initial period of operation, when tool wear increases. When finish-
ing, the effectiveness of influence of the coating on the wear intensity is
1.5+2.5 times higher compared to the black treatment.

Fig. 4 shows the wear topography of the main rear surface of a
pentahedral carbide cutting plate made of T5K10 hard alloy without harden-
ing and with TiN coating when milling 20X13 chrome steel for cutting mode
parameters: V = 148.4 m/muH, t =15 mm, V =0.15 mm/cutt. Milling width

B =150 mm and period of work t = 60 min.

Fig. 4 — The nature of brittle fracture and wear of the contact pad
of the main back surface of the T15K6 hard alloy cutting plate:
a) wear and chipping of the uncoated surface; b) wear of the coated surface

In the given Fig. 4,a visible formed on the cutting edge of the ledge and
wear on the main back surface of the uncoated cutting tooth. The ledge is
formed in the zone of brittle fracture during the movement of the swarf and
reaches its maximum size in the initial period of cutting. The brittle destruc-
tion of the cutting edge occurs in the form of chips from the side of the main
back surface. In this zone, there is a transition from the elastic-stressed area
of the incisor to the unloaded one. Therefore, there are tensile stresses that
lead to brittle destruction. The destruction under intermittent cutting condi-
tions begins with the formation of longitudinal cracks on the front surface of
the tool, perpendicular to the main cutting edge, which grow towards the rear
surface. The process of wear of the front surface of the teeth of the cutters is
accompanied by the formation of the pit. The characteristic signs of intensive
adhesive interaction of the chip material with the surface of the milling cutter
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tooth are observed in the form of a wear field along the main back surface.
Further wear occurs in the form of mechanical abrasion along the main back
surface up to the accepted blunting criterion.

Fig. 4,b shows the wear topography of the rear tooth surface of TiN coat-
ed milling cutter. The coating reduces the rate of the pits formation and the
intensity of the wear, both the front and the main back surface. There is
practically no chipping formation due to the hardening of the front surface.

Due to high specific loads, temperature and significant plastic defor-
mations in the cutting zone at the contact pads of the tool and the workpiece,
the processed material passes into a plastic state, filling the volume of the
ledge, pits, cracks, grooves. As a result, a modified cutting wedge is formed
and the wear process takes the form of abrasive-mechanical wear.

Further wear occurs in the form of mechanical abrasion on the main rear
surface. A layer of steel of the workpiece, smeared on the main back surface
of the tool, protects it from wear.

Thus, the hardening of the cutting teeth of milling cutters with nitrido- and
carbidotitane coatings TiN, TiC, TiCN allows to significantly reduce the in-
tensity of their wear and chipping, avoid brittle destruction of the cutting edg-
es and increase the resistance of the tool depending on cutting modes. At
the same time, cutting forces are also reduced by 10+20%, and the heat
generated by 50+90°C due to a change in the nature of contact processes, a
decrease in friction and plastic deformation of the metal being slice. The use
of multilayer coatings allows several times to increase the wear resistance of
the tool and the productivity of the processing compared to single-layer.

Conclusions. The use of composite coating significantly increases the
operability and productivity of carbide socket mills, enlarges tool resistance
by 2.3+2.9 times, which makes it possible to expand the field of their applica-
tion when milling hard-to-process structural steels and cast iron.

It is revealed that the application of a hardening surface layer on the
working surfaces of the tool leads to a significant change in the nature of
contact processes, a decrease in the intensity of wear and the impact of
shock loads on the cutting teeth of mill, an increase in their resistance to
brittle fracture under intermittent cutting conditions.

REFERENCES

1. Buckley D. Surface phenomena during adhesion and friction interaction. Moscow:
Mashinostroenie, 1986. 360 p. (in Russian).

2. Ducros C., Benevent V., Savchette F. Deposition, characterization and machining
performance of multilayer PVD coatings on cemented carbide cutting tools. Surface and
Coatings Technology. 2003. Vol. 163-164. P. 681-88.

3. Gleiter H. Nanostructured materials: basic concepts and microstructure // Acta ma-
ter. 2000. Vol. 48. P. 1-29.

4. Grigor’ev S. N. Methods of increasing the durability of cutting tools. Moscow:
Mashinostroenie, 2009. 368 p. (in Russian).

5. Hawking M., Vasantasri V., Sidki P. Metal and ceramic coatings: Production, prop-
erties and application. Moscow: Mir, 2000. 518 p. (in Russian).

110



6. Kairov A. S., Lymar A. A., Oshovsky V. Ya. Influence of carbidotitane coatings on
wear resistance of high-speed steel end mills // Problems of computational mechanics and
strength of structures: Col. of sci. art. Dnipro: Lira, 2021. Vol. 33. P. 76-85.

7. Loladze T. N. Strength and wear resistance of the cutting tool. Moscow:
Mashinostroenie, 1982. 320 p. (in Russian).

8. Morozov E. M., Zerin M. V. Contact problems of fracture mechanics. Moscow:
Mashinostroenie, 1999. 554 p. (in Russian).

9. Ostaf’ev V. A. Calculation of the dynamic strength of the cutting tool. Moscow:
Mashinostroenie, 1979. 168 p. (in Russian).

10. Okumiya M., Gripentrog M. Mechanical properties and tribological behavior of TiN-
CrAIN and CrN-CrAIN multilayer coatings // Surface and Coating Technologies. 1999.
Vol. 112. P. 123-128.

11. Tabakov V. P. Formation of wear-resistant ion-plasma coatings of cutting tools.
Moscow: Mashinostroenie, 2008. 311 p. (in Russian).

12. Talantov N. V. The physical basis of the cutting process, wear and destruction of
the cutting tool. Moscow: Mashinostroenie, 1992. 240 p. (in Russian).

13. Umanskyi Ya. S., Skakov Yu. A., Ivanov A. |. Crystallography, radiography and
electron microscopy. Moscow: Metalurgia, 1982. 632 p. (in Russian).

14. Vereshchaka A. S., Tabakov V. P., Vakhmintsev V. P. Carbide tools with titanium
nitride coatings. Moscow: Machines and tools. 2003. 394 p. (in Russian).

15. Woodrof D., Delgar T. Modern methods of surface research. Moscow: Mir, 1989.
564 p. (in Russian).

YK 621.9:539.3

O. C. Kaipos, 0-p mexH. Hayk,
ORCID ID: 0000-0003-3051-9690

B. A. OwoscbKull, KaHO. MexH. HaykK,
ORCID ID: 0000-0002-8065-907X

B. O. Kaipos, kaHO. mexH. HayK
ORCID ID: 0000-0003-0502-7942

AOCNIXEHHA BNNUBY HAHOIMOKPUTTIB
HA 3HOCOCTIMKICTb TOPLIEBUX TBEPOOCTJTABHUX ®PE3

HaBeneHo pe3ynbTaTu gocnigXeHb 3HOCOCTIMKOCTI TopueBux ¢pe3 3 TBepanUX
cnnaeiB npu obpobui BaXKOOOPOONIOBaHMX KOHCTPYKLIMHUX XPOMWUCTUX CTanew.
Po3rnsiHyTo TEXHOMOoriko 3MiLHEeHHA piXy4nx 3yGiB 3HOCOCTIMKMM MOKPUTTAM,
oTpUMaHuM MeToAoM ¢pisMyHOro ocamxeHHsi napiB. [oka3aHO BNAIMB CTPYKTypwU
3MiLIHIOOYOrO KOMMO3UTHOTO MOKPUTTA Ha OCHOBI HITPUAIB Ta KapOGOHITPMAIB TUTaHY
Ha MeXaHiYHi XapaKTepucTMKM Ta npaue3gaTHiCTb IHCTpymeHTy. [ocnipxeHo
XapaKTep 3HOCY i KPUXKOro pyMHyBaHHA po604MX NOBEPXOHb iIHCTPYMEHTY B yMOBaXx
nepepuBYacCTOro Ppi3aHHA | BMAIMB 3HOCOCTIMKMX MNOKPUTTIB Ha TensoBUM
i HaNpPYXXeHUI CTaH pPiXKy4yoro KNUHa B 30Hi KOHTAKTY.

Knroyoei cnoea: meepdocnnasHuli pixy4ull iHCmpymeHm, mopuesi ¢pesu;
ppe3epysaHHs;  peXUMU  pi3aHHSl;  HaHOMOKpUmMms;,  KapboHimpudu  mumaHy;
3Hococmilikicmb;  MiyHicmb;  meepdicmb  Mamepiany;  KOHMaKmHi  HarpyXXeHHs,
npaye3zfamHicmes.

EdbekTmBHICTE MexaHiuHOT 06pobKkn BaxkooOpPObBoBaHMX KOHCTPYKLin-
HUX neroBaHux ctanen 3 NigBULLEHNUM BMICTOM XpPOMY B 3HA4Hi Mipi 3ane-
XWTb BiJ 3HOCOCTIMKOCTI Pi>Ky4Oro iHCTPYMEHTY, fKa iCTOTHO BNNvMBaE Ha nig-
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BUMLLEHHA MOro npauesgatHocTi. Hanbinbw roctpo npobnema iHTEHCUBHOIO
3HOLUYBAHHA | KPUXKOrO PYMHYBAHHSA Yy BUIMA4I BiOKOMIB i BUKPULLYBaHHS
PiXKYy4MX Kpanok NposiBrSETLCA Y TOpLUEBMX hpe3 3 TBepOOCNIaBHOro marte-
piany, WO MNpaufolTb HA BUCOKMX LUBMOKOCTAX B YMOBax NepepuB4actoro
pi3aHHA, yoapHUMX HaBaHTaXeHb, BUCOKMX KOHTAKTHUX HamnpyxXeHb i Temne-
patyp [1, 6-9, 12].

OpHuM 3 edhekTUBHMX CNOCcobiB BUPILLEHHS AaHOi Npobnemmn € HaHeceH-
HA 3HOCOCTIVKMX KOMMO3WUTHUX MOKPUTTIB Ha poboYi MOBEPXHi PiKY4Oro iH-
CTPYMEHTY 3 BMKOPUCTaHHSM HaHoTexHonorin. Lle nossonse ictoTHO nigsu-
WMTK npaue3gaTHICTb, BTOMHY MIiLHICTb, KOPO3ilHY CTINKICTb iIHCTPYMEHTY i
iHTEHCUIKyBaTU peXMMM pisaHHa 3a paxyHOK mogudikauii  disunko-
MEeXaHiYHMX BracTMBOCTEN piXy4dmx 3y6iB, iX MOBEPXHEBOro i 06'eMHOro 3mi-
UHeHHs [2-5, 7, 11, 14].

HanyacTile BUKOpMCTOBYHOTb KOMMNO3UTHI MOKPUTTS HA OCHOBI CMOMyYeHb
Tyronnaekux metanis (kapbiau, HiTpuam, opuam, okeman Ta ix cnomnykm). Tex-
Hororii HaHeceHHs 6araToLapoBux NOKPUTTIB HaBeaeHi B [4—7, 11, 14].

Y paHun yac pisnyHa npupoga 3HOLIYBaHHA MpWU pi3aHHi BaXkoobpo©-
noBaHMX Marepianis BMBYEHA HeOoOCTaTHLO BHACMILOK BUHATKOBOI CKnapg-
HOCTi KOHTAKTHUX MPOLECIB HA NepeaHil i FONOBHIN 3afHi poboynx noBepx-
HAX IHCTPYMEHTY, @ TakoX piXy4nx Kparkax nesa. Tomy gaHe AOCHIAXKEHHS €
aKkTyanbHUM.

MeToto gaHoi poboTn € AocnigXeHHS BNAMBY 3MiLHIOIOYOrO KOMMNO3UTHO-
ro NOKpMTTA pobouYMx MOBEPXOHb Ha MiABULLEHHSA 3HOCOCTIMKOCTI PidKydUMX
3y6iB TOopLeBMx pes3 3 TBEpPAUX CNNaBiB B yMOBax NepeprBYaCTOro pisaHHs
npy 06pobui BaXXkoo6pobItoBaHMX XPOMUCTUX KOHCTPYKLIHMX CTanemn.

OcobnueicTio npouecy dpesepyBaHHA XPOMUCTUX CTanen TOpLEBUMMU
dhpe3amm B yMOBax NepepuBHaCTOro pidaHHs € yaapHWUA BASAMB NPW BXOAI i
BMXOAi piXy4mx 3yGiB Mpu KOHTaKTi 3 3aroTiBnetn. HanpyXeHHs CTUCHEHHS
TPaHCOPMYIOTbCS B pO3TAryBanbHi. Lle 0BymMOBMOE UMKNIYHWMIA XapakTep
TEPMOMEXAHIYHOIO HaBaHTAXEHHSA i NPU3BOAUTL A0 Pi3KOro MigBULLEHHSA
3HOCY i KPUXKOFO PYMHYBAHHS iHCTPYMEHTY Yy BUIMA4i YTBOPEHHS MIKpPOTpi-
LWH i BigKkoniB.

Onsa 36inbweHHa HagiHOCTi poboTW i JOBroBiYHOCTI 3MiHHMX GaraTor-
paHHUX PiXy4MX NNacTUH 3aCTOCOBYIOTLCS GaraTollapoBi NOKPUTTS, siKi 4O-
3BONAOTL iICTOTHO MIABULLMTU 3HOCOCTINKICTb IHCTPYMEHTY i NPOAYKTMBHICTb
06pobkK B NOPIBHAHHI 3 0gHOLWAPOBUMK. KOXEH Liap Takoro KOMMO3uLinHo-
ro NOKPUTTA Mae BnacHe yHKUioOHanbHe NpU3HaYeHHs.

3acTocyBaHHS KOMMO3WUTHOIO MOKPWUTTS ICTOTHO MiABMLLYE npauesgar-
HICTb | NPOAYKTMBHICTb TBEPAOCMNIABHMX TOpLEBUX pes, 306inbLUye CTINKICTb
iHCTPYMeHTY B ~2,3—2,9 pasiB, L0 OO03BOJISE PO3LWMPUTHN 0bnacTb ix 3acTo-
CyBaHHS npu chpesepyBaHHi BaXXKOOOPOOGIOBaHMX KOHCTPYKLINHUX CTanewn i
YaByHY.

BusiBneHo, Wo HaHeCeHHs 3MiLHIOBaNbHOIO NOBEPXHEBOrO LWapy Ha po-
604i NOBEPXHi IHCTPYMEHTY NPU3BOAUTL A0 iICTOTHOrO 3MiHW XapakTepy KOH-
TaKTHUX NPOLECIB, 3HWKEHHS iIHTEHCUBHOCTI 3HOCY i BNMMBY yAapHUX HaBaH-
TaXeHb Ha piXydi 3youn cpes, nigBULLEHHS X CTIMKOCTI 4O KPUXKOTO PYMHY-
BaHHS B YMOBaXx MepepuBYacToro pisaHHs.
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