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Structure and properties of multilayer plasma Ti-Cu coatings

In the article we used the cathodes Ti and Cu. The coatings were deposited on the steel samples by the ion-
plasma method on the HNB-6.6I1 vacuum unit while simultaneously spraying the above cathodes. Multi-
layer coatings were created as follows: Ti was applied within 2 minutes, then Ti + Cu were applied within 2
minutes. Totally, 100 layers were applied in an atmosphere of argon and nitrogen. The Ti-Cu-N coatings syn-
thesized by us possessed hardness with an average value of up to 32 GPa, an elastic modulus of 400-
550 GPa, a degree of elastic recovery of 0.69, and a plasticity index of about 0.15, which in terms of parame-
ters is one of the best examples among the well-known hardening coatings. The results of the tribological
studies showed that the Ti-Cu-N coating deposited on the optimum mode of vacuum-arc evaporation of a
composite Ti-Cu cathode with plasma assisting on a solid substrate has a low friction coefficient, the average
value of which is p = 0.31. The results of X-ray fluorescence analysis confirm the presence of copper in the
test coating. Therefore, it can be assumed that copper, without forming its own crystalline phase and not be-
ing in the crystal lattice of other phases, is located on the crystallite boundaries in the amorphous state. The
time it takes for the copper atoms to form a closed shell around the growing TiN crystallite determines the
growth time of the crystallite and, accordingly, its size. The results of studies of structural-phase, tribological
and physicomechanical characteristics at high temperatures confirmed that multi-layer Ti-Cu-N nitride coat-
ings can be used as wear-resistant to protect products made of hard metal in the temperature range
of 25-700 C. At temperatures above 700 C, the structure and properties of the protective layer undergo
changes, the coating degrades and does not perform protective functions.
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Introduction

According to the magazine International Manufacturing Technology (Canada), the capacity of the
global market for services for applying high-strength wear-resistant coatings is $1.2 billion, with an annual
growth of 10-15 %, the capacity of the world market for equipment for applying such coatings is $3.9 bil-
lion, with an annual growth of 11 %. In the segment of equipment for applying protective — decorative
coatings on consumer goods, the size of the world market is $100-200 million. In the field of strengthening
coatings, the size of the world market is $2-3 billion a year.

World leaders in the field of PVD coatings — HAUZER TECHNO COATING (Holland) and
INFICON (association of companies BALZERS, LEYBOLD, PFIFFER and US INFICON). The cost of the
equipment of such companies is $1.2—1.45 million (German installation of the SS800 is $1.2 million, Japa-
nese UBMS-707 by KOBE STEEL Co. is $1.45 million, and the Dutch HTC-1000 is $1.2 million.), and cor-
rosion-resistant coatings are formed by creating an undercoat by electroplating before applying the PVD
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coating. The current share of these companies in the EC countries is 38 %. According to research by
TRYKOR Inc. (USA), for a significant growth in the market for electro-plating substitutes, it is necessary to
reduce the cost of PVD equipment by 2 times. The price of equipment for applying PVD protective — deco-
rative coatings of the company «Elan-Praktik» (Russia) — $0.6 million.

The cost of our software-controlled vacuum unit containing the original plasma generator for cleaning
and nitriding parts; original magnetron sputtering system with copper targets; and two arc evaporators with
titanium cathodes do not exceed $0.14 million.

Along with the low cost of our installation, we can get cheap coatings due to simultaneous spraying of
different cathodes and their multilayer alternation. This is the subject of this work.

Overview of Ti+Cu coatings

The use of the Cu element as an additive in TiN was considered in [1-8]. When used as an additive for
Cu, Ag, Ni, etc. in the systems TiN, ZrN, CrN, AIN, etc., the following trend is observed (Fig. 1). An in-
crease in the concentration of the dopant leads first to an increase in the hardness of the coating to a certain
maximum (Fig. 1, b), after which an increase in the content of the additional element leads to a gradual de-
crease in hardness (Fig. 1, a).
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Figure 1. Dependence of PM — N hardness of films on the content
of Cu and Ag dopants [9]. Figures 1—4 correspond to the data of [1—4]

The vacuum-arc plasma assisted coating deposition method used in [9] is based on the use of a non-
independent arc discharge with a combined hot and hollow cathode (a source of gaseous plasma «PINK»)
and an independent arc discharge with a CP (electric arc evaporator with integral cold cathode), the first
stage was carried out in a gas-discharge inert gas plasma generated by the PINK plasma source, with a nega-
tive potential (up to 1 kV) applied to metal substrates [10, 11].

To identify the effect of plasma assisting on the structure, phase and elemental composition, as well as
the physic mechanical characteristics of the coatings, thin (3—5 wm) nitride-titanium coatings are formed on
substrates made of VK-8 alloy, molybdenum grade MP and stainless steel 12X18H10T in different vacuum
modes arc deposition with plasma assisted [9]. The ratio of the ion current densities of the gas and metal
components (j,/jq) to the substrate was changed by spraying nitride coatings by changing the arc current of
the original plasma source PINK from 0 to 1.6 at constant pressure of the working gas. A multilayer Ti/TiN
coating with a layer thickness of 250 nm was also obtained [12—14]. A typical image of this coating is shown
in Figure 2.
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Figure 2. A typical image of a transverse section of a multilayer Ti/TiN coating deposited
on a steel substrate by a vacuum-arc plasma assisted method (optical metallography) [9]

The results of X-ray diffraction analysis indicate that the Ti~Cu—N coating consists mainly of crystal-
lites of titanium nitride. The presence of titanium with a hexagonal lattice type is due to the presence in the
coating volume of a micro-droplet fraction characteristic of the vacuum-arc deposition method.

The size of coherent scattering regions for Ti—~Cu—N coatings before and after annealing, determined
from the width of x-ray lines, increases from 16 to 20 nm, and to 25 nm, for the initial sample with a
Ti—Cu—N coating, and after annealing at temperatures of 600 and 1100 C.The lattice parameter for the ini-
tial Ti-Cu—N coating is slightly lower (0.423 nm) than the standard value for TiN (0.425 nm). After anneal-
ing at a temperature of 600 C, the lattice parameter remains almost unchanged; after annealing at 1100 C,
its value increased to 0.426 nm. In this case, the lattice deformation Ad/d decreases by a factor of 4
(from 7.7 107 to 1.9 10), which may indicate the relaxation of residual stresses [9].

Experimental technique

In this work, we used the cathodes Ti and Cu. The coatings were deposited on the steel samples by the
ion-plasma method on the NNV-6.611 vacuum unit while simultaneously spraying the above cathodes. Mul-
ti-layer coatings were created as follows: Ti was applied for 2 minutes, then Ti + Cu for 2 minutes. A total of
100 layers were applied in an atmosphere of argon and nitrogen.

An electron microscopic study was carried out on a MIRA 3 scanning electron microscope of the
TESCAN company. The studies were carried out at an accelerating voltage of 20 kV and a working distance
of about 15 mm. For each sample 4 shots were taken from 4 surface points at different magnifications:
245 times, 1060 times, 4500 times and 14600 times. Energy dispersive analysis was also performed
at 4 points on the surface of each sample.

The optical microstructure was studied on the Epicuant metallographic microscope, and at the
nanoscale — on the NT-206 atomic force microscope. The study of the microhardness of the coatings was
carried out on the microhardness meter HVS-1000A. Tribological studies were carried out on the installation
described in [15].

Experimental results

Figure 3 shows the SEM image of the Ti / Ti + Cu multilayer coating, Figure 4 shows the multilayer
EMF map, and Figure 5 shows the XPS spectrum.
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Figure 5. XPS spectrum of Ti/Ti+Cu coating
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Figure 6 shows the SEM image of the TiN/(Ti+Cu) N multilayer coating, Figure 7 shows the multilayer
EMF map, and Figure 8 shows the XPS spectrum.
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Figure 7. Multilayer EMF map
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Figure 8. XPS spectrum of TiN/(Ti+Cu)N coating

The results of measuring the microhardness of Ti+(Ti+Cu) in argon and TiN+(Ti+Cu)N in nitrogen are
presented in Table 1, and the optical images in Figures 9 and 10.

Table 1
Microhardness Ti+(Ti+Cu) in argon and TiN+(Ti+Cu)N in nitrogen
Coating HVO0.1 HVO0.025 HVO0.01
Ti+(Ti+Cu) 499.4 539,9 559,8
TiN+(Ti+Cu)N 2288,2 2828.,5 3227,3

The average value p = 2781 HV in nitrogen is almost 5 times greater than in argon p= 533 HV.

Figure 9. Pictures of Ti + coating (Ti + Cu) in argon

Figure 10. Pictures of TiN + (Ti + Cu) N coating in nitrogen
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The results of measuring the friction coefficient of Ti + (Ti + Cu) in argon and TiN + (Ti + Cu) N in
nitrogen are presented in Table 2.

Table 2
Coefficient of friction of Ti + (Ti + Cu) coatings in argon and TiN + (Ti + Cu) N in nitrogen
Coating 0 Ho Hep
Uncoated substrate 0,154 0,148 0,151
Ti+(Ti+Cu) 0,247 0,220 0,234
TiN+(Ti+Cu)N 0,306 0,310 0,308

Discussion of the results of the experiment

By varying the discharge current of the PINK plasma source and the substrate potential, it is possible to
regulate the plasma concentration, the ion current density on the substrate, the energy of ions entering the
substrate, which allows the surface layers of the material of the required thickness to be etched and to obtain
the necessary characteristics of its surface (hardness, roughness), at the stage of cleaning, heating and activa-
tion before coating. The obtained data on the rate of etching of stainless steel in argon plasma of a non-self-
sustained arc discharge, depending on plasma parameters, can also be used to optimize the process of etching
substrates as an independent finishing process of ion-plasma treatment.

In this case, a non-porous coating is formed (without the introduction of gas atoms), and the continuous
bombardment of a growing coating with low-energy ions of the working gas allows removing adsorbed re-
sidual gas from the surface and crushing the crystallite size of the growing coating.

The hardness of the TiN coating is 23 GPa, which is lower than the hardness of the Ti — Cu — N mul-
tilayer coating (Table 1). The degree of elastic recovery of Ti-Cu-N coatings is higher than that of TiN
coatings =~ 2 times.

For resistance to abrasive and adhesive wear of the coating, they must have a high hardness and a high
value of elastic recovery, which is especially important in terms of impact, abrasive and erosion effects. Such
a value as H/E, characterizing the stability of the material to elastic deformation of fracture and called the
plasticity index, can be used to assess the wear resistance of coatings. The plasticity index H/E for superhard
coatings should be =~ 0.1 and more. For this, a coating with high hardness H must have a relatively low
modulus of elasticity E.

The Ti-Cu-N coatings synthesized by us possessed hardness with an average value of up to 32 GPa, an
elastic modulus of 400-550 GPa, a degree of elastic recovery of 0.69, and a plasticity index of about 0.15,
which in terms of parameters is one of the best examples among the well-known hardening coatings.

The results of tribological studies (Table 2) showed that the Ti-Cu-N coating deposited in the optimum
vacuum-arc evaporation mode of a composite Ti — Cu cathode with plasma assisting on a solid substrate has
a low friction coefficient, the average value of which is u=0 31.

The results of X-ray fluorescence analysis, shown in Figure 8, confirm the presence of copper in the
coating under study. Therefore, it can be assumed that copper, without forming its own crystalline phase and
not being in the crystal lattice of other phases, is located on the crystallite boundaries in the amorphous state.
The time it takes for the copper atoms to form a closed shell around the growing TiN crystallite determines
the growth time of the crystallite and, accordingly, its size.

The results of studies of structural-phase, tribological and physicomechanical characteristics at high
temperatures confirmed that multi-layer Ti-Cu-N nitride coatings can be used as wear-resistant to protect
products made of hard metal in the temperature range of 25-700 °C.At temperatures above 700 °C, the struc-
ture and properties of the protective layer undergo changes, the coating degrades and does not perform pro-
tective functions.

Multicomponent superhard (> 30 GPa) coatings (1-5 pm) with a nanocrystalline structure based
on titanium nitride, such as Ti-Cu-N, can be used to protect parts, tools and other products from premature
wear. Deposition of such coatings increases the performance properties of products: wear resistance, service
life, etc.

Thus, the application of wear-resistant Ti-Cu-N coating, both monolayer and as part of a two-layer or
multi-layer one, guarantees a fold increase in the wear resistance of parts and products from high-speed
steels, hard alloys and composites. The results obtained confirm that the Ti-Cu-N coatings can be used to
increase the performance characteristics of parts and products in mechanical engineering, metalworking and
tool industry, etc.
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Conclusion

It was shown that the addition of a copper element with a concentration of up to 12 at % to a titanium-
based coating allows to obtain a vacuum-arc plasma-assisted method using multilayer nitride coatings
of Ti-Cu-N composition with a nanocrystalline structure, where the TiN crystallites with an average
size =20 nm are surrounded by an amorphous copper layer with a thickness of 2—3 monolayers, while the
copper concentration in the coating is 12 at %, and the coatings have a hardness (up to 35 GPa), a low fric-
tion coefficient (0.3), high adhesion to the metal substrate (> 30 N), increased degree of elastic recovery
(<50 %), high wear resistance (<2600 um’*/N m), good thermal stability (up to 1100 C), increased resistance
to oxidation (up to 800 C).

The work was performed under the program of the MES RK. Grants No. 0118PK000063 and
No. @.0780.
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C.A. I'yuenko, H.H. Kosass, B.M. IOpos,
O.B. Kpsicuna, B.Y. Jlaypunac, O.H. 3aBankas

Ti-Cu KGHKaﬁaTTbI IJIA3MAJIBIK KannTaMaJdapAablH KYPbLJIBIMbI MEH KacneTTepi

Maxkanana Ti sxene Cu karonrapbsl Kongausuiapl. Kanramanap Oonar yarinepine HNB-6.611 Bakyymbt
KOHJBIPFBICHIMEH HOH-IIa3MaJIBIK SJIiCIICH JKOFapblla KOPCETUIreH KaToaTapiabl Oip yakpITTa OyraHybl
apKpUTbl KanTaigsl. KenkabarTsl jxaOblHABIIADP Kenecineid xacanapl: 2 MuH Ooiibl Ti, coman keiliH 2 MUH
iminge Ti+Cu kanranapl. Apron mMen a3ot armocgepaceinaa 6apibirsl 100 kabaT mexri. bi3 cunrtesneren Ti-
Cu-N xa6smasuaps! 32 I'Tla oprama monine ue 400-550 I'Tla cepmimai momyi, 0.69 cepmimzii KaimbHa
KeNTIpy Jopexkeci JKOHE IUIAaCTHKalbIK HHIeKci mamamen 0.15 OonaTelH KaTTBUIBIKKA He OOJIBL,
TapaMeTpiepiH JKUBIHTBIFEl OOWBIHIIA Oi3re Oenrinmi OepiKTeHAIprill KanTaJapiAblH IIIHIETi eH KaKChI
MBICAJbl OONBIN TaObUIAafbl. TpuOONOrusiblK 3eprreynepiin HoTwkenepi Ti-Cu-N KaTTel Kanrama
IJIa3MaJIbIK aCCUCTHPIICHIeH KaTOAThIH KOMNO3UIUAIBIK Ti-Cu BaKyyMIbIK—I0Falibl OyJaHybIHBIH OHTAHIIbI
pexuMi GOMbIHIIA MeTireH KaObIHHBIH YHKeTyIiH ToMeH KoddduunenTine ne, oublH opTara Maui p = 0,31
TCH €KeHiH KOpceTTi. PeHTreHo(IyopeceHTTIK Taiay HoTIKeIepi 3epTTeNeTiH KabblHaa MBICTBIH 0OJIYBIH
pacraiinpl. COHABIKTaH MBIC €3 KpUCTaNAbIK (a3acblH KypMail, 6acka (azaiapiblH KPHUCTAIIbIK TOPbIHA
KipMel, aMopdTBIK Kyiigeri KpHCTAIMTTEp IIeKapachlHIa OpHAlacKaH nen Ooikayra Oomagsl. Mbic
aromzapel ecin kene xaTkaH TiN KpHCTaIUTi alHAIAachlHAA TYHWBIKTAIFaH KaOBIKTBI KYPAWTHIH YakbIT
KPUCTAIUTTIH 6CY YaKbIThIH, THICIHIIIC OHBIH MOJILICPiH aHbIKTai1b1. JKOFapsl TeMIepaTypajia KypbUIbIMIIbIK-
(bazanbik, TPUOONOTHSIIBIK KOHE (H3UKAIBIK-MEXaHUKAIBIK —CUMATTAMANAPhIH  3EPTTEY HOTHXKEJIepi
kenkabartsl Ti-Cu-N Hutpuari kantamanapsl 25-700 °C temneparypa Auana3oHbIHAA KaTThl KOCTalapaaH
KOpFay YILIIH TO3yFa Te3iMJi KanTamanap peTiHje maifalaHblIybl MYMKIH ekeHin pactagsl. 700 °C sxorapbl
TeMIepatypa Ke3iHJe KOpFaHbIl —KalOaThIHBIH KYpBUIBIMBI MEH KacHeTTepi esrepeni, Kamrama
JierpalaliisiIaHa bl )KoHEe KOPFaHbIC (DYHKIMSIAPBIH OPBIHIAMA bl

Kinm co30ep: xenkabaTTHI KanTaManap, KaTThUIBIK, HUITIIITIK, TO3yFa TO3IMILIIK.

C.A. I'yuenko, H.H. Kosanb, B.M. IOpos,
O.B. Kpricuna, B.Y. Jlaypunac, O.H. 3aBaikas

CTpyKTypa ¥ CBOMCTBA MHOTOCJIOMHBIX IUIa3MeHHbIX NOKPbITHI Ti-Cu

B cratee uncnonpzoBammch katomel Ti m Cu. IIokpeITHS HAaHOCHINCH Ha CTaJbHBIE 00pasIbl HOHHO-
IJ1a3MEHHBIM METOAOM Ha BakyyMHoU yctanoBke HHB-6.611 npu ogHOBpeMEHHOM paclblICHUU YKa3aHHBIX
BBIIIE KaTo0B. Co31aBaICh MHOTOCIIOIHBIC TIOKPBITHS CIIEAYIOIUM 00pa3oM: B TeUEeHHE 2 MUH HAaHOCHIICS
Ti, 3atem B Teuenue 2 mun — Ti+Cu. Beero nanocuiocs 100 cnoeB B atmocdepe aprona u azora. CuHTE3H-
poBanuble Hamu Ti-Cu-N mokpbITus 00nafanyu TBEPAOCTHIO cO cpeaHuM 3HadeHueM 1o 32 I'Tla, mongynem
ynpyroctu 400-550 I'Tla, crenensio ynpyroro Bocctanosienus 0,69 u unaexcom miactuyHoctu oxono 0,15,
YTO, MO COBOKYIMHOCTH MAapaMeTPOB, ABIAETCS OAHUM M3 JyYIIUX MPHUMEPOB CPEIH U3BECTHBIX YHMPOUHSIO-
IMX HOKPHITHH. Pe3ynpraTel TpnOoaorndecknx UccirepoBaHuil mokaszany, 94ro Ti-Cu-N mokpsITHe, ocakaeH-
HOE TI0 ONTUMAIBHOMY PEXHMY BaKyyMHO-IYTOBOTO McHapeHHs koMmmnosunuoHHoro Ti—Cu karona ¢ mias-
MCHHBIM aCCHCTHPOBAaHHEM Ha TBEPAYIO IOIOKKY, 00nazaeT HU3KUM KOd(QQUIMEHTOM TpeHHs, CpenHee
3HaUeHHe KoToporo paBHO W = 0,31. Pe3ynpTaTsl peHTreHO(IYyOPECIEHTHOTO aHaIN3a HOATBEPIKAAIOT HaJH-
YyHe MeIU B UCCIEAYEMOM MOKPHITHH. [03TOMY MOXKHO cenaTh MPearnonokKeHe, 9YTo Meib, He 00pasys cob-
CTBEHHOW KPHMCTaJUIMYECKOH (a3l M HE HAXOIACh B KPUCTAJUIMYECKOH pelleTke ApYrux (a3, pacrosoxeHa
Ha IpaHULaX KPUCTAJUIUTOB B aMOpdHOM cocTosHMHU. Bpems, 3a KOTOpoe aToMbl Meau 00pasyloT BOKPYT
pacrymero kpuctajuiura TiN 3aMKHYTYI0 000JI0YKY, OHpEAEeNsSeT BpeMs pocTa KPUCTAINTA, & COOTBETCT-
BCHHO, M €ro pa3Mep. Pe3ymbTaTbl HCCIEIOBaHUM CTPYKTYPHO-(Da30BBIX, TPHOOIOTHYECKHX H (PU3HKO-
MEXaHMYECKUX XapaKTEPHCTHK IIPH BHICOKMX 3HAUCHMSIX TEMIepaTyp IOATBEPIMIM, YTO MHOTOCIOITHBIC
autpuansle Ti-Cu-N MOKPHITHS MOXKHO HCIIONB30BaTh KaK N3HOCOCTOMKUE, JUIS 3AIUTHI U3ISIHH U3 TBEPHO-
ro cruiaBa B auanasoHe temneparyp 25-700 °C. IIpu temneparypax Boime 700 °C cTpykTypa U CBOICTBa
3aI[UTHOTO CJIOS TIPETEPIEBAIOT U3MEHEHUS], IOKPBITHE JETPAJUPYET U HE BBITIOIHSET 3aIIUTHBIX (DYHKLUH.

Kniouesvle cro6a: MHOTOCIIONHBIC ITOKPBITHSA, TBEPAOCTD, IIIACTUYHOCTD, TPEHUE, W3HOCOCTONKOCTb.
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