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Using the complex of methods for attestation of the structural state in combination with computer
simulation and measurement of mechanical properties (hardness), the influence of the period A on the mix-
ing process on the interlayer boundaries of multilayer coatings TiN./ZrNy is studied. The formation of two
phases (TiN and ZrN) with one type of crystal lattice (structural type NaCl) is identified in the layers of
multiperiodic compositions TiN./ZrN; with a period of A =20 ... 300 nm. At A = 10 nm, the formation of a
solid solution (Zr, Ti)N, as well as a small volume of the TiN phase is revealed on XRD spectras. The pres-
ence of TiN component is due to the larger initial value of the layer based on titanium nitride. To explain
the results obtained, the results of computer simulation of damage at the atomic level during bombard-
ment by ions accelerated in the U field are used. The critical thickness of mixing (about 7 nm) in the
TiN./ZrN, system is determined upon condition that U, =— 110 V. It is established that a decrease in the
period from 300 to 20 nm leads to increase in hardness. The highest hardness of 44.8 GPa corresponds to
the superhard state.

It is established that the critical thickness of radiation-stimulated defect formation has a significant ef-
fect on the stress-strain state and hardness of coatings with a small A = 10 nm. In this case, relaxation of
the stress-strain compression state occurs and the hardness decreases. However, the formation of a solid
solution, while retaining part of the unreacted layer of titanium nitride at A = 10 nm, makes it possible to
obtain an ultrahigh (44.8 GPa) hardness of the coating.

Keywords: Vacuum arc, TiN./ZrN., Period, Bias potential, Phase composition, Structure, Stress-strain
state, Solid solution, Computer simulation, Hardness.
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1. INTRODUCTION

Structural engineering of composite vacuum-arc
coatings is a relatively young direction of surface engi-
neering, but for a number of systems it has become
possible to obtain materials with very high functional
characteristics [1]. In this case, the state of the bound-
ary between the layers is the determining factor of
many operational characteristics [2] and for the
strengthening of the boundaries, their doping with at-
oms (both in the form of separate elements [3] and as
constituents of new phases [4]) with strong cohesion [5,
6] 1s used. This can occur both during the formation of
the coating [7] (sometimes accompanied by the for-
mation of metastable phases [8]), both in the process of
exploitation by separating such atoms from the matrix
because of their low solubility [9].

Also effective way to increase the hardness, thermal
stability, functional properties of the vacuum plasma
coating is a transition to the multielement (5 or more
elements) coating [10]. However, despite its attractive-
ness the transition to multielement coatings prevented
sufficiently solve the problem of the formation of the
critical cracking and catastrophic (on the entire thick-
ness of the coating) coating fracture [11]. As shown by
studies in recent years, multiperiod composites are
very promising as a material for solving this problem.
In these materials, the phase boundaries between lay-
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ers provide relaxation of destruction concentrators pre-
venting crack propagation [12].

Multiperiod composite coatings show significantly
higher hardness and toughness than the individual
components of the layers due to the presence of plurali-
ty of interphase (interlayer) boundaries and the rein-
forcing effect of the inner layers (the formation of dislo-
cations is suppressed by nanoscale thickness of the
layers and the difference in the modulus of elasticity of
different components contacting layers inhibits porta-
bility of dislocations) [13].

In recent years, multilayer coatings of nitrides of
transition metal with high functional properties have
been obtained. For example CrN/NbN [14], TiN/NbN
[15], TiAIN/TiN [16] and others.

Among the multi-period coatings obtained, the
TiN«/ZrN. system has recently been of increasing inter-
est due to high functional properties (hardness, corro-
sion resistance and high tribological properties [17-
20]). This determines the good prospects for the indus-
trial use of multi-layer nanocrystalline coatings
TiN«#/ZrN. as protective and wear-resistant for ma-
chines tools, blade tools, as anticorrosion coatings for
critical elements in power engineering [21-23], as well
as coatings for bioimplantation applications [24].

In this case, the use of a different multi-layer archi-
tecture [25], as well as the reduction in the thickness of
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the component layers to several nanometers in order to
prevent cracking and increase in hardness, led to the
revealed effect of a decline in properties at small layer
thicknesses (8 nm or less) [26, 27]. A similar effect of a
decrease in hardness with a layer thickness of less than
8 nm was noted for other systems: TiN/SiN [28], TiN/VN
[29], TiN/NbN [15], NbN/TaN [30] and others [31].

As was noted in works [26, 27], when the bilayer
period (A) is less than 8 nm, the hardness and modulus
of elasticity decrease abruptly. According to the as-
sumptions made in works [32, 33], such a decrease in
properties for a small thickness of the layers can be
associated with radiation-stimulated mixing.

As follows from work [34], the TiN/ZrN system (given
that the discrepancy between the lattice spans TiN and
ZrN is about 7 %) cannot be considered as a superlattice
with a coherent interface. Therefore, the mechanical be-
havior in the layers of the multi-period coating cannot be
interpreted using a coherent deformation model [15].
Since the heats of formation of TiN and ZrN are close (AHf
(298) =—87.3kcal/mol for ZrN and AHf (298)=
— 80.4 kecal/mol for TiN), it is possible to form a mixed in-
termediate layer of TizZr1-xN between the layers TiN and
ZrN under radiation-stimulated diffusion of atoms during
deposition. This is indicated by the preservation of high
functional properties of coatings at A more than 15 nm
[34]. The same conclusion can be reached on the basis of
the results of work [35] in which it was shown that in the
nano-sized period, not only the hardness and modulus of
elasticity decrease, but also related to plastic deformation
and cracking the critical loading parameters Lei (from 15
to 7 H) and Le2 (from 28 to 18 N) are significantly reduced.

Thus, the purpose of this paper was to study the in-
fluence of the thickness of the layers of multilayer na-
noperiodic coatings of the TiN.«/ZrN: system (obtained
by the vacuum arc method) on the phase composition,
structure, stress state and hardness, and also to com-
pare the obtained data with the results of computer
simulation of radiation-stimulated processes at inter-
phase borders.

2. SAMPLES AND METHODS OF RESEARCHES

Multilayer two-phase nanostructured coatings
TiN»/ZrN. were deposited in a vacuum-arc unit "Bulat-
6" [1]. The following cathodes materials were used: ti-
tanium BT 1-0; low-alloyed zirconium; active gas - ni-
trogen (99.95 %). Coatings were applied to the surface
of samples (20x20x2mm) made of steel
12Cr18Ni10Ti (analog of stainless steel SS 321) pre-
pared by standard grinding and polishing methods.
Before deposition, the vacuum chamber was evacuated
to a pressure of 10-5 Torr (a negative potential of 1 kV
was applied to the rotary device with a substrate hold-
er, the evaporator was turned on and the surface of the
substrates was cleaned by bombardment with zirconi-
um ions for 3 ... 5 min). Then both evaporators were
simultaneously turned on, nitrogen gas was supplied to
the chamber of the "Bulat-6" unit and the first layer
was deposited on one side of the ZrN, and on the oppo-
site side — TiN. After the first layer was deposited, both
evaporators were turned off, the substrate holder was
rotated at 180°, and both evaporators were turned on
simultaneously. The arc current in the deposition process
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was 100 A, the nitrogen pressure (Px) in the chamber
varied in the range 10-5...5:10-3 Torr, the distance from
the evaporator to the substrate was 250 mm, and the sub-
strate temperature (7s) was in the range 250... 350 °C.
A coating thickness of about 10 um was obtained. During
deposition, a constant negative potential Uy =— 110 V was
applied to the substrate. The formation time of the layers
was 300 s., 150 s., 80 s., 40 s., 20 s., 10 s., and about 3 se-
conds (with continuous rotation).

The phase composition, structure, and substructur-
al characteristics were studied by X-ray diffractometry
(DRON-4) using Cu-Ka radiation. For monochromati-
zation of the recorded radiation, a graphite mono-
chromator was used, which was installed in a second-
ary beam (in front of the detector) [8]. The study of the
phase composition, structure (texture, substructure)
was carried out using traditional X-ray diffractometry
techniques by analyzing the position, intensity, and
shape of the diffraction reflection profiles [7]. To decode
the diffractograms, tables of the international diffrac-
tion data center — Powder Diffraction File were used.

To study the macrostress-strain state, the method of
multiple inclined surveys (sin%y method) was used [12].

The morphology of the cross section of multi-period
structures was studied with a scanning electron micro-
scope JEOL JSM840. For electron-microscopic studies,
coatings were deposited on copper substrates 0.2 mm
thick.

Microindentation was carried out at the Micron-
gamma unit with a load up to F = 0.5 N with a Berko-
vich diamond pyramid with cutting angle of 65°, with
automatic loading and unloading for 30 seconds.

Fig. 1 — Scheme of radiation-stimulated mixing in layers dur-
ing the formation of a multilayer composition of ZrN./TiNx

To understand the spatial distribution of radiation-
stimulated changes in the boundary (interlayer) regions
during the deposition of high-energy particles, computer
simulation was used in the work. To do this, we used a
program based on the approximate method of double colli-
sions, TRIM, which is based on the Monte Carlo method
for describing the trajectory of the incident particle and
the damage created by this particle. The TRIM program
used the maximum exposure parameters determined by
the density of the medium, the constant mean path be-
tween collisions [12] in the approximation of the formation
scheme shown in Fig. 1.

3. RESULTS AND DISCUSSION

A comparison of the scanning electron microscopy
data upon condition of coating application showed that
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on electron microscopic photographs the lighter layers
correspond to titanium-based nitrides. These layers are
about 1.6 times thicker than dark layers based on zir-
conium. Thus, the deposition rate of zirconium-based
layers is lower than that of titanium-based layers. Fig-
ure 2 shows shots of the breaks of the coating from 13
periods, where each of the layers was deposited for
about 300s. With a total coating thickness of about
13 um (13 layers based on titanium and 13 layers based
on zirconium), the thickness of the layer based on tita-
nium is about 600 nm, and on the basis of zirconium —
about 400 nm. While the deposition time of each layer
was about 300 seconds — the deposition rate of layers
based on titanium is 2 nm/s, and on the basis of zirco-
nium — about 1.4 nm/s. Then, for a minimum deposition
time of 3 s, the thickness of the Ti-based layers is about
6 nm, and on the basis of Zr is about 4 nm, and the
period A is about 10 nm.

SEI 20kV x2200 10pm

SEI 20kv %2000 10pm

Fig. 2 — Two projections of the morphology of the fracture of a
multilayer coating TiN/ZrNx with the number of layers 13
obtained at a deposition time of each layer of 300 sec

The X-ray diffraction (XRD) spectra of the multi-
period system ZrN./TiN: coatings are shown in Fig. 3.
The use of the complex profile separation program
showed that at a large A (about 300 nm), two systems
of diffraction peaks from ZrN and TiN phases (card
PDF 38-1420) Figure 4, a, ¢) are identified.

The high relative intensity of the peaks from the
plane system {111} indicates the formation of a predom-
inant orientation of the crystallites with the axis [111]
perpendicular to the growth surface. With a decrease in
the thickness of the layers (spectra from 4 to 2 in
Fig. 3), the degree of texture with the axis [111] de-
creases (as evidenced by the relative decrease in the
intensity of the peaks from the plane system {111}) [7].
A qualitative change in the form of the spectrum occurs
for the coating with the thinnest layers (spectrum 1 in
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Fig. 3). As can be seen on the diffraction spectra after
their separation, a low intensity peak from the TiN
phase is observed only at medium angles (Fig. 4b). At
high angles (Fig. 4c), peaks are detected only from the
crystal lattice of the ZrN phase with a reduced (in com-
parison with the tabulated values for ZrN) period
0.4523 nm. The reason for the reduction in the period
can be the formation of a solid solution (Zr, Ti). In such
a solution, the replacement of zirconium atoms (having
a larger atomic radius) by titanium atoms (which has a
smaller atomic radius) should lead to compression of
the lattice and a decrease in its period.

Thus, the transition to the nanoscale layer of a
multilayer coating ZrN./TiN. with a period of about
10 nm leads to the formation of a solid solution phase.
This is possible because of the similarity of the lattices of
nitrides formed on the basis of zirconium and titanium
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Fig. 3 — XRD-spectrums of coatings ZrN./TiN. with different
A:1-10nm; 2—-20nm; 3 —80 nm; 4 — 150 nm; 5 — 300 nm
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Fig. 4 — XRD-spectrums of coatings ZrN./TiN., after separa-
tion of complex profiles into components at medium (a, b) and
distant (¢, d) corners. For the system with A =300 nm (a, c) and
10 nm (b, d)

(structural type NaCl). At the same time, because of the
greater relative thickness of the TiN component, part of
the titanium nitride layer remains unreacted. This indi-
cates the formation of a solid solution precisely at the in-
terface between the layers during growth.

Determination of the phases in the coatings by the
XRD method makes it possible to apply the X-ray
method to determine the stress-strain state in each of
the phases separately. For this purpose, the method of
multiple inclined surveys (sinZy-method) was used in
this work. As a basis planes, the (422) and (511) planes
were used located in the optimal angular range 6= 60-
75° for the precision survey.
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Fig. 5 — Dependence of compressive stresses (— o) in the layers
ZrN (1) and TiN (2) on the period A of multilayer coatings of
the ZrN/TiN system (U =— 110 V)

It can be seen that large compressive stresses de-
velop in layers based on zirconium nitride. This is ap-
parently determined by the higher heat of formation
(and binding energy) in the Zr-N system. With a de-
crease in the thickness of the layers, the range of
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stresses does not change monotonically. This is most
seen when A is less than 40 nm. The formation of a
solid solution (at A about 10 nm) contributes to partial
stress relaxation, which is usually associated with or-
dering [2].

The most important factor in the multilayer compo-
sition is the state of its interphase boundary [10, 11].
As was shown above, the formation of a solid solution
occurs precisely at the interphase boundary and is as-
sociated with the action of radiation-stimulated pro-
cesses. This necessitates the simulation of processes
that can occur at the border. This is especially im-
portant for the nanometer scale of layers, when the
radiation effect is comparable to the thickness of the
layer. Using the software package TRIM, simulation
showed that in the case of irradiation with ions with an
average energy of 110 eV, which corresponds to deposi-
tion under the action of Uy =— 110V, in the TiN./ZrNx
system, the penetration depth of Ti ions is larger in
comparison with Zr (as more straggling, Fig. 6). For
accelerated ion energy of about 100 eV, the average
penetration depth of Ti ions is 1.9 nm (the number of
vacancies initiated is 0.35 vacancies per ion, the total
depth of action reaches 3.5 nm), and for Zr ions is
1.8 nm (the number of vacancies initiated is 0,46 va-
cancies per ion, the total depth of exposure reaches 2.9
nm).

L,nm
L. nm

h, im h, nm

a b

Fig. 6 — Depth of penetration of titanium ions (a) and zirconi-
um ions (b), TiN./ZrN, system (100 iterations)

Thus, in the case of the TiN./ZrN;x system, the total
depth of impact can reach 6-7 nm in the border region.
This is, apparently, the determining factor in the ap-
pearance of shifted diffraction peaks from the solid so-
lution in the spectra of Figures 3 and 4.

The most universal and express characteristic for
evaluating mechanical properties is indentation [4].
The results obtained of indentation for coatings with
different A are shown in Fig. 7. It is seen that in coat-
ings with a small period A an ultrahard state is
reached. The highest value of 44.8 GPa was obtained
for a ZrN./TiNx system with a layer thickness of about
10 nm. With a smaller thickness, the hardness slightly
decreases, yet leaving coatings in the region of the su-
perhard state. When A values are greater than 20 nm,
a distinctive decrease in hardness occurs with an in-
crease in the size of the structural elements [10].

Thus, despite the formation of a solid solution in the
mixed interlayer region of the TiN./ZrNx system, the
hardness of the coating with A about 10 nm remains
sufficiently high, exceeding the hardness of similar
coatings with a longer period (A more than 50 nm).

It is important to note that a comparison with the
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Fig. 7— Dependence of the hardness of coatings (H) on the
thickness of the bilayer period (A) for multilayer coatings of
the TiN./ZrN, system

results of the investigation of the stress-strain state
indicates the existence of a correlation between the in-
crease in hardness and the increase in the magnitude of
compressive stresses developing in the coating. This effect
is understandable, since the compressive stresses are
stimulated by a greater specific atomic density and thus
contribute to an increase in bonding forces and hardness.
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4. CONCLUSION

The formation of two phases (TiN and ZrN) with
one type of crystal lattice (structural type NaCl) in the
layers of multi-period compositions TiN/ZrN. with a
period of A = 20 ... 300 nm is identified.

1. At A=10nm, the formation of a solid solution
(Zr,Ti)N, as well as a small volume of the TiN phase
revealed on XRD spectras. The presence of the TiN
component is due to the larger initial value of the layer
based on titanium nitride.

2. Using the simulation method of radiation-induced
damages of material during irradiation with ions
makes it possible to determine the critical mixing
thickness in the TiN./ZrN: bilayer system. This thick-
ness is about 7 nm at Up=— 110 V.

3. It is established that the critical thickness of radia-
tion-stimulated defect formation has a significant effect
on the stress-strain state and hardness of coatings with
a small A = 10 nm. In this case, relaxation of the stress-
strain compression state occurs and the hardness de-
creases. However, the formation of a solid solution,
while retaining a part of the unreacted layer of titani-
um nitride at A = 10 nm, allows to reach the ultrahigh
(44.8 GPa) coating hardness.

IlepemimyBaHHs HA rPAHUIEX MAPIiB 6araToIAPOBUX HAHOIIEPiOJHUX MOKPUTTIB CUCTEMHU
TiN«/ZrNx: MOIeIIOBAHHA Ta €KCII€PUMEHT
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BuxopucroByoun KOMILJIEKC METOZIB aTecTallll CTPYKTYPHOIO CTaHy B IOETHAHHI 3 KOMII'IOTEPHUM MO-
JIeJIIOBAHHSIM 1 BUMIPIOBAHHAM MEXaHIYHUX BJIACTHBOCTEH (TBEPAOCTI), JOC/IIPKEHO BILUIME BEJIMYNHU I1ePio-
Iy A Ha TIpoliec mepeMillyBaHHA Ha MIKIIIAPOBUX IPaHUIgX 6araTonrapoBux mokpuaTTiB TiN«/ZrN,. ¥V mapax
6araromnepiogsoi kommoawuriii TiN./ZrN; 3 Bemmuunoro mepiogy A = 20 ... 300 M BusiBieHo GOPMYyBaHHS JBOX
das (TiN 1 ZrN) 3 ogaum Tumom kpuctasaiduol pemritku (ctpykrypumit Tun NaCl). [Ipu A = 10 HM Ha peHT-
reHIUPAKIINHUX CIIEKTPAX BUABJISETHCA YTBOPEHHS TBepaoro posuuny (Zr, Ti)N, a taxox masoro o0'emy
TiN dasu. Hassaicts TiN criamoBoi 00yMoBIeHa OLIBIIOKN BUXITHOK BEJUYNHOK TOBIIMHY IMApy Ha OCHOBI
HiTpuAy TUTaHy. J{JIs MOSICHEHHSI OTPUMAHUX Pe3yJIbTATIB BUKOPUCTAHI Pe3yJIbTaTy KOMII'IOTEPHOI0 MOjie-
JIIOBAHHS MOIIKO/PKYBAHOCTI HA ATOMHOMY piBHI Iipu 6oMbapayBaHHi npruckoperumu B nose Uy ionamu. Bu-
3HAYEHO KPUTHUYHA TOBIMHA mepemimryBanHsa (0au3pko 7 HM) B cucteml TiN./ZrN. mpu mii U, =— 110 B.
Beranosieno, mo amennrenus mepioxay Bim 300 mo 20 HM IPU3BOAUTH 0 INIBUINEHHS TBepaocTi. Haiibiib-

ma Teepaicth 44,8 I'lla Biamosimae HaATBEPAOMY CTAHY.

BceranoiieHo, 110 KpUTHYHA TOBIWHA PAIiallifHO-CTUMYJIbOBAHOTO 1e)eKTOyTBOPEHHS 1CTOTHO BILIH-
Bae Ha HAIPY’KeHO-IedOopMOBaHUM CTaH 1 TBePAICTh MOKPUTTIB 3 MasuM A = 10 um. Ilpu ipomy BinOyBaeTh-
cs pesakcallis HAIpysKeHo-1ed0pMOBAHOTO CTAHY CTHCHEHHS 1 3MeHIIyeThesa TBepaicTh. OaHAK yTBOPeHHS
TBEPJI0T0 PO3UMHY IPU 30eperkeHH] YaCTUHU I1apy HiTpuay turaHy npu A = 10 HM, KWl He IpOpearyBas,
J103BOJIsIE OTpUMAaTH HaABUCORY (44,8 'Ila) TBepmicTh MOKPHUTTS.

Knwouosi cinosa: Bakyymua ayra, TiNJ/ZrN,, Ilepion, ITorenmian smimennsa, ®asosuit criran, Ctpykrypa,
Hanpy:xeno-medopmosannii cran, Teepauit posunn, Kom'iorepre Mmogemosanns, TeepaicTs.
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Hcmomb3yss KOMILIEKC METOJ0B ATTECTAIIUU CTPYKTYPHOTO COCTOSTHHUSI B COYETAHUHU C KOMITBTEPHBIM MOJIe-
JIMPOBAHUEM W U3MEPEHHEM MeXaHUJIECKUX CBOMCTB (TBEP/IOCTH), MCCIIEIOBAHO BIUAHUE BeJIUIUHEI Ilepuoma A
HA IIPOollecC IepeMelInBaHusa Ha MEKCIOMHBIX I'PAHUIIAX MHOTOCIOMHBIX IMOKPBITHI TiNy/ZrN:. B cmosx muo-
romepuoaHbix kKommoaurmii TiN./ZrNx ¢ BesmunaOn mepuona A = 20...300 HM BBIABIEHO (POPMHUPOBAHUE JIBYX
das (TiN u ZrN) ¢ oguum Tumom rpucrasmndeckoi pemretkn (crpykrypHbi T NaCl). IIpu A = 10 um HaA
PeHTTeHIU(PAKITMOHHEBIX CIIEKTPaxX BHIABJIsIeTCs: obpasoBaume TBepaoro pactBopa (Zr,Ti)N, a Taxxe masioro
oowema TiN dazer. Hammune TiN cocrasisitoreir 06y cioBIeHO 0OJIBIIEH MCXOMHOM BETMYUHON TOJIIUHEI CJIO0S
HA OCHOBe HUTpHIa TuTaHa. J{Jisi 00bACHEHU TOJIyUEHHBIX Pe3yJIbTATOB KUCIIOJIb30BAHBI PE3yJIbTAThl KOMITHIO-
TEPHOT0 MOJIeJTUPOBAHMS TTOBPEIKIAEMOCTH HA ATOMHOM YPOBHE IIpr 60MOapaIupoBKe yCKOpeHHBIMH B moste Up
wonamu. OmpeniesieHa KpUTHYECKAs TOJIIIUHA TepemermuBauus (0koso 7 HM) B cucteme TiNo/ZrN. mpu meii-
crBun Uy =— 110 B. Veranosieno, uyro ymensinenune nepuoga or 300 10 20 HM TPUBOIUT K MTOBBIIIEHUIO TBEP-
noctu. Haubossmias teepocts 44,8 I'Tla cooTBETCTBYET CBEPXTBEPIOMY COCTOSHUIO.

VYeTaHOBIIEHO, UTO KPUTHYECKAS TOJIIUHA PaIUAITHOHHO-CTUMY IMPOBAHHOTO JTe(peKT000pa30BaHUs OKA3bIBa-
€T CyIIECTBEHHOE BJIMSHWE HA HAIPSKeHHO-IeOpPMUPOBAHHOE COCTOSHWE W TBEPHOCTH MOKPBITHSAX C MAJIBIM
A =10 um. [Tpu 9T0M IIPOKUCXOAUT pesTaKcaITUsA HATIPSIKEHHO-Te()OPMUPOBAHHOIO COCTOSTHUS CYKATHS W YMEHbIIIA-
ercsa TBepaocth. OmHako 00pasoBaHWe TBEPIOrO0 PACTBOpA IPH COXPAHEHWUN YaCTH HEeIIPOPeardpoBaBIIErO CJIOS
HUTpUAA TUTaHA IPU A = 10 HM M03BOJIAET MOJIyIUTh CBEPXBBICOKYIO (44,8 I'Tla) TBepIoCcTh MOKPHITHS.

Knouersie cnosa: Bakyymuas ayra, TiN./ZrN,, [lepuon, [loreniman cmemenus;, ®asoswiit cocras, CTpyk-
typa, Hanpsiskenno-nedopmupoBanHoe cocrosiaue, Tsepasiii pactBop, KommbioTepHoe MojeaupoBaHue,

J. NANO- ELECTRON. PHYS. 9, 06021 (2017)

TBepmocTs.
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