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The effect of the bias potential applied to the substrate during deposition and the layer
thickness on the elemental composition, structure, substructure, and stress-strain state of
(TIMO)N/ZrN layers of multi-period coatings is studied. The results of elemental analysis
indicate a decrease in the ratio (Ti + Mo)/Zr with an increase in the bias potential and with
a decrease in the layer thickness. At the structural level, appearance of additional diffrac-
tion peaks for (TiIMO)N/ZrN coatings with the thinnest (about 12 nm) layers was revealed.
The appearance of such peaks is explained by the effect of mixing at the interface between
layers due to the implantation of accelerated particles. It was found that alloying of Ti
with Mo atoms in (TiMO)N layers leads to a large compression strain (about 5 %). In
monometallic ZrN layers, the value of macrostrain is more than 2 times smaller. At the
substructural level, the formation of (TiIMO)N solid solution also leads to higher microde-
formation in comparison with a similar parameter in ZrN monometallic layers. The
hardness of multi-period (TiIMO)N/ZrN composites reaches a high value of 35 GPa.

Keywords: structural engineering, vacuum arc technology, coating, Layer thickness, bias
potential, structure, substructure, stress-strain state, hardness.

Crpykrypua immxenepia OGararomepiomaux (TiMO)N/ZrN BakyymMHO-IyroBux NOKPHUTTIB.
O.B.Co6oav, H.B.IIinuyx, A.O.Meiinexoe, B.B.Cy66omina, Osman Dur, B.O.Cmoxabosuil,
A.B.Kosmeba

Hocaig:KeHo BIIME MOTEHIiasly 3MIiIlleHHdA, 10 MOJZAETbHCA HA HiZKJIAIKY IIPU OCAAMKEHHI,
i ToBIIMHU mIapiB Ha eJeMeHTHHH CKJIaX, CTPYKTYDPY, CYOCTPYKTYPY 1 Hampy:xeHO-medOpPMO-
Bauuii cran mapis (TIMO)N/ZrN 6GaraTomepiogumx mokpuTTiB. Pesyibpraru eleMeHTHOTO
amajisy cBiguars mpo smenmenusa Biguomrenus (Ti+Mo)/Zr si sbinmbuiennam moTeHIiaxy
sMmimnrenHa i mpu 3MeHmeHHi ToBmIMHUN miapy. lloxibuwmit edexT 306iMbITeHHA BiZHOCHOTO
BMicTy GibII BayKKUX aTOMIB TAKOK BUABJEHO i masa cmiBsiguomenus Ti/Mo. Ha cTpyxTyp-
HOMY pPiBHI BuaBieHo moABy gomarkoBux mubparniinux mikis xas (TIMO)N/ZIN mokpurtis 3
Haiblnpm Toukumu (6ausbko 12 M) mapamu. [loaBy Takux ImiKiB moscHeHO edeKTOM IIepe-
MinIryBaHHA Ha rpaHMIl po3xiay miapiB BHACALZOK iMInradTaiii IPHCKOPEHHX UYaCTUHOK.
Beranosaeno, mio aerysammsi 11 aromamu Mo B (TIMO)N mapax npusBoguTh A0 BeJHKOI
nedopwmariii ctucuenus (6ausbko 5 %). ¥V momomeraneBux ZrN mrapax BeauuuMHA MaKpoje-
dopwmarrii 6iabin, wisk y 2 pasu menme. Ha cyGerpykrypuomy piBui dopmysauusa (TiMo)N
TBEPAOTO POBUMHY TAKOK IPU3BOAUTEL A0 GiabIll BuUcOKoI Mikpomedopwmarii y mopisuanui 3
anagoriuamm mnapamerpom y ZrN monomeraseBux mapax. Teepgictes 6GararomepioguHux
(TiIMO)N/ZrN rommosuTis gocsrae senukol Beamuunu 35 I'la.
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WcenemoBano BAWAHUE TOTEHIUATA CMEITeHUs, [MOJABAEMOTO Ha MOMJIOKKY TPU OCAMKIe-
HUW, U TOJIIUHBI CJI0EB HA 9JE€MEHTHBIH COCTaB, CTPYKTYPY, CYOCTPYKTYPY U HATPSIIKEHHO-
nedopmuposanuoe cocroguue ciaoeB (TIMO)N/ZrN muoromepmoaHbix MOKpPBITHIT. Pedyabrars
DJIEMEHTHOI'0 aHAJNMN3a CBUAETEJbCTBYIOT 06 ymeHblneHuu orHomeHud (Ti + Mo)/Zr ¢ ysenu-
YeHHEM IOTeHIMAaJa CMEeIeHUs W IIPU YMEHBIIEHWN TOJIIUHEL cJos. IlonobHblil addexrT
YBEJIMUEHNUS OTHOCUTENLHOI'O COZEPIKAHUA OoJiee THMKENBIX aTOMOB TAKXKe BBISABJIEH W [Js
coorromenusa Ti/Mo. Ha c¢TpyKTypHOM YpPOBHE BBIABJIEHO IIOSABJICHME JONOJHUTEALHBIX AUQ-
paxnuonubix TukKoB Hasa (TIMO)N/ZrN mokpwituit ¢ mamnGosee ToHkuMu (oKoso 12 um) cios-
mu. IlosgBjeHre TAKUX MHUKOB O0BsiAcCHEHO 3(PMEeKTOM MepeMelInBaHUS Ha TPAHUIE pasiesa
CJIOEB BCJIEJICTBUE WMILIAHTAIIMN YCKOPEHHBIX UYACTHUI[. YCTAHOBJEHO, UTO JierHupoBanue i
aromamu Mo B (TIMO)N ciosx mpuBogut K Goabiroi medopmanum ciarus (oxomo 5 %). B
mMoHoMerasanueckux ZrN ciaosx BeanmumHa Makpoxedpmanuy GoJsee, yeM B 2 pasa MeEHbIIE.
Ha cyGerpykrypuom ypoBHe oOpasoBamue (1iMO)N TBepmoro pactBopa Takike TPUBOAUT K
OoJsiee BBHICOKOM MUKPOZeOpPMANUM B CPABHEHUMW € aHAJOTMYHBIM mapamerpom B ZrN momo-
MeTaJlInYecKuX caoAax. Teepgocrs MHOronmepuomubix (TIMO)N/ZIN kKomiosmToB gocTHUraer

Goapmioi BeauumuHa 35 I'Tla.

1. Introduction

A feature of modern materials science of
vacuum-plasma coatings is the use of multi-
element [1, 2] and multi-layer [3, 4] ap-
proaches to create materials with desired
properties. In this case, structural engineer-
ing of coatings is based both on a change in
the composition and physicochemical condi-
tions of formation [5, 6], and on a change
in the thickness of the constituent elements,
transfering it to the nanoscale [7, 8]. In a
multi-layer design, to achieve enhanced
properties, ultra-small (nanometer range)
layer thicknesses are also used [9—11]. This
allows achieving uniquely high functional
properties, for example, ultrahigh hardness
[12, 13].

For nanocomposites, an important role is
played by the state of intergranular and in-
terphase boundaries [14]. Especially impor-
tant is the state of the layer interfaces in
nanolayer multilayer composites [15, 16]. It
was found that with similar crystal lattices
with close periods (mismatch less than
3 %), quasiepitaxial layers can be formed
up to sufficiently large thicknesses [17, 18].
Such composites have a sufficiently high
ductility, however, their hardness is rela-
tively not high [19, 20]. In this case, to
change the period mismatch, it was pro-
posed in [21] to alloy one of the layers. The
main direction of such alloying was to re-
duce the mismatch between periods. For
this, for  example, a  multi-period
VoeNbg 4N/NDN composite was created in
which, due to alloying, the mismatch was
reduced from 5.7 % (for the VN/NbN com-
posite without alloying) to 3.5 % for the
alloyed composite [21]. However, this alloy-
ing led to a decrease in hardness.
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Later in [22] it was shown that the
strength and hardness of multi-period nano-
layer coatings strongly depend on the width
of the interface and the difference between
the shear moduli of the two components.

Based on this, it was substantiated in
[28] that the main mechanism of strength-
ening of nitride nanolayer coatings is deter-
mined by the limitation of dislocation mo-
tion either along the interface between lay-
ers and between layers, or inside a layer.
Such a barrier to the movement of disloca-
tions is the incoherent interface between the
layers. With greater periods mismatch, it is
possible to create conditions for the forma-
tion of an incoherent interface even for the
thinnest layers.

For a multi-period TiN/ZrN system, a suf-
ficiently large mismatch between the peri-
ods of the crystal lattices (about 8 %) leads
to a loss of quasi-epitaxy at a layer thick-
ness of more than 10 nm [24, 25].

In this work, for this type of composite,
it is proposed to use alloying not to reduce
the mismatch between layers, but to in-
crease it. At the same time, an increase in
the strength characteristics and hardness of
such a composite can be expected. For this,
it was proposed to alloy the TiN layer with
Mo atoms (having a significantly smaller
atomic radius of 0.139 nm compared with
the atomic radius of titanium of 0.147 nm).
As a result of a decrease in the lattice pe-
riod in (TiMoO)N layers, the mismatch at the
layer interface can exceed 10 %, which
leads to large deformation and can stimu-
late the creation of new structural states in
the boundary region.

The aim of this work was to study the
effect of layer thickness and the magnitude
of the bias potential applied during its for-
mation on the phase-structural state, micro-,
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Table 1. Technological modes of deposition
of coatings (TiIMO)N/ZIN (P, = 4.1073 Torr)

Series |n, um|l, nm|U,, V| Operating mode of
No. the substrate holder

1 12.4112.7| =70
2 12.1 112.4|-110
3 11.8 12.1
4

continuous rotation
of substrates

-200
12.8| 21 |-200 10 s interval
532 layers
5 13 | 380 160 s interval
34 layers

macrodeformation, and mechanical charac-
teristics of the multi-period (TiIMoO)N/ZrN
composite with a large degree of mismatch
between the periods between layers.

2. Experimental

The coatings were deposited in the Bulat-6
vacuum-arc installation for 1.5 h at a working
atmosphere pressure of Py = 4-1073 Torr.
During the deposition, a different negative
bias potential (U,) was applied, which was
=70 V, =110 V and -200 V. The multilayer
coatings were deposited from two sources of
evaporation, one of which was Zr, the other
was TiMo (Mo — 30 wt.%) in constant rota-
tion mode (rotation speed 8 rpm) and in dis-
crete mode (with a stop near each source for
10 s and 160 s). The thickness of the layers
() was determined by calculation based on
the total thickness of the coating and the
number of layers. The values obtained are
shown in Table 1. Modes of obtaining coat-
ings are given in Table 1, and the operation
diagram of the installation during the depo-
sition of (TIMO)N/ZrN composites is shown in
Fig. 1. The total thickness of the coatings
was about 12 microns.

The phase-structural state was investi-
gated using X-ray diffractometry tech-
niques. X-ray diffraction spectra were ob-
tained on a DRON-4 setup in Cu-K, radia-
tion, using 6—20 scanning in the range of
angles 30...90°, with a scanning step of
0.1 deg and a holding time of 10 s. To
monochromatize the detected radiation, we
used a graphite monochromator installed in
the secondary beam (in front of the detec-
tor) [26]. The separation of complex profiles
into components was carried out using the
NewProfile software package [27]. To deter-
mine the phase composition of the coatings,
we used the data of powder diffraction files
(JCPDS) published by the International Cen-
ter for Diffraction Data (ICDD) [28]. Sub-
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Fig. 1. The scheme of the installation during
the deposition of (TiMO)N/ZrN multilayer

composites: I — vacuum chamber, 2 — metal
screen, 3 — nitrogen leak, 4 — deposited
samples, 5 — TiMo evaporator, 6 — Zr

evaporator, 7 — arc sources, 8§ — a source of
supply of potential to the substrate, 9 —
rotary mechanism.

structural characteristics were determined
by the approximation method [29].

To determine the elemental composition,
the method of X-ray fluorescence analysis
was used on the SPRUT-2 installation
(Ukraine). The primary stimulating radia-
tion was the radiation of an X-ray tube with
an Ag anode at a voltage of 42 kV [30].

Hardness was measured on a DM-8 mi-
crohardness tester (Affri, Italy) using a
Vickers diamond pyramid as an indenter at
a load of 50 g, exposure time 10 s. For each
sample, 10 measurements were performed.

3. Results and discussion

To determine the elemental composition
of the coatings, the method of X-ray fluo-
rescence spectroscopy was used [30]. The re-
sults of the analysis of elemental composi-
tion are shown in Table 2.

Table 2. The elemental composition of the
coatings determined by X-ray fluorescence

Series C, at %. Ti/Mo | (Ti + Mo)/Zr
No- | i | zr | Mo
1 49,14 | 44,23 | 6,63 | 7,41 1,26
2 44.45|47.62 | 7.93 | 5.61 1.10
3 36.23 | 56.61 | 7.16 | 5.06 0.77
4 42,71 149,37 | 7,92 | 5.39 1,03
5 50.41 |41.41| 8.18 | 6.16 1.41

Functional materials, 27, 4, 2020
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Fig. 2. XRD patterns of (TiMO)N/ZrN multi-period coatings obtained with different U, (a) and layer
thickness (b). The spectrum number in the figure corresponds to the sample number in Table 1.

As can be seen from the Table, the
composition of coatings is significantly
affected by both the value of U, and the
thickness of the coatings. If we assume that
the ratio of atomic concentrations (Ti + Mo)
and Zr corresponds to the average ratio of the
thicknesses of the layers in the coating, then at
U, = —200 V the highest ratio (Ti + Mo)/Zr = 1.41
is associated with the thickest layers (TiMo)N
in the coating of series 5. With a decrease
in the layer thickness, this ratio sharply
decreases. The second pattern that can be
traced is a decrease in the ratio (Ti + Mo)/Zr
with an increase in U,. As a model explain-
ing both of these dependences, the model of
secondary selective atomization of atoms
from the surface of layer formation can be
used [16]. With selective sputtering in the
energy range of 50—200 V, the greatest ef-
fect is associated with particles of greater
mass. The atomic masses of Zr and Mo are
almost 2 times the atomic mass of Ti. In
this case, the heavier Zr atoms selectively
sputter the lighter Ti atoms from the depo-
sition surface. Moreover, the efficiency of
such selective sputtering increases with in-
creasing U, and decreasing layer thickness.
In the latter case, this is due to an increase
in the number of such boundaries between
the layers (Ti + Mo) and Zr with a decrease
in the layer thickness. The reason for the
observed effect can be associated with a
change in the ratio between light Ti atoms
and heavy Mo atoms as a result of selective
sputtering from the growth surface with an
increase in their average energy. As can be
seen from Table 2, this effect is most no-
ticeable in the thinnest layers with an in-
crease in the bias potential from —70 V (se-
ries 1) to —200 V (series 3). An increase in
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the potential bias leads to an increase in the
average energy of deposited particles and,
accordingly, can change the sputtering effi-
ciency for elements of different masses.

To study the phase-structural state of
composite coatings, the X-ray diffraction
method was used. Figure 2 (a and b) shows
the areas of X-ray diffraction spectra of
coatings with a similar layer thickness
(about 13 nm) deposited at different U,
(Fig. 2a). The second figure (Fig. 2b) shows
the X-ray diffraction spectra of the coatings
deposited at U, = —-200 V, but with differ-
ent layer thicknesses (Fig. 2b).

It can be seen that in the ZrN and
(TiMO)N layers the same type fcc lattice
forms (structural type B1-NaCl). A feature
of the spectra for the thinnest layers (about
10 nm, continuous rotation mode) is the
separation of diffraction peaks into several
components. With increasing U,, the sepa-
ration effect increases. Also, with an in-
crease in U, a texture is formed with the
[111] axis both in ZrN layers and in (TiMo)N
layers. With an increase in the thickness of
the coating layers obtained at U, = -200 V,
the texture with the [111] axis is retained;
however, peak separation is not detected.

For a more detailed study of the effect of
separation into several components of dif-
fraction profiles, processing was performed
in the NewProfile software package [27]
with the separation of components. Figure 3
shows the sections of the diffraction spectra
after separation (decomposition) of the com-
plex diffraction profile into components. To
construct a model profile of the diffraction
curve, the Cauchy function was used. It can
be seen that for coatings with the smallest
layer thickness (series 1, 2, and 3), the dif-
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fraction profiles contain several distinct com-
ponents. Moreover, with an increase in U,
the intensity of these components increases
and a greater number of them is revealed.

In the diffraction spectrum of the coat-
ing obtained at the lowest U, 70 V, the
subpeak appears as a region with increased
intensity (marked by an arrow in Fig. 3a).

The positions of the main peaks corre-
spond to periods of 0.4615 nm (for the ZrN
layer, peak numbers 1 and 3 in Fig. 3a) and
0.4323 nm (for the (TiIMo)N layer, peak
numbers 2 and 4 in Fig. 3a).

The texture with the [111] axis appears
on the diffraction spectrum of the coating
obtained at a larger U, = -110 V (Fig. 3b),
while the intensity of the sub-peaks in-
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Fig. 3. XRD patterns of (TiMO)N/ZrN multi-
period coatings, with complex profiles sepa-
rated into components (numbering of figures
a, b, ¢, d, e corresponds to the series of
samples 1, 2, 3, 4, 5 in Table 1).

creases. When dividing the total (111) ZrN
profile, we obtain 2 components (Fig. 3b).

The first component (subpeak) with an
increased period of 0.4679 nm, the volume
content of which in the ZrN layer is about
23 % (determined by the ratio of the inte-
gral areas of the 1lst and 2nd components).
Note that one of the most probable reasons
for the formation of such a component may
be the formation of a alloyed layer with
high compression stresses.

The position of the second peak corre-
sponds to a grating period of 0.4607 nm,
which correlates with the period for the
(111) ZrN peak determined for the first se-
ries of coatings (Fig. 3a).

Functional materials, 27, 4, 2020
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Table 3. The results of determining the
substructural characteristics of coatings

Series No. Phase L, nm <epsilon>,
Yo
1 ZrN 13 0.62
(TiMo)N 18 1.05
2 ZrN 15 0.65
(TiMo)N 15 0.78
3 ZrN 11 0.52
(TiMo)N 10 0.65
4 ZrN 23 0.51
(TiMo)N 20 0.59

For the complex diffraction profile from
the (111) (TiMo)N plane, two components are
also clearly distinguished. The peak position
for the 1lst component corresponds to a lat-
tice period of 0.442 nm (volume content of
about 37 %), and the position of the second
peak corresponds to a lattice period of
0.433 nm (volume content of about 63 %).
The appearance of the first peak (subpeak)
corresponding to the increased lattice period
can also be the formation of a layer with
high compression stresses. Similarly, the
substitution of Ti atoms by Zr atoms having
a larger atomic radius also affects.

For peaks from the (200) plane, due to
their lower intensity, the effects of sub-
peaks are less pronounced (indicated by ar-
rows in Fig. 3b).

The diffraction profiles from the [111]
texture plane in the coating obtained at the
highest U, = —200 V are even more complex
(Fig. 3c).

When the (111) ZrN profile is divided, 2
components are also revealed. Their peaks
correspond to periods of 0.4678 nm and
0.4601 nm. However, their ratio (compared
to coatings of series 2) is changed to 89/61.
For the complex diffraction profile (111)
(TiMo)N, 3 components are already detected.
The first component (subpeak) corresponds
to an increased period of 0.442 nm (which
corresponds to the sub-peak period of the
series 2 coating). The position of the second
peak corresponds to a lattice period of
0.433 nm (which can be considered the main
characteristic for all 3 series of coatings).

In contrast to the diffraction profile of
the coating of the 2nd series, this profile is
characterized by separation into the 38rd
subpeak, the maximum position of which
corresponds to the period of 0.4279 nm.

Functional materials, 27, 4, 2020

In the coating obtained with the same
large bias potential, U, = —200 V, but with a
larger layer thickness (about 23 nm, series 4),
no sub peaks are detected when diffraction
profiles are selected (Fig. 8d). Possibly due to
the fact that their contribution to the overall
diffraction spectrum becomes lower.

The lattice period for ZrN, determined
from the position of the (111) peak, is
0.4621 nm, and for (TiMo)N, it is
0.4310 nm.

For the coating with the thickest layers
(series 5), the separation of the diffraction
profiles into components is also not revealed
(Fig. 3e), and a certain period of the lattice
period practically coincides with the values
for the series 4 coatings (for ZrN, the period
is 0.4629 nm, and for (TiIMo)N period is
0.43102 nm).

To determine the substructural charac-
teristics (crystallite size and microdeforma-
tion), we used the method of approximating
diffraction profiles for two orders of magni-
tude from the {111} planes. The results are
shown in Table 3.

It can be seen that microdeformation in
crystallites of the ZrN phase is about
0.5...0.65 % . In crystallites of the (TiMo)N
phase, microdeformation is much larger (se-
ries 1, 2, and 3) and its value is almost
1.5 times larger than for ZrN. In the same
coatings with the thinnest layers, the crys-
tallite size was 11...15 nm, which corre-
sponds to the average layer thickness. Also
close to the thickness of the layer and the
size of crystallites in the coatings of the 4th
series (L = 21..23 nm). For the thickest lay-
ers (series 5 with an average layer thickness
of about 360 nm), this ragularity is vio-
lated. The average crystallite size for series
5 coatings is close to similar parameters for
series 4 coatings. For ZrN layers, the aver-
age crystallite size is 23 nm, and for
(TiMO)N layers is 20 nm). An important
characteristic that determines the proper-
ties of coatings is their stress-strain state.
To determine it, we used the modernized "a
— sin?y” method, which was developed for
textured materials (the method of "ecrystal-
line groups” [31, 32]).

The results of determining the macros-
trained state in ZrN and (TiMo)N layers are
presented in Fig. 4. It can be seen that the
multilayer composite coating is subjected to
high compressive stresses, which leads to
compression strain of the crystal lattice. To
a lesser extent, this is manifested in ZrN
layers and to a much greater extent in
(TiMO)N layers. With an increase in the layer
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Fig. 4. Plots of macrostrain (¢) as a function of displacement potential (a) and layer thickness (b)
of multilayer coatings. I — ZrN layer, 2 — (TiMo)N layer.

thickness, partial compression strain relaxa-
tion occurs (Fig. 4). A decrease in U, also
leads to a decrease in the stress-strain state.

The most universal characteristic of the
physicomechanical properties of materials is
their hardness. Determination of the hard-
ness of the coatings showed that the highest
value of 835 GPa is achieved in the coatings
of the first series obtained with the smallest
U,=-70 V and the smallest layer thick-
ness. With an increase in Uj, to —200 V, the
hardness of the coatings decreases slightly
(up to 31 GPa). However, the hardness with
the smallest layer thickness in series 3 is
significantly higher than in coatings with a
larger layer thickness (for the 4th series,
the hardness of the coatings is 29 GPa, and
for the 5th series the hardness is 25 GPa).

An analysis of the results shows that al-
loying of titanium nitride with molybdenum
atoms to create large distortion of the erystal
lattice manifests itself at both macro and
micro levels. In this case, the macrostrain in
the (TiMoO)N layers is almost 2 times higher
than the macrostrain in the ZrN layers, and
for microstrain the excess is 1.5 times.

The effect of such a large strain and
mismatch of the periods of the crystal lat-
tices is most clearly manifested at the
structural level for the thinnest (about
12 nm) layers obtained by continuous rota-
tion of the substrate holder.

In this case, in the coatings deposited at
all U, values (=70 V, —110 V and —-200 V),
additional diffraction peaks are revealed
with altered fixed lattice periods. This is
manifested to the greatest extent in coat-
ings deposited at the highest U, = -200 V.

The reason for the appearance of such a
separation can be the creation of a high
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level of deformation in the boundary region
between the ZrN and (TIMgQN layers due to
the implantation of atoms with very differ-
ent atomic radii (this is mainly due to the
replacement of Ti atoms by Zr and Mo atoms
having a larger atomic radius).

4. Conclusions

By the method of vacuum-arc evapora-
tion, multi-period (TiMo)N/ZrN coatings
with different layer thicknesses and at dif-
ferent bias potentials U, were obtained.

It was established that with an increase
in U, in the coatings, the relative content
of heavier elements Zr and Mo increases.
This effect is enhanced with decreasing
layer thickness.

It was revealed that for all the techno-
logical conditions used in the work, in the
(TiMo)N and ZrN layers, the formation of
the same type of crystal structures based on
the fcc metal lattice (structural type B1-
NaCl) occurs.

The effect of separation into several com-
ponents of diffraction profiles for coatings
with layers with the smallest thickness is
revealed. The established effect is associ-
ated with the process of surface implanta-
tion of accelerated film-forming metal par-
ticles and the formation of a strongly de-
formed state.

It was found that for coatings with rela-
tively thick layers, the effect of separation
of the diffraction profile into components is
not detected.

At the substructural level, a significant
increase in the microdeformed state was re-
vealed in the (TiMO)N layers in comparison
with the ZrN layers. It was found that for
small layer thicknesses (up to 25 nm) the

Functional materials, 27, 4, 2020
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crystallite size corresponds to the layer
thickness. With a larger layer thickness,
the average crystallite size is 35 nm (ZrN
layer) and 43 nm ((TiMo)N layer).

It has been established that macrostrain
in (TiMo)N layers is more than 2 times
higher than the similar parameter in ZrN
layers. With an increase in U,, the magni-
tude of macrostrain increases.

It was determined that the highest hard-
ness of 35 GPa is achieved in coatings with
the lowest U, and the smallest layer thick-
ness. With an increase in U,, as well as
with an increase in the thickness of the
layers, the hardness decreases.
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